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a b s t r a c t

The study presents a review of research advancements in the field of gamma radiation detection systems
for emergency radiation monitoring, particularly two major sub-systems namely (i) the radiation de-
tector and (ii) the detection platform e air-borne and ground-based. The dynamics and functional
characteristics of modern radiation detector active materials are summarized and discussed. The capa-
bilities of both ground-based and aerial vehicle platforms employed in gamma radiation monitoring are
deliberated in depth.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Exposure to nuclear radiations is extremely harmful to human
and animal life. Three main types of nuclear radiations are alpha,
beta, and gamma. Gamma radiation is dangerous to human life
causing cellular destruction and subsequently leading to DNA
damage, cancer, and radiation sickness if exposed in excess [1].
Gamma radiation detector forms the heart of a radiation moni-
toring system and hence, deployment of such detectors in the vi-
cinity of nuclear power plants is vital. There has been a steady
migration from conventional fossil fuel based energy to the reali-
zation of sustainable and economically viable energy. Nuclear re-
actors have sprung up across the globe to meet the ever-increasing
energy demands. As per 2020 statistics, thirty countries are oper-
ating 442 nuclear reactors, and 52 new nuclear plants are in the
process of being commissioned in 15 countries [2]. It is reported
that there has been onemajor nuclear accident every eight years on
hiruvengadathan).

by Elsevier Korea LLC. This is an
an average [2]. Till date, the total number of nuclear accidents is
about 100 [3]. Therefore there is a greater need to swiftly evacuate
human beings in the vicinity of nuclear reactors and protect them
from radiation exposure during such accidents. This has propelled
the scientific community to implement improved methods of ra-
diation detection.

On the basis of reported literature, we note that the field of
radiation monitoring can be classified into two sub-categories viz.
(i) Radioactive Pollution Control [4] and (ii) emergency radiation
monitoring (ERM). The extent of environmental pollution caused
as a result of the regular operation of a nuclear power plant re-
quires continuous monitoring and is henceforth referred as
radioactive pollution control. On the other hand, the assessment of
radiation contamination resulting from a nuclear accident comes
under ERM.

Radioactive pollution control is more mature than ERM tech-
nology as measures for controlling nuclear pollution are in place
since 1950 [4]. On the other hand, the Three Mile Island accident in
1979 and the Chernobyl disaster in 1986 underscored the impor-
tance of ERM procedures [4]. Even the last major nuclear accident
in 2011 at Fukushima Power Plant saw an adhoc emergency
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response strategy which led to confusion and improper emergency
evacuation procedures [5]. Furthermore, ERM procedures can be
categorized into two classes, viz., ground-based and air-borne
monitoring. Though air-borne monitoring was performed imme-
diately after the Fukushima disaster, it took eleven days to process
and provide the initial results [6]. Due to the threat of excessive
radiation hazard, ground-based monitoring was performed only
four days after the catastrophe [5]. Post the Fukushima disaster,
there have been significant research advancements made towards
establishing mechanisms for ERM. The scope of this article will be
confined to reporting ERM aspects of radiation monitoring.

ERM can be conveniently classified into twomajor divisions viz.,
the front-end and the back-end systems. The front-end ERM system
encompasses components required for gamma radiation mea-
surement and the digitization of the signal corresponding to the
measured radiation. The back-end ERM system deals with subse-
quent analysis as illustrated in Fig. 1.

In the past decade, substantial improvements in detection
sensitivity and response time of detector active material have been
accomplished. Besides, the major nuclear accident at Fukushima
Power Plant has spurred a series of research activities specifically in
the deployment of new detection platforms such as mobile robots
and unmanned aerial vehicles (UAV). To the best of our knowledge,
a comprehensive review article of ground based and aerial moni-
toring platforms with regard to ERM systems has not been pub-
lished in the literature. In this paper, we review the research
advances reported during the last decade in the public domain by
research institutions in the ERM front-end system components e

the radiation detector (specifically their performance) and the
detection platform. Additionally, technological gaps and the di-
rections for future research are also highlighted.

2. Emergency radiation monitoring: Recent research
advances

2.1. Characteristics of radiation detector

The gamma radiation detector as applied to ERM can be broadly
categorized into three classes based on their principle of working.
These three classes are the gas-filled detector, the scintillation de-
tector, and the solid-state detector [7,8]. The critical characteristics
that serve as a measure of the effectiveness of a radiation detector
are: (i) energy resolution, (ii) counting efficiency and (iii) inherent
dead time [7]. These characteristics for the three classes of de-
tectors are summarized in Table 1.

2.1.1. Energy resolution
Energy resolution is defined as the ratio of full width half

maximum (FWHM) to the corresponding peak energy [8]. Smaller
the magnitude of energy resolution better is the energy peak well-
resolved [8]. More often energy resolution is measured at 662 keV,
which corresponds to Cs-137 gamma source [8].

The number of charge carriers (NC) generated per gamma ray
interaction with the active material is a crucial factor that de-
termines the energy resolution of a radiation detector [9]. Energy
Fig. 1. ERM system comprising front-end and back-end components.
resolution is inversely related to the square root of NC [8]. Hence,
higher energy resolution is obtained by using an active material
that can produce a larger NC per interaction. This in turn implies
that a material with a lower cross section to gamma ray interaction,
such as a material of low atomic weight, is seldom efficient in
measuring energy. Thus a conventional gas ionization chamber,
which uses a relatively lower atomic weight material as an active
material, is seldom employed for measuring energy [7]. This has led
to the development of the high pressure xenon gas (HPXe) detector,
a gas ionization chamber, suitable for measuring energy [10]. A
HPXe detector with an excellent energy resolution of 1.7% (Table 1),
has been developed by using certain design improvements on a
conventional ionization chamber which include the use of low
attenuation, thin walled detector [10]. From Table 1 it is evident
that the gas-filled detectors have better energy resolution than
scintillation detectors [10].

