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ARTICLE INFO ABSTRACT

Keywords: This paper presents the development, calibration and testing of a mobile unit for radioactivity monitoring. A
Gamma spectrometry 4 x 4 vehicle was equipped with a GPS and two 2” X 2” LaBr3(Ce) scintillation detectors. It was modelled using
Mobile

MC simulations with the EGS5 code to obtain efficiency curves for different source term scenarios. The at-
tenuation produced by the car structure was determined using MC and experimental measurements. A self-
developed software was used to acquire and analyse the gamma spectra. In addition, Minimum Detectable
Activity Concentrations were calculated for **’Cs and *>'1.

During standard operation, the mobile unit will create a radiological map of Catalonia (Spain), calculating in
real time the ambient dose equivalent H*(10) and the activity concentration of natural and anthropogenic
radionuclides. After its set up and calibration, the system was tested on the field and provided adequate results.
Therefore, the mobile unit is available to assist in the event of a nuclear emergency tracking radioactive plumes
and participating in radioisotope mapping surveys. It is also ready to obtain the required data to build the
radiological map of Catalonia.

Environmental monitoring
Efficiency calibration
Mapping

Nuclear emergency

1. Introduction

In Catalonia (Spain) there is an environmental radioactivity sur-
veillance network comprising 26 gamma spectrometry monitors in-
stalled all over the region. This network registers and analyses spectra
in real time to ensure the radiological quality of the air and land
throughout the region and, especially, around the two nuclear power
plants that operate in the area.

Recently, the Catalan Government has promoted the development
of a new gamma spectrometry mobile unit with two LaBrs(Ce) scintil-
lation detectors which enables to increase the information provided by
the network. Moreover, in the event of a nuclear emergency, the mobile
unit will be ready to contribute to track radioactive plumes and to
participate in radioisotope mapping surveys.

Traditionally, these mobile units often include various types of ra-
diation detectors, global positioning systems (GPS), meteorological
stations and sampling equipment. They have been developed and op-
timised for nuclear emergencies or radioisotopes surveys (Baeza et al.,
2013; Takeishi et al., 2017; Kock, 2010).

However, the objective of the gamma spectrometry mobile unit
presented in this paper is not only to increase the radiological in-
formation during a nuclear emergency, but also to create a radiological
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map of Catalonia. This radiological map aims to provide data of the
ambient dose equivalent H*(10) and the activity concentration of iso-
topes from natural and anthropogenic origin all over the region.

This study describes the equipment implementation, calibration and
set up of the mobile unit detectors and software. The software, after
automatically stabilising and calibrating the collected spectra, calcu-
lates the ambient dose equivalent and the activity concentration in real-
time. To do so, we considered different source term geometries and
calculated their efficiency curves to obtain the activity concentrations
using Monte Carlo simulations. In addition, we calculated the at-
tenuation produced by the car structure to the measurements of volu-
metric, superficial and point-like sources.

The mobile unit was tested across different regions of Catalonia,
obtaining a set of 12000 spectra, which were used to check the different
equipment and analysis methods. Its performance was satisfactory and
therefore, the mobile unit is ready to be used during a nuclear emer-
gency and to start the measurements required to build the radiological
map of Catalonia.

2. Material and methods

The mobile unit consists of a 4 x 4 wheel traction car (Toyota
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Fig. 1. Rear view of the mobile unit with the detectors installed on the roof
rack.

Rav4) that is prepared to acquire gamma spectra using two 2”x2”
LaBrs(Ce) scintillation detectors (BrilLance 380 from Saint Gobain
Crystals ®), which were placed inside an hermetically sealed plastic case
and mounted on the roof rack of the car at 1.8 m height above the
ground. The detectors were positioned parallel to the roof and pointed
out to each side of the car. The detectors can shift their position to stick
out from the width of the car to widen the field of view reducing the
attenuation produced by the car structure. When the car circulates
through narrow roads surrounded by trees, the devices can be posi-
tioned inwards. All the mechanical devices were set up by Raditel
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Serveis i Subministraments Tecnologics S.L. The detectors are coupled
to digital multichannel analysers (digiBASE from ORTEC®) that operate
in 1024 channels. The multichannel analysers connect to the portable
computer located inside the car cabin by a USB port. The system is set
to acquire spectra every 30 s, simultaneously in both detectors (See
Fig. 1 and Fig. 2).

