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Abstract. Within the INSIDER project, the WP5 (in situ measurements) has been tasked with analysing the
existing systems and methodologies for carrying out these types of measurements in constrained environments,
aiming to classify and categorise these environments. An additional task is to organise the participation in in situ
intercomparison exercises in real situations, defining the most suitable equipment to carry these out. This paper
presents the activities of the WP5 and a summary of the main results obtained in these activities after the first
two years of work.
1 Introduction

INSIDER is an EU Horizon 2020 research project, within
the topic NFRP-7 of the EURATOMprogramme that aims
to develop and validate a new and improved integrated
characterisation methodology and strategy during nuclear
decommissioning and dismantling operations (D&D) of
nuclear power plants, post-accidental land remediation of
nuclear facilities under constrained environments. In line
with the general objectives of the INSIDER project, the
work package WP5 is devoted to the definition and
implementation of the practical considerations surround-
ing in situ radiological characterization of nuclear/
radioactive facilities subject to a decommissioning pro-
gramme, taking into account specific outputs from work
packages WP2, WP3 and WP4.

So far, and according to the WP5 work plan as defined
at the start of the project, the main activities undertaken
and results obtained by this WP are related to: (a) analysis
of the different existing measurement systems for the in
.herranz@ehu.eus
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situ measurement of alpha, beta, neutron and gamma
radiations emitted from the materials and structures
belonging to radioactive/nuclear installations under D&D
processes in a constrained environment, (b) classification
and characterization of this type of environments, based on
the restrictions they impose on the measurement system
and (c) application of the lessons learned to a practical
situation, achieving the first intercomparison exercise
carried out in a real installation under D&D decommis-
sioning process.

The first two of these activities have led to deliverables
5.1: “Inventory of existing methodologies for constrained
environments” [1] and 5.2: “Classification and categoriza-
tion of the constrained environments” [2], while the third
one is already finished but the data obtained are still under
evaluation by colleagues fromWP6, remaining the WP5 in
charge of the technical challenges.

At the same time, as these activities have been carried
out, it should be noted that a database of the main
companies which carry out D&D activities at the European
level has been set up and it will remain operational and
open for the duration of the project.

In this paper, the main conclusions obtained during
these tasks are briefly presented and analysed.
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.
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2 Inventory of existing methodologies for
constrained environments

2.1 Description

The objective of this work is to describe the instruments
used for in situ radiological characterisation by means of
non-destructive techniques, taking into account their
limitations of use in constrained environments, for
example, in terms of radioactivity (medium or high
radioactivity), under difficult accessibility conditions
and/or in underwater interventions. The most commonly
used instruments are described, as well as the new
developments. Additionally, this study also describes those
instruments that are only used in very specific situations or
whose use is not very widespread due to technological,
economic or time availability constraints.

This description starts with the simplest, fastest and
most inexpensive method that can be used, which is based
on measuring radiation levels at predefined locations
(environmental radiation measurements). The cartogra-
phy of alpha/beta contamination on surfaces is also a very
useful method and is thus analysed as well (surface
contamination measurements). Other, more sophisticated
methods considered in the document that can be applied
for in situ measurements are gamma spectrometry, passive
neutron counting and radiation cameras.

It is important to note, however, that certain nuclear
facilities or some of their components contain complex or
non-standard infrastructures with limited accessibility and
intense radiation fields. For such constrained environ-
ments, new methodologies are necessary. These will be
based on advanced statistical processing and modelling,
coupled with adapted and innovative analytical and
measurement methods. Robotics or other remotely
deployed systems based on reduced-size detectors are a
good alternative, but collimation mechanisms with small
opening angles may also be considered to restrict the field-
of-view of the chosen instruments to only specific areas or
portions of the item to be measured. But these new or still-
under-development methodologies are beyond the scope of
this document.

2.2 Main results and conclusions
2.2.1 Environmental radiation measurements

The main advantages of the Geiger-Müller (GM), the most
widely used instrument for gross beta/gamma counting,
are its low price, robustness, its large variety of sizes and a
minimal electronic processing. However, the GM cannot
distinguish between radiation types or energies, it is not
able to measure high dose rates, and sustained high
radiation levels will definitively degrade its detection
performance, so it is not recommended for certain
constrained environments [3].

