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A B S T R A C T

Melting of metallic waste reduces the waste volume, allows more accurate radiological characterization, and
minimizes handling at the waste production site. This paper proposes a new non-destructive assay methodology
to radiologically characterize low- and intermediate-level (LILW) waste before melting. A non-destructive assay
technique is developed and qualified using geometry optimization technique and sample analysis after melting.
Additionally, we present an operational methodology to predict the activity values of the major gamma emitters
based on the average dose rate measurements.
. Introduction

The European Organization for Nuclear Research’s (CERN) accel-
rator complex uses a variety of particle types and energies. It is
haracterized by a wide range of different radiation fields, that can
nduce radioactivity in the machine components and surrounding ma-
erial. If the activated material cannot be reused or recycled, it needs
o be disposed of in dedicated final repositories. The radioactive waste
roduced at CERN is disposed of in France or Switzerland in accordance
ith the existing elimination pathways following the tripartite agree-
ent between CERN, France and Switzerland (Host States) (Accord,
011).

Melting of metallic radioactive waste offers a number of advantages:
olume reduction, immobilization of contamination (if present) and
adioactivity homogenization. In the present paper, we introduce a
ew characterization methodology that allows the safe disposal of
egacy low- and intermediate-level (LILW) waste produced at CERN
efore melting. The radiological characterization process relies on ex-
ensive Monte Carlo and analytical calculations in order to perform the
adiological inventory predictions for solid metallic waste items.

The radiological characterization presents several challenges. Items
f waste, that are candidates for elimination as LILW, present contact
ose-rate levels up to 2 mSv/h, a radiation level which is challenging in
erms of operational radiation protection during the phases of handling
nd measurements. In addition, these waste items often exhibit highly
eterogeneous activity distributions. Hence, it is necessary to estimate
he accuracy of the activity values that are obtained by in-toto gamma
pectrometry (GS) when assuming a uniform activity distribution. To
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this end, we propose a novel Non-Destructive Assay (NDA) technique
that estimates and reduces the uncertainties introduced by the uniform
activity model. We use geometry model optimization to quantify the
expected activity concentration values to the best of our knowledge
using multi-line and multi-count consistency constraints as described
in the rest of this paper.

Section 2.1 gives a general overview of the primary radioactive
waste candidates for disposal after melting. In Sections 2.2 and 2.3,
we describe the new operational methodology to predict the activity
concentration of the main gamma emitter (60Co), as well as the new
NDA technique using the optimization approach. Additionally, the
experimental comparison of the activity values before and after melting
is presented.

2. Materials and methods

2.1. LILW radioactive waste at CERN

A significant amount of the radioactive waste collected from the dif-
ferent CERN operations (e.g. dismantling and maintenance) are metallic
components, consisting primarily of steel, copper and aluminium. The
waste that will be shipped to the melting facility has to consist of
stainless steel, black steel or cast iron and galvanized steel. Waste will
be packed in containers of 2.7 m3 or 4 m3, or unitary pieces that would
fit in a 20-feet shipping container. The waste selection process starts
with the so-called pre-selection phase. In this step, one segregates the
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waste based on the dose rate levels and verifies which waste could be
subjected to further processing. Hence, the waste with the maximum
dose at contact between 10 μSv/h and 2 mSv/h is classified as LILW
waste candidate. Subsequently, this waste is measured using a non-
destructive X-ray fluorescence (XRF) technique in order to determine
the elemental composition. Consequently, the waste consisting of stain-
less steel, cast iron etc. can be grouped and pre-packaged in containers
of 2.7 m3 or 4 m3. The LILW waste which is covered by the present
study complies with the acceptance criteria of the melting facility, such
as: (1) the dose rate of the primary waste is lower than 2 mSv/h at
contact, (2) the loose surface contamination is <4 Bq/cm2 for gamma
and beta emitters and <0.4 Bq/cm2 for alpha emitters, and (3) the
maximum activity of gamma and beta emitters is 20 kBq/g.

2.2. Primary waste selection phase

The activity concentration of the main gamma emitter (60Co), and
consequently the total beta-gamma specific activity was predicted by
applying the Scaling Factor (SF) approach (Dyrcz, 2022). This method-
ology is valid for solid metallic LILW waste generated at CERN under
the assumption that 60Co is the dominant gamma emitter that con-
tributes to the dose rate in the waste item, where the decay time
is more than 3 years. This preliminary prediction of the total beta-
gamma activity values was implemented in the pre-packaging phase of
the radioactive waste in an operationally efficient manner, taking into
account the radiation protection dose optimization objectives following
the ALARA (As Low As Reasonably Achievable) (Forkel-Wirth et al.,
2013) principle and the acceptance criteria of the melting facility. The
methodology was designed to be reasonably conservative. It is based
on the average dose rate (AVG-DR) measurements of the ferrous LILW
waste generated at CERN. In order to convert the AVG-DR values of
the waste items into 60Co activities, two approaches were investigated.
The first approach is based on the experimental correlation between
the ratio of the specific activity of 60Co and the AVG-DR as a function
of the apparent density of the waste item. The other approach focuses
on accurate geometry modelling of the waste item using a radiation
protection code MERCURAD from Mirion Technologies (Canberra).