The scintillation detector, unlike gas filled and solid-state de-
tectors, requires two stages for converting ionizing radiations to
create charge carriers [7]. This results in deterioration of their en-
ergy resolution [10]. As seen from Table 1, the energy resolution of
modern day scintillation detectors range from 2% to about 4% [11].
Despite their relatively weak resolution, scintillation detector
active material can be produced in larger volume than solid state
detector. Thus, they are suited for deployment in situations where
nominal resolution is sufficient but higher counting efficiency is
preferred [10]. Furthermore, compared to a gas-filled detector, a
scintillation detector offers a selection from a wide choice of active
materials [10].

The energy resolution of solid-state detectors is reported to
range from 0.2% to about 2% (Table 1). The energy required to create
a pair of charge carrier (electron and hole for solid-state detector) is
the smallest for a solid-state detector. Hence, for a given amount of
incident ionizing radiation energy NC is the largest for solid-state
detectors [12]. Consequently energy resolution of solid state de-
tectors is superior to gas and scintillation [12]. Among solid-state
detectors, High purity germanium (HPGe) is reported to have an
excellent resolution of about 0.2% at 662 keV [12]. But, HPGe cannot
be operated at room temperature due to its low bandgap [13]. It
should be cryogenically cooled using heavy ancillary equipment.
This helps to decrease the large leakage current resulting from
thermally generated charge carriers [14]. Cadmium zinc telluride
(CZT), Cadmium manganese telluride (CMT), Cadmium tellur-
ide(CdTe) and Thallium bromide (TlBr) are solid-state detectors
operational at room temperature, which dispenses with the need of
cooling requirement and is preferred for use in platforms with low
payload capacity, such as a battery operated UAV [15]. However,
defects in CZT and CMT active material result in charge trapping
and consequently degrade their energy resolution [16,17]. James B
Ralph and his team at Brookhaven National Laboratory, USA (BNL)
have devised techniques that can determine the position of these
traps within a CZT crystal and subsequently use appropriate charge
correction algorithms to improve energy resolution of CZT based
crystals to better than 0.8% at 662 keV [16,17].

An excellent energy resolution of 0.42% using CdTe fabricated as
a Shottky diode: Ni/CdTe/Ni has been reported [18]. This is achieved
by preventing incomplete charge collection. Incomplete charge
collection, in turn, is achieved by operating the diode at a higher
bias of 1200 V combined with a CdTe of low thickness of about
1 mm [19].

2.1.2. Counting efficiency
Two types of counting efficiencies, viz. absolute and intrinsic

efficiency, are generally defined for the three classes of detectors.
Absolute efficiency is the ratio of the number of interactions
registered by the detector to the number of photons emitted by the



Table 1
Recent developments of functional characteristics of the three classes of detector.

Detector
Class

Detector Subclass/Active
Material

Energy
Resolution at 662 keV

Counting Efficiency at 662 keV Inherent detector
dead-time

Absolute Intrinsic

Active material
volume (cm3)

Source-detector
distance (cm)

% %

Gas-filled detector Gas
Ionization/HPXe

1.7% [10] 200 25 0.0047 [21] Not Reported 650 ms [35]
6255 25 0.0937 [22]

Proportional
Counter/GEM
(Gas Electron Multiplier)

Not reported Not reported 0.81 at 59.5 keV [46]
0.75 at 122 keV [46]

10 ms [46]

Geiger Muller
Counter/Micro-discharge
based radiation detector

Not applicable Not reported 4 [24] 1e10 ms [32]

Scintillation detector PVT (Polyvinyltoluene) 25% at 1 MeV [47] 58473 25 0.0223 [22] 39 [25] 41.6 ns [48]
LaCl3:Ce (Lanthanum
chloride)

3.8% [26] 103 25 0.0767 [22] 23.3 [26] 64 ns [49]

CeBr3:Sr (Cerium bromide) 3% [36] Not reported Not reported 57 ns [49]
K2BaI4:Eu (Potassium
barium iodide)

2.9% [50] Not reported Not reported 760 ns [50]

LaBr3:Ce (Lanthanum
bromide)

2.66% [27] 12.87 ~0 5.3 [23] 33.8 [27] 56 ns [49]
12.87 5 1.2 [23]
12.87 10 0.5 [23]
12.87 15 0.00027 [23]
12.87 25 0.0001 [23]

KSr2I5:Eu (Potassium
strontium iodide)

2.4% [51] Not reported Not reported 1030 ns [51]

KBa2I5:Eu (Potassium
barium iodide)

2.4% [50] Not reported Not reported 950 ns [50]

CsBa2I5:Eu (Cesium barium
iodide)

2.3% [37] Not reported Not reported 1040 ns [52]

LaBr3:Ce,Sr 2% [53] Not reported Not reported 58 ns [53]
GdBr3:Ce (Gadolinium
bromide)

>10% [38] 12 ~0 2.7 [38] Not reported 95 ns [38]

