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The Technical University of Catalonia (UPC), the National Metrology Institute of Germany (PTB) and the German
Federal Office for Radiation Protection (BfS) have analysed the response of a 50 mm × 50 mm (diameter ×
height) NaI and a 38 mm × 38 mm CeBr3 scintillator, and a 1500 mm3 CZT semiconductor airborne spectro
metric detector mounted on Unmanned Aerial Systems (UAS) in a comparison campaign carried out at the aerial
site of Mollerussa (Spain). The decision thresholds that indicate the presence of artificial radioactivity are
calculated for the count rates in the low energy region of the spectra, the man-made count rates and the ambient
dose equivalent rates from the background flights performed at altitudes ranging between 10 m and 60 m. The
capability of the different airborne systems to detect and determine the activity of 345 MBq 137Cs point source at
different flight altitudes are compared. Finally, the airborne systems show the ability to localize the 137Cs point
source by flying in parallel lines at 10 m, 20 m and 40 m heights.

1. Introduction
In case of a nuclear or radiological emergency the early availability
of reliable data on dose rates and contamination levels in the core area of
the accident as well as in potentially affected remote areas is of key
importance for any governmental decision, like e.g. the implementation
of proper countermeasures or the declaration of exclusion zones. Such
major decisions may affect thousands of people and may have consid
erable social and financial impact. To investigate the radiological situ
ation, especially in the early phase of a disaster, there are basically two
different approaches: i) to equip early responder teams with transport
able radiation detectors and send them into the affected areas, like for
example, after the Chernobyl nuclear power plant accident, or ii) to
measure the relevant radiological parameters remotely, using un
manned vehicles carrying radiological detector systems. To protect
health and life of the early responders, only the second approach is
increasingly considered appropriate in case of a nuclear or radiological
emergency. After the Fukushima accident, radiological detector systems,
carried by unmanned aerial vehicles, such as unmanned rotary-wings,

have become more and more available. Such systems are developed
by the scientific community but also by private enterprises. However,
the traceability of the measured data and hence their reliability still
require the development of new and metrologically sound methods for
detector calibration as well as for data collection, transfer and analysis.
In the framework of the European Metrology Programme for Inno
vation and Research (EMPIR, 2020), the joint research project 16ENV04
“Metrology for mobile detection of ionising radiation following a nu
clear or radiological incident” (Preparedness, 2018) is performed. This
joint research project started on August 1, 2017 for the duration of three
years. The project is coordinated by the National Metrology Institute of
Germany (PTB) and the “Preparedness”-consortium is formed by a total
of 17 research centres from 12 European countries and another 10
collaborating institutions (Neumaier et al., 2019). Within the framework
of this project, one of the main objectives is to develop unmanned
airborne radiation detection systems installed on Unmanned Aerial
Systems (UAS) for the remote measurements in case of an accident. In
this context it was proposed to establish novel methods applicable to
core and remote areas of a nuclear or radiological accident for air-based
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out these airborne measurements on the Spanish territory.
The flights were carried out from 3rd to September 5, 2019 in clear
sky conditions and low to medium wind speeds. A spectrum acquisition
time of 2 s was set up for all detectors according to the following criteria:
i) good spatial resolution for the parallel line flights, ii) the propor
tionality of acquisition time to the ratio of the altitude a.g.l. and the
horizontal UAS speed for the parallel line flights, iii) the ability of the
UAS microcontroller to process the spectra and telemetry and send the
packed data to the ground station for an on-line visualization within a
single acquisition time span, and iv) the detected counts when using the
137
Cs source are significant to carry out the statistical analysis. Hovering
flights for background determination and over the 137Cs point source at
nominal altitudes of 10 m, 20 m, 40 m and 60 m were carried to analyse
the response and capabilities of the airborne systems and to calculate
decision thresholds. Then, parallel line flights over the 137Cs source were
carried out at a subset of nominal flight parameters:

Table 1
Main characteristics of the airborne detection systems.
Detection system
Total size
Total weight
Detector material
Detector model/
manufacturer
Detection volume
geometry
Detection volume
size
MCA model/
manufacturer
MCA channels
(max.)
MCA channels used
in the campaign
Resolution at 662
keV
Efficiency per unit
fluence at 662
keV
Position sensor
Altitude sensor
UAV-to-ground
communication

UPC

PTB

BfS

82 × 82 × 242
mm
1.4 kg (UAV
battery)
NaI
R2D-NaI-2/
Bridgeport
Instruments (BPI)
Cylinder

170 × 200 ×
230 mm
1.5 kg (own
battery)
CeBr3
38B38/2MCEBR-LB-X
/Scionix
Cylinder

150 × 115 × 65
mm
0.4 kg (own
battery)
CZT
μSPEC1500/Ritec

50 mm × 50 mm

1500 mm3

USB-base/BPI

38 mm × 38
mm
USB-base/BPI

4096

4096

MicroMCA527/
GBS
2048

512

2048

2048

7.3%
7.58 cm

4.1%
2

D-RTK GNSS of
the UAV
LightWare SF11/
C laser altimeter
P2P in 433 MHz
RF band, Wi-Fi,
3G/4G

3.6 cm

Quasi-hemisphere

1) 10 m a.g.l. at a horizontal speed of 1 m s− 1, covering an area of 0.57
ha in 13.4 min;
2) 20 m a.g.l. at a horizontal speed of 2 m s− 1, covering an area of 2.2 ha
in 14.3 min;
3) 40 m a.g.l. at a horizontal speed of 4 m s− 1, covering an area of 7.3 ha
in 13.1 min.

