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1 Executive Summary
Introduction

All European countries operate radiological early warning networks, and there are approximately 5500
dosimetry monitoring stations currently active across Europe. However, many of these stations are based on
simple detector designs which do not give the required level of radiological accuracy or detail, and thus further
time-consuming data analysis is needed before any decisive action can be taken. To address this, this project
developed devices, new measurement techniques and methods to coordinate the radiological data collected
from monitoring stations and to improve comparisons between different stations and networks. This will result
in the faster and more coordinated response of European authorities in the event of a nuclear emergency.

The Problem

During an airborne spread of nuclear contamination there is an urgent need for authorities to advise the
population on the necessary precautions to stay safe. Recommendations from the European authorities could
affect millions of people and may have severe economic and sociological consequences. Therefore,
metrologically sound monitoring data of ambient dose rate and airborne radionuclide activity concentrations
are a prerequisite for sound governmental decisions.

Safety standards for the health protection of the general public and workers against the dangers arising from
ionising radiation are laid down in the Council Directive 2013/59/EURATOM and are mandatory for all EU
Member States. In addition, as a direct consequence of the Chernobyl accident, information exchange in the
event of a radiological emergency is implemented by the European Community Urgent Radiological
Information Exchange System (ECURIE) operated by the European Commission. The 5500 dose rate
monitoring stations operating in Europe provide hourly data transmission to the European Radiological Data
Exchange Platform (EURDEP). In the case of a major radiological or nuclear accident, the information collected
by EURDEP is used by the ECURIE system to initiate the responses of national authorities to radioactive
contamination.

Networked radioactive contamination monitoring stations use two main types of detectors to determine if levels
of airborne contamination are increasing as a result of a nuclear incident:

1 Dose stations use passive devices to monitor for changes in the levels of radioactivity in the environ-
ment. Current dose meters are not capable of providing data on specific radionuclides, but recent
developments in detector materials mean that modern instruments have the potential to provide this
information.

1 Airborne particulate samplers use a pump operating at high flow rates to suck air through a filter and
trap airborne particles and often augment dose monitoring. After many hours of operation filters are
removed for offsite analysis using chemical extraction techniques. The analysis methods used provide
very accurate determinations of radioactive contamination but there is a significant delay in generating
contamination level results.

All monitoring systems are affected by background effects such as radon, a naturally occurring radioactive
gas, and cosmic interferences. New detector materials are becoming available but these need to be
performance evaluated for dose and determination of radionuclides before they can be used in instruments
and devices for active radioactive monitoring. The most accurate gamma radiation detectors HPGe (High
Purity Germanium) have previously been restricted to laboratory conditions because they need to be cooled
to liquid nitrogen temperatures. However, new refrigeration techniques can now be used which means the
HPGe detectors can be deployed at monitoring stations.

Evaluation of these technologies is needed to provide cost effective recommendations for monitoring networks.
Prior to this project, it was common to see uncertainties in radiological data of a factor of 2 or more. Therefore,
automation, an upgrade to newer detector types, accurate characterisation and standardised operation
procedures to ensure trans-boundary events are accurately recorded across the EU are needed in order to
ensure that the best possible data is available to ECURIE.
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The Solution

The aim of this project was to improve the metrological foundation of measurements (devices and methods)
for monitoring airborne radioactivity and to introduce pan-European harmonisation in data reliability for area
dose rate measurements which are input to EURDEP and other monitoring networks. In addition, novel and
improved instrumentation and new measurement techniques and analysis methods were developed for field
stations of the radiological early warning networks in Europe. The characteristics and properties of newly
developed spectro-dosemeters were investigated and published. These publications include recommend-
ations how the novel instruments should be integrated in the existing infrastructure. The results achieved
clearly demonstrate the ability of the novel spectrometric detectors to replace conventional dose rate meters
like Geiger Muller based dose rate meters presently mostly used in early warning networks. Such a
modernization would be accompanied by a considerable increase of the accuracy of the data and its
information content (provision of nuclide specific data). Similar to dose rate monitoring, novel spectrometric
detectors with medium energy resolution like LaBrs, CeBrs and Srl2 have been investigated experimentally as
well as by various Monte Carlo simulations for their capability to analyse activity concentrations of radioactive
particulates collected at the filters of air samplers. Three novel air samplers (two compact portable and one
modular transportable) have been developed and tested. All are on-line capable and provide data in real-time.

Impact

The results obtained in the project represent important steps towards the harmonization of radiological data
provided by the early warning network stations in Europe and by environmental radiation monitoring, in
general. Specifically:

1 More precise area dose rate and air borne radioactivity monitoring data can be derived
1 New measurement techniques and traceable measurement procedures are available

1 Basic metrological information (performance parameters) is provided for dosimetry, spectrometry and air
sampler systems for metrologically sound measurements of dose rates, contamination levels on ground
and air contamination levels, in real-time

1 Metrological developments and improvements allow an early indication of a nuclear or radiological threat

i Best practice derived from comparison exercises and evaluation of differing calibration procedures is
disseminated via e-learning material made permanently available on the internet for the user
communities.

In addition, the metrological infrastructure in Europe for dosimetry at low dose rates, has been improved by
the establishment of a second underground low dose rate calibration facility, operated by IFIN-HH in Romania.

2 Project context, rationale and objectives
21 Context

The nuclear power plant accident in Chernobyl (Ukraine) in 1986, with massive transboundary implications,
led to severe medical, environmental, economic and sociological consequences for the affected countries. The
huge amount of radioactivity released after the accident, combined with meteorological factors, caused large-
scale contaminations not only in Ukraine and its neighbouring countries Russia and Belarus, but also in
Scandinavia and less severe in most other European countries. Parts of the large contaminated areas (e.g.
280.000 kmZ in Belarus) had to be, at least temporarily, excluded from agricultural production. Therefore, the
economic costs of this accident were tremendous. Estimates are in the order of more than 100 billion dollars
for Ukraine and 35 billion dollars for Belarus. Moreover, as pointed out by the World Health Organisation
( WH O )n addifion to the lack of reliable information provided to people affected in the first few years after the
accident, there was widespread mistrust of official information and the false attribution of most health problems
to radiation exposure from Chernobyl 0

As a direct consequence of the Chernobyl nuclear power plant accident, the Council of the European Union
has adopted the Coun c i | Decision 87/600/Euratom which | ay

exchange of information in the event of a radiol ogi

all European countries have installed automatic dosimetry network stations as well as air sampling systems
for the monitoring of airborne radioactivity. In Europe, at present, about 5500 stations measure dose rate
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values in nearly real time. In addition, a few hundred air samplers are operated. Most of them need extended
accumulation times with no real-time measurement capability. National dose rate data are provided on an
hourly basis to EC via EURDEP, and a web interface with reduced functionality supplies information to the
general public.