2.1. Energy and resolution calibrations

The energy and resolution calibrations were performed using five
radioactive point sources (*'*Am, '**Ba, '*’Cs, %°Co and '°?Eu) and
including peaks of radionuclides from natural origin (*'2Pb, 2'*Pb and
214Bi). Additionally, the double peak of '*®La arising from the self-
contamination of the detector crystal and the associated X-ray peak at
low energies were also used. Both calibrations were obtained adjusting
a 2nd degree polynomial, as it was found to be the best fit function in a
previous study (Casanovas et al., 2012a). To compensate the peak drifts
caused mainly by temperature variations, spectra were stabilised using
a self-development software that automatically adjusts the position of
various reference peaks in each spectrum (Casanovas et al., 2012b).

2.2. Efficiency calculations

The efficiency relates the number of counts obtained by the detector
with the activity of a radioactive source. The efficiency depends on the
source characteristics (energy, distance, composition, geometry, etc.)
and on the detector features (materials, geometry, etc.).

For efficiency calculations, two different scenarios were considered:
superficial and volumetric source term distributions. However, to study
the attenuation produced by the car structure, an extra scenario of a
point-like source at 5 m from the back of the mobile unit was also
considered. All efficiencies were determined for one single detector of
the mobile unit. When using the infinite source approach, both detec-
tors can be considered as only one with twice the efficiency.

The efficiency calibration was calculated using Monte Carlo simu-
lations with the EGS5 code. The car and the detectors were modelled
considering the real dimensions and materials obtained from the

Fig. 2. Interior of the car cabin. A portable computer displays in real time the radiological data and the GPS coordinates of the last measured spectra.
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Fig. 3. Models of the mobile unit and the detector used for the efficiency calculations.

technical specifications sheet of both items. The car has a length of
460.5 cm, a width of 184.5 cm and a height of 170.5 cm including the
tires. It was considered as a steel structure filled with air. The detectors
were modelled with a 2”7x2” cylindrical crystal of LaBr3(Ce) inside an Al
case of 0.5 mm of thickness. The space between the case and the crystal
was filled with air. A glass light guide was placed adjacently to the
crystal. Finally, the photomultiplier tube was modelled as a cylinder of
Al and Cu filled with air (see Fig. 3). The density and composition of the
materials were taken from Berger et al. (2005).

The code simulated different monoenergetic radiation sources (from
50 to 2000 keV) with a homogenous activity concentration for the three
scenarios. The source was modelled as a disk of radius R and as a cy-
linder of radius R and height H= 2R, for the superficial and volumetric
scenarios respectively. The two scenarios are illustrated in red colour in
Fig. 4.

The volumetric and superficial efficiencies were calculated using the
methodology explained in (Casanovas et al., 2014). First, the efficiency
was obtained for different 2R values ranging from 0.0 to 500.0 m,
considering a homogenous and monoenergetic source of 661 keV,
which corresponds to the *’Cs emission.

Then, the efficiency curves in function of the energy were calculated
using 2R=100 m for the superficial geometry and 2R=300 m and
H=300 m for the volumetric one. The results were adjusted with the
following polynomial equation:

6

loge, = Z a,(log E)"
n=0 (€)]

where ¢y is either the volumetric efficiency ey or the superficial effi-
ciency es at the gamma-ray energy E and a, represents the fitting
coefficients.

The efficiency that corresponds to a point-like source placed at 5 m
from the rear of the mobile unit was also determined and adjusted using
Equation (1).

In case that gamma emissions from artificial radionuclides were
detected, the developed code is prepared to obtain the activity con-
centration of any source term distribution.

2.3. Attenuation of the car structure

The car structure affects the measurements obtained by the detec-
tors placed on the rooftop of the mobile unit, since the car acts as a
barrier for gamma rays. To measure this effect, the car attenuation was
calculated using MC simulations for the volumetric and superficial
source term scenarios and experimentally for a point-like source term.

For the volumetric and superficial source term scenarios, the counts
due to a '®’Cs emission were obtained with and without the car
structure. The simulations considered the same parameters used in the
efficiency calculations.

For the experimental calculations 5 min spectra were registered
using a punctual calibrated source of **’Cs in 23 different positions in
front, behind, under and in both sides of the car (see Fig. 5). The
measurements were performed twice: with and without the car struc-
ture. The mobile unit was parked at the same spot during the spectra
registration to avoid variations of natural radiation.

