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ABSTRACT

The unmanned aerial vehicle (UAV) radiation monitoring method plays an important role in nuclear
accidents emergency. In this research, a spectrum correction algorithm about the UAV airborne
radioactivity monitoring equipment NH-UAV was studied to measure the radioactive nuclides within a
small area in real time and in a fixed place. The simulation spectra of the high-purity germanium (HPGe)
detector and the lanthanum bromide (LaBrs) detector in the equipment were obtained using the Monte
Carlo technique. Spectrum correction coefficients were calculated after performing ratio processing
techniques about the net peak areas between the double detectors on the detection spectrum of the
LaBr; detector according to the accuracy of the detection spectrum of the HPGe detector. The
relationship between the spectrum correction coefficient and the size of the source term was also
investigated. A good linear relation exists between the spectrum correction coefficient and the
corresponding energy (R>=0.9765). The maximum relative deviation from the real condition reduced

from 1.65 to 0.035. The spectrum correction method was verified as feasible.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

At present, nuclear power is undergoing rapid development
worldwide. As the lifeline of nuclear power, nuclear security is at
the foundation of the development of nuclear power. When a
nuclear accident happens, radioactive substances, which can cause
significant harm, are released into the environment. Therefore,
information on the distribution of nuclides in the environment
after a nuclear accident should be rapidly and accurately obtained.
Among the existing methods used in the event of a nuclear
accident, detecting and measuring radioactive nuclides in the
environment using an unmanned aerial vehicle (UAV) is reliable
and efficient. Canada, Finland and Israel developed radioactivity
monitoring equipment installed on UAVs [1-12]. However, these
devices significantly differ in radiation detection accuracy; thus,
further research is necessary.

For our research project, we developed a UAV airborne radio-
activity monitoring equipment called “NH-UAV” (Fig. 1). The
purpose of this equipment is to measure radioactive nuclides in
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real time and in a fixed place after a nuclear accident. We selected
a double detector system that contains a high-purity germanium
(HPGe) semiconductor detector and a lanthanum bromide (LaBr3)
scintillator detector. As shown in Fig. 1, B denotes the LaBrs
scintillator detector whose probe is directly exposed to air. The
LaBr3 detector can detect a certain range of radioactivity including
all radioactive aerosols in the air and radioactive gases. C presents
the HPGe detector. The probe of this detector has a filter at the
front, and the sample in the filter is checked every 10 min. The
HPGe detector can only detect radioactive aerosols absorbed by
the filter because of shielding in the device. The main purpose of
the double detectors was to enable each detector to back up,
supply and verify the detection data of the other. Such data
included radionuclides in radioactive aerosols and radioactive
gases within a certain space. Radioactive aerosols can be absorbed
by the filter and detected precisely by the HPGe detector. However,
the HPGe detector cannot detect radioactive gases because of
shielding in the device. Meanwhile, the LaBr; detector placed in
open space can detect radioactive aerosols and radioactive gases
within a certain space; however, its detection data are affected by
radioactivity in the distance. Therefore, we cannot directly obtain
precise information on radioactivity within a small area.

To obtain precise information on the detected radioactivity
within a small area, the detection data of the HPGe detector and
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the LaBrs detector should be corrected. That is, the precise types
and activities of radioactive nuclides within a small scope can be
obtained using a certain algorithm to validate, supply, and opti-
mize detection data. Therefore, the current study mainly examined
the correction algorithm of the detection spectrum generated by
the NH-UAV.

2. Materials and methods
2.1. Monte Carlo simulation

In this research, the simulations of the two detectors were
performed using a MC N-particle transport code system (MCNP)
[13]. MCNP is a large multifunctional calculation program com-
piled by the Monte Carlo Team of the Los Alamos National
Laboratory in the United States. The HPGe detector used in this
research was Trans-SPEC-100 T manufactured by ORTEC. The
detector's crystal dimensions given by the manufacturer are:
6.7 cm diameter, 5.2 cm high and 1cm from the top of the
detector's crystal to the entrance window. Meanwhile, the LaBrs
detector was procured from Saint-Gobain S.A., and a 1.5 in. x 1.5 in.
cylindrical crystal was used here. The calculation models of the
two detectors are shown in Fig. 2.