3.5%
2

1.4 cm2

RasPiGNSS

Blox NEO-7M

LightWare
SF11/C laser
altimeter
P2P in 2.4 GHz
RF band

BMP180
barometric
pressure sensor
Local Wi-Fi
network

In each parallel flight the line spacing equals the nominal altitude a.
g.l. The UAS horizontal speed uncertainty is around 5 cm s− 1 for GNSS
navigation according to the DJI on-board SDK as described in the
following
web
page
(https://developer.dji.com/onboard-a
pi-reference/group__telem.html#ga563d2333dc43253129a3915970
f99cfaa3cb53356fecea6e384b77d9d6ad20d91).
2.2. Description of the gamma-detectors operated on unmanned aerial
systems

radiological measurements, traceable calibrations for the determination
of ground surface activities and interpretation methodologies for
radiological measurements performed by rotary-wing unmanned
airborne monitoring systems. To address this objective, unmanned
airborne monitoring systems have been developed by equipping
rotary-wing UAS with modern gamma-radiation detector systems,
including the software tools for data acquisition, processing, trans
mission and analysis. Finally, experimental campaigns have been car
ried out in order to test the performance of the developed aerial
monitoring systems and their limitations. The first campaign took place
at the aerial site of Mollerussa (Spain).
In the following, as a result of this measurement campaign, the
response of the airborne detectors at different altitudes above ground
level (a.g.l.) are analysed. The vertical profile of the detected count rates
at low energy region, the man-made count rates, the ambient dose
equivalent rates (H*(10) rates), the localization and activity determi
nation of a137Cs point source, derived from these measurements, are
compared between the three airborne detectors tested: NaI, CeBr3 and
CZT.

Three spectrometric detectors participating in the comparison have
been adapted and mounted on the same DJI Matrice 600 Pro UAS: NaI
scintillator of UPC, CeBr3 scintillator of PTB and CZT semiconductor of
BfS. Each participant used different methods to transmit, visualize and
analyse the acquired data. Table 1 summarizes the main characteristics
of each system. In the following sections, a more detailed description of
the airborne detectors is provided.
2.2.1. NaI detector 50 mm × 50 mm from Bridgeport Instruments
The NaI detector model R2D-NaI-2 from Bridgeport Instruments
(BPI) has been adapted to be mounted on the UAV. The scintillator
crystal and a vacuum photomultiplier tube (PMT) are inside a perma
nently sealed housing with a layer of magnetic shielding. It is equipped
with an USB-base plug-on MultiChannel Analyser (MCA) that includes
the high voltage supply. While the MCA can be operated with up to 4096
channels, only 512 channels were used for the NaI in the flight
campaign.
The housing of the detector has been covered with an isothermal
material hold by a rectangular aluminium structure designed to mini
mize the weight and the attenuation of γ-rays. In addition, the
aluminium structure was designed to be mounted on the UAS using
‘silent-blocks’ to reduce vibrations in the detector. The isothermal ma
terial minimizes temperature variations within the detector and the PMT
in order to avoid a significant shift of the energy calibration curve during
the flight. The total size is 82 × 82 × 242 mm and the weight is about
1.4 kg.
The on-board computer is a Raspberry Pi 3 Model B + It operates the
RIMA-spec software (Royo et al., 2018), written in Java, to record
gamma spectra, altitude from a laser altimeter (LightWare SF11/C), GPS
coordinates and other telemetry information from the UAS. This sensory
data is fused by RIMA-spec and, which compresses into the binary
dataframe which is then robustly sent to the ground using MavLink. The

2. Instruments and methods
2.1. Description of the aerial site and flight plans
The measurement campaign was carried out at the aerial site of
Mollerussa in Lleida (Spain), located at 41◦ 36′ 42′′ N 0◦ 51′ 15′′ E, about
100 km northwest of Barcelona and at the altitude of about 290 m a.s.l.
(above sea level). An area of approximately 340 m × 210 m (7.2ha) was
used for the flights. An artificial 137Cs point source (model A3011 from
Eckert & Ziegler company) with a certified activity of 346 MBq (on May
27, 2019) was placed on the ground during the measurement cam
paigns. For safety reasons, the source was mounted in a lead shielded
container with an opening angle of about 150◦ aimed towards the sky.
The source is authorized by the Spanish Regulatory Body (CSN) to carry
2
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information of the frame is converted in.n42 format (IEC 62755, 2012),
analysed and visualized at the ground station in real time.
The communication between the on-board computer and the ground
control station can be performed through three different technologies:
peer-to-peer (P2P) communication using 433 MHz serial radio module,
local Wi-Fi network by the means of IEEE 802.11 compatible module or
a 3G/4G compatible modem with internet access. When the aircraft has
3G/4G coverage, the system can operate regardless of the ground con
trol station location, rendering it the preferred communication
technology.

2.4. Calculation of the count rate increment to detect the presence of
artificial radionuclides
This method assumes that the natural radionuclide concentration in
soil is constant during the flight. This is true for the flight in the aerial
site of Mollerussa, however it can vary significantly in campaigns where
bigger areas are analysed. Therefore, for a constant radionuclide con
centration, an increase in the count rates in the low energy range of the
measured spectrum indicates the presence of artificial radionuclides.
The low energy region is selected to include the gamma line of 364.5 keV
coming from the 131I decays and to exclude the natural 4 K gamma line of
1460.8 keV. This energy region includes almost all the significant manmade gamma emitter radionuclides released in case of a radiological
accident and, in addition, does not include the high energy counts which
are mainly resulted from the natural radionuclides decay. Therefore, the
low energy region is defined from 320 keV to 1360 keV.
The cumulative count rates at different altitudes a.g.l. are fitted by
exponential functions. Then, for each acquired 2-s spectrum the esti
mated background count rates derived from the fitted exponents are
subtracted from the measured count rates to determine the net count
rate in the low energy range.
The uncertainty of the net count rate in the low energy range is
calculated by the combining the standard deviation of the net count
rates and the uncertainty in the count rates due to variations of the radon
progeny concentration in the air. The air radon progeny contribution is
not expected to vary more than 5 Bq m− 3 during the short diurnal flights
carried out in the campaign, which leads to a change of about 1 nSv h− 1
in the H*(10) rate depending on meteorological conditions Vargas 2018.
The calculation of the net count rate in the low energy region is elabo
rated in Section 3.1.