Solid-state
semiconductor
detector

CMT 2.1% [54] Not reported Not reported ~100 ns [8]
TlBr 1.6% [55] Not reported Not reported ~100 ns [8]
CZT 0.6e0.81% [16,17,56] 1 25 0.00098 [22] ~7 [28,29] ~100 ns [8]
CdTe 0.42% [18] 23.11 ~0 1.2 [57] Not reported ~100 ns [8]
HPGe 0.2% [12] 347.5 25 0.2 [22] 2 [58] ~100 ns [8]
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source [8]. It is dependent on the distance between the source and
the detector, as well as the volume and the density of the active
material [20]. The absolute efficiency for HPXe (Gas filled detector)
with an active material volume of 200 cm3 is reported to be
0.0047% for a source-detector distance of 25 cm [21]. About twenty
times rise in efficiency to 0.0937% is noticed when the active ma-
terial volume is increased by nearly thirty times to 6255 cm3 [22].
The efficiency reported for scintillation detectors ranges from
0.0001% to 0.0767% [22,23]. It is evident from Table 1 that for an
equivalent active material volume, scintillation detector is reported
to have a higher absolute efficiency than the gas-filled detector.
Table 1 also presents the dependence of absolute efficiency with
variation in the distance between source and detector for a scin-
tillation detector. The efficiency is 5% with the source touching the
front-face of the detector and drops to 0.5% with the distance
increased to 10 cm [23]. For a distance beyond 15 cm, the efficiency
drops drastically and approaches zero percent [23]. For the solid-
state detectors, the reported efficiency ranges from 0.00098 to
0.2%. Absolute efficiency of scintillation and solid-state detectors
with comparable active material volume are reported to be similar
[22].

Intrinsic efficiency is the ratio of the number of interactions
registered by the detector to the number of photons incident on the
detector [8]. Unlike absolute efficiency, intrinsic efficiency is a
relative measure and is independent of the distance between the
source and the detector [20]. Comparison of intrinsic efficiency of
active materials is presented in Table 1. Typical intrinsic efficiency
of GM counters is 0.5e1.5% [24]. A variant of GM counter utilizes a
micro machined stack structure to increase intrinsic efficiency to as
high as 4% [24]. The intrinsic efficiency of modern scintillation
detectors ranges from about 23 to 39% [25e27]. Intrinsic efficiency
of room temperature solid-state active material is severely limited
by the ability to utilize a large volume (>1 cm3) crystal to achieve
simultaneously good energy resolution and counting efficiency
[28,29]. Large volume crystals tend to have deteriorated energy
resolution due to severe hole trapping [28,29]. Kai Vetter et al. and
Luke et al. have employed a coplanar-grid technique to create novel
detector designs, which permits the employment of large volume
crystal and consequently achieve intrinsic efficiency as high as 7%
without compromising on energy resolution [28,29].
2.1.3. Inherent detector dead time
Besides energy resolution and counting efficiency, the other

parameter of interest is inherent detector dead time. Dead time is
the duration during which the detector system is busy processing a
gamma radiation interaction and is unresponsive to newer gamma
interactions [30]. The dead time for a detector system can be
conveniently considered to be an aggregate of three components e
namely inherent detector dead time, pulse processing dead time
and multichannel analyzer dead time. While pulse processing dead
times and multichannel analyzer dead times are dependent on
electronics used, the inherent detector dead time is dependent on
the active material. We focus only on the inherent detector dead
time for the sake of comparison of this parameter for the three
classes of detector. Smaller the value of inherent detector dead
time, faster is the detector response [31]. Inherent detector dead



Fig. 2. Detection sensitivity of three classes of detectors.
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time is the time required for the generation of a pulse within the
detector active material [31]. Gas filled detectors have the largest
inherent dead time in the order of 10 ms to hundred microseconds
(Table 1). It is interesting to note from Table 1 , that though the
conventional GM detectors had dead times in the order of 100 ms,
recent GM detectors have been reported to have much lower
inherent dead time in the order of 1 ms [32]. The inherent dead time
of scintillation detector is the sum of primary decay constant and
average electron transit time of PMT (time taken for electrons to
travel from photocathode to an anode) [33,34]. The typical electron
transit time of a modern PMT is 20e40 ns [33,34]. Hence, the
inherent detector dead time of scintillation detectors in Table 1
includes 40 ns in addition to the primary decay constant of the
scintillation detector crystal. Inherent detector dead time of scin-
tillator detector is the lowest among all classes of detectors (Table
1) [31]. Typical inherent detector dead time of solid-state detec-
tor, irrespective of the active material deployed, is approximately
100 ns [8]. Nearly all of the active material need a typical operating
bias voltage from 500 V to 1500 V [22,24,26,27,35e40]. However,
scintillation active materials coupled to a silicon photon multiplier
(SiPM) instead of a photomultiplier tube(PMT) require only a lower
bias voltage ranging from 25V to 75 V [41,42].

Active research is in progress to obtain good energy resolution
high-Z sensitized plastic scintillators (which has a distinct merit of
being affordable and available in large volumes) by blending it with
fluoride and oxide nano-particles [43]. Further, halide perovskite
based nano-materials are being investigated for use as gamma ra-
diation detection active materials [44,45]. The functional charac-
teristics of other active materials are given in Table 1 [46e58].
Specifically, CsPbBr3, a halide perovskite, has been demonstrated to
have an excellent energy resolution of 3.8% [59].