The AVG-DR methodology allows the estimation of the total beta-
gamma specific activity concentrations of pre-selected waste based on
the measured average dose rate and apparent density. In order to
establish the correlation between the specific activity and average dose
rate at 40 cm, we measured 35 individual representative waste items
prior to their conditioning into output waste packages, for a large range
of the apparent density values and dose rate levels. All items were
also measured using GS. The acquisitions were carried out using High
Purity Germanium detectors (Falcon 5000) from Mirion Technologies
(Canberra) in a dedicated area where the background dose rate varies
between 0.07 and 0.1 μSv/h. During the acquisition step, the waste-
to-detector distance was selected to have a maximum allowed dead
time less than 15% for all measured waste items and the acquisition
live time varied from 10’000 to 72’000 s. The dose rate measurements
were carried out using Dose Rate Meter 6150AD 6/H,1 with a dynamic
ange from 0.1 μSv/h to 10 mSv/h and an energy range from 60 keV
o 1.3 MeV. For waste items, which present a magnetic field, we used
he RadEye,2 device from ThermoFisher Scientific that was tested in
he presence of magnetic field strengths up to 300 mT. The dose rates
ere measured at multiple points around the waste at 40 cm and

canning (only for 6150AD 6/H device), while the apparent density was
stimated by taking the ratio of the mass and apparent envelope volume
f the waste.

1 https://www.automess.de/assets/documents/en/Prospekt_6150AD_E.pdf
ast visited on 15 August 2023.

2 https://www.thermofisher.com/order/catalog/product/4250671 last vis-
ted on 15 August 2023.
2

2

MERCURAD,3 was used for the calculation of the gamma dose
equivalent rate. It is based on the Mercure-6 (Assad et al., 2000) Kernel,
developed by CEA (French Atomic Energy and Alternative Energies
Commission). MERCURAD allows the modelling of complex geometries
including hollow objects such as pipes and ion pumps. To compute
the dose equivalent rate, the MERCURAD sensors were set at 40 cm
from the modelled waste items. MERCURAD allows calculating the dose
rate response for a source term corresponding to 1 Bq/g allowing us to
convert a measured dose rate into an equivalent specific activity of 60Co
in our case.

2.3. Radiological analysis of waste packages and unitary items

The developed methodology was validated using in-toto GS measure-
ments of both the individual waste items, as well as the waste packages
containing the items. The quantification of the Easy-To-Measure (ETM)
radionuclides (TECDOC IAEA, 2007) was performed by GS, under
the assumption of homogeneous activity distribution within the item.
However, due to the activation mechanisms, some waste can have
heterogeneous activation patterns.

GS measurements on LILW items present several challenges during
both the acquisition and the analysis steps. The former challenges relate
to the high counting rate effects, the long counting time required to
meet the Minimum Detectable Activity (MDA) requirements, available
physical space, and the necessity to count from multiple faces. The
latter challenges are due to the difficulty to model the geometry and
combine the multiple count results. A significant parameter of the
acquisition step is the system dead time. In order to avoid the spec-
trum distortions, we limited the dead time value to ∼15% nominally.
However, in the case of the detector-waste distance of 1.9 m, the dead
time reached 19% due to insufficient physical space around the waste
item. The average dose rate at contact was 98 μSv/h, and the maximum
dose rate was 260 μSv/h.

Additionally, the acquisition time and geometry need to be set
in such a way to ensure that the MDA values are below the LILW
waste declaration thresholds (ANDRA, 2013b,a) for the expected ETM
radionuclides. The main acquisition parameters for the waste packages
and unitary items can be found in Tables 1 and 2 respectively. For
each GS acquisition of each face (or count), we produced a reference
efficiency calibration curve by applying the ‘‘Complex Box’’ In Situ
Object Counting System (ISOCS) (Bronson, 1997) geometry template
and assuming a uniform source distribution in the material matrix. The
activity values were determined using Genie 2000.4

When GS measurements are performed on waste items, the knowl-
edge of the geometry model parameters, including dimensions, posi-
tion with respect to the detector, material composition, and activity
distribution (hotspots) is often limited, especially for the two last
parameters (Kaminski et al., 2014; Bronson, 2008). However, during
the GS analysis, it is more practical to quantify the ETM radionuclides
under the assumption of homogeneous activity distributions within a
measured waste. This assumption might lead to inaccuracies in the
estimation of the ETM activity values. In order to determine the un-
certainties of the measured activities, due to the variation of the waste
geometry parameters, such as dimensions and heterogeneous source
distribution we used ISOCS Uncertainty Estimator (IUE) (Menaa et al.,
2011) and an in-house developed tool named Geometry Uncertainty
Reduction Utility (GURU) (Frosio et al., 2020; Dyrcz et al., 2021).
The latter consists of two modules. One quantifies the geometry model

3 https://www.mirion.com/products/mercurad-3d-simulation-software-
or-dose-rate-calculation last visited on 15 August 2023.