Ionization chambers are universally used to determine
air-kerma, due to their good and uniform response to
photons and their tolerance to intense radiation fields.
They, however, cannot discriminate between radiation
types and cannot provide the corresponding energy
spectrum. Another alternative in the case of energetic
photons is the one based on the energy-compensated silicon
diodes, allowing for very small-sized detectors to be used
for routine surveys in nuclear facilities.

Virtually every type of photon detector is able to
measure H*(10), but the preferable one is the proportional
counter, which is able to discriminate between radiation
types and provides the corresponding spectrometric
information. It also has a small dead time effect and can
tolerate high radiation levels. The case of neutrons is much
more complex and the available instruments to measure
the associated ambient dose equivalent provide satisfactory
results only in restricted energy intervals and/or in specific
irradiation conditions. Therefore, such instruments must be
calibratedunder the same experimental configurations, or at
least considering a representative neutron spectrum [4].
2.2.2 Surface contamination measurements

For alpha contamination, gas-filled proportional counters
or scintillator detectors with an ultra-thin aluminized
Mylar or mica film window can be used, positioning the
counter as close as possible to the object under analysis.
However, the risk of breakage makes direct measurements
impractical, except in particular and controlled situations.
In the case of b-particles, the use of proportional counters
with more robust end-window thickness is more wide-
spread. Nevertheless, beta identification on the basis of
energy resolution is virtually impossible and care must be
taken to properly estimate the contribution of gamma
radiation.
2.2.3 Gamma spectrometry

Gamma spectrometry is the start technique for in situ
measurements, allowing for the identification and even the
quantification of most radionuclides [5]. The most
commonly used gamma spectrometers are based on
inorganic scintillators, such as NaI(Tl) or LaBr3(Ce), as
well as on high-purity germanium (HPGe), CdTe or
CdZnTe (CZT) semiconductors.

Scintillation detectors can be manufactured in large
volumes, and they have a high detection efficiency, but a
poor energy resolution. They are often used for low
intensity photon flux measurements with simple gamma
spectra. However, since most scintillators have a very fast
signal response they can also be used at high counting
rates or for coincidence counting. NaI(Tl) scintillation
detectors do not tolerate high radiation levels, and they
are hygroscopic. Consequently, they cannot tolerate
exposure to humid environments, so they must be
hermetically sealed, which can hinder low energy gamma
detection. These detectors provide a stable energy
resolution and a constant decay time of the light pulses
over a wide range of temperatures [6]. Once hermetically
sealed, they can also be used in underwater applications,
inside a nuclear fuel storage pool for real-time monitoring.
LaBr3(Ce) scintillators offer better energy resolution than
NaI(Tl) ones, a fast emission rate, an excellent tempera-
ture tolerance, as well as good resistance to intense
radiation fields [7]. As they are currently available in small
sizes, they are very appropriate for constrained environ-



Fig. 1. Illustration of the capability of a stereo g-camera to locate a 137Cs source placed inside a barrel with an outer diameter of 60 cm,
taken from Paradiso et al. [9].
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ments, just like silicon drift detectors (SDD) and silicon
photomultipliers (SiPM).

High-purity Germanium (HPGe) detectors have an
excellent energy resolution and they may have large
sensitive volumes. Their major drawback is that the crystal
must be cooled to liquid nitrogen temperatures, which
limits their usefulness. CdTe and CZT detectors have
higher detection efficiency than HPGe ones although it is
difficult to obtain them in large sizes, and they can operate
at room temperatures. Their energy resolution is not as
optimal as that of HPGe detectors, but it is slightly better
than that of scintillators. In addition, CdTe and CZT
detectors are able to carry out measurements over a wide
range of radiation levels; however, they are characterized
by a low-energy tailing in the measured spectrum.

It must be highlighted that semiconductor detectors
are relatively sensitive to performance degradation when
exposed to intense radiation fields, namely, the ones
containing neutrons. Electronic components are also
radiation sensitive, particularly the preamplifiers.