The attenuation parameter is defined as the relation between the

Fig. 4. Volumetric and superficial representation of the source term.
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Fig. 5. *’Cs source positions used to measure the car structure attenuation.

measurement obtained with and without the car for a specific source
distance. The attenuation percentage was calculated from '*”Cs counts
obtained in the spectra by:

Cc—C
Co (2)

Where c is the number of net counts per second (cps) of *”Cs with the
car structure and c, is the number of net cps without the car. The **’Cs
net counts were obtained using the methodology presented later in
Section 2.5 Spectral windows method.

The attenuation was measured for both detectors independently.
For the longitudinal attenuation a mean value was obtained.

2.4. Ambient dose equivalent H*(10)

Once the spectra are stabilised and calibrated, they can be analysed
to obtain the ambient dose equivalent. The ambient dose equivalent is
the recommended quantity to assess effective dose in area monitoring
and it is defined as the dose that would be produced by the corre-
sponding expanded and aligned field in the ICRU sphere at a 10 mm
depth (ICRP: ICRP Publication 103, 2007). The ICRU sphere (ICRU:
ICRU Report 39) is a 1 g/cm® homogeneous density sphere with a 30 cm
diameter. The composition of the sphere is 76.2% O, 11.1% C, 10.1% H
and 2.6% N.

The ambient dose equivalent is calculated from the gamma-ray
spectra obtained with LaBr;(Ce) detectors using a self-development
method that was previously validated (Casanovas et al., 2016). Briefly,
the method consists in calculating the fluence of the gamma-ray
spectra. Then, it applies conversion factors that obtain the H*(10)
ambient dose equivalent from the fluence. The fluence to H*(10) con-
version factors were obtained using Monte Carlo simulations with the
EGS5 code system.

In the H*(10) calculation study (Casanovas et al., 2016), the H*(10)
results for LaBr3(Ce) detectors were found to be inferior to the mea-
surements obtained with a calibrated Geiger Miiller tube. Thus, we
calibrated the LaBr3(Ce) detector for the mobile unit study. The de-
tector could have been calibrated in a certified laboratory. However, we
tried an alternative way using available equipment. To set up the
H*(10) calculation methodology for the mobile unit, the obtained
ambient dose equivalent was compared and adjusted to the values re-
gistered by other calibrated detector systems: a set of thermo-
luminiscent detectors (TLDs) and a proportional counter. The TLDs used
were calibrated for environmental dose measurements and the pro-
portional counter used was a RSO4L from BITT Technology, model
NPGD 02. The counter detects gamma-rays from 40 keV to 3 MeV and it
operates in a 10 nSv/h — 15 mSv/h ambient dose equivalent range with
a precision of + 30% with respect to **”Cs.

The gamma spectrometry detectors of the mobile unit, the TLDs and
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the proportional counter were placed in an outdoor environment with
natural background variations for several days. The spectrometry de-
tectors and the proportional counter obtained data every 10 min.

Then, the mean value of H*(10) obtained from the spectra during
the measurement period was rescaled to the H*(10) measurement given
by TLDs which were read by a certified laboratory. On the other hand,
the relative variations of the H*(10) obtained from spectra were ad-
justed to the relative variations of the proportional counter fitting a 2nd
degree polynomial.

Finally, the method was adapted to the computational capacities of
the aboard laptop. The H*(10) calculation process was optimised and
mathematically simplified. For example, the 40 conversion factors that
were used in the original method were adjusted to a polynomial func-
tion in this study. Thus, the computation time for the spectra stabili-
sation, the energy calibration and the ambient dose equivalent calcu-
lation was reduced to less than 1 s.

2.5. Spectral windows method

Gamma spectra are also analysed using another self-developed
method that is based on the spectral windows technique (Prieto et al.,
2017). This method obtains the activity concentration of a radionuclide
from the counts in a spectral window or region of interest (ROI) set
around a gamma emission of the studied radionuclide. It corrects for the
surplus counts that contribute to a ROI due to close emissions from
other radionuclides (overlapping) and for the counts associated to
Compton scattering from radionuclides of natural origin.