An ERM systemmust be able to monitor a substantial amount of
radiation. However, it is equally essential for the ERM system to
detect small but harmful radiation limits. To appreciate the role of a
radiation detector active material in measuring a subtle amount of
radiation, we consider a crucial detector parameter viz. detection
sensitivity. The detection sensitivity, SD, of a detector is defined as
the smallest change in the radiation intensity that it can reliably
measure [60] and is given by Eq. (1) [61].

SD¼ k
sεðEÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fbkgðEÞRðEÞ

tint

s
(1)

In Eq. (1), R(E) is the energy resolution, ε(E) is the counting ef-
ficiency, tint is the integration time, s is the count-rate sensitivity of
the detector, fbkg(E) is the background radiation intensity and k is
the proportionality constant. We analyze three different active
material, one from each detector class, namely CZT, LaBr3:Ce, and
Micro-discharge based radiation detector. We substitute the effi-
ciency and resolution values listed for these active materials in
Table 1 into Eq. (1). We sketch the detection sensitivities of the
detectors employing these active materials as a function of source-
detector distance (Fig. 2). It must be emphasized here that lower
the detection sensitivity, better is the detector performance. Scin-
tillation detectors offer the best detection sensitivity, followed by
solid-state detectors. In particular, LaBr3:Ce offers a detection
sensitivity of about three times lower than CZT and fifty times
lower than the micro-discharge based detector. The detection
sensitivity falls exponentially with source-detector separation, and
the intervening material (usually air) decides the rate of increase.
However, employing a gas-filled detector offers certain attractive
features such as easy fabrication, active material non-degradation
due to irradiation, the feasibility of construction of detectors with
varying sizes and shapes [7]. Thus, in addition to the three critical
detector parameters discussed in this section, other parameters
such as cost, weight, commercial availability, ease of fabrication,
cooling, and power source requirements also influence the choice
of a particular detector for ERM.

Deployment of a particular detector class in an ERM system, in
addition to being influenced by energy resolution, efficiency and
dead time, is also dependent on the arrangement by which the
active material is mounted. The following section deals with the
aerial and the ground platforms and the associated merits and
demerits in the deployment methods.
2.2. Detection platform

Apart from the characteristics of the detector systems discussed
above, the vehicle and themode of its deployment is a critical issue.
We, therefore, highlight the practical, yet innovative approaches
that have been employed in the aftermath of most recent nuclear
accident at Fukushima. Gamma rays’ emission during a nuclear
accident can be monitored by installing detection system on the
ground or from an aerial platform. The three primary tasks reported
to be performed by the detection platform are (i) mapping fallout,
(ii) localization, and (iii) plume tracking. Mapping fallout describes
the spatial distribution of radioactive ground contamination and is
done with the help of total radioactivity count rate (radiation in-
tensity) measure [62]. Usually, a detector active material with a
high counting efficiency is preferred for mapping fallout [60].
Localization is the process of locating hotspots, which are defined
as pockets of relatively higher radioactive surface contamination
[63]. Gamma-ray spectrometry is employed to analyze all of the
isotopic constituents of the hotspot. Typical radionuclide species
examined in the hotspot include 137Cs, 134Cs, 131I, 129mTe, 110mAg,
238Pu, 239þ240Pu, 89Sr and 90Sr [64]. Frequently, a detector active
material with an excellent energy resolution is employed for
localization [60]. Mapping fallout is associated with the creation of
ground contamination radiation maps and does not care about the
location of a radioactive point source. In contrast, localization uses
the contamination map as a guide to discover the point source.
Plume tracking is performed to detect the boundary and track the
movement of the concentrated radioactive mass released into the
atmosphere [62].
2.2.1. Ground-based ERM
Ground-based ERM can be performed either using fixed or

mobile detectors. A summary of characteristics of recent ground-
based radiation monitoring systems are presented in Table 2
[65e75]. In fixed ground monitoring, ERM is carried by mounting



Table 2
Recent ground-based radiation monitoring systems.

Installation Type Application Gamma Radiation
Detector Class/Active
material

Detection Sensitivity
(nSv/h)

Integration time(s) Upper detection
Limit (mSv/h)

System/Contributors/Year

Fixed, Man-borne Mapping fallout GM Counter 4.4 180 Not reported Garcia et al./2018 [65]
Man-borne Localization Scintillation/NaI(Tl) 60 Not reported Not reported Kaniu et al./2018 [66]
Fixed Mapping fallout GM Counter 50 10 1000 Susila et al./2017 [67]
Man-borne Localization Scintillation/CsI(Tl) 1000 900 0.019 Yasutaka et al./2016 [68]
Mobile robot Mapping fallout GM Counter Not reported Not reported 10 Raúl et al./2015 [69]
Vehicle-borne

(cargo truck)
Localization Solid-state/HPGe

Scintillation/CsI(Tl)
56 5 0.1 Radi-probe/2015 [70]

Vehicle-borne (car) Mapping
fallout/Localization

Scintillation/NaI(Tl)
Solid-state/HPGe

Not reported Not reported Not reported Syarbaini et al./2015 [71]

Vehicle-borne (car) Mapping fallout Scintillation/CsI(Tl) 100 3 0.019 Kurama II/2015 [72]
Vehicle-borne (car) Mapping fallout Scintillation/NaI(Tl) 100 3e10 0.019 Kurama/2013 [73]
Vehicle-borne (car) Mapping

fallout/Localization
Proportional Counter,
Scintillation/NaI(Tl),
Solid-state/HPGe

100 10/180 100 Baeza et al./2013 [74]

Man-borne Mapping fallout Solid-state/Silicon
PIN photo diode

50 1200 Not reported Yang et al./2013 [75]
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the detectors on fixed installation. In contrast, in mobile ground
monitoring, the detectors are moved on land by a mobile platform.
The mobile platform could be a vehicle, a robot or man-borne [75].
The choice of the active material employed in the detector is
dictated by its ability to measure and record mapping fall out and
source localization with high reliability and precision.