During MCNP simulation, the integrated current over a surface
is obtained using the F1 tally. Meanwhile, the F8 tally provides the

Fig. 1. Schematic diagram of the NH-UAV: A - data acquisition unit, B - LaBr3
scintillator detector, C - HPGe semiconductor detector, D - shield, E - radionuclide
acquisition unit, F - roller, G - power supply unit, H - GM-counter, I - electronics
unit, ] - support structure, and K - air inlet.
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Fig. 2. Calculation models of the two detectors (a) HPGe detector and (b) LaBrs detector.
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energy distribution of pulses created in a detector by radiation and
is called a pulse height tally [13]. In this paper, the spectrum
generated by the HPGe detector could be obtained directly by
using the F8 tally. However, for the LaBrs detector, the error in the
simulation results was significant if the spectrum was directly
calculated using the F8 tally. Because the sizes of the source term
considered in this paper were relatively large. Thus, the secondary
source method was used to reduce the variance. The detailed
approach of the secondary source method (Fig. 3) is described as
follows. In general, the secondary method included four steps.
Firstly, a sphere with a radius of 1 m was set around the detector.
Gamma rays emitted from radioactive materials inside the sphe-
rical shell (ranging from 1 m to 1000 m) could be recorded as the
integrated current over the sphere surface with a radius of 1 m
using the F1 tally. Since the difference between the source
particles is very small, we can suppose the source term of the
spherical shell from 1m to 1000 m is isotropic and uniform.
Secondly, the gamma particles flux incident to the sphere surface
with a radius of 1 m was used as the secondary source to obtain
the pulse amplitude spectrum of the sphere source using the F8
tally. In other words, the particles flux obtained according to the F1
tally were equivalent to the particles flux of the spherical shell
from 1 m to 1000 m. The source term here was set to a cosine
distribution. Thirdly, the gamma rays emitted from radioactive
materials inside the sphere with a radius of 1 m were recorded
using the F8 tally to obtain the pulse amplitude spectrum. The
source distribution was set to an isotropic and uniform sphere
source distribution. Finally, the data of spectrum were the sum
between the detection counts of the sphere surface with the
radius of 1 m and the detection counts of the sphere with a radius
of 1 m, and the data of two parts were obtained using the F8 tally
based on the LaBrs3 detector. In the processing of simulation, the
NPS of each program was set to 2 x 10'°.

2.2. Source term

The categories and activities of the radioactive nuclides could
be obtained from Ref. [14], which was published after the
Fukushima nuclear accident. The radioactivity considered was
within 20 km around the nuclear plant. Table 1 shows the main
radioactive nuclides and their respective activities. The HPGe
detector was mainly used to detect the radioactive aerosols
absorbed by the filter whose filtering efficiency and filtering time
were 30% and 10 s respectively. Meanwhile, the energies used in
this study were ranging from 80 keV to 1800 keV considering
numbers of the gamma rays emitted from radioactive materials.
The spectrum correction method proposed thereinafter was
mainly used to correct radioactive gases in nuclear accidents.
Radioactive gases refer to >3Xe and ®%Kr whose energies of
gamma rays are higher than 80 keV. On the other hand, the

(b)

!

Al MgO

LaBr; Sio,



292 Y. Cao et al. / Nuclear Instruments and Methods in Physics Research A 797 (2015) 290-296

1

Gt
g',ﬂ"‘liv’/‘
)

Fig. 3. Schematic of the secondary source method.

Table 1
Main radioactive nuclides and activities after the Fukushima nuclear accident.

Radioactive  Activity  Radioactive  Activity  Radioactive Activity
nuclide (Bq) nuclide (Bq) nuclide (Bq)
133%e 1.1 x 10 127mTe 11 x 10" 1B 1.6 x 10"
134¢s 1.8 x 1016 129mTe 3.3 x 10> 133 6.8 x 10™
137cs 15x 106 B1mTe 9.7 x 10" 139 6.3 x 10"
895r 2.0 x 10" 1321e 7.6 x 10 127sh 6.4 x 10"
1403 3.2x 10" 2*Np 7.6 x 1013 129sp 1.6 x 10™

radioactive nuclides released in nuclear accidents are basically the
same. So the energy scope selected here is reasonable.

To simulate actual air radiation monitoring conditions accu-
rately, a sphere volumetric source was used to simulate the
radioactive plume. The required radius R, which was covered by
gamma-rays in the air to reduce the density I to 0.3% of its initial
value Ip, mainly depended on the energy [15]. The 0.3% was
selected arbitrarily here.