The target radionuclides are the following natural ones >'*Bi, >1“Pb,
212ph and the artificial ones *’Cs and '*'I. The activity concentration
of the artificial radionuclides is expected to be null during mapping
measurements in a normal situation, but it is calculated to trigger an
alarm in case of positive detection.

The activity concentration of the target radionuclides was calcu-
lated for the different efficiencies: superficial, volumetric and a point-
like source.

Additionally, one can calculate the increment of the ambient dose
equivalent that corresponds to artificial radionuclides, such as *’Cs,
combining the ambient dose equivalent and the spectral windows
methods. The explanation of this derived method is focused on the
measurement of '3”Cs, although it can be applied to any other artificial
radionuclide of interest.

To determine the increment of the ambient dose equivalent that
corresponds to a detection of *”Cs, we obtained a set of measurements
without presence of any artificial radionuclide. Another set of spectra
with different amounts of cps from '*”Cs was registered placing a point-
like source at various distances. Then, the ambient dose equivalent
H*(10) was obtained from all the spectra: those that contained different
amounts of *’Cs and those without **’Cs. We obtained the increment
of the ambient dose equivalent due to '3’Cs for all the spectra that
contained different amounts of '*’Cs subtracting the ambient dose
equivalent value of the scenario without *’Cs to those with 3”Cs. After
that, the spectral windows method was applied to these spectra and the
activity concentrations for the three previously calculated efficiencies
were determined.

This derived method stablishes a relation between the activity
concentration of an artificial radionuclide and the increment to the
ambient dose equivalent originated by this activity concentration. A
statistical criterion was set to trigger an alarm of a positive detection:
the measurements that surpass X + 3.5¢ were considered as a positive
detection, where X is the mean value for **’Cs activity concentration
(which is null in a normal situation) and o is the standard deviation of a
set of measurements without the studied artificial radionuclides.

2.6. MDAC

The Minimum Detectable Activity Concentration (MDAG) of '*7Cs
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and 31 was calculated after applying the spectral windows technique,
as described in (Prieto et al., 2017), for the 30 s measurements of the
mobile unit. The calculation of the MDAC considers the subtraction of
the intrinsic background of the detector to determine the limit of de-
tection. The limit of detection can be obtained with the standard de-
viation of a set of activity concentration values calculated using the
spectral windows methodology.
The MDAC can be determined as:

Lp
etp, 3)

MDAC =

where the detection limit Ly (with a 95% confidence limit) for a certain
ROI is calculated using the expression for the standard deviation of the
background (Currie, 1968):

Lp = 2.71 + 3.2903 4

where o3 is the standard deviation of the background (laboratory plus
the intrinsic background in LaBr3(Ce) detectors) measured in counts in
the considered ROIL The width of the ROI is determined for a 95.45%
peak area coverage.

2.7. Positioning of the measurements

The mobile unit moves at a maximum speed of 30 km/h and reg-
isters a spectrum every 30 s. Each registered spectrum is associated to
GPS coordinates. To control the distribution of the acquired spectra, the
extension of Catalonia was divided in a 1425 cells grid of 5 x 5 km?
each. Fig. 6 presents the map of Catalonia with the division cells and an
example of the GPS coordinates of some spectra registered in Barcelona.
Each marked position (red dots) represents a spectrum registered every
30 s and it displays its corresponding ambient dose equivalent.

2.8. Software

The portable computer placed beside the driver is equipped with a
self-developed software. This software places every registered spectrum
on the corresponding cell in real time. The 1425 cells of the map of
Catalonia are displayed in a different colour, depending on the quantity
of registered spectra within each of them. By way of example, Fig. 7
presents the extension of Catalonia divided in square cells in different
colours to indicate the spectrum density. The empty cells illustrate the
background of the map picture whereas the cells that contain up to 10,
50, 200 or more spectra are drawn in green, yellow, orange and red,
respectively.
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Fig. 7. Colour scale illustrating the spectra density registered within each cell.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

The number of spectra acquired in each cell depends on various
factors. For example, the different shapes of the available paths within a
cell, the difficulty of travelling at a constant speed due to traffic or
traffic restrictions of the different types of ways (highways, roads,
streets..), the number of occasions that the mobile unit travels along the
same path to obtain more spectra, etc.