4 https://www.mirion.com/products/technologies/spectroscopy-
cientific-analysis/gamma-spectroscopy/gamma-spectroscopy-software/lab-
pplications/genie-spectroscopy-software-suite last visited on 15 August

023.
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Table 1
Main acquisition setup parameters of the GS measurements for waste packages. The acquisition live time for all waste packages was 10’000 s.

Waste package # WP1
CR-125219

WP2
CR-064156

WP3
CR-139253

WP4
CR-139254

WP5
CR-139255

Dead time (%) 13.5–18.6 11–13.4 8.2–11.2 3.8–4.8 4.4–6
Distance (m) 1.92 2.8–2.95 3.4–3.65 3.6–3.76 3.8–4.25
Maximum dose rate at contact (μSv/h) 260 316 250 147 280
AVG-DR at 40 cm (μSv/h) 41.1 56 62 26.7 40
Table 2
Main acquisition setup parameters of the GS measurements for unitary items.
Unitary item # UP1 CR-063808 UP2 CR-W13057 UP3 CR-065037 UP4 CR-065038

Dead time (%) 1.9–7.7 0.8–3.8 0.7–66 1.7–1.9
Distance (m) 1.24–1.84 1 2.2 2.2
Maximum dose rate at contact (μSv/h) 200 43 15 57
AVG-DR at 40 cm (μSv/h) 9 2 2 4
Acquisition live time (s) 900 1800
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uncertainties and the other reduces them by combining the GS results
in order to identify the best estimate model that best describes the
‘‘actual’’ geometry of the waste. By varying the geometry parameters,
a set of perturbed efficiency calibration curves were produced. These
curves were used to evaluate activity results as a function of the
geometry parameters. In order to perform an optimization (i.e. deter-
mine the best geometry models), the following constraints should be
fulfilled (Bronson, 1997): multi-count consistency is the requirement
that multiple GS measurements carried out at different locations should
give the same value of the measured activity of the item. Additionally,
the calculated activity values for each emission line of a radionuclide
should be consistent. Knowing the activity values from each detector
count for a reference model, we can correct these activities by the ratio
of efficiencies as

∀𝑖, 𝑗, 𝑘, 𝐴𝑘
𝑖 (𝑗) =

𝜖𝑘𝑟𝑒𝑓 (𝐸)

𝜖𝑘𝑖 (𝐸)
𝐴𝑘
𝑟𝑒𝑓 (𝑗). (1)

𝐴𝑘
𝑖 (𝑗) is the calculated activity for the radionuclide with emission j

using model i for the face k. 𝐴𝑘
𝑟𝑒𝑓 (𝑗) represents the calculated activity

with the reference model. The efficiencies 𝜖𝑘𝑟𝑒𝑓 (𝐸) and 𝜖𝑘𝑖 (𝐸) correspond
to the reference model and model i at energy E of emission j from the
face (detector) k.

Using Eq. (1) a set of activities can be calculated for each ra-
dionuclide emission, in each model and detector. Then using the line
and count consistencies, we match the activities between the different
detectors. To this end, we construct a Figure Of Merit (FOM) as follows
for each gamma emission j and model i:

𝐹𝑂𝑀𝑖(𝑗) =
𝐾
∑

𝑘=1
(𝐴𝑘

𝑖 (𝑗)− < 𝐴𝑖(𝑗) >)2, (2)

where 𝐴𝑘
𝑖 (𝑗) is the activity of the radionuclide with associated gamma

emission j using model i for face k. < 𝐴𝑖(𝑗) > is the average over K faces
for emission j using model i, which is defined as < 𝐴𝑖(𝑗) >=

∑𝐾
𝑘=1

𝐴𝑘
𝑖 (𝑗)
𝐾 .

The user needs to select the gamma lines of interest, among the
nes identified in all faces of the GS measurement results. Then, one
an calculate a Rank (as given in Eq. (3)) for each gamma emission
ine and model by summing the sub-ranks (𝑠𝑢𝑏𝑅𝑎𝑛𝑘𝑗𝑖 ) according to
he FOM value. Namely, the sub-rank 𝑠𝑢𝑏𝑅𝑎𝑛𝑘𝑗𝑖 is obtained by ranking
he 𝐹𝑂𝑀𝑖(𝑗). Hence for all models n, the best model for each gamma
mission line is assigned to a sub-rank # 1, the second best to # 2, etc.