In case of a nuclear emergency with transboundary implications, the EC may issue important
recommendations to EU member states based on the radiological data collected by EURDEP. These
recommendations may affect millions of people and could have severe economic and sociological
consequences. Therefore, the reliability of the EURDEP data is of key importance. Unfortunately, the dose
rate and activity concentration data are neither validated nor harmonized between the different networks.

On the other hand, reliable radiological data from routine measurements are also a prerequisite in order to
achieve credibility and acceptance by the public concerning the operation of nuclear power stations.
Unfortunately, almost three decades after the Chernobyl accident, the non-validated radiological data provided
by EURDERP still show significant (artificial) differences at the borders of neighbouring countries, related to
different instrument properties and measuring procedures. For these reasons, the European Commission Joint
Research Centre (JRC) in Ispra (ltaly) and the European Radiation Dosimetry Group (EURADOS) have
undertaken considerable efforts in the last decade to harmonize the data of dosimetric network stations in
Europe.

In 2011, the nuclear power plant accidents in Fukushima once more demonstrated the indispensable need for
reliable environmental radiation monitoring. Although this remote accident did not lead to any measurable
increase in the ambient dose equivalent rates in Europe, a pronounced increase in the radioactivity
concentrations in air, especially of 131, 137Cs and 134Cs, was observed on the filters of high-volume air samplers.
Comparisons of the reported values showed inconsistencies and again revealed the need for harmonization
of reported results. In the event of a major radiological emergency, the early and reliable knowledge of
radioactivity concentrations in air, and subsequently the assessment of contamination levels of farmland and
of dose rate levels in urban areas are of key importance for organising sound countermeasures for the
protection of the general public from the dangers arising both from direct external radiation and from intake of
radioactivity from ingestion or inhalation of contaminated food or air.

2.2 Objectives

This project set up to improve the metrological foundation of measurements (devices and methods) for
monitoring airborne radioactivity and to introduce pan-European harmonisation in data reliability for area dose
rate measurements which are input to the European Radiological Data Exchange Platform (EURDEP) and
other monitoring networks. This project addressed the following scientific and technical objectives:

1. To develop novel and improved dosimetry systems for field station use to enable both the
measurement of dose rates and the collection of nuclide-specific information; including comprehensive
scientific investigations of detector features and of spectra evaluation and deconvolution methods for
new and improved measurement systems based on novel spectrometric detectors, e.g. LaBrs, CeBrs,
Srlz and CdZnTe;

2. To validate the new techniques for the calculation of dose rates and contamination levels from in-situ
gamma spectra by Monte Carlo simulations and bench mark experiments;

3. To undertake enhanced on-site evaluation of the diverse environmental and radiological conditions
and measurement techniques used at dosimetry monitoring stations (provision of background
information on site conditions and scientific development of appropriate correction methods);

4. To develop improved detection methods and data analyses techniques to enable accurate
measurements of low activity concentrations of radon (in the range from 300 Bq m- and below). To
develop and cross-check procedures for determining the blank indication of active radon monitors;

5. To develop novel and improved instrumentation for the field of airborne radioactive particulate
monitoring, focused on mobile systems with real-time capability. This includes the development of
novel traceable reference materials and standard sources (especially for large-area aerosol filters)
and to perform proficiency tests and other comparison exercises to quantify airborne radioactivity
measurements at field stations;
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6. To validate the new techniques for the field of airborne radioactive particulate monitoring

7. To validate common metrological procedures and to implement traceable calibrations of detector
systems used to supply data to central databases, especially EURDEP;

8. To develop new and more sophisticated data analysis protocols to enable rapid information
dissemination;

9. Toinstall an underground low-d 0 s e ( O 1 ®) @alibnaow fadility of IFIN-HH at Slanic-Prahova in
Romania and to validate it against PTBO6s globally

3 Research results

In the following, the results of this joint research project will be summarized and presented against each of the
projectds objectives.

In order to identify the current state of the art at the start of the project, different questionnaires have been
developed and sent out to the operators of European early warning networks. The questions focused on the
methods used to:

a) Detect airborne contaminations by monitors and samplers of radioactivity in air,
b) Monitor area dose rates,

¢) Handle, transfer and store radiological data in real time and

d) Provide traceable calibrations of detector systems.

In addition, information on the needs of participants interested in an intercomparison between organizations
involved in the detection of radioactive contaminations on a filter medium was collected. The answers received
from these questionnaires have been carefully evaluated and provided important input for other investigations.

3.1 Novel and improved dosimetry systems for field station use, based on novel spectro-
metric detectors

To detect radiological incidents, all members of the European Union have installed nationwide radiological
early warning networks. Most of the installed detector systems supply only dosimetric information. Novel
spectrometry systems are considered to be good candidates for a new detector generation for environmental
radiation monitoring because they will supply both nuclide-specific information and ambient dose equivalent
rate values at once.

Therefore, within this project, novel and improved instrumentation and new measurement techniques and
analysis methods were developed for field stations of the radiological early warning networks in Europe.

New spectrometry systems, based on scintillators like LaBrs, CeBrs, Srl2, and the semiconductor CdZnTe,
were characterised experimentally, as well as by various Monte Carlo (MC) simulations, so that they can
function as dosemeters as well. The aim of using these spectro-dosemeters is to derive nuclide specific
information additionally to the determination of area dose rates. The performance of the novel spectro-

dosimetry systems has been tested under metrologically well-d e f i ned i rradiation conditi
underground calibration facility UDO Il and in quasi isotropic irradiation fields in radon-progeny atmospheres
at PTB6és former radon chamber. In addition, |l ong term

conditions, were performed to study the feasibility to replace conventional dose rate meters by spectro-
dosimetry systems. The measurement results were compared with data derived from well characterised
reference instruments. Examples of some studies are shown in the subsections below.

In several publications, the characteristics and properties of spectro-dosemeters developed in this project were
described. These documents also include recommendations for the integration of the novel instruments in the
existing infrastructure of early warning networks. The basic properties of the detectors, like e.g. their inherent
background, energy resolution and sensitivity were studied and the different detectors were compared with
each other. Results which were achieved in one of these studies are listed in Table 1 [2]:
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Table 1: Properties of detectors investigated and characterized at PTB.