2.2.4 Neutron coincidence measurements

The main advantage of passive neutron measurement is its
relatively low sensitivity to the density of the materials
surrounding the radioactive elements. However, it is
extremely affected by a number of frequently unknown
properties, such as the presence in the sample of 242Cm and
244Cm.

The main disadvantage of its basic mode of application
is its high sensitivity to the chemical form of the radioactive
contaminant, thus it is necessary to discriminate the signal
fraction originating from the spontaneous fissions from
that one resulting from (a,n) reactions. A precise
interpretation of the results requires prior knowledge of
the isotopic composition of the contaminant. Failing this,
only an overall assessment representing all the potential
emitting isotopes will be possible.
2.2.5 Laser-induced breakdown spectroscopy and radiation
cameras

All these techniques are quite promising and, although they
are not widely used in the nuclear industry, they have the
potential to become standard procedures in this field in the
near future. In what follows, we provide a brief description
of each one of them.

Laser-induced breakdown spectroscopy or LIBS is
considered to be a minimally-destructive assay method
based on the principle of ablation of a small amount of
sample (10�12 to 10�9 g) by focusing a highly energetic laser
pulse onto a given surface point. The ablated material then
forms a micro-plasma, which almost immediately emits
light photons at characteristic wavelengths, depending on
the elemental composition of the sample. It is therefore a
very fast and versatile technique that can, in principle,
detect all kind of materials, including impurities. However,
its application to the radiological characterization field is
quite limited because this system is unable to distinguish
radioisotopes.

Gamma imaging techniques enable the superimposi-
tion of a colour map display, indicating the amount of
emitted X- or g-rays, on a given optical image of the
scene under study. It provides an optimal solution to
track most radioactive sources from greater distances
than conventional rate meters, thus significantly reduc-
ing the radiation dose received by operators. g-cameras
for industrial applications have recently undergone
impressive upgrades in terms of lightness, compactness,
usability, response sensitivity, angular resolution and
spectrometric capabilities [8]. In this regard, perhaps the
main technological breakthrough has so far been the
development of a stereo g-camera [9], which is able to
automatically retrieve the 3-D location of any radioactive
source, regardless of its shape and volume, even when this
source is behind or within an occluding object, as shown in
Figure 1.



Fig. 2. Localization by means of an alpha camera of plutonium
contamination inside a glove box of the ATALANTE facility at
the CEA Marcoule site.
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In principle, the difference between neutron imaging
and gamma cameras is the type of materials used for
shielding. Several prototypes have recently been developed
for multiple applications related to the radiation protection
of workers, and the protection of nuclear non-proliferation
safeguards and national security. However, the challenge
for the initial characterisation of nuclear facilities subject
to a decommissioning programme remains the design of
neutron cameras that are as compact and robust as
possible, so that they can be used in constrained environ-
ments while remaining sufficiently sensitive to neutrons
and optimizing the angular resolution. Potentially good
compromises in this aspect have been proposed byWhitney
et al. [10] and Lynde et al. [11].

The remote and safe localisation of materials or surfaces
contaminated with a-particles emitters are possible based
on the ionization-induced fluorescence of airborne mole-
cules. In fact, after depositing their energy in a small layer
of air, monochromatic ultraviolet lights are emitted
because of the presence of nitrogen. This is the measure-
ment basis of an alpha camera, which has been widely
tested in realistic fields with encouraging results [12]. As an
example, Figure 2 shows how this technique has been
successfully applied to locate the surface contamination of
the ATALANTE facility at the CEA Marcoule site.

3 Classification and categorization of the
constrained environments

3.1 Description

This work involved the description and categorisation of
constrained environments and the identification of the type
of nuclear/radioactive installations where they could
appear, depending on the D&D process stage under
development.

For a specific component inside a certain installation,
the choice of an in situ measurement technique will depend
on a set of information obtained through a complete
decision process that starts by defining the investigation
objectives of the in situ measurement, and finishes by
choosing the most suitable investigation method, that is,
the most appropriate in situ measurement technique. The
selection of that investigation methodology depends on
various challenges to be overcome or constraints to be
taken into account.