𝑎𝑛𝑘𝑖 =
𝐽
∑

𝑗=0
𝑠𝑢𝑏𝑅𝑎𝑛𝑘𝑗𝑖 , (3)

here J is the number of common gamma emission lines formed for
ach face. The model with the minimum 𝑅𝑎𝑛𝑘𝑖 is considered as the
est model.
3

.4. Melting of primary waste

The primary waste batch of 19 m3 was shipped to the melting
acility and transformed into three melting baths of around 4 tons
ach. Two samples were taken from each bath, which resulted in a
otal of six samples after melting. The samples are representative to
he corresponding bath due to the melting homogenization process via
ontinuous heat convection currents inside the melting bath. In other
ords, the activity is uniformly distributed within the bath, which

hows the power and accuracy of sampling and subsequent analyses. In
rder to avoid cross-contamination with waste originating from other
roducers, the melting process was dedicated to CERN waste using a
ew and dedicated refractory lining.

. Results and discussion

.1. Waste selection using the measured AVG-DR and 60Co activity corre-
ation method

We produced a curve of the ratio between the 60Co specific activity
nd the AVG-DR at 40 cm as a function of the apparent density as
hown in Fig. 1. A fit was performed to produce a penalizing fit function
t the 50% confidence level. The data points represent the measure-
ents (GS and dose rate mapping) for hollow (e.g. pipes), ion pumps,

ontainers and other waste items considered as LILW waste candidates.
he fit (red line) equation is given by the equation (5.07/Apparent
ensity + 12.31) and a 0.92 value of 𝑅2 coefficient. Whereas, the
enalizing fit (blue line) takes the form of (5.26/Apparent density +
7.31) and 𝑅2 of 1.

.2. Waste selection using the computed AVG-DR and 60Co activity corre-
ation method

Similarly, to the previous Subsection, we present the results of the
ethod using the transport code MERCURAD (see Fig. 2). The results

how that the ratio of the estimated 60Co activities, using MERCURAD
o the GS results, is consistent with unity in most of the cases. In some
ases, we noticed that the MERCURAD results are within 50% of the
xpected activity value given by GS.

Although, this method yields to an accuracy of 50%, it is not
elected as the method to be used to estimate the 60Co specific activities
uring the waste selection phase as it requires a specific level of
perator training in setting up the geometry and interpreting the output
iles of the MERCURAD software, and it is more prone to human errors.
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Fig. 1. The ratio of the specific activity of 60Co and AVG-DR at 40 cm as a function of the apparent density.
Fig. 2. Ratio of the estimated 60Co activities using MERCURAD and AVG-DR measurements at 40 cm to the GS results. The uncertainties are given at 1 𝜎.
3.3. Comparison of AVG-GS and geometry optimization results for primary
waste

Table 3 presents the multi-count GS activity differences of the
reference geometry models respectively for one of the waste packages
with a net mass of 1390 kg and an apparent density of 0.596 g/cm3.
The GS analysis results do not include the systematic uncertainties
due to geometry modelling of the measured waste package. It needs
to be noted that the activities of 44Ti and 44Sc radionuclides are esti-
mated independently, not taking into account that they are in secular
equilibrium 44Sc < 44Ti. The ratio of the 60Co activity concentrations
estimated via the AVG-DR methodology and AVG-GS measurements of
the output waste packages ranges from 1.4 to 3.

The GURU framework enables varying the relative source concen-
trations of the hot spots (referred to as the contrast). The contrast value
is estimated as the ratio of the highest and lowest activities between
two opposite faces assuming uniform activity source distribution. The
4

optimization process was performed over two faces at a time. The
contrast parameters were varied from 1 to 10, from 1 to 100 or from
1 to 150, which depended on the heterogeneity of the assay waste
package. An example of the activity ratios of the two opposite faces
from the GS measurements with a uniform activity source distribution
(reference model) is shown in Fig. 3.

It is noted that after geometry optimization (see Fig. 3), the activity
ratios become very close to unity, hence showing the usefulness and
effectiveness of the methodology for benchmarking purposes. The ac-
tivity uncertainty of the average value is calculated as the square root
of the quadratic sum of uncertainties corresponding to a single face.
In the following Tables 4–8, the average activity values of the refer-
ence and optimized models over two and four opposite faces for each
waste package are presented. The reported uncertainty of the reference
activity results does not include the geometry model uncertainty due
to the not well-known parameters while NA indicates that geometry
optimization was not performed.
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Table 3
List of identified radionuclides with the activity values for the four faces of the waste package WP1 CR-125219. The uncertainties are quoted at 1 𝜎 (relative uncertainties). MDA
values are in italic.

