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l. INTRODUCTION

Due to the ageing of the nuclear power plants (NPPs) in
Europe, it is expected that during next decade more and
more reactors will have to be decommissioned and
dismantled [1]. This ageing trend can also be observed for
the 7 operational reactors in Belgium. Three of the reactors
finished construction in 1975. The other four reactors were
commissioned between 1982 and 1985 which leads to an
average age that exceeds 40 years. All of the reactors are
planned to be closed by 2025, opening up the Belgian
nuclear decommissioning market. For the decommissioning
of these reactors, a “back to greenfield” strategy will be
applied, meaning that the site of the NPPs will be brought
back to the initial situation before the power plants were
built [2].

For the decommissioning, an important factor that
determines the total cost is the amount of generated
radioactive waste. The approach will be to minimize the
fraction of radioactive waste, by accurately performing
radiological characterizations of the waste streams to
separate non-radioactive waste streams from radioactive
waste and by (where possible) decontamination of waste [3].

A frequently encountered waste stream is concrete as it is
one of the most common material used in the construction
of a NPP. Most concrete waste can be classified as
conventional waste, but for concrete used in the containment
building, radiological contamination is frequently
encountered. To determine a correct decontamination
strategy for this concrete, the first step is to perform
radiological characterisations to quantify the nature of the
contamination and its depth [4].

These characterisations can be destructive (by taking core
drilling samples), but can also be performed by non-
destructive in-situ measurements (see Figure 1). Core
drilling samples are frequently used to determine the
contamination depth. Concrete cores are extracted from
structures, segmented, pulverized and characterized.
Although this technique is accurate, it only provides
information on the contamination depth at a very local level.
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The sample might not be representative for the surrounding
material and as a result, a gross over or underestimation of
the contamination depth may be present. Moreover, this
technique is labour intensive (and thus costly) and may also
lead to the spreading of contaminated dust [5], [6].
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Figure 1. destructive core drilling procedure (left)[7], non-destructive
radiological characterisation with handheld scintillator detector
(right)[8]

An alternative to destructive sampling are in-situ
measurements. The most basic approach to determine
contamination non-destructively is by using handheld
equipment such as scintillator detectors. However, this
technique is not only time consuming as scanning is
performed manually, but the depth information is also
limited to the superficial activity. As a result, multiple
cycles of measurements and decontaminations are often
performed before the desired residual activity levels are

achieved [5], [9].

A more advanced non-destructive technique can be
performed using the spectral information acquired with
high-purity germanium (HPGe) detectors and to determine
contamination characteristics such as activity levels,
radionuclide inventory and contamination depths.

The depth profiling technique that is considered in this
research is the relative linear attenuation (RLA) model. This
method is applied to the relative intensities of the X-ray and
gamma emissions of key radionuclide *3’Cs [10]. The model
assumes an exponential decrease of the contamination as a



function of depth. Such profile has been frequently reported
for contaminations in both an environmental and
decommissioning context. The RLA model can be applied
to determine the total activity of $¥’Cs and the relaxation
length RL (which is an important depth parameter) of the
exponential contamination profile [7], [8], [12]. After
determining these quantities, the decontamination plan,
indicating the locations and depths of concrete to be
removed, can be constructed.

Although the RLA technique has already been applied in a
decommissioning context, this method still has its
shortcomings as it assumes a perfect exponential function
and a perfect homogeneous base material. Both of these
assumptions are not completely applicable for concrete.
Concrete is far from homogeneous as it consists out of a
mixture of mortar, aggregates and voids. Furthermore, the
contamination is observed to be more pronounced in the
porous mortar phase of the concrete than in the aggregates
[13], [14].

As the performance of a depth profiling technique directly
influences the total amount of radioactive waste being
generated, it is important to further optimize the existing
techniques and quantify operational limits and error sources.
In other words, having correct radiological information of
the installation, even before the start of the decontamination
process, is an upstream tool to directly limit the amount of
radioactive waste being generated in a decommissioning
project.

To study the performance of the RLA technique, a Monte
Carlo (MC) model was constructed in this research
consisting of a HPGe detector setup with contaminated
concrete samples. A MC model is a computational method
to study interactions of ionizing radiation with matter. The
complexity of the concrete was incorporated into the model
by making Computed Tomography (CT) images of the
concrete in order to visualize the aggregates, mortar and
voids. Different exponential profiles were then applied to
the concrete model to quantify the error on the
contamination activity (determined by the full-energy peak
efficiency), and on the depth estimation (determined by the
relaxation length) resulting from the RLA model.