Material of detector crystal LaBr3 CeBr3 Srl, CdzZnTe
Dimensions (cylindrical with diameterd d=2.54 cm d=254cm d=254cm cubic,
and height h) h=254cm h=254cm h=254cm 1x1x1lcm?d
Density/ (g cm3) 5.18 5.07 4.6 6.34
Typical total light yield of photons / 66,000 43,000 85,000 -
MeV-1

Energy resolution at 662 keV/ % 2.7 4.5 4.1 2.6
Radioactive contamination 138 a and %?"Ac 22TAC none none
Inherent background/ 103 h1 34.7 2.60 0.60 0.052
Inherent background / nSv h- 82 9.8 <1 <1

The results achieved clearly demonstrate the ability of the novel spectrometric detectors to replace
conventional dose rate meters like conventional Geiger Muller based dose rate meters presently mostly used
in early warning networks. Such a modernization would be accompanied by a considerable increase of the
accuracy of the data and its information content (nuclide specific data).

In a different study, t wo spectrometric monitors,

Saphymo and the CdzZnTe (1 cm?3) based GR1-A from Kromek (with the housing from Saphymo and assembled
by BfS) were irradiated at different gamma fluence rates, energies and angles at UPC6 secondary standard
calibration laboratory using 2*!Am, 37Cs and %°Co sources to study their linearity, energy resolution and
angular response The detectors show almost an isotropic response from 90° (incident photon from the top) to
~ -30° (330°), while after this breakpoint the efficiency drops to nearly zero at -90° (270°). The reason for this
is the absorption produced by the electronics of the monitor, located in the bottom half of the probes. Both
spectrometric detectors work properly up to ambient dose equivalent rates of approximately 2 mSv h-1,

311Detectords inherent background

The inherent background of the spectro-dosimetric detectors was measured in UDO II, the low dose rate
underground laboratory of PTB, which shows an ambient dose equivalent rate of 1.4 nSv/h only [2]. A lead
castle, installed at UDO I, reduces the natural background radiation even further by a factor of about 10.
Therefore, the inherent background spectra of the detectors were measured inside this lead castle.

Internal background of CeBr3, LaBr3, Sri2 and CdZnTe

1000 ;
LaBr3
CeBr3
< Srl2
£ 100l iCdZnTer
§2}
c
>
o}
o
o
(0]
N
g 10 | H ‘ 1
2 A L
B | m.!
10 (10 | m
1 ki i
500 1000 1500 2000 2500 3000

Energy in keV

Figure 1: Inher ent background of the different detector types

laboratory UDO Il [2].
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Background spectra of the four different detector systems described in Table 1, in the energy range from
30 keV to 3 MeV, are depicted in Figure 1. The upper energy limit was chosen to cover the highest occurring
energy of the natural radiation of 2614 keV (2%8Tl). The lower energy limit was set to 30 keV due to the
absorption of the housing at lower energies and to cut off noise. Using the conversion coefficient from count
rate to dose rate of Figure 3, the background spectra correspond to inherent background dose rate values of
82 nSv/h (LaBrs), 10 nSv/h (CeBrs) and less than 1 nSh/h for Srl2 and CdZnTe, respectively.

3.1.2 Energy dependence of the response

The response of the various detectors with respect to different incident photon energies (60 keV (?**Am),
122 keV, 136 keV (°’Co), 662 keV (*¥7Cs), 1173 keV, 1332 keV (5°Co)) was measured in radiation fields at
UDO I [2]. This sensitivity is a limiting factor for the time required for a reliable determination of activity
concentrations and ambient dose rate values. The aim is to measure these in less than an hour. The four
different photon fields cover the wide range of energies observed in the natural radiation. For a quantitative
analysis the net count rate of the photo peaks was derived.

T T T

s *°Co — LaBr3

L CeBr3 40,05
Srl2
CdZnTe

o
3
T
S—
1

o g
~
——r .

% J ' ] L 1004 o
o ! e |
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©0.3F \ 1F | 10,03 3
= | N
£ : S
Eo0.2 | ‘ 002 £
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Figure 2: Response of the different detectors [2].

In Figure 2, the photo peaks found in the spectra of the four detector systems, described in Table 1, produced
by 137Cs (left) and 8°Co (right) are shown. The scintillators show a similar dependence of the net peak count
rate on the photon fluence with differences of less than 10 %. The Srlz is less sensitive than the bromide
detectors which is due to the lower density, as the geometry of the scintillation crystals is identical. The
spectrum of the CdzZnTe detector shows less than 10 % of the peak count rate at energies above 662 keV
which is mainly caused by the smaller detector size. The exceptionally good energy resolution of 2.7 % at the
662 keV (*37Cs) peak of the LaBrs detector can be seen on the left in Figure 2, which is comparable to that of
the CdZnTe detector, 2.6 %. The measured energy resolution of the CeBrs detector, 4.5 %, and of the Srl2
detector, 4.1 %, are of the same order. However, a much better resolution for Srl> was reported in literature.
The rather poor energy resolution of this measurement is most likely caused by the readout electronics, which
was not optimized for processing the signals of a Srlz scintillator.

In Table 2, the dependence of the count rate per dose on the incident photon energy is quantified and
summarized. The differences are observed both at the 60 keV peak of 2**!Am and at the 122 keV peak of 5Co,
which are caused by the different materials and geometries of the detector housings. This means that in case
of the CeBrs based detector a 137Cs source (662 keV) that causes a dose rate of 5 nSv/h in the position of the
detector has to be measured at least for 1 h to achieve a statistical uncertainty of 5 % of the peak area, inherent
background effects not included.
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Table 2: Measured counts of the peak integral per unit H*(10) of each detector at different energies (the standard

uncertainties are listed with the expansion factor k = 1). The normalized photo peak efficiency can be calculated from
the H*(10) values [2].