60Co (Bq/g) 22Na (Bq/g) 42K (Bq/g) 44Sc (Bq/g) 44Ti (Bq/g) 54Mn (Bq/g)

FACE 1 2.65E+02 (3%) 5.68E−01 (11%) 1.64E−01 (20%) 1.08E+00 (6%) 4.700E+00 7.68E−01 (19%)
FACE 2 2.23E+02 (3%) 1.44E+00 (6%) 5.07E−01 (9%) 2.43E+00 (6%) 3.04E+00 (25%) 2.38E+00 (9%)
FACE 3 3.29E+02 (3%) 3.39E−01 (8%) 1.72E−01 (22%) 1.07E+00 (6%) 4.982E+00 1.39E+00 (6%)
FACE 4 2.71E+02 (3%) 9.81E−01 (5%) 2.59E−01 (14%) 1.47E+00 (6%) 4.933E+00 1.78E+00 (8%)

Activity ratio between faces 1 and 3 1.24 (± 0.06) 1.68 (± 0.22) 1.05 (± 0.31) 1.01 (± 0.09) 1.81 (± 0.37)
Activity ratio between faces 2 and 4 1.22 (± 0.06) 1.46 (± 0.12) 1.96 (± 0.33) 1.66 (± 0.14) 1.34 (± 0.16)
Average activity over all faces 2.72E+02 (2%) 8.31E−01 (4%) 2.76E−01 (7%) 1.51E+00 (3%) 1.58E+00 (5%)
Estimated activity via AVG-DR 3.74E+02
Table 4
Average activity values over two, four faces for reference and optimized models with uncertainties given at 1 𝜎 for WP1.

WP1 CR-125219

Radionuclide (Bq/g) REFERENCE OPTIMIZED OPTIMIZED/REFERENCE

Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces
60Co 2.97E+02

(2%)
2.47E+02
(2%)

2.72E+02
(2%)

3.23E+02
(2%)

3.29E+02
(2%)

3.26E+02
(2%)

1.09
(±0.04)

1.33
(±0.05)

1.20
(±0.03)

22Na 4.54E−01
(7%)

1.21E+00
(4%)

8.31E−01
(4%)

5.23E−01
(7%)

1.63E+00
(4%)

1.07E+00
(3%)

1.15
(±0.11)

1.35
(±0.08)

1.29
(±0.06)

42K 1.68E−01
(15%)

3.83E−01
(8%)

2.76E−01
(7%)

2.14E−01
(15%)

5.57E−01
(9%)

3.86E−01
(7%)

1.28
(±0.27)

1.45
(±0.17)

1.40
(±0.14)

44Sc 1.08E+00
(4%)

1.95E+00
(4%)

1.51E+00
(3%)

1.07E+00
(4%)

2.37E+00
(4%)

1.72E+00
(3%)

0.99
(±0.06)

1.21
(±0.07)

1.14
(±0.05)

44Ti NA
54Mn 1.08E+00

(8%)
2.08E+00
(6%)

1.58E+00
(5%)

1.22E+00
(10%)

3.09E+00
(6%)

2.15E+00
(5%)

1.13
(±0.15)

1.49
(±0.12)

1.36
(±0.09)
Fig. 3. Activity ratios for opposite faces before and after optimization. The contrast ranges from 1 to 10 for WP1 CR-125219.
The list of identified radionuclides with the associated activity
values of the reference models for one representative unitary item is
presented in Table 9.

Similarly, the optimization process was performed on each unitary
item over two faces at a time. The contrast parameters were varied
from 1 to 10 and 1 to 50 depending on the heterogeneity of the unitary
item waste. Fig. 4 presents an example of the activity ratios of the
two opposite faces for the reference and optimized models where the
contrast was varied from 1 to 10 for faces 1 and 3, and 1 to 50 for faces
2 and 4. The activity values using geometry optimization technique
of the two opposite faces are consistent as the corresponding activity
ratios are close to unity.

The following Tables 10–12 present the average activity values of
the reference and optimized models over two, and four opposite faces,
when applicable, for all the unitary items.
5

We notice that the relative differences between the optimized and
average four faces measurements, assuming uniform activity distribu-
tion, for 60Co range from about 20% to 30% for materials packaged in
containers, and only about 10% to 15% for unitary items. For other
radionuclides, the optimized method generally yields larger values
compared to the average four faces measurement. The obtained results
allow confirming that the activity average over the faces, assuming
uniform activity distribution, is suitable compared with the geometry
optimization results.

3.4. Comparison of AVG-GS results after melting

The activity values of the six samples extracted after melting are
given in Table 13 while Table 14 presents the AVG-GS activity values
for identified radionuclides before and after melting. For the activity
values before melting, the GS results are averaged over the faces and
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Table 5
Average activity values over two, four faces for reference and optimized models with uncertainties given at 1 𝜎 for WP2.

