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In the immediate aftermath following a large-scale release of radioactive material into the

environment, it is necessary to determine the spatial distribution of radioactivity quickly.

At present, this is conducted by utilizing manned aircraft equipped with large-volume

radiation detection systems. Whilst these are capable of mapping large areas quickly,

they suffer from a low spatial resolution due to the operating altitude of the aircraft.

They are also expensive to deploy and their manned nature means that the operators

are still at risk of exposure to potentially harmful ionizing radiation. Previous studies

have identified the feasibility of utilizing unmanned aerial systems (UASs) in monitoring

radiation in post-disaster environments. However, the majority of these systems suffer

from a limited range or are too heavy to be easily integrated into regulatory restrictions

that exist on the deployment of UASs worldwide. This study presents a new radiation

mapping UAS based on a lightweight (8 kg) fixed-wing unmanned aircraft and tests its

suitability to mapping post-disaster radiation in the Chornobyl Exclusion Zone (CEZ).

The system is capable of continuous flight for more than 1 h and can resolve small scale

changes in dose-rate in high resolution (sub-20 m). It is envisaged that with some minor

development, these systems could be utilized to map large areas of hazardous land

without exposing a single operator to a harmful dose of ionizing radiation.

Keywords: radiation, Chornobyl, UAS (unmanned aircraft system), fixed-wing aerial surveys, post-disaster,

cesium, nuclear, drones (UAV)

1. INTRODUCTION

The large-scale release of radionuclides from the Chornobyl Nuclear Power Plant (ChNPP)
remains the most significant nuclear accident in the history of civil nuclear power generation.
During the 10 days of emissions from Reactor 4, approximately 11,780 PBq of radioactive material
was released into the environment, including 1,700 PBq of 131I and 85 PBq of 137Cs (Gudiksen
et al., 1988; Cort et al., 1998; Smith and Beresford, 2005, p. 12). While the accident had far reaching
environmental implications for a large area of Northern Europe, the area worst affected by the
accident covers approximately 4,730 km2 across modern day Ukraine (2,600 km2) and Belarus
(2,130 km2). The area within Ukraine defines the Chornobyl Exclusion Zone (CEZ), which is an
access controlled region, established in May 1986, designed to mitigate dose exposure to the public.
Restrictions on access are still in place to this day, although tourism permits are currently available
as part of official guided tours.
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FIGURE 7 | The cesium equivalent dose-rate (CED) of the “Red Forest” area surrounding the ChNPP.

Overall, the general results from the UAS agrees well with
previous datasets collected though other methods. The extensive
soil sampling investigations published by Kashparov et al.
(2018) provide excellent overall coverage and measurement
accuracy throughout the CEZ, but fail to provide an easily
repeatable method of monitoring radiation within post-
disaster environments. The amount of labor-hours involved in
conducting ground sampling surveys of this size are significant
and the results are comparatively low-resolution when assessed
against more mobile methods. The effects of this are best shown
by the localized hot spot present near the south-eastern corner
of the map [51.343843 N, 30.110399 E], which was previously
unreported in literature until this study was conducted.

Following the identification of the hot spot from the
raw data collected by the aircraft, a ground-based team was
deployed to investigate the area covered by the elevated intensity
region. Upon arrival, this team used SIGMA-50 detectors,
Geiger-Muller (GM) tubes and PED+ personal dosimeters to
monitor the radioactive output of this region. The source of
the radioactivity was determined to be a series of funnel-
shaped metal structures that seem to have been used to
mechanically sort through material in an attempt to reduce
the overall volume of contaminated material following the
accident (Figure 8). These structures will be referred to as

“hoppers” for the remainder of this document. The residual
radiological fingerprint of this process is significant. Ground-
measurements, acquired using dosimeters, measured more than
2 mSv h−1 directly in the vicinity of the “hoppers.” Attempts at
recording gamma spectrometry measurements were futile due to
saturation issues.

The measurements collected by the aircraft at this point in
space are significantly lower than the values measured by the
ground team (3.3 µSv h−1 vs. 2 mSv h−1). There may be a
number of reasons for the discrepancy between these values.
Firstly, the analysis performed on the results collected by the
aircraft focuses solely on the 137Cs signal, ignoring contributions
from any other radionuclides (these are outside the scope of
this study and will be investigated in future studies). The
myriad of radioactive material released from the accident is
highly complex and the measured contribution of 137Cs is but
a component of the total output (Smith and Beresford, 2005;
Burtniak et al., 2018). Given that the “hopper” hot spot is so
intensely radioactive, the on-ground measurements could be
recording inputs from other radionuclides in addition to the
measured 137Cs signal. This could potentially include gamma-
ray signals from 241Am, which emits a low energy gamma-
ray (0.06 MeV) that is more easily attenuated by the medium
between the source and the detector (see Figure 4). These
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kinds of signals are difficult to detect with any confidence
at the altitudes used within this survey, especially because
the incomplete transfer of energy between incoming photons
and the detection crystal (very common for small-volume,
room temperature detection systems Gilmore, 2008) creates
a high background signal at the low energy range of the
spectrum. Radionuclides other than 241Am and 137Cs are also
expected to be present within the signal emanating from this
region, including contributions from fission products from spent
nuclear fuel.