Ground-based ERM is invariably carried out first following a
nuclear accident due to its ease of operation [76]. Also, ground-
based ERM can be performed even during unfavorable weather
conditions [76]. Further, ground-based ERM can be achieved quite
easily at positions within a nuclear facility. Such locations may not
provide direct line of sight required for operating an air-borne ERM
[69].

The characteristics reviewed include detection sensitivity,
integration time and upper detection limit. In turn, these parame-
ters are influenced by energy resolution, counting efficiency and
dead time of detector discussed in the previous section. For a
ground-based radiation monitoring system, detection sensitivity is
a function of source-detector distance, integration time (exposure
time of the detector) and the volume of radiation detector active
material [60,77]. Detection sensitivity of ground-based systems
reported in Table 2 ranges from 4.4 nSv/h to 100 nSv/h measured at
a source-detector distance of 1 m with integration time varying
from 3 to 1200 s. Typical value of integration time for mapping
fallout (excluding man-borne systems) is 10 s whereas that for
performing gamma-ray spectrometry required for localization is in
the order of 100s of seconds [78]. Smaller integration time leads to
better spatial resolution, which is defined as the measure of the
ground area imaged by the instantaneous detector field of view
[79,80]. At the same time, larger integration time leads to better
signal to noise ratio of the gamma radiation spectrum of the ground
radiation source [79,80]. Thus an optimum value for integration
time is a tradeoff between spatial resolution and signal to noise
ratio requirements of the gamma radiation spectrum [81]. Upper
detection limit is the maximum dose rate the detector can be
exposed to before it gets saturated due to a finite detector dead
time [60]. The fixed ground based detection system with a GM
counter reported by Susila et al. has a very high upper detection
limit of 1000 mSv/h [67]. On the other hand, Kurama (Kyoto uni-
versity radiation mapping system), a mobile ground based scintil-
lation detection system is reported to have a low upper detection
limit of 19 mSv/h [72]. A systemwith a higher upper detection limit
has the advantage of being operable more reliably in radioactive
environments with very high gamma rate exposure. From Table 2, it
is apparent that for ground-based ERM, GM counter and sodium
iodide activated with thallium (NaI(Tl)) based scintillation counters
are the most prevalent detector deployed for mapping fallout
[65,67,69,71,73,74]. HPGe based solid-state detector is usually
employed for localization [70,71,74].

In the aftermath of the accident at the Fukushima Nuclear po-
wer plant, an innovative approach to employing a smartphone-
based radiation monitoring network is being implemented [75].
In this approach, the community is requested to involve and
participate as a volunteer. Each volunteer buys a low-cost silicon
PIN photodiode, a solid state semiconductor class of detector that is
integrated with a smartphone. The phone acts as a radiation
detection device and reports the GPS location and radiation in-
tensity recorded by the instrument to a central authority. The au-
thority processes the information flowing in from all the volunteers
currently logged in and provides a near-real-time radiation fallout
map around the site. The other man-borne systems are reported by
Yasutaka et al., Kaniu et al. and Garcia et al. Man-borne units serve
the purpose of human re-habitability readiness check in a nuclear
disaster-prone region/building or act as a smartphone based radi-
ation detector that can replace a conventional personal dosimeter
typically used by radiation exposed personnel [64,65,71].

The vehicle-borne system reported by Baeza et al. in addition to
being a conventional car-borne system, also serves as a mobile lab
that can assist analysis of radioactivity in soil samples [74]. The
mobile lab is an autonomous unit with thewhole process of gamma
radiation acquisition and storage/display completed within the lab.
The car-borne system related by Syarbaini et al. is a similar
autonomous system [71].

In contrast to the use of the autonomous mobile detector plat-
forms discussed above, Kurama utilizes a fleet of cars, with the data
acquired using LabView© and shared using Dropbox©, a cloud-
based data distribution software [73]. The radiation detector is
installed within the vehicle, which necessitates incorporating a
complicated correction factor, to obtain a true radiation count.
Kurama-II is an enhanced version of Kurama [72]. It implements a
built-in computer attached to the radiation detector. Radi-probe is
a vehicle-borne system complementary in nature to Kurama
hosting a gamma spectrometry and deployed on a cargo truck [70].

In general, the hotspots in the reactor core and its surrounding
region in a nuclear plant require detection systems with high
spatial resolution. Car-borne methods may not be safe in such a
scenario for the personnel operating the vehicle. In this context,
Raúl M. V�azquez et al. have successfully deployed a mobile land-



Table 3
Summary of characteristics of recent aerial-based radiation monitoring systems.