2.2.2. CeBr3 detector 38 mm × 38 mm from scionix
The radiation monitoring system of PTB is designed to be a stand
alone device that can be mounted onto any UAS with a sufficient
payload capacity. The total device size is 170 × 200 × 230 mm and the
weight is 1.5 kg. It consists of spectrometric and telemetry & control
units. The spectrometric unit consists of a CeBr3 scintillator with a PMT,
compact 120 MHz BPI base and PT1000 platinum temperature sensor. It
resides in a lightweight 3D-printed housing. The telemetry & control
unit consists of a Raspberry Pi Model 3B microcontroller, interfacing
RasPiGNSS positioning module, SF11/C laser altimeter, MS5607
barometer (altitude redundancy sensor) and a 2.4 GHz XBee Pro trans
ceiver alongside the spectrometric unit. It resides on top of the sturdy
aluminium plate that joins the device together and also provides
mounting slots for the UAS. The control unit of the system is a Raspberry
Pi Model 3B microcontroller. The system is powered by a 5200 mA Liion battery which delivers about 4 h of operational time. The ground
station, a laptop with another 2.4 GHz XBee transceiver, establishes P2P
communication with the monitoring system.
2.2.3. CZT detector 1500 mm3 from Ritec
BfS has developed a standalone airborne system which is based on a
quasi-hemispherical CZT μSPEC detector (Ritec) with a crystal volume
of 1.5 cm3. The detector features in-built miniature multi-channel ana
lyser MicroMCA527. The complete system has a weight of about 500 g,
including batteries and housing, and can be attached to semi-large
UAVs.
A Raspberry Pi 2 Model B is used as data logger and control unit. It is
additionally equipped with a Wi-Fi USB-stick, a Blox NEO-7M GPS and
an uninterrupted power supply, established with rechargeable batteries
inside the housing. The system records H*(10) rates, gamma spectra,
altitude from air pressure and GPS, as well as humidity and temperature
every 2 s. For the measurement of the altitude of the UAV, a BMP180
digital pressure sensor has been adopted to the I2C bus of the Raspberry
Pi. The accuracy of BMP180 in the range from 950 to 1050 hPa is ±0.12
hPa at 25 ◦ C, which corresponds to ±1 m when converted to an altitude.
For the data communication back to the office of BfS and to the local
computers on site, a standard mobile phone is used to establish a local
Wi-Fi network with a range of about 100 m in an open field. Data
transfer interval is minutely.
The complete system, mounted onto DJI Flamewheel F550 hexa
copter, has been successfully tested during two expeditions to the
Chernobyl exclusion zone (Luff et al., 2017) to provide the radiological
mapping of the parts of the contaminated area.

2.5. Calculation of the man-made count rate
The man-made count rate algorithm, commonly referred to as the
man-made gross count (MMGC), is a simple method to improve the
detection of artificial sources by suppressing the influence of the vari
ations in the concentration of the natural radionuclides. This method is
based on the fact that even if the natural radioactivity varies, the shape
of the produced background spectrum remains almost constant. There
fore, the ratio of the count rate in the natural energy region (cpshigh) to
the count rate in the artificial plus natural energy region (cpslow) is
essentially constant in case where there are no artificial radionuclides.
The high energy region is defined from 1360 keV to 3000 keV, with
everything above 3000 keV considered to be of cosmic origin. This ratio
(rart) is calculated using Eq. (2) by carrying out measurements when no
artificial radionuclides are present, i.e. cpsart is zero. The rart has been
calculated for different altitudes from the aggregated 2-s spectra,
measured at each altitude, and then fitted by a linear function. The
derived altitude dependent rart is then applied to each measured spec
trum to determine the man-made count rates:
cpsart = cpslow − rart ⋅cpshigh .

2

Using Eq. (2) on the background data, the standard deviation of
cpsartwhen no artificial sources are present, a.k.a. u (0) of Eq. (1), is
calculated in order to determine the decision threshold for each altitude.

2.3. Decision thresholds

2.6. Calculation of H*(10) rates

Decision thresholds for the low energy count rate, man-made count
rate and H*(10) rate are calculated to decide if there is a significant
increase that indicates the presence of an artificial source. Following the
ISO11929-4 (2018) the decision threshold (a*), with a 95% confidence
level, is calculated with the following equation:

There are different methods to calculate the H*(10) rates from ac
quired spectrum which are described elsewhere in the literature, such as
in Dombrowski (2014). The conversion coefficients method was selected
to be applied to all detectors mainly because it is reliable, robust and
easy to implement in the software (Vargas et al., 2018). In the conver
sion coefficients method, the spectrum is divided into several energy
regions and the corresponding conversion coefficients are applied to the
aggregate count rates detected in each energy band to convert the

a∗ = 1.645⋅̃
u(0)

(1)

where u (0) is the standard deviation of background measurements.
3
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(10) rates for each measured 2-s spectrum are corrected by subtracting
the estimated background value at a given altitude to obtain the net H*
(10) rates.
The uncertainty of 1 nSv h− 1 due to the radon progeny concentration
in air is propagated to the uncertainty of the net H*(10) rate as discussed
in Section 2.4. It should be pointed out that variations of natural
radioactivity in soil affects the H*(10) rates and could lead to misin
terpretation of the results unless an analysis of the spectra is carried out.

Table 2
The mean altitude, live time, count rate in the low energy region, count rate in
the137Cs region, H*(10) rates, and ratio (rart) measured during the background
flights. The order of values corresponds to NaI/CeBr3/CZT detectors. (NC: not
calculated).
Altitude a.
g.l. (m)

Live
time
(s)

Count rate in
the low
energy region
(s− 1)

Count rate in
the137Cs
energy region
(s− 1)

H*10BG
(nSv h− 1)

rart

10.4/
9.74/
10.6
20.1/
19.2/
20.5
40.0/
38.5/
39.8
59.1/
57.5/
58.4

202/
216/
206
226/
247/
250
279/
310/
296
289/
314/
306

22.3/13.0/
5.1

3.72/0.87/NC

55.2/
54.8/40.9

20.3/11.0/
4.5

3.29/0.62/NC

49.5/
48.3/35.9

16.7/9.17/
4.0

2.66/0.46/NC

41.6/
41.0/31.9

14.4/7.76/
3.5

2.27/0.51/NC

35.5/
34.8/28.0

7.39/
8.43/
NC
7.47/
7.83/
NC
7.56/
7.60/
NC
8.42/
7.85/
NC

2.7. Determination of the

137

Cs point source activity

The activity of a point source in Bq can be calculated using the ratio
of the net count rate (s− 1) in the 137Cs photopeak energy region to the
detected net count rate per unit activity due to a point source (s− 1 Bq− 1).
The net count rates are calculated by subtracting the background count
rate from the measured count rate in the 137Cs photopeak energy region,
which are defined from 580 keV to 740 keV, from 630 keV to 700 keV
and from 651 keV to 674 keV for the NaI, CeBr3 and CZT detectors,
respectively. The background count rates are determined by summing
the counts for each altitude during the background flight. Then, the net
count rates at each altitude are fitted by exponential functions. The
uncertainties of the net count rates are calculated by the uncertainty
combination of the measured gross counts and the uncertainty due to the
exponential fit of the background counts.
The net count rate per unit activity are calculated by multiplying the
counts per unit fluence in cm2 of each detector (εc) by the fluence rate
per unit activity in s− 1 cm− 2 Bq− 1 (εϕ). The εc were determined by MC
simulations for all detectors. For the MC simulations, the main uncer
tainty contribution is due to the inaccuracies in the geometry definition
of the detectors as internal structure of detectors is not precisely known
and, therefore, simplified. For the energy of 662 keV, the calculated
values are 7.58 ± 0.23 cm2, 3.60 ± 0.11 cm2 and 0.136 ± 0.004 cm2 for
NaI, CeBr3 and CZT respectively.
The εϕ was determined by using the following analytical expression:

spectrum into H*(10) rates. The conversion coefficients can be calcu
lated either by Monte Carlo (MC) simulations or by experimental irra
diations in reference facilities. Then, the H*(10) rates are calculated
with the following equation:
∑j
*
Ḣ (10) =
w i n i Ei
3
i=1
where wi is the conversion coefficient for energy band i (nSv h− 1/s− 1
keV), ni is the count rate in s− 1 in the band i, Ei is the mean energy of the
energy band i in keV and j is the number of energy bands.
The UPC uses 17 energy bands to calculate the H*(10) rates for the
NaI detector according to the following selected middle energies in keV:
30, 50, 70, 90, 110, 150, 210, 290, 510, 750, 990, 1310, 1690, 1810,
2190, 2310, 2690 and 3110. The conversion coefficients were calculated
by Monte Carlo simulations using PENELOPE/penEasy (Sempau et al.,
2011). In order to validate the calculated conversion coefficients, the
NaI detector was irradiated at the UPC secondary standard calibration
and dosimetry laboratory using a137Cs source of 310 MBq. The reference
facility provided a reference value of 2450 ± 147 nSv h− 1 (k = 2) during
the NaI exposures. The mean value and the standard deviation of the NaI
detector for eight irradiations is 2443 nSv h− 1 and 23 nSv h− 1, respec
tively, which is in agreement with the reference value.
PTB calculated the conversion coefficients for the CeBr3 detector
using gamma spectra measured at PTB’s reference fields. For energy
bands where quasi-monoenergetic γ-ray sources were unavailable,
conversion coefficients were derived from Monte Carlo simulation using
the MCNPX (Pelowitz, 2008) radiation transport code. Practically, a
spectrum is not grouped into energy bands, but the conversion co
efficients energy dependence is approximated by a function. This way,
the uncertainties of fit parameters are propagated into uncertainties of
conversion coefficients. The structure of such a function for the CeBr3
detector is described in Röttger and Kessler (2019).
For the CZT detector operated by BfS, the coefficients have been
determined experimentally in the framework of a previous European
Metrology Research Project (EMRP) named MetroERM (2017). In order
to convert a measured gamma spectrum into H*(10) rates, the spectrum
is divided into seven bands up to an energy of 1.5 MeV. For each energy
band, conversion factors are experimentally determined for the con
version from count rate to dose rate. Then, the values were fitted by a
spline function which was used to calculate the H*(10) rate.
In a similar way as described in Section 2.4 for the net count rates,
the increment in the net H*(10) rate is used to determine the presence of
artificial sources. The background H*(10) rates are determined for the
aggregated spectra acquired at the same altitude during the background
flights and then fitted to exponential functions. Consequently, the H*

εϕ =

r⋅exp( − μa da − μs ds)
4π⋅(da + ds )2

4

where Υ is the emission probability of the 662 kev gamma (0.8510 s− 1
Bq− 1, Browne and Tuli, 2007), μa is the attenuation coefficient of air
(9.35 10− 5 cm− 1), μs is the attenuation coefficient of the source capsule
material (5.82 10− 1 cm− 1), both obtained from the NIST Standard
Reference Database 126 (Hubell and Seltzer, 2004), da is the air distance
in cm from the source to the detector and ds is the stainless steel
thickness in cm of the source capsule. The thickness of the stainless steel
capsule is 0.105 cm. The da is calculated considering that the source is
positioned 7.83 cm over the soil due to the shielding lead cage.
Therefore,
da = d − 7.83 − 0.105

5

where h is the measured distance from the detector to the soil surface in
cm.
The main contribution to the uncertainty of εϕ is due to the measured
distance h, which has three main contributions: i) the uncertainty of the
sensor, ii) the uncertainty of the UAS horizontal position, and iii) the tilt
of the drone. During the hovering fights, the combination of the sensor
uncertainty and the tilt uncertainties are calculated by the dispersion of
the measured altitudes. For the laser sensors, this deviation is about 0.3
m and for the barometric sensor is about 1.0 m. According to the tech
nical specifications of the UAS, the maximum horizontal position un
certainty is 1.5 m. The contribution to the uncertainty due to the
horizontal position decreases with the altitude as 1.11/h, where h is the
altitude in m. A conservative uncertainty of 0.5 m has been adopted for
the detector-source distance uncertainty for the NaI and CeBr3 detectors
and 1.3 m for the CZT detector at all altitudes.
A second method that can be used to calculate the activity is based on
4
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Fig. 1. Net count rates in the low energy region during background flights (left column) and hovering flights over the 137Cs source (right column) at different
altitudes for NaI (top), CeBr3 (middle) and CZT (bottom). Thick black line serves as a visual guide for the absence of the effect (0 s− 1). Thin black lines indicate the
standard deviation of the background data.

the net H*(10) rate. The activity is calculated by the ratio of the
measured net H*(10) rate to the net H*(10) rate per unit activity (nSv
h− 1 Bq− 1), which is calculated by MC simulations using PENELOPE/
penEasy and the detection forcing estimator variance reduction tech
nique. The uncertainty of activity is estimated by combination of the
uncertainties due to the net H*(10) rate per unit activity, the standard
error of the mean of the measured H*(10) rate, the uncertainty due to
the exponential fit of the background H*(10) rate and 1 nSv h− 1 due to
the variations of the radon progeny concentrations in air.