The program also processes the spectra to apply the previously
mentioned methodologies: the different calibrations, stabilisation and
the calculations of the H*(10) and the activity concentration of some
studied isotopes. It presents the obtained ambient dose equivalent
H*(10) and the activity concentration of the studied radionuclides in
real time. Therefore, when the software obtains unexpectedly high
values of the dose equivalent or the activity concentration of a radio-
nuclide, the driver of the car is able to modify the route to acquire more
spectra in the suspicious area.
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Fig. 8. Energy (left) and resolution (right) calibration curves.

3. Results and discussion
3.1. Energy, resolution and efficiency calibrations

The energy and resolution calibrations provided adequate results
that are shown in Fig. 8. We adjusted a 2nd degree polynomial in both
cases, obtaining values of r* not lower than 0.9999. The spectrum used
for the calibration in energy and resolution was equivalent to the
spectrum presented in a previous article (Prieto et al., 2018).

Fig. 9 demonstrates the variation of the efficiency values for a
monoenergetic homogenous source of 661 keV in function of the size.
In both scenarios, the efficiency tends to stabilize when the source size
increases. The error bars of the data points represent the statistical
uncertainties from the EGS5 calculation (see reference (Casanovas
et al., 2012a) for more detail about uncertainty calculations).

The obtained efficiencies are similar to those calculated in a pre-
vious study (Casanovas et al., 2014), despite the efficiencies were cal-
culated simulating the detectors mounted on the car structure. The
mobile unit attenuates a little amount of gamma rays arising from a
homogeneous large source. Therefore, the car structure has not a re-
markable effect in the detector efficiencies for large size sources.

Based on these results, the superficial, volumetric and point-like
efficiency curves were calculated for 18 different energy sources ran-
ging from O to 2000 keV with 2R =100 m for the superficial geometry
and 2R=300 m (H=300 m) for the volumetric one. Efficiency values
are in the stable zone with uncertainties of less than 9% for this source
sizes.

Fig. 10 presents the efficiency curves of the detectors calculated
using MC code for superficial, volumetric and a point-like source placed
at 5 m from the rear of the mobile unit. In all cases, the higher effi-
ciency is achieved for energies around 200 keV.

A 6-degree polynomial curve (Equation (1)) fitted the efficiency
values for all scenarios, obtaining a r? coefficient of 0.999 (superficial
and point-like) and 0.986 (volumetric). The error bars of the data points
represent the statistical uncertainties from the EGS5 calculation (see
reference (Casanovas et al., 2012a) for more detail about uncertainty
calculations). The lower uncertainties from de data of the superficial
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and point-like scenarios allow a better fit of the polynomial equation.

Although the simulation for each energy was carried out for 108
histories, the computation time ranged from 16 h to 58 h depending on
the source size and the energy.

3.2. Attenuation

The attenuation calculated using MC simulations for the volumetric
and the superficial source term scenarios obtained an attenuation below
5% for the volumetric source term and of 33% for the superficial one.

The attenuation of a point-like source was obtained experimentally.
Fig. 11 indicates the attenuation values in different positions along the
longitudinal axis of the car. In order to improve the statistics, we cal-
culated the longitudinal attenuation as the mean value of both detec-
tors. Although the source was only under the car from —0.5 to 4 m, the
attenuation increases with the longitudinal axis in all the positions due
to the mobile unit's geometry and composition. The position of the
source and the sign convention is illustrated in Fig. 5.

The attenuation values for the transversal position were obtained
independently for both detectors. The attenuation increases when the
source is placed at opposite positions to the detector and decreases at
positions located at the same side showing little variations between
both detectors. Fig. 12 illustrates the attenuation of the detector placed
at the left side of the car (viewed from behind).

The attenuation is nearly constant and has an important effect when
detecting a source placed opposed to and under the car. For detector 1,
the mean attenuation for positions from —4 to 0.5 m is 0.81 and for
detector 2 (from —0.5 to 4 m) is 0.70. This variation can be attributed
to the different internal structure of the mobile unit in its laterals, for
example, the fuel tank shape and position.

The attenuation of the car affects much less for the detection of a
source located on the same side of the detector. For detector 1, the
mean attenuation (from 1 to 4 m) is 0.31, whereas for detector 2 (from
—4to —1 m) is 0.15. Thus, the cps registered variate mostly due to the
detector — source distance.