System Power
Source

Payload
Weight (kg)

Gamma
Radiation
Detector

Primary Application/
Vehicle Type

Maximum
Detection
Distance
Limit (m)

Integration
time(s)

Contributors/Year

Compton camera
based
Unmanned

Multicopter drone

Battery 1 Ce:Gd3(Al,Ga)5O12 (Ce:GAGG) Localization/Unmanned
Multicopter

9 180 Yuki Sato et al. (2018) [92]

DJI S1000þ
Compton camera

based
Unmanned
Octocopter

Battery 11 Ce:Gd3(Al,Ga)5O12 Localization/Unmanned
Octocopter

20 790 S. Mochizuki et al. (2017) [93]

Improved GAGG
Compton camera
based
Unmanned
Helicopter

Battery Not specified Ce:Gd3(Al,Ga)5O12 Mapping fallout/Unmanned
Helicopter

35 1 Y. Shikaze et al. (2016) [94]

AirRAM 2000 Vehicle
Fuel

50 NaI(Tl),
Geiger Mueller

Plume Tracking,
Mapping fallout/Manned
Helicopter

50 2 Dadon et al. (2016) [91]

RMAX G1
Autonomous
Unmanned
Helicopter

Vehicle
Fuel

10 LaBr3:Ce Localization/Unmanned
Helicopter

100 100 Sanada et al. (2015) [95]

Haptic guided UAV Battery 4 CZT Localization/Unmanned
Helicopter

2 4 Micconi et al. (2015) [90]

AARM-X8,
multirotor aerial
vehicle

Battery Not specified CZT Mapping fallout/Unmanned
Helicopter

15 2 Martin et al. (2015) [96]

URSAS/Aeroscout
B1-100

Battery 9 NaI(Tl) Mapping fallout/Unmanned
Helicopter

40 1 Kevin et al. (2014) [89]

Hexa XL,
Mikrokopter

Battery Not specified CZT Localization/Unmanned
hexacopter aerial system

3 800 MacFarlane et al. (2014) [6]

Aeroscout
B1-100 Unmanned

Systems
Laboratory

Vehicle
Fuel

20 NaI(Tl) Mapping fallout/Unmanned
Helicopter

60 1 Jerry Towler et al. (2012) [88]

CEA-LIST X4 Flyer Battery 0.2 CZT Localization/
UnmannedHelicopter

2 300 K. Boudergui et al. (2011) [97]

Patria mini-UAV/
MASS, modular
airborne sensor
system

Not Reported 0.5 CsI Mapping fallout/Unmanned
Aircraft

50 1 Roy P€oll€anen et al. (2009) [98]

RMAX, Yamaha Co.
AUH

Vehicle
Fuel

8.5 PVT Mapping fallout/Unmanned
Helicopter

100 1 Shinichi-Okuyama et al.
(2008) [99]
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based robot radiation detector system that can be monitored
remotely from a distance of one km [69].

Since the spread of radiation can easily extend into several tens
of kilometers from the location of the reactor, in the event of a
nuclear catastrophe, a ground-basedmonitoring systemmay not be
practically applicable due to financial constraints and possible
safety and security-related issues [62,82]. Specifically, the ground-
based radiation detector is practically applicable only on a small
region. Another shortcoming of a ground-based detection system
could be the non-availability of proper roads in remote locations
[83]. For example, thick vegetation, abrupt slopes and water pas-
sages around the nuclear plant could be some of the causes for non-
availability of roads [83]. An alternative and yet an attractive
proposition to ground-based monitoring of radiation is air-borne
detection systems, detailed in the next sub-section.
2.2.2. Air-borne ERM
Air-borne radiation monitoring provides a larger field of view,

which is about 100e1000 times more than ground-based moni-
toring system [84]. Modern air-borne systems can be used to
monitor high levels of radiation through the use of real-time
monitoring methods at safe altitudes [63]. Either a helicopter or a
fixed winged aircraft is utilized as an air-borne vehicle. Helicopters
fly at low altitudes of 15 m and can provide better spatial resolution
for fallout mapping than using an airplane [76]. Further, a heli-
copter has the capability to hover and hence is suitable for per-
forming localization of hotspots [76]. At the same time, the cost of
operating a helicopter is higher than fixed winged aircraft, and it
has also lower speed and smaller flight endurance (typically 2 h),
limiting its efficiency to monitor relatively smaller areas [76,85].

A fixed-wing aircraft has to maintain a minimum safe ground
clearance of about 30 m. Surveys performed at an altitude of 30 m
are called low-level surveys and results in a spatial resolution of
150 m [76]. Surveys done at an elevation of 150 m and above are
called large-scale surveys and results in a spatial resolution greater
than 300 m [86]. However, the spatial resolution obtained from
fixed-wing aircraft is very poor, therefore only a pseudo average of
ground contamination spread throughout an approximate diam-
eter of 300 m or higher is obtained in high-level surveys.

Shinichi Okuyama et al. developed a UAV for plume tracking
[87]. This UAV had not been designed for mapping fallout and
localization of hotspots. Motivated by the lack of deployment of
UAV based radiation monitoring during Fukushima disaster, Un-
manned Systems Laboratory at Virginia Tech, developed and tested