selected without considering the gradient. For the present application
each generation is composed of NP population members, i.e. NP source
positions and every source position consists of 2 variables, the longitude
and the latitude. The four steps of the method are initialization, muta
tion, crossover and reproduction. In the following, these steps are briefly
described:
1) Initialization: the initial generation, g = 0, is composed of NP
random source positions within a specified domain by a continuous
and uniform probability distribution. For every point source position
(p = 1, NP), the longitude and latitude are determined using the
following expressions:
( max
)
0
min
xp,lon = xlon
+ rand(0, 1)⋅ xlon
− xmin
6
lon

2.8. Source localization
The methodology used to localize a point source by UPC is based on
an Evolution Algorithm (EA) which is a generic population-based heu
ristic optimization algorithm. This method uses the Differential Evolu
tion (DE) algorithm given by Storn and Price (1997), a subset of EA that
does not require the optimization problem to be differentiable, so the
population members can be perturbed with scaled difference randomly

)
( max
min
x0p,lat = xmin
lat + rand(0, 1)⋅ xlat − xlat

7

where xp, lon0 and xp, lat0 are the latitude and the longitude of the
source position vector xpg, and xlon, latmax and xlon, latmin are the
5
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Fig. 2. Man-made count rates during background flights (left column) and hovering flights over the 137Cs source (right column) at different altitudes for NaI (top)
and CeBr3 (bottom). Thick black line serves as a visual guide for the absence of the effect (0 s− 1). Thin black lines indicate the standard deviation of the back
ground data.

geographical domain limits.

where S is the size of the subset of acquired spectra where an increase in
the heat map of the H*(10) rates is observable (see Fig. 4, Atpgj is the
calculated activity for spectrum j acquired at the source position tpg,
quantified by the following expression:

2) Mutation: assuming the system is in the generation g, for every point
source position p a mutated position npg is calculated as a linear
combination of three point source positions xkg, xlg and xmg, which
are selected randomly from the NP source positions. The following
equation is used to calculate the mutated vector position npg and
should be done for the NP source positions:
)
(
ngp = xgk + F⋅ xgl − xgm
8

)
(
cpsj ( j )2
⋅ dtg ⋅exp μ ⋅ dtjg
Ajtg = 4π⋅
p

ε

p

p

11

where cpsj is the 662 keV photopeak net count rate for the acquired
spectrum j, dtpgj is the distance from the source position tpg to the
position of the UAS for the measured spectrum j), ε is the efficiency of
the detector in s− 1 Bq− 1 and μ the attenuation coefficient for dry air.
Atpg is the mean of the Atpgj calculated activities.
Then, the calculated fp values in the generation g are compared to
those determined in the previous generation and NP minimum values
are selected as the new generation positions, xpg+1.
The algorithm ends once the stopping criteria are fulfilled either by
limiting the number of generations or by minimising the divergence of
the defined populations down to a specified value. The average of the NP
source positions in the final generation is the estimated position of the
137
Cs point source.
In order to calculate the uncertainty in the source position the Monte
Carlo method is proposed (Jin and Branke, 2005). This method consists
of randomly selecting the measured variables, i.e., altitude, longitude,
latitude and count rates in the energy region of the 662 KeV, according
to a normal distribution, which is defined by a mean and a standard
deviation for each measured variable. For each measured flight plan
altitude the EA has run 1000 times. The uncertainty of the actual posi
tion is only due to the uncertainty in the horizontal measured position.
The uncertainty of the distance is conservatively as mentioned in the
previous Section 2.6.
The following steps are used by PTB in order to localize the source:

where F is the mutation parameter ranged from 0 to 2. Smaller F per
forms a local search (exploitation), while larger F performs a global
search (exploration).
3) Crossover: the original source positions xpg and the mutated posi
tions npgare randomly mixed to determine the source position for
the current generation tpg. For each position p, the following con
dition is used to select between the original and mutated positions:
{ g
}
np ifrand(0, 1) < CR
tpg =
9
g
xp inanyothercase
where CR is the crossover coefficient of the algorithm, ranged from 0 to
1, which controls how often mutated points are selected.
4) Reproduction: Finally, the DE is used to look for the minimum of the
cost function fp for each mutated position and defines the next
generation. The cost function fp is a measure of the dispersion of the
calculated activities and is defined by the following equation:
(
)
1
fp = Σ sj=1 Ajtg − Atpg
10
p
s

6
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Fig. 3. Background-corrected H* (10) rates during background flights (left column) and hovering flights over the 137Cs source (right column) at different altitudes for
NaI (top), CeBr3 (middle) and CZT (bottom). Thick black line serves as a visual guide for the absence of the effect (0 nSv h− 1). Thin black lines indicate the standard
deviation of the background data.

1) The background dose rate H*(10)BG, measured separately or taken
from mission periphery points, must be subtracted from the gross
dose rate at a flight altitudeH20m*(10)H20m*(10) H*(10) to
determine the source contribution H*10src:
H*10src=H*10-H*10BG

atomic number of substances are very close, by taking the effective
thickness of water for calculations.
3) For a surface activity reconstruction, the ground mesh needs to be
defined. The mesh bounding box should encompass all measurement
points used for the optimization problem. For each mesh node j and
each measured data point i, the response factors fij are calculated as
follows:

12

2) For a point source of activity A, the corresponding H*(10) rate in
crease at a distance r can be expressed with a following expression
(Vogt et al., 2005):
H*10src=Γ10* Ar2 Tr

fij=Γ10*r2 , i=1,nj=1,m #

13

14

4) With the matrix of response factors F, source dose rate vector H and
surface activity vector A, the general equation has the following
form:

where Γ10* is the dose rate constant and T(r) is the dose rate trans
mission factor of air for 137Cs. The dose rate constants are precomputed
with Monte Carlo codes by various authors; here, the most compre
hensive compilation of dose rate constants by Otto (2016), comprising
1252 radionuclides, is used. The transmission factors for air are
computed from those of water (Sakamoto et al., 2001), considering that

Fn×m∙Am×1=Hn×1

[15]

A straight-forward solution to Eq. (15) does not exist due to the illconditioned nature of the response factor matrix F. The solution
7

A. Vargas et al.

Radiation Measurements 145 (2021) 106595

Table 3
Net count rates in the energy region of the137Cs photo-peak and calculated source activities at different altitudes a.g.l. for NaI (top values), CeBr3 (middle values) and
CZT (bottom values).
Altitude a.g.l. (m)

Live time (s)