On one hand

I=1Ipe #ER M

where I, and I represent the intensity of the y-rays before and
after passing through the material respectively; y(E) is the linear
attenuation coefficient in the material; and R is the thickness of
the material. On the other hand

[1=0.003I, )
According to Eqgs. (1) and (2)
5.809143
Rp=—"——+— 3
" @ ©

In the present study, the highest energy of the y-rays in the
source term was 1.791 MeV and its linear attenuation coefficient in
the air was 6.14361 x 10~>m~ . Thus the required radius R was
calculated as follows:

5809143 5.809143

m= = — =945.559 m
H(E) 4.75144 x 107> m2 /kg x 1.293 kg/m3

C))

Therefore we could set the radius of the sphere volumetric
source to 1km to simulate the detection zone of the LaBrs
detector.

2.3. Efficiency calibration

Detection efficiencies are mainly categorized into source peak
efficiency which is also called the absolute calibration and intrinsic
peak efficiency based on the nature of the recorded event. Source

peak efficiency is defined as follows:

number of photons detected under full — energy peak
number of photons emitted by source

Esp =

®)

It is dependent on both detector properties and on the details
of the counting geometry (primarily the distance from the source
to the detector). Intrinsic peak efficiency is defined as follows:

- number of photons detected under full —energy peak
L number of photons incident on detector

©6)

It typically depends primarily on the detector material, the
energy of the y-ray, and the physical thickness of the detector in
the direction of the incident gamma rays [16-20]. During the
calculation of efficiency, the net full-energy peak area is obtained
using the total peak area method [21,22]. Its computational
formula is as follow:

h
S= Zyl‘*h £+1(J’I+Yh) (7)
i=1

where S is the net full-energy peak area; [ and h represent the
boundary channels on both sides of full-energy peak respectively;
the y, and y, are the numbers of the channel [ and the channel h
respectively; and y; denotes the number of counts in the con-
sidered channel.

Considering the difference between the detection zones of the
HPGe detector and the LaBrs detector, the efficiency calibration in
the two detectors would be different. The HPGe detector could
detect information on radioactive aerosols within a small area;
thus, we could obtain activity information on radioactive aerosols
within a small area after source peak efficiency calibration. The
radioactive nuclides from the distance would contribute to the
spectrum of the LaBr; detector. Activity information on radioactive
aerosols and radioactive gases around the detector could be
obtained after intrinsic peak efficiency calibration. Consequently,
the HPGe detector would be calibrated by the source peak
efficiency, whereas the LaBrs detector would be calibrated by the
intrinsic peak efficiency.

3. Results and discussion
3.1. MC simulation

The simulation gamma-ray spectra of the double detectors
could be obtained by simulating the detection zones of the HPGe
detector and the LaBrs detector after the Fukushima nuclear
accident.

Some experiments about the energy resolutions of the double
detectors also were conducted using the radionuclide °°Co before
the MCNP simulations were performed. The energy resolutions of
the HPGe detector and the LaBrs; detector were 0.76% and 2.92% at
1173 keV respectively. They were 0.77% and 2.95% at 1332 keV.
Meanwhile, experiments on detection capability of the LaBrs
detector in low energies (below 100 keV) were also performed
using radionuclides 238Pu and 2*! Am. The LaBr; detector can detect
the particles in low energies (below 100 keV) according to the
experimental energy spectrum. What is more, there only was
80 keV about the energy of gamma-ray in low energy and its
concentration was big relative to other energies in the study.

The MC simulation spectra of the HPGe detector and the LaBr3
detector are shown in Fig. 4. According to the results of experi-
ments and simulations, the energy resolution of the HPGe detector
is distinctly superior to that of the LaBrs detector. The obtained
counts in the LaBrs detection spectrum were higher than those in
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the HPGe detection spectrum. The spectrum of the LaBrs detector
included information on the radioactive gas '>>Xe and on the
radioactive aerosols 'l and ®’Cs among others. However, the
spectrum of the HPGe detector only included information on the
radioactive aerosols 'l and *’Cs among others, and did not
include information on the radioactive gas '>>Xe.

3.2. Efficiency calibration

The detection spectrum of the HPGe detector could be obtained
by simulating a series of nuclides based on MCNP. Then, the source
peak efficiency of the HPGe detector was calculated according to
Eq. (5). The source peak efficiency of the HPGe detector and its
fitting curve are shown in Fig. 5.