Peak Energy Peak integral of detector based on:
LaBrs CeBrs Srl, CdznTe
keV (10* sv?
60 59.1(7) 57.2(7) 46.6(5) 9.9(2)
122 43.6(6) 41.3(7) 34.4(4) 6.06(14)
662 2.27(3) 2.19(4) 2.37(5) 0.137(2)
1173 0.33(2) 0.295(8) 0.314(13) 0.016(1)
1332 0.311(15) 0.284(9) 0.276(7) 0.016(1)
Peak Energy Peak efficiency per incident photon of detector based on:
LaBr3 CeBr3 Srl, CdznTe
keV %
662 13.3 12.8 13.9 20.8

3.1.3 Conversion coefficients from pulse height spectra to dose for CeBrs, LaBrs, Srl, and CdZnTe
based detectors.

In one study, the conversion coefficient method was used to investigate the spectro-dosemeters based on

CeBrs, LaBrs, Srl2 and CdZnTe [9]. Different quasi-mono-energetic sources and X-ray fields were used to cover

eight different energy regions and calculate the conversion coefficients w;. For the energy range between

148 keV and 346 keV no source was available and therefore the X-ray qualityN-3 00 of PTB&és refere
was used. The sources and energy ranges are summarized in Table 3 and Table 4, respectively, and the

results are shown in Figure 3:

Table 3 The quasi-mono-energetic sources, their 9-peaks and the corresponding energy ranges for determining the
conversion coefficients wi [9].

Source 2-peaks used for calculation Energy range
241Am 60 4017 80
109Cd 88 807 96
5Co 122 967 148
N-300 247 (mean energy) 1487 346
92)r 468 3467 538
B7Cs 662 5387 846
60Co 1173, 1333 84671 1654
88y 1836 165471 2018

Table 4: The resulting conversion coefficients w; for all detector systems (in 10" * Sv, according to Eqgn. 2). The
uncertainties are estimated (for the expansion factor k = 1) using a Monte-Carlo method [9].

Emean wi of detector based on
CeBr3 LaBr; Srly CdznTe
Sv / keV Sv/ keV Sv/ keV Sv / keV
60 2.49(6) 1.73(4) 3.51(8) 12.0(3)
88 0.95(5) 0.86(4) 0.82(5) 5.8(4)
122 1.16(2) 1.03(2) 1.10(2) 7.2(2)
247 1.35(3) 1.36(3) 1.33(3) 10.9(3)
Final Publishable JRP Report -90f42 - Issued: October 2017
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442 3.3(5) 3.0(5) 3.2(5) 35(5)
662 3.5(3) 3.3(3) 3.5(2) 40(5)
1250 3.45(7) 3.43(7) 3.77(7) 43(2)
1836 4.3(8) 4.0(8) 4.6(8) 53(16)
100 F i 3
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Figure 3: Conversion coefficients wi from counts to dose. The significant higher values for the CdZnTe are due to
its smaller volume of 1 cm® compared to 12.9 cm? of the scintillation detectors [22].

3.1.4 Anqular dependence of the response

For the full characterization of the detector, the angular dependence of the response has to be measured [9].
This was done in PTB6s reference fields in UDO 1|
90° was measured, as shown in Figure 4. This has to be taken into account in case of surface contaminations
of large areas, because in this case, the radiation is coming from different directions of the lower hemisphere
(the hemisphere of vectors pointing from the detector towards the ground). The angles are defined so that 90°
defines a plane parallel to the ground, passing through the detector, and angles larger than 90° point to the
ground (i.e. to the contaminated soil).

13— S —— LaBr3 (60 keV)
[ 1 =— — LaBr3(122keV)
............ LaBr3 (662 keV)
CeBr3 (60 kev)
— — CeBr3 (122 keV)
------------ CeBr3 (662 keV)
Sri2 (60 keV)
Sri2 (122 keV)
Srl2 (662 keV)
CdZnTe (60 keV)
= = CdZnTe (122 keV)

Response normalized to 90°

0 20 40 60 80 100 120 140
Angle of incident/ °

Figure 4: Relative angular response of the different detectors for 60 , 122 and 662 respectively.

The results show that for energies above 200 keV no angular dependence of the response has to be taken
into account, as the deviations are less than 5%. To correct for the angular dependence at lower energies an
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irradiation average angle of 105° was chosen which is the mean effective angle of radiation when having a
large surface contamination in the vicinity of the detector. In a later stage of development, the housing of the
detectors can be optimized. This can be demonstrated with LaBrs based detectors which is in a different

housing than the other detectors and therefore shows |
The different shape of t hthecGbicfgaometryirscortrasttotiee cylirrical afthe ed by

scintillation detectors.

3.1.5 Conclusion

Performance tests with the newly developed spectro-dosimetric detectors (able to measure doses and to de-
tect which radionuclides are present) show, that these devices are suitable replacements for conventional
dose rate meters, such as the Geiger Muller based dose rate meters presently used in most early warning
networks. A change to these novel spectrometric detectors will bring a considerable increase in accuracy of
dose rate measurements (from deviations of up to a factor of 2, improved to about 20 % or even less) of the
data and, in addition, will provide nuclide specific information.

3.2 Validation of new spectrometric dose rate monitoring and contamination level estima-
tion

3.2.1 Monte Carlo simulations

There has been considerable progress in the field of Monte Carlo simulations. Detection forcing methods have
been implemented in the well-known Penelope software, and a new version of the DETEFF code, which is
able to calculate the basic parameters for dose rate calculation from spectra, has been created and verified.
Both computer codes were compared regarding their ability to calculate H*(10) from spectra recorded with a
LaBr3 based detector. Different methodologies were used for the calculation of H*(10). For the calculation of
the detector response matrixes and the deconvolution of the measured energy loss spectra different methods
were implemented and tested: a) the stripping method, b) the conversion coefficient method and ¢) a maximum
entropy method (implemented in the code DET-H10).

Thesocal l ed 6detection forcing variance reductionb
be combined with the other techniques already implemented, i.e., Russian roulette, splitting and interaction
forcing, has been implemented to be used in environmental radioactive scenarios. The code has been tested
by comparing simulations with the reciprocal variance reduction method using simple geometries.

techn

Furthermore, MC simulations have been carried out for both detectors and different sources a t UPCO6 s

secondary standard calibration laboratory using the upgraded PENELOPE/penEasy code. Spectra calculated
with simulations and the experimental irradiations have been compared and analysed. There was a good
agreement in the photo peak regions for the three sources, i.e., ¥¥’Cs, 6°Co and ?*!Am (see Figure 5). For
energies higher than the photo peak energy an underestimation in the simulation can be observed. This fact
is because simulation results cannot account for pile up. The sum peak of two completely absorbed photons
from decay can be clearly seen for the 137Cs and 2**Am sources. In the energy range lower than the photo
peak, it can also be observed an underestimation of the simulations. In this case, the reason has a completely
different explanation. The photonic irradiator consists on a roulette of sources. Therefore, it is not possible to
avoid the gamma scattering as a consequence of neighbouring sources.
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Figure 5: Picture of a) the UPC secondary standard calibration laboratory and b) Simulated and experimental
spectra measured with SpectroTRACER monitor for *37Cs source.