Fig. 3. Variation of count-rate sensitivity with altitude of aerial vehicle for 1 mSv/h
dose rate.
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UAV based radiation monitoring system that can be used for
mapping fallout and localization of hotspots [88]. The UAV devel-
oped by Unmanned Systems Laboratory weighs 90 kg including
payload and the active detection material used is NaI(Tl). MacFar-
lane et al. developed an ultra-lightweight, battery powered system
with a high spatial resolution of less than 1m [6]. The UAV is loaded
with a light weight, small volume room temperature CZT detector.
The UAV is capable of mapping fallout but in offline mode and
needs to be operated at very low altitudes typically in the orders of
3 m due to the low sensitivity of the solid-state detector in com-
parison to large volume scintillation detectors. Extreme care has to
be exercised in safeguarding the UAV frompossible obstacles due to
very little ground clearance of 3 m. The UAV developed by Kevin
et al. is capable of autonomously deploying a robot to collect a
ground contaminated sample for offline processing and retract the
robot back to the vehicle [89]. The system produced by Micconi
et al. is competent of being guided by a human operator using vi-
sual and force feedback [90]. Force feedback is provided using a
haptic interface. Maximum flight altitude is just 2 m but the system
is capable of providing spectrum information in less than 4 s.
Further, the system can detect gamma radiation corresponding to a
dose rate as low as one mSv/year, which is the prescribed safety
limit for radiation-exposed personnel. AirRAM 2000 is a manned
helicopter system specially developed for radioactive plume
tracking and is proficient of performing real-time gamma spec-
troscopy as well [91]. The UAVs developed by Shikaze et al.,
Mochizuki et al., and Yuki Sato et al. utilize a Compton camera for
radiation monitoring [92e94].

Table 3 summarizes the capabilities of air-borne ERM systems
developed during the past decade [92e99]. Specifically, Table 3 lists
aerodynamic endurance factors, namely power source and payload
weight, which also influence detection capabilities. However, in
this review, we will only briefly consider these parameters. It is
interesting to observe that the GM counter is the only gas-filled
detector listed in Table 3 [95]. GM counter has excellent dose rate
detection sensitivity as a consequence of its relatively high count-
rate efficiency as can be inferred from Eq. (1). From Table 3, it
could be understood that the focus of the development of ERM
systems has changed from manned to unmanned vehicle. Most
recent advancements are on developing systems capable of per-
forming gamma-ray spectrometry using ultra-lightweight un-
manned aerial vehicles [96]. Solid-state detector, CZT is reported to
be the preferred detector used in battery operated lightweight
UAVs [6,90,96,97]. Newer scintillation detector such as LaBr3:Ce is
used in higher payload capacity UAVs [95].

The definite advantage of aerial radiation monitoring is the
larger field of view, thereby facilitating the creation of radiation
maps much faster than ground-based radiation monitoring. The
field of view can be improved with an increase in aircraft altitude
but is limited by the detection sensitivity of the system. Fig. 3
presents a comparison of the variation of count-rate sensitivity of
the aerial systems with the altitude of the vehicle. Fig. 3 includes
only those findings that have incorporated a background count rate
correction. The simplest way to perform a background correction is
to (i) acquire the background radiation in the absence of the
radioactive source, (ii) measure radiation in the presence of
radioactive source and (ii) then subtract the background radiation
obtained in (i) from the composite signal recorded in (ii) [100]. The
second method of background correction relies on gamma spec-
troscopy. The isotope of interest and background radioactive
emitters have different spectral signatures [101]. Therefore, the
peaks due to background radioactive emitters can be eliminated,
leading to a background-corrected signal [101,102]. The third
method of background correction is necessary in situations that
demand a short acquisition time, typically in the order of a few
seconds. The gamma spectrum collected for such a short span does
not present noticeable spectral signatures needed for background
subtraction [101]. Complex background correction algorithms are
needed in such scenarios [101,103,104]. The count-rate sensitivity
presented in Fig. 3 relates to the total radioactive count rate in
counts per second (cps) recorded by the radiation detector for a
representative dose rate of 1 mSv/h located on the ground. The
count-rate sensitivity, s, as related in Eq. (1), is inversely related to
the detection sensitivity, SD. From Fig. 3, it is evident that the count-
rate sensitivity has increased about 50 times in 2015 in comparison
to that reported in 2008 for fuel based aerial systems. The battery
operated system reported by Shikaze et al. in 2016 has lower count-
rate sensitivity than that reported by Okuyama et al. in 2008
[94,99]. Fuel based aerial systems have higher payload capability
than battery operated vehicles. This facilitates deploying heavier
and hence larger volume active material in a fuel based aerial
vehicle leading to better count-rate sensitivity and a higher
maximum detection limit between 50 m and 100 m [88,91,95].
Performing a partial differentiation of ‘s’ in Eq. (1) with respect to
height, we can obtain the slope of s and infer that the slope is
inversely proportional to the square of detector efficiency. Thus
lower detector efficiencies lead to sharper gradients. Hence battery
operated vehicles have a lower maximum detection limit ranging
from 2 m to 40 m [6,89,90,92e94,96e98].

We conclude this section by analyzing the detection sensitivities
of the systems discussed until now. To make an unbiased com-
parison across these heterogeneous platforms, we will use a
normalized form of Eq. (1) by setting fbkg(E), k and s to unity. The
resultant expression is given by Eq. (2) and Eq. (3) [105]. By
normalizing, we ensure that all the detection systems examined are
subjected to the same background and surface radioactivity.

SDN ¼ 1
εðEÞ

ffiffiffiffiffiffiffiffiffiffi
RðEÞ
tint

s
(2)

εðEÞ¼ Ad

4pd2
e�mairdð1� e�macttactÞ (3)

In Eq. (3), d is the source-detector distance, tact is the active
material thickness and Ad is the cross-section area of the active
material perpendicular to the incident gamma radiation. Further,
mair and mact are the linear attenuation coefficient of air and detector
active material to gamma radiation at 662 keV respectively [106] .
We use the values listed in Table I and Table 4 to evaluate Eq. (2) and



Table 4
Values used for evaluation of relative detection sensitivity.