137

Cs net count rate (s− 1)

Count rate per unit activity (s−

1

MBq− 1)

9.9
9.2
11.2

121
124
124

156.7 ± 1.3
84.8 ± 0.8
1.7 ± 0.12

0.46 ± 0.05
0.26 ± 0.03
0.063 ± 0.006

339 ± 38
332 ± 39
263 ± 68

19.3
18.8
20.8

158
182
244

36.9 ± 0.6
19.2 ± 0.4
0.42 ± 0.09

0.110 ± 0.007
0.055 ± 0.004
0.0164 ± 0.0010

338 ± 22
346 ± 24
238 ± 46

38.8
37.9
40.6

259
249
236

7.34 ± 0.24
3.84 ± 0.21
0.140 ± 0.023

0.023 ± 0.001
0.0114 ± 0.0005
0.00376 ± 0.00016

324 ± 17
339 ± 24
321 ± 79

58.1
57.6
60.3

289
302
298

2.88 ± 0.16
1.57 ± 0.19
0.064 ± 0.015

0.0083 ± 0.0003
0.00416 ±0.00016
0.00147 ± 0.00005

347 ± 23
377 ± 49
292 ± 152

Activity (MBq)

The activities calculated using the method based on the net H* (10) rates are shown in.
Table 4
Background corrected H* (10) rates and calculated source activities at different altitudes a.g.l. for NaI (top values), CeBr3 (middle values) and CZT (bottom values).
Activity (MBq)

Altitude a.g.l. (m)

Background corrected H* (10) rate (nSv h− 1)

H* (10) rate per unit activity (nSv h−

9.9
9.2
11.4

325.2 ± 2.5
382.9 ± 3.7
254 ± 8

0.96 ± 0.10
1.12 ± 0.12
0.71 ± 0.08

340 ± 37
340 ± 39
356 ± 89

19.3
18.8
20.8

79.6 ± 1.6
92.0 ± 2.0
82.0 ± 3.4

0.243 ± 0.014
0.258 ± 0.015
0.200 ± 0.011

328 ± 20
357 ± 22
410 ± 59

38.8
37.9
40.7

17.4 ± 1.5
20.0 ± 1.6
20.7 ± 2.4

0.0576 ± 0.0018
0.0606 ± 0.0019
0.0528 ± 0.0016

303 ± 27
330 ± 28
391 ± 54

58.1
57.6
60.3

8.4 ± 1.5
8.7 ± 1.5
9.1 ± 2.3

0.0246 ± 0.0005
0.0254 ± 0.0006
0.0236 ± 0.0005

340 ± 59
342 ± 61
384 ± 99

method for this ill-conditioned inverse problem is a regularized statis
tical image reconstruction. The optimization problem is defined as
A=argminAFA-H+λ

MBq− 1)

radioactive nuclides. In environmental simulations where the source is
far away from the detector and in such geometries where the simulation
efficiency is low because the source is as big as in the case of contami
nated soils, variance reduction techniques are applied to speed up the
simulation.
For sources, distributed in soil or air, the reciprocal variance
reduction method is used. This variance reduction method is based on
the so-called reciprocity theorem which provides a simple method of
improving the efficiency as described in Zähringer and Sempau (1997).
For the point source simulations, the “tally Photon Fluence Point” of
PENELOPE/penEasy MC code is used. In this tally, the energy dependent
fluence distribution is calculated by the so-called detection forcing
estimator. A more detailed information about this method can be found
in the PENELOPE/penEasy Manual (Sempau, 2018).
PTB uses the MCNPX v2.6 MC code. Simulations are done to deter
mine the response matrix for the GRAVEL spectrum-to-fluence iterative
unfolding algorithm and to find the conversion coefficients in the low
(30 keV–40 keV) and the high energy region (2000 keV–3000 keV) for
stabilizing the dose conversion curve fit. The simulations are done in
vacuum for the sole detector in a drone-dedicated holder (excluding the
drone itself) placed in parallel and aligned monoenergetic photon fields,
thus giving the detector response in counts per unit fluence (cm2) for
energies from (5–3000) keV in 5 keV steps, resulting in a 600 × 600
lower triangular matrix. The simulation is performed in vacuum as
opposed to air in order to obtain the detector response to a photon field
and not a photon source, otherwise the air attenuation would be taken

RA 16

where λ is the regularization parameter and RA is the regularization
term. The choice of the regularization term, as well as the algorithm
needed to recover the activity vector A, is detailed by Zhang et al. (2018)
and covers both point and spread (disk) sources.
5) The position of the source is obtained as the weighted average of
node values. The weight of node j is chosen as a square of its activity
value Aj, computed with Eq. (16). Hence, the point source location
xsrc is computed as
xsrc=jAj2xjjAj2

1

17

The absolute value, though, highly depends on the choice of the
regularization parameter λ and cannot be trusted in general.
BfS localizes the source using the H*(10) rate map. The area with the
highest H*(10) rates is identified and zoomed. Then, the position of the
source is estimated by eye.
2.9. Monte Carlo simulations
UPC uses PENELOPE/penEasy MC code. The associated package
PENNUC (García-Toraño et al., 2017) is used to simulate the random
generation of the radiation cascade following the decay of the

8
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Fig. 4. Measured H*(10) rate corrected for background at 10 m and 1 m s−
(middle) and CZT (right) detectors.

1

(top), 20 m and 2 m s−

1

(middle), and 40 m and 4 m s−

1

(bottom) for NaI (left) CeBr3

Table 5
Source coordinates and corresponding uncertainties as measured with the NaI detector (top values) and the CeBr3 detector (bottom values). Actual position is
41.612430 ± 1.6E-5 N, 0.854505 ± 1.6E-5 E.
Nominal altitude (m)
10
20
40

Longitude

Latitude

Measured

abs. difference (m)

Measured

abs. difference (m)

0.854505 ± 6E-6

0.0 ± 1.4

41.612420 ± 5E-6

1.1 ± 1.9

0.854505 ± 1E-5

0.0 ± 1.5

41.612444 ± 8E-6

1.6 ± 1.6

0.854513 ± 1.6E-5

0.7 ± 1.8

41.612434 ± 1.3E-5

0.4 ± 2.3

0.854503 ± 3.2E-5

0±3

41.612411 ± 2.4E-5

2±3

0.85451 ± 9E-5

0±8

41.61245 ± 6E-5

2±7

0.85434 ± 2.0E-4

14 ± 17

41.61237 ± 9E-5

7 ± 10

into account twice during fluence backpropagation. The unfolding
kernel spectra are convolved with the energy resolution function of the
CeBr3 detector, extending the energy range to 3100 keV to include
Gaussian smearing of Monte Carlo photo peaks, resulting in a 620 × 620
detector response matrix.