The different response of the detectors when a source is placed on
the transversal axis of the mobile unit could be useful to detect and
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Fig. 9. Superficial (left) and volumetric (right) efficiency values for different source sizes of 661 keV.
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Fig. 10. Point-like source at 5 m (top left), superficial (top right) and volumetric (bottom) efficiency curves calculated with MC code for 18 different homogenous and
monoenergetic sources. For some data points, error bars are smaller than the size of the bullet points.

determine the location of a point-like source during normal operation.

3.3. Ambient dose equivalent H*(10)

We compared the H*(10) calculated from the spectra to the H*(10)
given by a calibrated proportional counter and to the H*(10) value
obtained by TLDs. The mean value obtained from the spectra (0.067
uSv/h) was rescaled to correspond to the measurement of the TLDs
(0.078 uSv/h, black line in Fig. 13). The relative variations of the
H*(10) obtained from spectra were calibrated to correspond to the re-
lative variations of the proportional counter using a 2nd degree poly-
nomial with a r* value of 0.9995. The minimum and maximum values
obtained from the spectra were 0.055 pSv/h and 0.081 pSv/h respec-
tively, whereas after the adjustment the values were 0.072 uSv/h and
0.088 pSv/h. After the rescale and calibration, the measurement of
H*(10) from spectra was in agreement with those of the proportional
counter and the TLDs.

0.9 1 B Attenuation .

* Cs-137 counts

cps
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3.4. Spectral windows or ROIs

The spectral windows method obtained the activity concentration of
some isotopes for the different geometries considered in the efficiency
curves. By way of example, the activity concentration for the volu-
metric efficiency of 2'*Bi is shown in Fig. 14. The values of the activity
concentration of *'*Bi variate due to the characteristics of the different
geographical locations (soil composition, radon emanation rates, etc.)
where the measurements were registered. The mobile unit measured
spectra only in similar and favourable weather conditions to minimise
natural fluctuations caused by the meteorological variables such as the
precipitation or humidity variations.

The activity concentration of *’Cs fluctuates around 0 in all mea-
surements. However, to show the system response on anthropogenic
isotopes, we provide results for a 1*’Cs point-like source placed at 5 m
from the rear of the mobile unit in Fig. 15. This exposure is also treated
as if it were due to a volumetric and a superficial source of *’Cs. The
exposure to '3’Cs triggered the statistical criterion (¥ + 3.50) for all
source geometry assumptions. All the activity concentrations are also
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Fig. 11. Attenuation and '3’Cs cps values in several positions along the longitudinal axis of the mobile unit.
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Fig. 12. Attenuation and '*’Cs counts values from detector 2 in several positions of the transversal axis of the mobile unit.

related to the increment of the ambient dose equivalent H*(10) that the
137Cs produces when there is a positive detection.

Thus, Fig. 15 presents a set of measurements of '*”Cs obtained from
environmental spectra (measurements from 0 to 1000) and from
spectra registered with a '*’Cs point-like source (measurements from
1000 to 1200). Three axis illustrate the activity concentration that
would have been obtained considering three different situations: a
point-like source at 5 m from the rear of the mobile unit, a superficial
source term and a volumetric source term. The figure also shows the
increment to the ambient dose equivalent produced by a '*’Cs detec-
tion.

The amount of the ambient dose equivalent due the *’Cs activity
concentration is the same for the different source geometries as it is
related to the number of impacts on the detector crystal independently
of the source term distribution.

3.5. MDAC

To provide some values related to the measurement capabilities of
the mobile unit, the minimum detectable activity concentration was
calculated for '*’Cs and for '*'I for the volumetric and superficial
source distributions. Besides, the minimum detectable activity for a
point-like source at 5 m was also calculated.

The MDACs presented in Table 1 are affected by the low values of
the efficiency curves and the low time of measurement set at 30 s. The
low time of measurement generates high MDAC values, as the mobile
unit's objective is to obtain fast measurements. These fast measure-
ments provide a low amount of data to obtain good statistics. If lower

0.1

MDACs were required, integration times could be increased. The results
are of the same order as the discrimination criterion (X + 3.50). Thus,
both thresholds can be used as an alarm trigger.

In situations where an infinite volumetric or superficial source is
assumed, the cps of the spectra registered in each detector could be
added and thus, the MDAC could be lowered. However, if a source were
detected by only one of the detectors, adding the two spectra would
decrease the number of cps associated to the detected source and the
capabilities of the analysis methods would be worsened.