On the basis of the preliminary information gathered,
considering the zones of interest along with the existing
constrained environment, it is possible to determine the
adequate number of in situ measurements, their locations
and the equipment needed. This process defines the in situ
measurement method � “system definition”; see Figure 3.

To complete this investigation method, the response
protocol � “intervention definition”– will be defined by
considering challenges like the availability of resources and
other considerations related to safety, radiation protection,
security and quality.

The output of these processes will be the assessment of
the most suitable in situ measurement technique for a
specific area under different constraints.

The description of constrained environments includes
all types of environments that make the choice of a non-
destructive in situ measurement method challenging, as
previously described. They can be classified according to
the following problems: (a) radioactivity levels of the area
to be characterized, (b) difficult accessibility of this area,
(c) diversification of the type and properties of the
materials contained in it, and (d) the possible presence
of chemical and/or biological hazards. A more exhaustive
description of the constraints can be seen in Figure 4.

This classification has been accomplished by listing the
most important installations where in situ measurements
could be taken during the D&D process activities: reactors
(power-generating and research), plants (uranium enrich-
ment, fuel converting, fabricating, spent fuel processing,
other fuel facilities, radioelement production, nuclear
maintenance workshop, storage facilities, low-level rad-
waste facilities), high energy accelerators and other types of
installations (irradiation facilities, testing and research
laboratories). Afterwards, we considered that each of them
can comprise various areas that can be affected by different
constraints in different ways. We consider that these areas
can be grouped into 33 categories (e.g. foundations-
structural materials and apron; secondary cooling system;
ventilation ducts; decontamination room…).

However, it should be taken into account that a same
area can have different constraints throughout the whole
decommissioning process. The way that characterization
must be carried out depends on the following three phases
of any D&D programme [13]:

–
 initial � Dismantling phase;

–
 intermediate � Remediation phase;

–
 final � Release phase.

Finally, the classification has been accomplished by
producing several tables, one for each constraint, where
areas are linked to installations and to the specific
properties of the constraints. For each one of these
constraints, the differences between the various phases



Fig. 3. From Investigation objective to investigation methods.

Fig. 4. Constrained environments.
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of a given D&D programme have also been outlined. In the
case of radiological environments, the constraints have been
categorized as very low, low, normal, high and very high.

This work does not claim to be an exhaustive guide
containing all the possible nuclear or radioactive installa-
tions, nor all possible constraint environments. The main
objective of this document is to describe those situations
that appear most often and those that are most challeng-
ing. This paper presents only the main conclusions of the
study.

3.2 Main results and conclusions

Due to space limitations, all tables cannot be presented
here, but they are available on the EU INSIDER project
website. As an example, Table 1 shows how areas can be
classified according to their radioactivity constraints.

As a general conclusion, and as expected, it is in the
nuclear power plants where the number of constraints and
their categorization is the highest. Therefore, the need to
have well-defined methodologies and in situ equipment is
more challenging.
4 Development of the first in situ
intercomparison campaign

4.1 Description

Out of the three in situ intercomparison campaigns
planned as part of the European project INSIDER, the
first one has already finished. This first exercise has been
carried out by carrying out radiological measurements in
the biological shield of the BR3 reactor, located in the SCK-
CEN (Mol, Belgium) and under D&D process. Figure 5
shows a 3D model of the reactor pit (left) and a picture of
the platform installed for the measurements (right). The
material is quite well characterized and the list of
radionuclides it contains includes: 3H, 14C, 41Ca, 55Fe,
60Co, 63Ni, 133Ba, 134Cs, 137Cs, 152Eu, 154Eu and 155Eu.

At three different points of the biological shielding with
high, medium and low dose rates, three types of measures
have been carried out: dose rate, total gamma and gamma
spectrometry. Due to space and time constraints, only
6 work teams from 7 different organizations were allowed to
participate in this intercomparison exercise.



Fig. 5. Reactor pit and platform.

Table 1. Classification of areas according to the radioactivity constraint (an example).