1. HPGE MODEL

An extended-range coaxial p-type HPGe detector (type
GX9023 from Mirion) was modelled and the performance
of the resulting MC model was validated by comparing the
full-energy peak (FEP) efficiency of the MC model to the
experimentally determined FEP efficiency. The FEP
efficiency is an important factor that links the area of a
spectral peak directly to the activity of the source.

These measurements were performed with a variety of
reference sources, measured at different source-to-endcap
distances. The sources contained multiple radionuclides to
validate the detector model over a broad energy range. The
following sources were used:

= Point sources: ¥"Cs, 134Cs, Co, 152Eu and 2**Am;
= Volumetric water sources: %°Co, 1¥7Cs, 13‘Cs, 1*3Ba
and ?Eu;
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= Volumetric silicone-based sources: 13°Ce, %Co,
137C5 113Sn 35Sr 57C0 51Cr 88Y 13SBa 109Cd
21Am and 2P,
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Figure 2. Experimental and MC calculated detector efficiencies for

measurements of the volumetric silicone source at 0 mm and 40 mm

from the detector endcap (top). The relative difference between the
experimental and MC detector efficiencies (bottom) [15].

The MC model was considered to be validated when the
relative difference of the model to the experimental data was
in agreement considering an imposed criterion of 5%
relative difference for gamma rays with an energy between
100 keV and 2000 keV and 10% relative difference for
gamma or x-rays with energies lower than 100 keV or
higher than 2000 keV. For each source, the model
performed within these tolerance limits. Figure 2 shows the
results of the MC model for the volumetric silicone source
which was measured at 0 and 20 mm distance from the
detector endcap [15].

1. CONCRETE MODEL

Different concrete samples containing limestone aggregates
were made and used as the basis for the contamination
measurements. After demoulding, the samples were cured
for 21 days. In the next step, the samples were scanned with
a CT-scanner (Philips Brilliance CT Big Bore). These CT
images are then converted to a MC model to study the
impact of the inhomogeneity of the concrete samples on the
performance of the RLA model. As this model is based on
the assumption of a completely homogeneous base material,
it is expected that errors in depth estimations will be made
when the method is applied to the complex matrix of
concrete which consists of higher density aggregates,
surrounded by mortar in which air cavities are also present
(so-called voids).

As the casted concrete samples were not spiked with any
radioactive '¥Cs, the contamination was simulated by
incorporating multiple contamination profiles in the MC
model. Different exponential equations are simulated on
different concrete samples according to equation 1:

A(x) = A(0)e */RE 1)

Where A is the activity level [Bq] at the surface or at depth
x [mm] and RL stands for the relaxation length [mm] which
describes the slope of the activity decrease with depth.
Simulated 1/RL values varied from 0 (representing a
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completely uniform profile) to 1 (representing a steep
exponentially decreasing contamination profile) [12].

Adding to this contamination profile, activity has also been
shown to be more present in the porous mortar phase of the
concrete rather than in the aggregates themselves [13], [14].
This aspect of selectivity of the contamination is also
incorporated in the MC model, as no particles are generated
within the volume occupied by the aggregates. Figure 3
represents the different steps that were performed to
construct the MC model.

i) HPGe detector ii) Digitalisation using CT-scanner

iii) ¥'Cs contamination profile
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Figure 3. lllustration of the different steps that were performed to
create the MC model; i) creating a model of the HPGe detector, ii)
making CT scans of the concrete samples, iii) applying different
contamination profiles with varying relaxation lengths

V. RESULTS AND DISCUSSION

Concrete samples were modelled to contain different
contamination profiles of ¥Cs. In total, ten different
concrete samples were scanned. Although all the samples
were made with the same mixing recipe, the internal
composition per sample is different, as the internal
arrangement of voids and aggregates is unique for each
sample. The effect of the internal composition on the RLA
model is studied by looking at the effect on the FEP
efficiency (which is used to calculate the contamination
activity) and on the relaxation length (which describes the
decrease of contamination with depth).

A. Fluctuations on the FEP efficiency

When applying a contamination profile with a 1/RL value
of 0.2 to the different samples, the spectral counts at an
energy of 661 keV show deviations that can directly be
related to the internal structure. Samples that have more
aggregates near the surface of the concrete samples tend to
have fewer counts in the peak area, whereas samples that
have more mortar (or voids) at the surface lead to more
registered counts. This effect is illustrated in Figure 4, where
the FEP efficiency at 661 keV of the 10 different spectra are
compared to a benchmark situation where a completely
homogeneous concrete sample is simulated.