3.6. Real detection example

To show the feasibility of the system and its potential for future
applications in radiation monitoring during nuclear emergencies, we
also provide an example of an unexpected real detection of anthro-
pogenic isotopes that occurred during the validation phase of the
equipment.

During routine measurements, the mobile unit detected an incre-
ment of 65 nSv/h above the background level (70 nSv/h) during 2 min.
After a thorough analysis of the situation, the increment was found to
be due to the presence of '°°Ir, which was being used in a construction
site on the road. The use of this radionuclide was controlled, had been
previously notified to the safety authorities and did not suppose a risk
to the population.

192y is a radioactive isotope that emits gamma rays of several en-
ergies. The emissions with probabilities higher of 10% are 316.51 keV
(82.85%), 468.07 keV (47.84%), 308.46 keV (29.7%) and 295.86 keV
(28.71%). This isotope is frequently used for industrial radiography and

Fig. 13. The obtained H*(10) from a LaBr; de-
tector (red dots) was adjusted to the H*(10)
measurements of a proportional counter (black
dots) and of the TLDs (black line). The result is
illustrated in green dots. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this ar-
ticle.)
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Fig. 14. Activity concentration of >'*Bi calculated using the spectral windows method for a volumetric source term.

non-destructing testing.

Fig. 16 presents the spectrum registered during the detection of the
1921y source. The black line shows the net counts after the subtraction of
the LaBr;(Ce) self-activity spectrum. We identified and tagged peaks
from '2Ir, even if they are not well defined. The location of the source
in contact with the ground causes the high Compton scattering present
in the spectrum.

4. Conclusions

A mobile unit using LaBr3(Ce) scintillation detectors has been set up
and it is ready for radiological measurements. The set up included de-
tector calibrations (energy, resolution and efficiency), implementation
of analytical methods to obtain H*(10) and activity concentrations,
calculation of MDAC values and the development of a software to ac-
quire and analyse data.

The system is able to monitor H*(10) and to provide activity con-
centrations of the different isotopes. Thus, it permits to detect and
analyse small fluctuations of anthropogenic isotopes and to distinguish

Table 1

MDAC/MDA and X + 3.5¢ values for three source term geometries of '*’Cs and
1311, Calculations were performed for one detector with an integration time of
30s.

Volumetric (Bq/m3) Superficial (Bq/mz) Point-like at 5 m (MBq)

MDAGC T + 3.50 MDAC X + 3.50 MDA X + 3.50
1%7¢s  25.5 25.4 1300 1296 0.82 0.81
B 195 21.8 861 965 0.61 0.68

them from those from natural origin. When precise activity con-
centrations are needed, efficiency calculations can be adjusted to the
exact source term geometry, allowing us to evaluate the activity con-
centrations more realistically.

The capabilities of the mobile unit monitoring system were de-
termined by calculating the MDAC values. High MDAC values were
obtained due to short integration times (30 s). The short measurements
of the mobile unit aim to be a representation of a small area since they
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Fig. 15. Activity concentrations and the associated increment to the ambient dose equivalent of *’Cs. The first axis on the left corresponds to a point-like source at
5 m from the rear of the mobile unit, the second corresponds to a superficial source term and the third corresponds to a volumetric source term. The axis on the right
presents the increment of the ambient dose equivalent produced by *’Cs. The dotted line (red colour) represents the X + 3.50 criterion. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 16. Detection of a '9?Ir source during an integration time of 2 min in a construction site. The gray line corresponds to the measured spectrum, the dotted line
corresponds to the background self-activity spectrum of the LaBrs(Ce) crystal and the black line is the net spectrum, where the peaks from *°?Ir can be identified.

are registered when the car is in motion. However, if necessary, higher
integration times could be used to obtain lower MDACs.

The mobile unit was tested on the field and provided good results.
Therefore, it is ready to be used for measuring radiological data of large
areas, either for routine measurements or during a nuclear emergency.
In particular, this mobile unit will acquire spectra to create a radi-
ological map of Catalonia.

To do so, the mobile unit will collect and analyse data during the
following months. We will obtain information about the natural radi-
ological state of the region. The collected information will allow us to
determine the areas of special interest due to natural or even anthro-
pogenic radionuclides, if detected. These areas will be studied thor-
oughly in the last phase of the project.
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