WP2 CR-064156

Radionuclide (Bq/g) REFERENCE OPTIMIZED OPTIMIZED/REFERENCE

Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces
60Co 3.10E+02

(1%)
3.55E+02
(1%)

3.33E+02
(1%)

3.67E+02
(1%)

4.26E+02
(1%)

3.97E+02
(1%)

1.18
(±0.02)

1.20
(±0.02)

1.19
(±0.02)

22Na 2.43E+00
(2%)

3.18E+00
(2%)

2.81E+00
(2%)

2.68E+00
(2%)

2.90E+00
(2%)

2.79E+00
(2%)

1.10
(±0.04)

0.91
(±0.03)

0.99
(±0.02)

42K 7.86E−01
(13%)

5.77E−01
(6%)

6.82E−01
(8%)

8.15E−01
(11%)

6.55E−01
(6%)

7.35E−01
(7%)

1.04
(±0.18)

1.14
(±0.10)

1.08
(±0.11)

44Sc 4.41E+00
(2%)

3.55E+00
(3%)

3.98E+00
(2%)

5.28E+00
(2%)

4.67E+00
(3%)

4.97E+00
(2%)

1.20
(±0.04)

1.31
(±0.06)

1.25
(±0.03)

44Ti 1.21E+01
(8%)

NA 2.40E+01
(10%)

NA 1.99
(±0.26)

NA

54Mn 1.25E+01
(2%)

2.63E+01
(2%)

1.94E+01
(2%)

1.52E+01
(2%)

2.93E+01
(2%)

2.22E+01
(2%)

1.22
(±0.04)

1.12
(±0.03)

1.15
(±0.03)

57Co 1.41E+00
(15%)

1.80E+00
(7%)

1.60E+00
(5%)

2.78E+00
(8%)

2.34E+00
(7%)

2.56E+00
(5%)

1.97
(±0.21)

1.30
(±0.13)

1.60
(±0.12)
Table 6
Average activity values over two, four faces for reference and optimized models with uncertainties given at 1 𝜎 for WP3.

WP3 CR-139253

Radionuclide (Bq/g) REFERENCE OPTIMIZED OPTIMIZED/REFERENCE

Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces
60Co 2.86E+02

(1%)
3.34E+02
(1%)

3.10E+02
(1%)

4.23E+02
(1%)

4.05E+02
(1%)

4.14E+02
(1%)

1.48
(±0.03)

1.21
(±0.02)

1.34
(±0.02)

22Na NA
42K 4.93E−01

(7%)
6.18E−01
(7%)

5.55E−01
(5%)

6.57E−01
(7%)

7.11E−01
(7%)

6.84E−01
(5%)

1.33
(±0.13)

1.15
(±0.11)

1.23
(±0.09)

44Sc 3.06E+00
(2%)

3.44E+00
(2%)

3.25E+00
(2%)

2.82E+00
(2%)

4.24E+00
(2%)

4.03E+00
(2%)

1.25
(±0.04)

1.23
(±0.04)

1.24
(±0.03)

54Mn 1.08E+00
(5%)

1.45E+00
(4%)

1.26E+01
(3%)

6.84E−01
(9%)

1.49E+00
(14%)

1.09E+00
(10%)

0.63
(±0.06)

1.03
(±0.15)

0.86
(±0.09)
Table 7
Average activity values over two, four faces for reference and optimized models with uncertainties given at 1 𝜎 for WP4.

WP4 CR-139254

Radionuclide (Bq/g) REFERENCE OPTIMIZED OPTIMIZED/REFERENCE

Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces
60Co 1.70E+02

(1%)
1.55E+02
(1%)

1.62E+02
(1%)

2.08E+02
(1%)

1.85E+02
(1%)

1.97E+02
(1%)

1.23
(±0.02)

1.20
(±0.02)

1.21
(±0.02)

22Na NA
42K NA
44Sc 1.16E+00

(3%)
1.23E+00
(3%)

1.19E+00
(2%)

1.18E+00
(4%)

1.22E+00
(4%)

1.20E+00
(2%)

1.02
(±0.05)

0.99
(±0.05)

1.01
(±0.03)

54Mn NA
over the 5 waste packages and 4 unitary items. The corresponding
reported activity uncertainties do not include geometry parameter
uncertainties, such as activity distribution, dimensions, and densities.
These uncertainties can be of the order of 50% (Dyrcz et al., 2021).
The GS results relative differences, before and after melting, are around
25% for 60Co, while they are much larger for other radionuclides.

ence, the 60Co activity values are consistent for all waste packages
and unitary items. Contrary to 60Co, the other radionuclides have not
een systematically identified in all waste packages and unitary items.
hus, the corresponding activities averaged over the total mass could
eviate from the values after melting.