Similarly, the spectrum of the gamma-ray was calculated using
MC software. The numbers of particles in the sensitive volume of
the LaBrs detector were obtained based on the F1 tally. In the
course of the intrinsic peak efficiency calibration about the LaBrs
detector, a sphere source was set for the source term in this study.
The source particles were generated uniformly on the surface of
the crystal. Then, the intrinsic peak efficiency was calculated
according to Eq. (6). The intrinsic peak efficiency of the LaBr;
detector and its fitting curve are shown in Fig. 6.
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Fig. 4. Simulation gamma-ray spectra of the two detectors. The black solid curve
denotes the spectrum of the LaBr; detector and the red dash curve refers to the
spectrum of the HPGe detector.
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Fig. 5. Source peak efficiency calibration fitting curve of the HPGe detector.

3.3. Spectrum correction method

The spectrum correction method proposed in this study was
based on the detection differences between the double detectors
in the equipment NH-UAV. That is to say, the HPGe detector could
detect radioactive aerosols absorbed in the filter within the
volume of 1 m?, while the LaBr; detector could detect radioactive
aerosols and radioactive gases. Meanwhile, the gamma rays in the
distance would make contributions to the spectra of the LaBr;
detector. The ratio values relative to 364.5 keV were accurate in
the spectra of the HPGe detector. Thus, the spectra of the HPGe
detector were used as standard spectra to correct the spectra of
the LaBr3 detector. Specifically, the spectrum correction method
was performed using the relative proportion in the net full-energy
peak area in the same spectrum. The net full-energy peak area was
calculated using Eq. (7). After the corresponding efficiency was
calibrated, the full-energy peak area could be obtained. In the
same spectrum, using the full-energy peak area with energy of
364.5 keV to be a benchmark, the relative proportion of other
energies to 364.5 keV could be obtained in the detection spectra of
the HPGe detector and the LaBrs detector.

Considering the full-energy peak area with energy of 364.5 keV
in the detection spectra of the HPGe detector and the LaBrs
detector as benchmarks, the net peak areas after the calibration
of 364.5 keV were set to Ag and By respectively. The corresponding
peak areas of other energies were set to A; and B;. Then, the
relative proportion in two spectra could be calculated as follows.

The ratio relative to 364.5 keV in the spectrum of the HPGe
detector (the ideal relative) is

Rai = Ai/Ao ®

The ratio relative to 364.5 keV in the spectrum of the LaBrs
detector (the real relative) is

Rgi = Bi/Bg )

Finally, the spectrum correction coefficients were calculated
according to the ratio between the real relative and the ideal
relative as follows:

R; = Rgi/Ra; (10)

Table 2 shows the corresponding data of all energies obtained by
conducting relative data treatment according to Eqgs. (8)-(10). The
spectrum correction coefficients were calculated using Eq. (10).

The numbers of Table 2 are calculated according to Egs. (7)-(10).
Some of them indeed are very small. The reasons for this include
two aspects. First, the particles at these energies of the source term
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fitting curve

0.8 E
> b 4
g (D00029E + 646.41 InE  3084.78 n 44627 486753 2.943)

& = exp(- X - - - 2.

2 osf 7 E E 2 g .
&
. 2
3 R’=0.999
Q
o 04r 4
7]
&
it
£

0.2 -

oo 1 1 L 1 1 1 i 1 i 1 L 1 1 1 1 1

0 200 400 600 800 1000 1200 1400 1600

Energy(keV)

Fig. 6. Intrinsic peak efficiency calibration fitting curve of the LaBr; detector.
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were very small so that the contributions to the spectrum also were
very small. Secondly, the detection efficiencies of the LaBrs; detector
at higher energies are very low. Meanwhile, the used spectra in this
study were the simulating spectra not the broadening spectra. Most
of full-energy peaks could be separated from the scattered back-
ground in the spectra, so the total peak area method could be
used here.

The relationship between the spectrum correction coefficient
and the corresponding energy could be fitted to a curve according
to the data in Table 2. Meanwhile, the statistical errors about the
results obtained through MCNP simulation were less than 5% in
the process of simulation.

As shown in Fig. 7, a good linear relationship could be found
between the spectrum correction coefficient and the correspond-
ing energy after the Fukushima nuclear accident. However, there
was a sizable deviation from linearity at low energies. The cause
on the deviation mainly includes two aspects. There is a big
statistical fluctuation at low energies. Besides, the high-energy
part has effect on the low-energy part owing to the scattering. The
corresponding equation for the spectrum correction curve was

Table 2
Spectrum correction coefficients of corresponding energies after the Fukushima
nuclear accident.