The full energy peak efficiencies for both monitors have been calculated using the MC codes developed by
UPC and CIEMAT. The full energy peak efficiencies for photons of 100, 364, 1460 and 2500 have been
calculated for flat surface deposition using circular geometries with radius of 5 m, 20 m, 50 m, 200 m and
1000 m. Efficiencies for semi- spherical volume clouds have been also calculated for radius of 20 m, 50 m,
200 m and 500 m. In general, the comparisons of the methodologies are in good agreement for both surface
source and volume source.

3.2.2 Dosimetric data from spectro-dosemeters

There are several methods to calculate dose rate values from pulse height spectra. In most commercial
systems, the conversion coefficient method is used because it allows the quick calculation of dose rates from
measured spectra if some requirements are fulfilled. The conversion from the actual response of an instrument
to a dosimetric quantity, e.g. H*(10), is made by applying the energy dependent conversion coefficients w; to
the counts of each energy bin n; of a spectrum according to:

H*(10) =w1 CE1 O + w2 CE2 On2 + € wzCEz Ongz,

where E; is the mean energy of energy region i. For each detector system, a full set of w; values is derived
using spectra from quasi mono-energetic sources or synthetic spectra from Monte Carlo (MC) simulations.

UPC and CIEMAT have applied stripping, conversion coefficients and Maximum Likelihood Estimation using
Expectation Maximization (ML-EM) methods in order to calculate H*(10) from photon pulse-height spectra
using own devel oped c o-H &6 Réte: H*1Q) cepressents thaambientdbsE dquivalent,
which is the absorbed dose equivalent (in Sievert) at a depth of 10 mm, in a virtual phantom (30 cm in diameter)
of tissue equivalent material for a corresponding extended and aligned radiation field. For the purpose of
validation, the methods were compared with controlled irradiations at the UPC secondary standard calibration
laboratory in Barcelona, and a real scenario at the ESMERALDA station located at the CIEMAT premises in
Madrid (Figure 6). In general, calculated H*(10) rates are in good agreement for the irradiations in the
laboratory with relatively high dose rates compared to natural background levels. Figure 6 demonstrates that
the pattern of the different methods for H*(10) rate calculations are similar and can detect both rainy periods
and increased radon concentrations in air. From the comparison analysis it can be concluded that the most
convenient methods are conversion coefficients and ML-EM using recalculated coefficients of the second-
order polynomial energy calibration equation for each spectrum. It is advisable for the manufacturers of
spectrometric monitors to improve the calibration corrections required to compensate the energy shifts due to
gain changes associated with temperature variations.
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Figure 6: a) Picture of ESMERALDA reference station with the monitors installed b) H*(10) comparison in
ESMERALDA and radon progeny concentrations.

Using the developed MC variance reduction techniques, realistic spectra for fresh deposited activity of
1 kBg/m? have been generated for the SpectroTRACER monitor at ESMERALDA (CIEMAT) and INTERCAL
(BfS) using low and high background levels, i.e, dry and rainy conditions respectively. For rainy periods, the
enhanced natural peaks of 21“Bi and 2**Pb led that it would be very complicated to identify the artificial peaks,
especially for 1311 for such deposited activities. In ESMERALDA station, due to the complexity of the geometry,
which includes trees close to the monitor, depending on the deposition process on the trees the response of
the monitor could be significantly different for the same grassland contamination.

Simulated Cs-137 counts with bin energy of background spectrum Simulated Cs-137 counts with bin energy of background spectrum
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Figure 7: Detector response for fresh deposited 37Cs and 31| of 1 kBg/m? in ESMERALDA for dry (left side) and
rainy (right side) scenario.

3.2.3 Results of the intercomparison of spectrometers used for dose rate monitoring

PTB performed an intercomparison of spectrometers (LaBr3, CdZnTe, etc.) to be used as dose rate monitoring
instruments in early warning network systems. The important dosimetric characteristics of the spectrometers
as the energy response, the linearity concerning the dose rate, the response to cosmic and terrestrial radiation,
the sensitivity to detect the radiation of a radioactive plume and the temperature dependence of the indicated
values were investigated. The results demonstrate that spectrometers are capable to be used as instruments
for dose rate measurements, as their properties are equal or superior to conventional dosemeters.

This project investigated, as whether a new generation of spectro-dosemeters can replace conventional
dosemeters, which are mainly based on Geiger-Miiller tubes. Within this intercomparison, representative
spectrometry systems were investigated concerning their ability to measure correct ambient dose equivalent
rates. Furthermore, the data of the reference instrument, a high pressure ionization chamber, and a Geiger-
Muller tube were recorded.
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The measur ements t oo kncegnrheasarimg sées forHovRidss rate. &lfe elasemeters were
irradiated under reference conditions at the low-dose irradiation facility in the underground laboratory UDO I,
at a floating platform on a lake (measuring site for cosmic radiation) and at a free-field irradiation facility (plume
simulation machine). The resulting data contain information about the important dosimetric characteristics of
the spectrometers as the energy response, the linearity concerning the dose rate, the response to cosmic and
terrestrial radiation, the sensitivity to detect the radiation of a radioactive plume and the temperature
dependence of the indicated values.

In this intercomparison 14 spectrometry systems were investigated. In the following, some representative
results of a few of these systems are shown.

Figure 8 displays energy response curves of spectrometers developed within this project ( i s c i
s pect r omwhithecanbecpmpared with that of commercially available spectrometers (Figure 9, left) and
conventional GM dosemeters (Figure 9, right). While the energy dependence of the response for the latter vary
by a factor of up to 2 (i.e. 200%), the scientific (well characterized) spectrometers show deviations of less than
20%. Some commercially available spectrometers also show an unsatisfactory energy response, as show in
Figure 9 (right).

Figure 10 depicts measured plume profiles in comparison with a reference curve. The prevailing dose rate was
altered in steps by using the PTB plume simulation irratiator.
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Figure 8: Energy response of eight scientific spectrometers (for comparison with Figure 9).