Relative deviations to the FEP efficiency are observed
varying from 4% to 9%. For each of the 10 samples, a
systematic underestimation of the efficiency would be made
when the FEP of the benchmark would be applied. For the
X-rays of ¥'Cs, the relative deviation is even more
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pronounced as the lower energetic photons are more
sensitive to small deviations in the sample density.
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Figure 4. fluctuations of the FEP efficiency of the detector model at
661 keV for 10 different concrete samples. The last data point
represents the FEP efficiency of a completely homogeneous concrete
sample.

As the FEP efficiency is directly used to calculate the total
activity of the contamination, this underestimation would
also lead to an erroneous overestimation of the total activity
of the contamination. The systematic deviation of the FEP
compared to the benchmark can be explained by the density
of the concrete near the surface. The top layer of concrete
consists of fewer aggregates than the composition of the
concrete deeper inside of the samples, leading to an
overestimation of the density at the surface.

B. Fluctuations of the relaxation length

Next to the deviations observed for the FEP efficiency
(which is used to calculate the source activity), the internal
structure will also influence the performance of the RLA
model and the corresponding estimation of the relaxation
length.

Figure 5 shows the application of the RLA model for 2
extreme situations where i) a concrete sample containing
only mortar is simulated and ii) a concrete sample having a
density of pure limestone aggregate is simulated for
different RL’s. These two situations are considered extreme
because the densities are respectively the lowest and
highest. As a result, the corresponding X-ray to gamma
ratio’s (which represents the peak area registered in the X-
ray peak compared to the peak area of the 661 keV peak)
will also represent the boundaries for encountered ratios of
more realistic concrete samples as their respective densities
lie within the interval constrained by the boundary
conditions.

Figure 5. X-ray to gamma intensities for contamination profiles with
different RL’s relative to a completely planar contamination profile.



The X-ray to gamma ratios are expressed relative to the X-
ray to gamma ratios of a completely planar contamination
distribution (corresponding to a surface contamination). The
ratio increases with increasing 1/RL values. Bigger 1/RL
values mean the activity is more concentrated on the
surface. In this case, the contamination profile shows a steep
decreasing activity with depth and thus resembles pure
planar contamination. For 1/RL — 0 the relative X-ray to
gamma intensity of the contamination profile will match
that of a uniform distribution.

As pure limestone is the densest boundary condition, the X-
ray to gamma ratio is always lower compared to the ratio of
a mortar sample. This is a result of the lower energetic X-
rays whose self-attenuation is considerably more sensitive
to small changes in density compared to the higher energetic
gamma rays.

Figure 5 can be used to determine the maximum error when
the density of the concrete sample does not exactly match
that of the boundary situations. For example, when an X-ray
to gamma ratio of 0.5 is observed (compared to the ratio for
a planar source), the matching 1/RL value of the boundary
conditions would be 0.258 and 0.284 for respectively mortar
and limestone. As a result, the maximum error between both
estimations of 1/RL would be approximately 9%. This error
can then be used in combination with the error on the FEP
efficiency to fully determine the error on the contamination
profile and, subsequently, be used to create a
decontamination plan.

V. CONCLUSIONS

CT scanning of concrete samples provides valuable insights
into the internal structure of concrete. It was demonstrated
that CT images can successfully be incorporated into a MC
model to study the effects of the internal structure on the
RLA model.

By incorporating the internal structure of the 10 concrete
samples in the MC model, deviations of up to 9% in the FEP
efficiency were observed which are directly linked to the
internal structure. The results show that estimations of the
FEP efficiency based on a homogeneous concrete sample
systematically underestimate the actual FEP efficiency
leading to an overestimation of the contamination activity.

For estimating the error on the 1/RL values, an interval
described by the boundary conditions defined by pure
mortar and limestone samples was determined. The
relations between the ratio and the 1/RL can subsequently
be used to estimate errors on the 1/RL value when actual
concrete samples, consisting of a mixture of mortar and
aggregates are measured.

Having quantified the errors on the FEP efficiency and the
errors on the determination of 1/RL, a better estimation of
the total amount of ‘to be removed concrete’ material can be
made.
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