Energy Ideal peak Ideal Real peak Real Spectrum
(keV)  area (A;) relative area (B;) relative correction
(Rai) (Rsi) coefficient (R;)

284 8.79E+02
3645 117E+04
473 1.48E+02
569 2.48E+02
604 1.57E+03
661.7 1.14E+03
7229  2.54E+02
795.8  1.38E+03
812.8  6.16E+00
852.2  2.34E+00

7.51E—-02 7.59E+01
1.00E+00 1.23E+03
1.26E-02 1.67E+01
212E-02 3.13E+01
1.34E-01 2.15E+02
9.74E—-02 149E+02 121E-01 1.24E+00
217E-02 3.81E+01 3.10E-02 143E+00
118E-01 2.04E+02 166E—01 141E+400
526E—-04 890E-01 7.24E—04 138E+00
2.00E-04 4.02E—-01 3.27E—04 1.63E+00

6.18E—02 8.22E-01
1.00E+00 1.00E+00
1.36E—-02 1.08E+00
2.55E—02 1.20E+00
1.74E-01 1.30E+00

12604 163E+01 139E—-03 3.75E+00 3.05E—03 2.19E+00
1365.2 4.86E+01 4.15E-03 114E+01 9.24E—03 2.23E+00
1457.5 492E+00 4.21E-04 122E+00 9.91E—-04 2.35E+00

1678 5.43E+400
1791 4.38E+00

4.64E-04 151E+400
3.74E-04 1.16E+00

1.23E-03 2.65E+400
9.41E-04 2.52E+00

3.0 —1 + T * r * t * &t * I * ° * 1

= 1000m ) ]
fitting curve (]

25 -
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Correction coefficient
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Fig. 7. Relationship between the spectrum correction coefficient and the corre-
sponding energy.

fitted as follows:
R=0.49741+0.00123E (11)

where R was the spectrum correction coefficient, and E was the
energy of the y-ray (keV).

According to Eq. (11), when the energy was set to 80.9971 keV,
the corresponding spectrum correction coefficient was 0.597. Then
the real radioactivity of the radionuclide **Xe could be calculated
using the correction coefficient and the net peak area of *3Xe in
the LaBr3 detector.

3.4. Spectrum correction results

According to Egs. (9) and (10), the spectrum correction coeffi-
cient and the corresponding revised ideal value could be obtained.
Then the deviation relative to the actual source term was calcu-
lated by comparing it with the information obtained by the HPGe
detector. The corresponding data obtained through the meaning of
the relative deviation are shown in Fig. 8.

As shown in Fig. 8, the deviation values relative to the actual
source with correction was distinctly lower than those relative to
the actual source without correction. The deviation values around
the peak areas relative to the actual source after correction were
less than 10%. Therefore, the spectrum correction method was
feasible. Meanwhile, the maximum deviation value reduced from
1.65 to 0.035. It must be noted that the deviation values in Fig. 8
referred to the deviation values relative to the actual source about
the ratio values of particles between other energies and 364.5 keV
before and after the correction. And it did not refer to the relative
deviation about the activity.

On the other hand, the spectrum correction factor at 80.9971 keV
was 0.597 according to Eq. (11). Then the ratio of 80.9971 keV relative
to 364.5 keV in the spectrum of the HPGe detector could be calculated
using Eq. (10). Finally, the particle numbers of 80.9971 keV could be
obtained according to the peak area of 364.5 keV in the spectrum of
the HPGe detector. The deviation value relative to the actual activity of
the radionuclide 3Xe was 0.13 (the corrected activity of *>Xe was
3.73 x 10° and the actual activity of *3Xe was 3.28 x 10°) with the
correction. The deviation value was 5.68 without the correction.
Apparently, the activity of the radionuclide 133Xe was more close
to the actual value after the correction. In other words, the spectrum
correction method was feasible.

T » T L T L T L T ¥ T K T . T r T
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Fig. 8. Deviation values relative to the actual source with (full circles) and without
correction (open squares).
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3.5. Different sizes of the source term

The border of the radioactive plume is indefinite in actual
conditions. Sizes of the source term mainly affect the particles
entering the inside of the LaBrs detector. Specifically, the particle
numbers increases with the increase of the size within a certain
scale. And the scale is determined by the highest energy in the
source term. The numbers remains to the same when the size is
higher than the scale. Therefore, the popularity of the spectrum
correction method in different sizes of the source term should be
investigated. In this study, differences and relations among various
sizes were mainly determined by changing the radius of the
sphere volumetric source.