Areas Type of installation Step Contamination Gamma
dose rate

Neutron
dose rate

Radiation
flux

Equipment room Reactors
Plants
Accelerators

Intermediate
Final

Low Low Low Low

Process control room Reactors
Plants
Accelerators

Final No No No No

Decontamination
room

Reactors
Plants
Accelerators

Initial
Intermediate
Final

High Low Low No

Hot Cells front area Reactors
Plants
Accelerators

Intermediate
Final

Low No No No

Refuelling cavity Reactors
Plant

Initial
Intermediate
Final

Very high
High

Very high
High

Very high
High

No
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4.1.1 Dose rate and total gamma determinations

In this case, 5 rounds with 5 consecutive measurements
each were carried out. Between rounds, the equipment was
removed and repositioned, so a total of 25 measurements
have been taken at each point.

Detectors were neither shielded nor collimated and the
distance source-detector was chosen near to zero (i.e. direct
contact).

Dose-rate probes were calibrated by each team using
their own procedure and considering a 137Cs source; data
were provided in terms of ambient dose equivalent rate
H*(10) (in microSv/h). Different probes were used: GM;
ionization chambers and scintillators (CsI(Tl) and
BGO).
Total-gamma probes were calibrated in situ by using a
137Cs reference source made available by SCK/CEN, with
the aim of being able to compare the results from the
different counters. Different probes were used: proportion-
al counters and different scintillators (ZnS, NaI, BGO,
LaBr3 and plastic ones).

4.1.2 Gamma spectrometry measurements

All the participants performed their measurements at the
same location, at the bottom of the pool with a higher dose
rate, using collimated (90°) and shielded detectors. Each
group took two spectra, one with the open collimator and
the other with the closed collimator for background
spectrum, focusing on a point of the biological shielding,



Fig. 7. Ambient dose equivalent rate H*(10)H*(10), in
microSv/h, measured in points A, B and C by the 7 different
equipments used.

Fig. 8. Total gamma relative values, showing ratios between
results from points A and C and A and B by the 8 different
equipment used.

Fig. 6. Gamma spectrometry equipment at position.
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defined beforehand, and at a fixed distance between the
detector and the pool wall of 30 cm (see Fig. 6).

All the teams used their own equipment, as well as their
own calibration procedure and method (using different
Monte-Carlo codes), in order to check as many of them as
possible. Different detectors were used: 4 HPGe, one CZT
and one LaBr3 were used.

Results expected for the following parameters and in
the following units were:
Depth where 133Ba concentration <= 0.1Bq/g m
Depth where 152Eu concentration <= 0.1Bq/g m
Depth where SUM(133Ba/0.1 + 152Eu/0.1) Bq/g <1 m
152Eu/154Eu activity ratio %
137Cs surface activity concentration Bq/m2
4.2 Main results and conclusions

This exercise represents the first intercomparison of
onsite measurements in a reactor under decommission-
ing, which is a milestone in itself. Additionally, this
exercise has also been carried out in an environment that
is restrictive for measurements. The results are now
under statistical analysis however some main conclusions
can be outlined.

Regarding the results obtained for the dose-rate, all of
them are quite similar and there are no differences that
can be attributed to the type of equipment used (see
Fig. 7 ). There are differences in terms of uncertainties,
but they do not depend on the equipment used but on
their active volumes. Two of the most significant
challenges of these measurements, the constrained
environment with radiation arriving from all points and
the time needed to stabilize the equipment between
measurements, do not seem to have affected the quality of
the measurements.

For total gamma measurements, as expected, there is
an enormous dispersion in the results in all points. This
dispersion is not really related to the type of detector used,
but to the specific configuration of each detector, the
different response of each detector to photons depending on
their energy, as well as to the beta radiation and to the
methodologies used by each team. Consequently, the total
gamma measurements cannot be compared from the point
of view of the absolute values obtained. However, the
relative values obtained from the 3 points measured show
more similar results (see Fig. 8).

As for gamma spectrometry measurements, in the case
of medium to high concentrations of radionuclides, the
results are also consistent. However, for low concentra-
tions, spectrometric measurements are very dependent on
the type of equipment, in terms of resolution and efficiency,
as well as on the evaluation systems used.
The project INSIDER has received funding from the Euratom
research and training program 2014-2018, under grant agreement
No 755554.
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