has the highest count rates due to the biggest detection volume size
(almost twice the CeBr3 detector size).
The column 3 data of Table 2 have been fitted to exponential func
tions for the NaI (Eq. (18)), CeBr3 (Eq. (19)) and CZT (Eq. (20)) detectors
as a function of altitude a,g.l., h, in m:

3. Results

cpsBG, lowNaI s-1=24.43±0.26∙exp-0.0092±0.0003∙h (R2=1.00)

18

cpsBG, lowCeBr3 s-1=14.1±0.5∙exp-0.0108±0.0012∙h (R2=0.98)

19

cpsBG, lowCZT s-1=5.43±0.12∙exp-0.0077±0.0008∙h (R2=0.98)

20

3.1. Detection of artificial radionuclides using the count rate in the low
energy region

The temporal series of the net count rates in the low energy region
during the background flights are shown in the left column of Fig. 1. As

The count rates rate of the summed spectra in the low energy region
during the background flights are shown in Table 2. Naturally, the NaI
9
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expected, the detectors count rates values are scattered around zero
indicating that there are no artificial sources.
The mean and the standard deviation of the net count rates in the low
energy region are 0.0 ± 2.9 s− 1, 0.0 ± 2.2 s− 1 and 0.0 ± 1.6 s− 1 for NaI,
CeBr3 and CZT respectively. The uncertainty contribution due to radon
progeny can be calculated dividing the amplitudes of Eq. (18)-(20) to
those of Eq. (23)-(25) for NaI, CeBr3 and CZT detectors respectively.
These corresponds to a count rate uncertainty of 0.4 s− 1, 0.24 s− 1 and
0.12 s− 1. The total uncertainty of the net count rate is calculated by
combining the standard deviation of the net count rate and the count
rates due to the variations of the radon progeny in air. Then, the decision
thresholds for 2-s spectrum with a confidence level of 95% are 4.8 s− 1,
3.7 s− 1 and 2.6 s− 1 for NaI, CeBr3 and CZT, respectively.
The temporal series of the net count rates during the hovering flights
over the 137Cs point source are shown in the right column of Fig. 1. The
increase of the count rates due to the 137Cs point source is clearly shown
at 10m, 20 m and 40 m by NaI and CeBr3 detectors. Even at 60 m, both
scintillators measured count rate values over the decision threshold in
half of the spectra. For the CZT detector, it would be difficult to detect

[
]
nSv h− 1 = (60.1 ± 0.7)⋅exp( − (0.0090 ± 0.0004)⋅h)

(

values and, therefore, artificial radionuclides detection is achievable via
aggregation of individual spectra to have better statistics.
Although the man-made count rate is less sensitive than the low
energy count rate method for the artificial source detection, it is more
robust due to insensitivity to the natural radioactivity concentration in
soil. These natural radioactivity variations can lead to a misinterpreta
tion of the results when the low energy count rate is used to detect the
presence of artificial sources, unless an individual radionuclide identi
fication analysis is carried out.
3.3. Ambient dose equivalent rates, H*(10) rates
In this section, the detection of artificial radioactivity in the spectrum
by the means of background-corrected ambient dose equivalent rate is
carried out. Firstly, the H*(10)BG rates, listed in column 5 of Table 2, are
determined by aggregating the background spectra. Then, the H* (10)BG
rates measured at different altitudes are fitted to exponential functions
for NaI (Eq. (23)), CeBr3 (Eq. (24)) and CZT (Eq. (25)) detectors
respectively:

)
R2 = 1.00 , #

23

[
]
(
)
3
H * (10)CeBr
nSv h− 1 = (59.9 ± 0.8)⋅exp( − (0.0092 ± 0.0005)⋅h) R2 = 1.00 , #
BG

24

H * (10)NaI
BG

H * (10)CZT
BG

[

nSv h−

1

]

= (43.5 ± 1.2)⋅exp( − (0.0078 ± 0.0009)⋅h)

(

)
R2 = 0.98 , #

the artificial source at 40 m and 60 m heights. In order to have better
statistics to detect the presence of artificial radionuclides the measured
counts the 2-s spectra can be aggregated.

where h is the altitude a.g.l in m.
The temporal series of the net H∗ (10) rates measurements carried out
during the background flights by the detectors are shown in the left
column of Fig. 3. The mean and standard deviation for the 2-s mea
surements are 0 ± 6 nSv h− 1, 0 ± 8 nSv h− 1 and 0 ± 9 nSv h− 1 for NaI,
CeBr3 and CZT respectively. Adding the uncertainty contribution due to
the radon progeny concentrations in air of 1 nSv h− 1, the decision
thresholds become 10 nSv h− 1, 12 nSv h− 1 and 15 nSv h− 1 for NaI, CeBr3
and CZT respectively.
The right column of Fig. 3 shows the net H∗ (10) rates during the
hovering flights over the 137Cs point source. Both scintillators are able to
detect the 137Cs source for altitudes up to 40 m for the spectrum
acquisition time of 2 s. At 60 m, the net H∗ (10) rates are below the
decision threshold but still above 0 nSv h− 1. This means that the scin
tillators are not able to detect the source with a spectrum integration
time of 2 s and require summing up the spectra in order for the source to
be detected. For the CZT detector, the net H∗ (10) rates are over the
decision threshold for 10 m and 20 m heights and their dispersion is
much higher than in the scintillators case. A small difference can be seen
between the results at 40 m and 60 m indicating that spectra aggregation
could improve the detection of the source. This is further analysed in
Section 3.4.
Finally, similar to the net count rate in the low energy region, it
should be pointed out that the increase of the net H∗ (10) rates should be
attributed either to variation of the natural radionuclide concentrations
or to the presence of artificial radionuclides by a detailed spectra anal
ysis.