The radii of the sphere volumetric source were set to 1, 1.1 and
1.2 km. The detection spectra of the LaBrs detector were simulated
using MC software. Then, the spectrum correction curves were
calculated according to Eqgs. (8)-(10). Moreover, in the process of
simulation, the statistical errors about the results obtained
through MCNP simulation were less than 5%.

The detection spectra of the LaBr; detector coincided with one
another when the radii of the sphere volumetric source were 1, 1.1,
and 1.2 km (Fig. 9(a) and (b)). As shown in Fig. 9(c), the spectrum
correction curves could be approximately fitted using the same
equation. Similarly, there was a sizable deviation from linearity at
low energies because there is a big statistical fluctuation at low
energies. Besides, the high-energy part has effect on the low-
energy part owing to the scattering. When the radius of the sphere
volumetric source increased to 1 km, the detection spectrum and
the spectrum correction curve tended to coincide as the radius of
the sphere volumetric source further increases.

Although the spectrum correction method was the same for a
sphere volumetric source, the spectrum correction method must
be applied to a sphere volumetric source with a radius smaller
than 1 km.

The radii of the sphere volumetric source were set to 300, 500,
700, 900 and 1000 m. The detection spectra of the LaBr; detector
were simulated using MCNP. Then, the spectrum correction curves
were calculated according to Eqs. (8)-(10). Meanwhile, in the
process of simulation, the statistical errors about the results
obtained through MCNP simulation were less than 5%.

As shown in Fig. 10(a) and (b), the detection spectra of the
LaBr; detector were gradually rising as the radius of the sphere
volumetric source increases between 300 m and 1000 m. As
shown in Fig. 10(c), good linear relationships could be found
between the spectrum correction coefficient and the correspond-
ing energy. There was a sizable deviation from linearity at low
energies because there is a big statistical fluctuation at low
energies. Besides, the high-energy part has effect on the low-
energy part owing to the scattering. According to Fig. 10(c), the
spectrum correction curves exhibited a rising trend as the increase
of the radius of the sphere volumetric source increases between
300 m and 1000 m.

4. Conclusion

This study proposed a spectrum correction method for NH-
UAV. The detection spectra of the LaBr; detector could be
corrected according to the detection spectra of the HPGe detector.
Then, the function of the fixed-point measurement in the corre-
sponding category and activity of the radioactive nuclides within a
small area could be realized. The detection spectra of the double
detectors in NH-UAV were obtained using the Monte Carlo
technique after the Fukushima nuclear accident. And the energies
considered in this study was ranging from 80 keV to 1800 keV
owing to the numbers of gamma rays emitted from radioactive
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Fig. 9. Energy spectrums (a, b) and spectrum correction curves (c) of different sizes
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blue dash curves are energy spectrums of 1 km, 1.1 km, and 1.2 km in (a) and (b).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

materials after the Fukushima nuclear accident. The corresponding
spectrum correction curves were calculated using ratio processing
techniques about the net peak areas between the double detectors
on the detection spectrum of the detection spectrum of the LaBrs
detector according to the accuracy of the detection spectrum of
the HPGe detector. A good linear relation existed between the
spectrum correction coefficient and the corresponding energy
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when the sphere volumetric source had a radius of 1 km. The
spectrum correction method proposed in this study was verified to
be feasible. Finally, different sizes of the source term were
investigated. As the size of the source term increased gradually,
the corresponding spectrum correction coefficients also increased.
The spectrum correction coefficients remained the same when the
radius of the sphere volumetric source increased to 1 km and the
fitted spectrum correction curves also exhibited the same trend.

However, there were a number of limitations in this study. For
example, the simulation conditions were too idealistic. We did not
consider the influence of the radiation deposited on the ground in
this study. Following the conclusion of the present paper, we plan
to compare the differences and relations about the spectrum
correction algorithm in different and more practical environments
to obtain the data in a fixed place and in real time more accurately,
such as in a largely non-uniform radiation cloud and considering
the radiation from the ground. Meanwhile, we will take considera-
tions about the detector resolution in the actual spectra in the
next study.
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