Another reason for the observed disparity between the aerial
measurements and the on-ground measurements is the short
sampling time and FOV averaging at each point on the earth.
As the system operates at a minimum velocity of 14 ms−1,
the measured signal consists of a sampling area of 1,120 m2

for a single, 1-s measurement before the altitude correction
is applied. Highly localized variations of a few meters in area
will therefore not be fully resolved, instead being averaged with
the surrounding area that constitutes a single measurement.
This provides one possible explanation into the differences in
expected dose-rate and measured dose-rate within this study.
Once more, it must be noted that the dose-rate measured here
considers only the dose-rate from 137Cs, whereas raw ground
measurements recorded by personal dosimeters are collecting
information from all sources (including natural radionuclides
and other sources released during the accident). The time
between the occurrence of the accident and this study is also
an important consideration. In the three decades since the
accident, radioactive material has had time to penetrate the
ground surface and new sediment has had time to be deposited
on top of the original radionuclide deposition. The burial
of material means that there is not only more attenuating
material between the detector and its target source, but the
material is also much denser than air, resulting in fewer
interactions with unscattered 137Cs photons with the active
detection volume.

The overall mission objective to deploy the fixed-wing
system within a real-world post-disaster environment has been
achieved. As far as the authors are aware, this is the first
time that this variation of a radiation mapping UAS has
been deployed in a non-controlled situation to map terrestrial
gamma radiation. Previous iterations of this detection unit for
multi-rotor systems have been successfully utilized in similar
environments within the Fukushima fallout zone in Japan,
albeit these zones have been less intense than the levels of
radioactivity experienced in the proximity of the “Red Forest.”
One of the advantages of using lightweight UASs is that payloads
can be altered, or completely removed, with ease. Given the
observed limitations of the detectors used within the system
at relatively high gamma fluxes, these would likely be changed
in future iterations. Cerium Bromide (CeBr3) and Lanthanum
Bromide (LaBr3) detection systems are being considered for
future systems as these provide excellent energy resolutions
and optical yields, even at small-volumes (Lowdon et al.,
2019).

In terms of short-term improvements, one of the two Sigma-
50 units will be swapped for a smaller-volume GR1 unit

(a CZT semi-conductor detector from Kromek Group PLC,
County Durham, UK). This detector has a better tolerance for
high gamma fluxes and an improved energy resolution when
compared to the Sigma-50 unit used within the current system.
It is however, more vibrationally sensitive and will require some
efforts to dampen these effects within the UAS payload. A further
survey specifically aiming to map the saturated zone of the “Red
Forest” (see Figure 7) using the updated system is planned for
October 2019 to improve upon the results collected herein.

4.2. System Evaluation and Wider
Applications
The results from the radiological investigations of the CEZ
suggest that the fixed-wing system presented within this study is
effective at mapping 137Cs distribution, although the significant
radioactivity of the “Red Forest” proved to be too much for the
detectors used within the payload.Whilst this conclusion satisfies
the overall aim of this study, there are a few more considerations
to be discussed before the system can be considered for use
in more routine situations or be implemented into emergency
procedures in the future.

UAS-based investigations are often at the mercy of the
weather. Certain counter-measures can be implemented in some
cases to overcome problems, for example, waterproofing the
central electronic components can allow certain types of UASs
to operate even in wet weather. However, the fixed-wing UAS
used in this study is sensitive to variations in localized wind
velocities. The surveys were conducted at a target velocity 14–
18 ms−1, but on some occasions ground-speeds of up to 25
ms−1 were recorded during survey lines orientated such that
the aircraft experienced a tailwind. As previously mentioned
within section 2.3, the differences in wind velocities experienced
by the UAS during individual legs of the same survey create
inconsistencies in recorded data. The system records raw data
at 10 Hz before being resampled in the post-processing phase
into 1 Hz intervals. Differences in the velocity of the aircraft
mean that the effective sampling area of each measurement
varies throughout the survey. As a result, the pixel size has
been increased slightly to a lower resolution in the final map to
encompass some of this variation.

Even though UASs with similar or greater ranges have
been reported within the literature, the fixed-wing UAS used
within this study is considerably lighter than these reported
platforms. The Yamaha RMAX platform utilized within Sanada
and Torii (2014) weighs 100.5 kg with the under-mounted
radiation mapping payload attached, whilst the system presented
herein weighs 8.5 kg by comparison. Whilst the radiation
mapping payload used within Sanada and Torii (2014) was
able to carry a larger payload (resulting in larger detection
volumes), the extra weight is significant in terms of the
operation of UAS in the real-world. Regulatory restrictions
exist for the operation of heavier platforms around the world
as they present a greater hazard to the environment through
the increased energy involved in an impact (Connor et al.,
2016). As a result, it is easier to deploy lighter platforms within
surveys globally.
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FIGURE 8 | Aerial photographs of the “hopper” hot spot, presented in a plan view (Left) and a areal view in context of the local area (Right).