3.2. Man-made count rate
In order to determine the ratio to be used with Eq. (3) at different
heights, the calculated ratios of column 6 in Table 2 for NaI (Eq. (20))
and CeBr3 (Eq. (21)) detectors are fitted by linear function:
r artNaI =7.11+0.0018∙h (R2=0.55)

21

r artCeBr3=8.27–0.012∙h (R2=0.23)

22

25

The coefficients of determination, R2, are not as strong as for the
fitted exponents of the count rate in the low energy region. In addition, it
was not possible to calculate the ratio for the CZT detector due to the
very low measured counts in the high energy region, where even zero
counts were frequently measured. Therefore, the CZT was not included
in the man-made count rate comparison. The temporal series of the manmade count rates calculated for each 2-s spectrum are shown in Fig. 2. As
expected, during the background flights the man-made count rates are
close to zero indicating that there are no artificial sources.
The mean and standard deviation of the man-made count rates are 0
± 9 and 0 ± 6, resulting in the 14 s− 1 and 10 s− 1 man-made count rate
decision threshold (a*) for 2-s measurements for NaI and CeBr3 de
tectors, respectively.
Fig. 2 illustrates that the man-made radionuclides can easily be
detected at 10 m and 20 m with 2-s measurements by both detectors. At
40 m a significant number of values are still over the decision threshold.
Even at a nominal altitude of 60 m, there are more positive than negative

10
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Cs point source measurements at different altitudes a.g.l

capability of unmanned airborne radiation monitoring systems to detect,
localize and determine the activity of a reference 137Cs point source of
345 MBq at different altitudes a.g.l.
The participating airborne detectors were a 50 mm × 50 mm NaI, a
38 mm × 38 mm CeBr3 and a 1500 mm3 CZT, operated by UPC, PTB and
BfS teams. The results, in general, show good agreement among all de
tectors. Due to the small size of the CZT detector, the low number of

The background count rates in the energy region of the 137Cs pho
topeak at each altitude for the NaI and CeBr3 detectors are listed in
column 4 of Table 2. These altitude profiles are fitted by exponential
functions for NaI (Eq. (26)) and CeBr3 (Eq. (27)):

[

cpsNaI
BG,Cs−

137

3
cpsCeBr
BG,Cs−

137

[

s−

1

s−

1

]
]

(

= (4.07 ± 0.09)⋅ exp(− (0.0102 ± 0.0006)⋅h)
= (0.84 ± 0.17)⋅ exp( − (0.011 ± 0.006)⋅h)

(

)
R2 = 0.51 , #

26

)
R2 = 0.50 , #

where h is the altitude a.g.l. in m.
For the CZT detector, the count rate in this region is too small and
cannot be fitted by an exponential function. Therefore, for the CZT de
tector, a constant value of 0.024 ± 0.014 s− 1 has been estimated for all
altitudes.
In order to determine the net count rate in the 137Cs energy region for
the 2-s spectra acquired during the hovering periods over the vertical
axis of the 137Cs point source, the background counts obtained by Eq.
(26) and Eq. (27), and the constant value for the CZT detector are sub
tracted from the measured counts. The uncertainties of the background
count rates have been calculated by combining the uncertainty of the net
count rates and the count rate per unit activity. Table 3 demonstrates the
mean net count rates of the 137Cs photopeak, their standard error of the
mean, the efficiency and the activities for the NaI, CeBr3 and CZT de
tectors with the corresponding uncertainties at different altitudes.
The calculated activities for the NaI and CeBr3 detectors are in
agreement with the activity of the 137Cs point of 346 MBq. The two main
contributions that affect the uncertainty are the uncertainty in the dis
tance between the source and the detector and the uncertainty due to the
detected counts. Regarding the distance uncertainty, it has higher effect
at lower altitudes, as can be seen in Tables 3 and 4, resulting in the
uncertainty at 10 m being higher than at 20 m. On the other hand, the
uncertainty increases with altitude because of the lower number of
detected counts. Both uncertainty contributions are higher for the CZT
than for the scintillators at all altitudes. Table 4.

27

detected counts led to higher uncertainties than for scintillators and,
also, to inability to detect the 137Cs point source for altitudes greater
than 20 m with the measurement integration time of 2 s. In such cases, it
is advisable to sum the measurement spectra during the flights to have
better statistics for artificial radionuclides detection.
The man-made count rate has been proven to be a robust and simple
method to quickly identify the presence of artificial radionuclides.
However, the low number of detected counts in the high energy range of
the measured spectrum, that leads to an increase in the uncertainty, can
deem this method hard to use, as it happens with the CZT. Other
methods, used to identify artificial radionuclides, stem from the increase
in the count rate in the low energy range and in the H*(10) rates. These
methods were successfully applied for all detectors. However, it should
be pointed out that both methods need a more complex analysis of the
spectrum in order to determine if the increase is due to natural or arti
ficial radionuclides.
Three detectors successfully calculated the activity of the 137Cs point
source by summing up the spectra at each nominal altitude. Two
methods were used, namely the net count rate of the 137Cs photopeak
and the increase in the H* (10) rate. In these calculations, the main
contributions to the uncertainty of the point source activity are the
number of detected counts and the uncertainty of the distance between
the source and the detector. Therefore, the optimum altitude to carry out
these measurements are around 20 m.
The measurements carried out in the campaign using a137Cs point
source of 345 MBq were useful to test and calibrate different airborne
detector systems using UAS. A campaign with extended nonhomogenous sources in the soil would be worth to complement the
point source UAS calibration, which can be carried out in natural
enhanced radiological areas such as in former uranium mines.

3.5. Source localization
Parallel line flights at different speeds and heights have been carried
out for testing the capability of detectors to locate the 137Cs point source.
The heat maps of the net H* (10) rates for different heights and detectors
are illustrated in Fig. 4. It is worth mentioning that negative dose rate
values are zeroed out on the plots. All detectors demonstrated their
ability to detect the position of the source. The higher the flight altitude
and the speed, the higher is the uncertainty of the calculated source
location. However, higher altitude and speed flights can survey bigger
areas for the same flying time or faster for the same area.
Table 5 shows the estimated position of the source, the uncertainties
and the absolute distance to the actual position (41.612430 ± 1.6E-5 N,
0.854505 ± 1.6E-5 E), for the NaI and CeBr3 detectors respectively. The
restored positions have satisfactory precision comparable within the
accuracy of the GPS modules used. For the CZT detector, the BfS local
izes the source by eye and, therefore, these calculations are not carried
out for this detector.
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