. Conclusions

The activity values of the ETM radionuclides are evaluated via a
ualified NDA technique, based on GS. The technique presents sev-
ral challenges related to the accurate determination of the geometry
6

modelling parameters, such as the activity distribution. Hence, the
impact of the homogeneous activity distribution assumption within
the primary waste (waste package) is investigated using the concept
of geometry optimization methodology. The geometry optimization
results allow establishing the optimized geometry models. It is achieved
by constructing the FOMs that rely on the multi-count and multi-line
activity consistencies. After the geometry optimization, the activity
values of the opposite faces are consistent using the optimized models.
Application of this NDA technique for waste packages and unitary
items has shown that multi-count activity ratios of the reference and
optimized geometry models range from 0.92 to 1.34. It demonstrates
that the uncertainty associated with homogeneous activity distribution
in the primary waste leads to consistent results for this type of waste.
The activity values can be quantified by computing the average activity
for all faces and considering the reference model. The obtained results

allow confirming that the activity average over the faces, assuming



Applied Radiation and Isotopes 201 (2023) 110991P. Dyrcz et al.
Table 8
Average activity values over two, four faces for reference and optimized models with uncertainties given at 1 𝜎 for WP5.

WP5 CR-139255

Radionuclide (Bq/g) REFERENCE OPTIMIZED OPTIMIZED/REFERENCE

Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces
60Co 2.14E+02

(1%)
2.27E+02
(1%)

2.21E+02
(1%)

2.68E+02
(1%)

2.71E+02
(1%)

2.69E+02
(1%)

1.25
(±0.02)

1.19
(±0.02)

1.22
(±0.02)

22Na 4.28E−01
(4%)

5.75E−01
(4%)

5.01E−01
(3%)

4.87E−01
(4%)

7.94E−01
(4%)

6.41E−01
(3%)

1.14
(±0.07)

1.38
(±0.08)

1.28
(±0.05)

42K 5.24E−01
(7%)

5.35E−01
(7%)

5.29E−01
(5%)

8.64E−01
(7%)

5.78E−01
(7%)

5.71E−01
(5%)

1.08
(±0.10)

1.08
(±0.11)

1.08
(±0.07)

44Sc 2.47E+00
(2%)

3.51E+00
(2%)

2.99E+00
(2%)

2.60E+00
(2%)

4.64E+00
(2%)

3.62E+00
(2%)

1.05
(±0.04)

1.32
(±0.04)

1.21
(±0.03)

54Mn 1.95E+00
(3%)

2.49E+00
(3%)

2.22E+01
(2%)

2.44E+00
(3%)

2.75E+00
(2%)

2.59E+00
(2%)

1.25
(±0.06)

1.10
(±0.05)

1.17
(±0.04)

57Co NA
Table 9
List of identified radionuclides with the activity values for the two or four faces of the unitary items. The uncertainties are quoted at 1 𝜎 (relative uncertainties). MDA values are
in italic. NA indicates that no measurement was performed for the face.

CR-063808 CR-W13057 CR-065037 CR-065038
60Co (Bq/g) 60Co (Bq/g) 60Co (Bq/g) 44Sc (Bq/g) 60Co (Bq/g) 44Sc (Bq/g)

FACE 1 1.89E+01 (20.5%) 5.88E+00 (21%) 3.78E+00 (2%) 5.910E−02 1.15E+01 (1.9%) 8.71E−02 (13.3%)
FACE 2 1.01E+01 (20.5%) 2.24E+01 (20.5%) NA NA NA NA
FACE 3 2.02E+01 (20.5%) 5.37E+00 (20.5%) 4.37E+00 (2%) 2.86E−02 (24%) 1.4E+01 (1.9%) 1.26E−01 (11.5%)
FACE 4 7.08E+01 (20.5%) 3.69E+00 (21%) NA NA NA NA

Activity ratio between faces 1 and 3 1.07 (± 0.31) 1.09 (± 0.32) 1.15 (± 0.03) 1.21 (± 0.03) 1.45 (± 0.26)
Activity ratio between faces 2 and 4 6.99 (± 2.02) 6.08 (± 1.76)
Average activity over all faces 3.0E+01 (13%) 9.35E+00 (13%) 4.08E+00 (1%) 1.28E+01 (1%) 1.07E−01 (9%)
Estimated activity via AVG-DR 2.29E+02 5.06E+01 4.35E+01 8.72E+01

Net mass kg , density g/cm3 909.5, 0.65 905, 0.66 1324, 1.18 1315, 1.17
Table 10
Average activity values over two, four faces for reference and optimized models with uncertainties given at 1 𝜎 for UP1.

UP1 CR-063808

Radionuclide (Bq/g) REFERENCE OPTIMIZED OPTIMIZED/REFERENCE

Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces
60Co 1.96E+01

(14%)
4.05E+01
(18%)

3.00E+01
(13%)

2.16E+01
(15%)

3.38E+01
(15%)

2.77E+01
(11%)

1.11
(±0.23)

0.83
(±0.19)

0.92
(±0.15)
Fig. 4. Activity ratios for opposite faces before and after optimization for UP1 CR-063808.
uniform activity distribution, is suitable compared with the geometry
optimization results.