Geiger-Muller Counters 2
1.8
O USUUSTTRSU. ST ———— i /
F L e LT T e L LT T PP PP T LT e P PR PP e P TP 14 ./
s = W Py
c @ o~
s e . é_ i@ o/ ,.l//f
] ! g I/l—’w
€ 08 foor O T & 08 s
R 0.6 —A— 183/GM —-251/GM |
2l “-165SM - —A-184ISH 0 -0-262/GM = 275/GM
—- 261/5M —— 276ISM -
0.2 T T 0.2 T T
10 100 1000 10000 10 100 1000 10000
Photon enemgy / keV Photon energy / keV

Figure 9: Energy response of commercially available spectrometers (left) and conventional GM dosemeters (right).
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Figure 10: Measured plume profiles of a GM counter (left) and a LaBrs based spectrometer (right) after
subtracting the natural background in comparison with a reference curve (red line). The prevailing dose rate was
altered in steps by using the PTB plume simulation irratiator.

The results of this intercomparison show that novel spectrometers are superior to conventional dosemeters,
especially to Geiger Muller counters. In addition to providing nuclide information from their spectra, their ability
to measure dose rates correctly and with a high sensitivity is hardly reached by any conventional dosemeter.
The energy response can be tuned to an ideal curve, just by changing parameters in the evaluation software,
when the response of the detector is almost isotropic (which is fulfilled for all investigated systems). Scientific
dose rate calculation software, developed within MetroERM, shows much better results than commercial
software, which is not mature, yet for these measurements.

3.2.4 Conclusion

Intercomparison exercises with 15 spectrometers of 5 project partners (PTB, UPC, BfS, EHU, CIEMAT) were
performed to validate the newly developed equipment and procedures for dose rate monitoring and contami-
nation level estimation. Computer codes were compared to assess their ability to calculate H*(10) from spectra
recorded with scintillation detectors. Different methodologies were used for the calculation of H*(10). For the
calculation of the detector response matrixes and the deconvolution of the measured energy loss spectra; a)
the stripping method, b) the conversion factor method and c) a maximum entropy method were tested. The
different methods have respective advantages and disadvantages but, in general, all showed to work very well.

3.3 On-site evaluation of conditions and techniques used at dosimetric monitoring stations

It was an important aim of this project to develop scientific concepts to account for the influence of the various
site-characteristics on dose rate and nuclide specific data. Methods for an appropriate correction of such data
were developed and tested at some representative locations of monitoring stations. Recommendations for the
selection of appropriate sites were published. Improved site characteristics will reduce uncertainties of
radiological data and hence contribute to the harmonisation of early warning networks. The contributions of
the different background sources to measured dose rate values of spectrometric detectors have been
determined and background correction methods were developed. In addition, the results achieved have been
used to provide guidance for future developments and benchmark experiments.

As a new approach in dose rate data analysis, signal processing methods were used to perform the time series
analysis of long-term measurements. The results showed the typical fluctuations and their frequency, which
will enter the calculation of typical uncertainties that occur during long-term dosimetric monitoring.

3.3.1 Influence of soil radon and radon progeny concentrations in air on dose rate detectors

Radon concentration as function of the soil depth was measured during the years 2011 (previous to this project)
to 2015, in a location of the Aristotle University campus [8]. Radium distribution in soil was found constant. On
the contrary, as expected, radon concentration increases with soil depth. The experimental distribution was
reproduced by solving the general transport equation (diffusion and advection). From the general radon
migration (diffusion and advection) equation, the radon exhalation rate from the soil (26.7 + 4.5 Bq m2 h'1) was
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indirectly deduced, from the measured radon profile in the soil. At the same location, 113 direct radon
exhalation measurements were performed in the period from 2010 to 2015. From these, an average value for
the six years of (21.1 + 3) Bq m2 h''" can be derived. The comparison between the radon exhalation rates
deduced by the indirect and direct method indicates the validity of the diffusion advection model predictions
concerning the radon exhalation rate from soil. The relation between radon migration in soil and terrestrial
gamma radiation was studied. In particular, the correlation between gamma radiation one meter above soil
and radon exhalation in 6 locations of the Greek early warning system network was investigated. A positive
correlation between gamma dose rate in air (caused by radon progeny) and radon exhalation rate from soil
was found. The rain effect on the dose rates measured by the high pressure ionization chambers (HPIC) and
HPGe detectors was studied. Two remarks can be mentioned: The first is the increase of the dose rate due to
air radon progeny deposition (?“Bi and 2'4Pb) on the soil surface by the rain. After the air radon progeny
deposition on the soil surface, the gamma dose rate decreases due to natural decay of the gamma emitters
214Bj and 2“Pb. The second remark is that after the rain and particularly after some half-lives of 214Bi and 214Pb
the dose rate is smaller than before the rain starts. The humidity of the soil becomes the attenuator of the
gamma radiation emitted by the soil.

3.3.2 Response of early warning systems to terrestrial and cosmic radiation.

The Telemetric Early Warning System Network of the Greek Atomic Energy Commission consists mainly of a
network of 24 Reuter-Stokes HPIC for gamma dose rate measurements and covers all Greece. In the present
work, the response of the Reuter-Stokes HPIC to terrestrial and cosmic radiation was evaluated in comparison
with spectroscopic data. The spectroscopic data were obtained by in situ gamma spectrometry measurements
with portable Germanium detector (HPGe) right next to the Reuter-Stokes detectors, at six of the 24 locations
of the Greek early warning system network during the period from 2014 to 2016 and at ten locations in the
year 2001. The HPGe detectors are sensitive only to terrestrial gamma radiation. On the contrary Reuter-
Stokes detectors are sensitive also to cosmic radiation. Therefore, the comparison between the absorbed dose
rates in air measured by the two instruments can reveal information concerning the response of the Reuter-
Stokes detectors to terrestrial and cosmic radiation. For the HPIC detectors a conversion factor for the
measured absorbed dose rate in air to the total ambient dose equivalent rate ¢*(10), due to terrestrial and
cosmic component, was deduced by the field measurements.

3.3.3 Detection of rain events in radiological early warning networks with spectro-dosemeters

Short-term pronounced increases of the ambient dose equivalent rate due to rainfall are a well-known
phenomenon. Increases in the same order of magnitude or even below may also be caused by a nuclear or
radiological event, i.e. by artificial radiation [21]. Hence, it is important to be able to identify natural rain events
in dosimetric early warning networks and to distinguish them from radiological events. Novel spectrometric
systems based on scintillators may be used to differentiate between the two scenarios, because the measured
gamma spectra provide significant nuclide-specific information. One study describes three simple, automatic
methods to check whether an H*(10) increase is caused by a rain event or by artificial radiation the Man Made
Gross Count ( MMGC) method, the peak based met hod
measurements of three spectrometric systems based on CeBrs, LaBrz and Srlz scintillation crystals,
investigated and tested for their practicability at a free-field reference site of PTB.