The concept of utilizing fixed-wing vehicle for this task
aims to bridge the gap between manned aircraft and multi-
rotor capabilities. Currently, multi-rotor UASs represent the
high-resolution end-member of the airborne radiation mapping
spectrum, often achieving sub-10 m pixel sizes (Martin et al.,
2015, 2016; Burtniak et al., 2018; Connor et al., 2018a,b). Manned
aircraft systems (MASs) represent the opposite end of the scale,
operating at between 90 and 200 m agl and achieving spatial
resolutions of 200–500 m (Pitkin and Duval, 1980; Sanderson
and Cresswell, 2008).Within this survey, operating altitudes were
maintained at 40–60 m agl, with a spatial resolution of 20 m
after the post-processing procedure. This successfully provides
a middle ground between the two end-members, both in terms
of the resolution and total coverage capabilities of the system. It
is worth noting that the flight line separation can be increased
if the survey values absolute coverage over spatial resolution. As
the detector FOV increases linearly with altitude, the flight line
spacing could be increased up to two times the altitude of flight
without incurring a loss of net spatial coverage.

As well as bridging the gap between current methods, there
is also the potential that manned aircraft could be superseded
by using fixed-wing UASs in the future, especially with sufficient
improvements in battery technology. This is especially true
when considering financial factors. The total cost of building
and deploying the UAS used herein was $24,000 (including all
parts, labor costs for build and deployment and insurance costs),
whereas a manned survey would be considerably more expensive.
The cost for repeat surveys following the initial investment totals
at $9,000 for the equivalent survey conducted within this study.
This is based on salary estimates and operational costs for a three
man crew over 6 days of active operation. If the equipment is
used multiple times, the cost-benefit of the system is significantly
improved over utilizing manned aircraft.

Without much prior familiarity of operating within the CEZ,
the fixed-wing system was successfully deployed at as low an
altitude as reasonably possible using information obtained from
on the fly pre-flight surveys.With a good knowledge of the survey
area, it would be possible to achieve much more. Overall, the
authors believe that there is extreme promise in widely utilizing
these systems for a number of survey applications in the future
after the implementation of the improvements suggested herein.

5. CONCLUSIONS AND FUTURE WORK

This study presents the most comprehensive radiation map of
the CEZ ever produced from a UAS. Over the 6 days of active
fieldwork with the fixed-wing system, 15 km2 was investigated
in a high spatial resolution (20 m pixel−1). In total, more than
580 km were flown across the region in a total flight time of
09h:17m:37s. The system demonstrated that radiation mapping
investigations using UASs can be launched from safe-zones
outside contaminated regions and operated continuously for
more than an hour before returning to the safe-zone to land.
Some previous systems presented within the literature have been
required to launch within the contaminated zones at the risk of
the operators.

Due to issues with detector saturation, the area in the most
radiologically intense portions of the “Red Forest” were not
presented with the mapped CED as this information could not be
reliably extracted from the spectra recorded over this area. This
problem is hoped to be solved in the future by operating using a
different dual detector set-up (Sigma-50 and GR1 combination).
In this configuration, the Sigma-50 would be used to map
the areas displaying lower contamination concentrations (as
presented by more than 85% of the area mapped in this study)
and the GR1 would be used to map the areas wherein the
Sigma-50 was saturated.

One of the most interesting findings was the presence of
the previously unreported, anthropogenically-enhanced hot spot
located in the south-eastern corner of the surveyed area. With
the knowledge that the 2 mSv h−1 hot spot exists, a coordinated
ground sampling investigation will be conducted to determine
the nature of the radionuclide content and correlated against the
measurements collected by the aerial platform.

The work conducted within the CEZ was part of a multi-
faceted field investigation using numerous types of radiation
monitoring methods. These included both fixed-wing and low-
altitude multi-rotor UAS surveys, as well as ground-based
monitoring methods using both tracked robots and humans. The
data presented herein will be combined with the measurements
recorded using the other methods in future works to complete
a comprehensive radiological survey of the CEZ using mobile
radiation monitoring methods. The demonstration of this system
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in this environment has further-reaching consequences than just
the monitoring of post-disaster environments. With alterations
to the included detection systems, using recommendations from
Lowdon et al. (2019), this system could become a low-cost
solution to monitoring large areas of land for mineral resources.
This could be of particular interest to developing countries who
currently struggle to conduct mineral reserve estimates due to the
high expenditure involved in charteringmanned-aircraft surveys.
Further work within the CEZ is planned for October 2019 and
April 2020.
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