The waste packages and unitary items analysed above are subjected
to elimination via melting. The melting process does not allow corre-
lating the samples after melting to waste packages and unitary items
7

individually. Hence, we compare the AVG activities of all samples to
the averaged values over all primary waste (waste package and unitary
items). The results show that the AVG activity values before melting
are consistent with the corresponding values after melting, especially
for the dominant 60Co, which is identified in all primary waste.
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Table 11
Average activity values over two, four faces for reference and optimized models with uncertainties given at 1 𝜎 for UP2.

UP2 CR-W13057

Radionuclide (Bq/g) REFERENCE OPTIMIZED OPTIMIZED/REFERENCE

Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces Faces 1–3 Faces 2–4 Four faces
60Co 5.63E+00

(14%)
1.31E+01
(18%)

9.35E+00
(13%)

6.25E+00
(15%)

1.52E+01
(15%)

1.07E+01
(11%)

1.11
(±0.23)

1.16
(±0.27)

1.15
(±0.20)
Table 12
Average activity values over two faces for reference and optimized models with uncertainties given at 1 𝜎 for UP3 and UP4.

Radionuclide (Bq/g) UP3 CR-065037 UP4 CR-065038

REFERENCE OPTIMIZED OPTI-
MIZED/REFERENCE

REFERENCE OPTIMIZED OPTI-
MIZED/REFERENCE

Faces 1–3 Faces 1–3 Faces 1–3 Faces 1–3 Faces 1–3 Faces 1–3
60Co 4.08E+00

(1%)
4.49E+00
(1%)

1.10
(±0.02)

1.28E+01
(1%)

1.38E+01
(1%)

1.08
(±0.02)

44Sc 1.07E−01
(9%)

1.09E−01
(7%)

1.03
(±0.11)
Table 13
List of identified radionuclides with the activity values for the six samples. The uncertainties are quoted at 1 𝜎 (relative uncertainties).
Sample ID Mass (g) 60Co (Bq/g) 44Sc (Bq/g) 44Ti (Bq/g) 54Mn (Bq/g)

PSAM-000958 84 1.32E+02
(2%)

1.94E+00
(5%)

2.07E+00
(8%)

7.06E−01
(12%)

PSAM-000959 84 1.30E+02
(2%)

1.87E+00
(6%)

1.63E+00
(9%)

7.12E−01
(11%)

PSAM-000960 82 1.51E+02
(2%)

6.48E−01
(12%)

5.65E−01
(15%)

1.27E+00
(8%)

PSAM-000961 80 1.56E+02
(2%)

5.68E−01
(16%)

4.12E−01
(20%)

1.48E+00
(7%)

PSAM-000962 82 1.22E+02
(2%)

7.73E−01
(12%)

1.16E+00
(12%)

2.06E+00
(6%)

PSAM-000963 82 1.22E+02
(2%)

7.84E−01
(11%)

9.5E−01
(12%)

1.95E+00
(6%)
V
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Table 14
Average activity values in Bq/g with uncertainties given at 1 𝜎 of the waste before
and after melting.

Radionuclide (Bq/g) Before melting After melting Before/After
60Co 1.69E+02

(1%)
1.35E+02
(1%)

1.25
(± 0.01)

44Sc 2.06E+00
(6%)

1.11E+00
(3%)

1.87
(± 0.13)

44Ti 4.40E+00
(2%)

1.14E+00
(4%)

3.86
(± 0.18)

54Mn 3.28E+00
(2%)

1.36E+00
(3%)

2.42
(± 0.09)

Additionally, this paper presents the methodology that allows per-
orming a preliminary quantification of the specific activities of 60Co
or operational waste package production purposes. It is based on the
xperimental correlation between the ratio of the specific activity of
0Co and the AVG-DR as a function of the apparent density of the waste
tem. This methodology is valid under the assumption that 60Co is the

dominant gamma dose contributor in the waste item, where the decay
time is more than 3 years. This methodology allows optimizing dose
exposure and utilizing resources to guarantee the conformity of the
waste packages to the criteria of the melting facility.

Finally, this paper presents the results of a pilot campaign for the
treatment and elimination process of CERN’s metallic LILW waste by
melting. A pilot batch of 19 m3 of metallic LILW waste was successfully
melted at the end of 2022, resulting in 3 melting baths (around 4 tons
each). The melted waste was disposed of in the French final repository
by June 15 2023, marking the pilot project’s end. The melting project
8

has been a key contributor to the opening of an efficient elimination
pathway for the yearly disposal of up to 16 m3 of LILW metallic waste
in France. Future plans include applying the developed methodology to
future waste.
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