To test whether the three methods can distinguish between artificial and natural increases of H*(lO),
simulations assuming a radioactive fallout were done. Spectra produced by the presence of the radionuclides
137Cs and %°Co were collected by installing weak sources of these isotopes close to the detectors at the
reference site. The dose rate contributions of the sources correspond to an activity concentration of 13 kBg/m2
(*¥7Cs) and 3.2 Bg/m2 (5°Co), respectively. The radiation of surface activity concentrations was approximated
by using point sources, which produces the same dose rate, because the detectors have a widely isotropic
response (especially above some hundred ), so that the origin of a photo peak in the spectrum is not of
importance. Dose rate to surface contamination coefficients were applied to calculate the virtual surface
contamination. As an example, the results obtained from measurements with a CeBrs spectrometer are shown
in Figure 11. All results obtained by this type of investigation are listed in Table 5.

The MMGC method is surely the easiest method to be implemented. It does not require any complicated

preparation, only the spectromete r 6 s ener gy cal i bration must be known.

of artificial radionuclides is detected, independently from the detector used. If this method was used to interpret
gross data of a LaBrs detector, it produced a significant number of false alarms during heavy rain events,

Final Publishable JRP Report -16 of 42 - Issued: October 2017
Version V1.0



ENV57 N
MetroERM ¢
ra?;lilc.)?ogical EU RAM ET

early warning

because of artificial radiation below 1400 and the radiation of radon progeny cannot be distinguished. This
problem is not observed if background corrected data are analysed instead of gross data. However, the
sensitivity to detect radiological events will be reduced drastically after background subtraction because of the
considerably higher variance of the data, so that this approach is not favourable.
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Figure 11. Results after applying the three methods for rain detection to data of a CeBrs spectrometer, by simulating
a radioactive fallout by using *¥7Cs and °Co sources during a rain event. The dotted lines show dose rate values
and results of the methods without the addition of the artificial spectra [21].

Table 5. Detection of an artificial increase of the dose rate, which was ca. 20 nSv/h [21], by the different investigated
methods.

Test case Method LaBrz CeBrs Srl;
peak based yes yes yes
137Cs+60Co during rain event detected? MMGC yes yes yes
G yes yes no
peak based yes yes yes
137Cs+60Co during dry period detected? MMGC yes yes yes
& no no no
peak based - no -
13| during rain event detected? MMGC - yes -
2 - yes -
peak based - no -
131] during dry period detected? MMGC - yes -
2 - yes -
The peak based method is more difficult to i mplement b

efficiency and energy resolution as the function of energy. The results concerning the selected scenarios are
good as well, except for the test cases involving the 13! source, which has peaks of energies similar to that of
radon progeny. These two methods can also be combined to obtain results that are more reliable.

T h e2 method turned out to be the most problematic. Under the assumptions made in this work [21], this
method could correctly detect most of the rain events only if data of Srl2 detector were evaluated, but could
not distinguish artificially induced H*(10) increases from natural rain events. However, selection of different
parameters may improve the performance of this method. This has to be investigated in further studies.
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3.3.4 Conclusion

Corrections for the influence of on-site characteristics on dose rate and nuclide specific data were developed
and tested at monitoring stations. Recommendations for the selection of appropriate sites have been submitted
for publication, including improved site characteristics that will help to reduce the uncertainty of radiological
data and hence contribute to the harmonisation of early warning networks. In addition, background correction
methods were developed for dose rate measurements using spectrometric detectors.

3.4 Improved detection methods and data analyses techniques for radon at low concentra-
tions

Measurements with dose rate meters and spectrometers in known reference atmospheres of radon and its
progeny in the radon-chamber of PTB revealed that low concentrations of radon in air may influence dose rate
measurements only slightly. Nevertheless, it was found that a considerable part of the radon progeny may be
attached to the surface of detectors. Due to the close geometry, these attached progeny have an influence on
the measured results. The potential influence of radon progeny on outdoor dose rate measurements was
estimated and published. The influence of radon progeny on activity concentrations measured by air-samplers
was also investigated.

The time dependency of soil radon concentrations, radon progeny concentration in air, gamma dose rates and
radon exhalation rates, were measured at a dedicated installation. Highest correlations of radon concentrations
and dose rates have been found when the atmospheric parameters vary smoothly due to the atmospheric
stability. In addition to these measurements, MC simulations have been performed and the results compared
with the experimental results.

3.4.1 Influence of radon on dose rate measurements, studied i n PTB&6s Radon c¢chamb

If radon is accumulated in the natural environment at a dose rate measuring station, the air volume in which a

higher radon concentration is found is limited, e.g. because of the topology or by inversion layers. If a volume

of about 3000 m? is assumed (very high radon concentrations will likely be observed in the environment if the

soi l exhalates a high radon pux, an inversion | ayer €
instrument is somehow prevented by calm air between buildings, dense vegetation, etc.), the conversion

coef yci e m8vhd(Bg/md).wduld be valid according to the published results of a study [24]. As a
consequence, a rise of the indicated value of the dose rate instrument of some nSv/h is possible, when very

high activity concentrations of some 10 Bg/m3 are assumed (which rarely has been observed in nature).

The radon and hence the radon progeny (i.e. the decay products of radon) activity concentrations in soil and

in air depend on various geological as wel |l as meteoro
the normal background radiation level; i.e. the ambient dose equivalent rate in the normal environment. The

influence of radon progeny on dose rate instruments was studied. Benchmark experiments were performed to

compare MC simulations with measurements fromawelkd ey ned r adi ation yeld produc
PTBO6s radon r ef[24 €he measurementshew that the H*(10) rates measured by different
monitors have a signiycant contri buti on faced tha noonitorhe dep
(plate-out).

From the measurements and MC simulation, a conclusion can be drawn that under extreme conditions, radon
in air can have an effect on indicated dose rates of area dosemeters operated in the natural environment of
some nSv/h or even more then 10 nSv/h under extreme conditions. However, as a prerequisite for the scenario,
a number of favourable conditions have to be assumed which lead to very high and unusual radon activity
concentrations, so that such conditions will rarely occur.