Contributors d tact Ad mact tint

(m) (cm) (cm2) (cm�1) (s)

Susila et al. [67] 1 31 39.25 0.0001 10
Kurama II [72] 1 2 1.69 0.3776 3
Karama I [73] 1 2.54 6.4 0.2782 3
Baeza et al. [74] 1 5.08 5.06 0.2782 10
Yang et al. [75] 1 0.09 1 0.1882 1200
Shikaze et al. [94] 35 1.5 1 0.5566 1
AirRAM [91] 50 5.08 40.52 0.2782 2
Micconi et al. [90] 2 0.6 4 0.4621 4
Martin et al. [96] 15 0.6 0.4 0.4621 2
Kevin et al. [89] 40 7.62 45.58 0.2782 1
Roy et al. [98] 50 3.8 1.32 0.3776 1
Okuyama et al. [99]. 100 2 810 0.1178 1

Fig. 4. Relative detection sensitivities of various detection platforms capable of per-
forming mapping fallout.
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Eq. (3) for the various detector systems capable of performing
mapping fallout and scale it appropriately to obtain a plot of rela-
tive detection sensitivity (Fig. 4). For illustration, UAVs are consid-
ered under three groups. The low-altitude UAVs are restricted to a
height of up to 10 m. Medium altitude UAVs can operate between
ten and 30 m. High altitude UAVs can navigate beyond 30 m. From
Fig. 4, it is evident that vehicle-borne ground detection systems
offer the best detection sensitivity. At the other extreme, high-
altitude UAVs have the least detection sensitivity, with about four
orders of magnitude lower compared to ground vehicle-borne
systems. In general, ground-borne systems extend better detec-
tion sensitivity than airborne platforms. The existing high-altitude
airborne systems provide excellent advantages over ground-based
systems in terms of speedy creation of radiation maps. Yet, it is
incapable of detecting subtler levels of radiation. From Fig. 4, we
can deduce that low-altitude UAV offers detection sensitivity
comparable to vehicle-borne systems. Hence, in addition to inte-
gration time, energy resolution, and intrinsic efficiency, detector
altitude also plays a vital role in influencing detection sensitivity. By
optimizing on detector altitude and replacing a single high-altitude
UAV, which is generally expensive with a few low-cost medium-
altitude or low-altitude UAVs, the advantages offered by high-
altitude UAV can be sustained without losing on detection
sensitivity.
3. Conclusion

The current state of research of a front-end ERM system is highly
advanced and sophisticated. The design and the fabrication of
tailor-made building blocks, namely, detector active material and
an accurately engineered detection platform have contributed
significantly to this advancement. The synthesis of novel active
materials with improved detection characteristics is a key devel-
opment for the advancement of the ERM system. Scintillation active
materials e LaCl3:Ce, LaBr3:Ce, CeBr3:Ce and KSr2I5:Eu have been
demonstrated to have an incredible energy resolution of less than
3%. Scintillation active materials, hitherto known only for their
counting efficiency, now also have an excellent energy resolution
ranging from 2 to 3%. The result is that a single detection crystal can
be used for both radiation fallout mapping (needs excellent
counting efficiency) and spectroscopy processing (needs remark-
able energy resolution). Solid-state detector material particularly
CZT is clearly winning over its predecessor - HPGe in ERM based
detectors, owing to the former's capability of room temperature
operation (circumventing the requirement of heavy cooling
equipment). Air-borne deployment of ERM systems is attractive
and efficient. UAVs are extensively used off late in air-borne ERM.
Complementing air-borne deployment is the ground-based detec-
tor platform. Ground-based detection methods using smartphones
and mobile robots are laudable.

The above-mentioned advancements are commendable, yet
there is scope for significant improvements in several areas. There
is a dire need for seamlessly combining the operation of the air-
borne and ground-based vehicle into a single hybrid autonomous
system. Such a system has the potential to overcome the short-
comings of both of the air-borne and the ground-based systems.
The present-day ERM use conventional detectors which can be
called “proximity detectors” since the radiation interacts directly
with these detectors, requiring them to be co-located with the
radioactive source. We also have, in contrast, “remote detectors”
which work on secondary effects resulting in the interaction of
radiation from the radioactive source in its neighborhood. Exam-
ples of remote detectors are Lidar, Active Radar, Passive Microwave
(21 cm line) Radar and hyperspectral imagers [107] . The “proximity
detectors” usually do not allow detection greater than a few hun-
dred meters from the source whereas “remote detectors” can be
used to detect radioactive emission at far off distance, typically in
the range from few tens of kilometers to few hundreds of kilome-
ters. Nevertheless, “proximity detectors” had been employed in
remote monitoring systems such as the Vela satellite radiation
monitoring system [108]. However, such satellite-based systems
have the limitation of sensing only nuclear explosions with the aid
of an optical detector called as “bhang-meter” and cannot be used
for ERM because nuclear power plant accidents are seldom
accompanied by a nuclear explosion. The use of “remote detectors”
besides increasing the field of view when used as an air-borne
monitor also have the advantage of being used far away from the
place of disaster, and thus both the equipment and operating
personnel are shielded from the elevated radiation levels that result
at the time of an accident. However, “remote detectors” are still in
their infancy and need enhancements in detection calibration
techniques to provide a reliable measure of radioactive count rate.
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