The plate-out contribution is different for each monitor due to different housing geometries, materials and
surface texture and paws the direct measurement of dos
account whenever indoor measurements of dose rates are performed in a radon atmosphere. Campaigns of
indoor ambient dose rate measurements are often carried out in areas with high Rn activity concentrations
such as mines, other underground working places, spas, etc. In these locations, it is usual that high Rn-progeny
concentrations are present in the air, so that conditions comparable to those in the PTB radon chamber prevail.
The measurements show that the direct measurement of dose rates by exposing a dosemeter are not possible,
because the indicated values could be wrong by an order of magnitude, depending on the conditions. In an
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outdoor situation, however, the contribution to H*(10) of deposited radon progeny activities on the detector
surface is small compared to the contribution from the gamma radiation emitted from Rn progeny in a huge air
volume.

3.4.2 Blank indication of active radon monitors

Accurate determination of blank indication of radon measurement instruments (indication corresponding to a
null radon concentration, sometimes referred to as intrinsic instrument background), may have similar weight
as determination of the instrument sensitivity. As an example, for a radon monitor with blank of 30 Bg/m3, used
to measure a typical radon concentration of 600 Bq/m3, the blank correction amount to 5 %, that is well beyond
the typical sensitivity uncertainty. Active monitors can be contaminated by 210Pb and may give blank
indications of the order of tens Bg/m3, if the instruments have been exposed to very high radon concentrations
for long times. Additional sources of non-zero blank can be related to electronic noise and electronic setting.

In order to investigate the equivalence of their capability to determine the blank indication of radon monitors,

BfS and ENEA measured independently the blan k i ndi cati on of an AAl phaGuard

respective radon chambers. The results achieved by the two participant laboratories where submitted to an
independent referee before disclosure of the individual results. The results of the two blank indication
determinations were: (2.5 + 0.5) Bg/m3 by ENEA and (2.9 £ 0.6) Bq/m3 by BfS, respectively.

The two results well agree within the reported uncertainties proving that procedures applied in both laboratories
are reliable and provide the required uncertainties. It should be noted that the good agreement obtained is
even more indicative considering the difficulty of this measurement, the low value of the blank indication and
the special consideration that this is, to our knowledge, the first comparison of this type organized at the
international level.

3.4.3 Conclusion
Dose rate and airborne radioactivity monitoring:

Measurements with dose rate meters and spectrometers in known reference atmospheres of radon and its
progeny in the radon-chamber of PTB revealed that low concentrations of radon in air (in the range from 300
Bqg m- and below) may influence dose rate measurements only slightly. However, it was found that a part of
the radon progeny may attach to the surface of detectors and, because of the close geometry, therefore influ-
ence measurement results. The potential influence of radon progeny on outdoor dose rate measurements was
estimated and found to be small (in maximum a few nSv/h) for typical outdoor radon concentrations. The
influence of radon progeny on activity concentrations measured by air-samplers was also investigated and
found to reduce the detection limits of some relevant radionuclides.

Radon monitoring:

There is a memory effect of radon monitors which have been exposed to high levels of radon activity concen-

trations, called fAblank indicationo; i . elaterdbseeceafanmdi ng

radon. This inherent background of the instrument, which has to be corrected for, especially when low radon
concentrations have to be measured, is caused by internal contaminations of the instrument with long-lived
radon progeny from former exposures to radon atmospheres. The blank indication of a radon monitor was
investigated at radon chambers of ENEA and BfS. The results achieved perfectly agree within the reported
measurement uncertainties.

3.5 Novel and improved instrumentation for airborne radioactivity monitoring

Three on-line instruments for radioactive-aerosol monitoring have been developed within MetroERM. All three
instruments provide high-resolution gamma spectra for sensitive determination of nuclide-specific activity con-
centrations levels-in-air, in near real time. The instruments are suitable for permanent installation at a monitor-
ing station and provide significant improvements over current off-line aerosol monitoring. A review of key re-
sults relating to these instruments is given below.

CIEMAT have developed a continuous on-line air sampler, based on a continuous glass fibre filter and an
electro-mechanically cooled HPGe detector. The system has been running for six months at the CIEMAT field
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site, with periods of unattended operation. This extended dataset proved that the system was capable of reli-
ably measuring key radionuclides with an improved detection limit.

CMI and NUVIA have designed and built a new modular air sampling system for in-field airborne radioactivity
measurements. The system consists of a fully automated sample changer for filters, and a shielded mechani-
cally cooled HPGe detector. Special software algorithms were developed and tested for the subtraction of
natural radionuclide contributions from the measured gamma-ray spectra and for the analysis of the results.
The system can be equipped with a transportable shielding.

IJS have developed a compact portable on-line aerosol sampling gamma spectrometry system based on a
CeBr3 detector. It is capable of providing continuous on-line low level airborne radioactive particulate monitor-
ing for field station use via 3G network communications. The calibration of the device and performance tests
(using spiked filters as well as exposure to environments with elevated natural radon level) were performed at
NPL. Further tests performed in a controlled radon environment at ENEA confirmed the suitability of the device
for its purpose.

3.5.1 CIEMAT airborne radioactivity monitoring system

The airborne radioactivity monitoring system installed at ESMERALDA, the CIEMAT's reference site for
radiological and weather measurements for continuous monitoring of airborne particulate radioactivity, consists
of an electro-mechanically cooled High-Purity Germanium (HPGe) detector operated by a portable
spectroscopy workstation (shown in Figure 12). Air is sampled at a flow rate of 25 m3A - and particles are
deposited onto a continuous glass-fibre filter directly exposed to the HPGe detector. An option exists for the
installation of a second spectrometry detector (usually scintillation detectors such as Nal:Tl, LaBr3z:Ce or CeBrz)
at the top of the measurement chamber for direct and real time comparison with the HPGe detector.

Figure 12: Automatic radioactive aerosol monitor developed by CIEMAT. Detection efficiency values have been
determined for the three positions indicated in the figure to ensure the system response is understood during
emergency scenarios where deposition rates may be very high.

Specific application software, programmed in Visual Basic using ActiveX controls and dynamic libraries from
Genie-2K® gamma analysis software, has been developed to control the operation of the system and perform
automatic spectra analysis. Algorithms for analysis have been optimized according to the results of previous
studies to evaluate the influence on detector response of particle deposits located in the vicinity of the
det ect o-of-Geav. A MyB8QLdatabase has been designed for data management and storage. A screen
shot of the control and analysis software is shown in Figure 13.

The system for continuous monitoring of airborne particulate radioactivity installed at CIEMAT was operated
under test conditions from May to October 2016. Typically, the system worked unattended during two or three
weeks in a row and the reported results were accessed on real time and remotely by the authorised users.
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