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Glossary

Cagion / Acronym Descriptian/ Meaning

ANDRA Agence nationale pour la gestion des déchets radioactifs

CHANCE Characterisation of conditioned nuclear waste for its Safe Dispos
Europe

ESARDA European Safeguards Research and Development Association

FRAM Fixed energyResponse function Analysis with Multiple efficiencies

IEM Infinite Energy Method

ISOCS In Situ Object Counting System

KEPIC KEP Innovation Centre

LvC Large Volume Calorimeter

MCNP Monte Carlo NParticle code

PNMC Passive NeutroiMleasurement Counting

RN Radionuclide

SCK CEN Belgian nuclear research centre
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1 Executive Summary

1.1 Executive Factsheet

Who should read this deliverable’” Why should s/he read this Which part of the content is
Who are the stakeholders deliverable? most relevant for him/ her?

concerned by this deliverable?

What will s/he learn from this
deliverable?

End User Group This document is presenting th Section 45 and 5.5

results of uncertainties evaluatior
linked to the experimental
investigation done in CEA and
{ /! Y wihYabk 3.2.

HGUREL - EXECUTIVEACTSHEET

1.2 Executive Summary

The CHANCE project aims to address the specific issue of the characterization of conditioned radioactive waste. The
characterization of fully or partly conditioned radioactive waste is a specific issue because unlike for raw waste, its
characterization ismore complex and therefore requires more advanced -destructive techniques and
methodologies.

The objective of CHANCE is to further develop, test and validate techniques already identified that will improve the
characterization of conditioned radioactiwaste, namely those that cannot easily be dealt with using conventional
methods. Specifically, the work on conditioned radioactive waste characterization technology focuses on:

1 Calorimetry as an innovative natestructive technique to reduce uncertaintieon the inventory of
radionuclides.

1 Muon Tomography to address the specific issue of-destructive control of the content of large volume
nuclearwaste.

1 Cavity Rindpown Spectroscopy (CRDS) as an innovative technique to characterize outgassing dfvadioa
waste.

The present report focuses on activities from Work Package 3 related to the development of the calorimitey
frame of the Task 3. the exploitation of the results of theneasurements cared out with mockup wastedrums

at CEA Cadaractend SCKCENwith gamma spectrometry, passive neutron counting and using the calorimeter
developed by KEP Technologiess done SCKCENalso performedneasurements with a 200 L real unconditioned
waste drum. This document presents thaalysis of theesults obtained with the different techniqueand the
combination of the different technid® better characterize the mock up and real drums aeduce theassociated
measurementuncertainties. Also, some MCNP modellin of the calorimeterand gamma spectrometry were
performedin the framework of the performed experiments
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2 General introduction

Deliverable 3.31] of CHANCE WP3 was aiming at describing the measurement campaigns performed at CEA and
SCK CEMighlightirg the raw measurement results, and providing a first interpretation in terms of activities for
most measurements. In this document we focus more on the uncertainties related to the different measurement
techniques.

On the one hand, a large simulation stuyperformed to assess the theoretical uncertainties related to the
calorimeter measurement, through investigating the deposition of energy within the measurement chamber. This
study is presented in Sectidh

On the other hand, an update on the measurement interpretation is provided, obtained by probabilistic modelling
of the individual measurements, as well as combinations of measurement techniques, to assadddtievalue of
calorimetryandthe more conventional NDA techniques used in the investigated cabese studies are presented

in Sectiongl and5, for the experiment&and modellingperformed at CEA and SCK CEN respectively.

Furthermore, @ we had the opportunity to do additional joule effect calibratimeasurements at SCK CEN, after
completion of the planned measurement campaign, and can exploit the measurements with reference sources as
well for that calibration, anore thorough investigatioficompared to what was presented ii] on the calibration

of the calorimeter sensitivity coefficientand their uncertaintyas performed as welThis is presented in Section

5.2
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3 Calorimeter modelling

3.1 Numerical model of the calorimeter

Matching the design of the calorimeter, a simplified but still viable numerical model was implementecthesing
MCNP6 code. The numerical modgbiiesented inFigure2. It consists of different layers, just alike the real KEE
calorimeter. There is a cylindrically shaped sample drum (60 cm in diameterBach 8igh) at the centre of the
measurement chamber which is filled with air. The next layer is the octagaped structure with the heat flux
detectors mounted on each wall. Then, there is the packagstefnatinghomogenization (red layers Figure2)
and insulation layers (blue layerskigure2), up to six layereach. Underneath the measurement champee can
find the reference chamber (or ghost chambeith a phantom aluminium block.

cold plate

homogenization layers
measurement cells

insulating layers

ghost cell

aluminium block

RGURE2. THEMCNP MODEL

3.2 Nuclear vectors definition

Two approaches were used in the simulatibor the frst approach wesimulaiedthe emission of gamma particles

and neutrons with energies in the range20(° eV to check energy deposition in the drum and the penetration
properties of these particles depending threir energy.The £cond approacleonsisted osimulating typical nuear
vectors that can be expected in wasteums andchecking the possibility of characterizing these materials using a
combination of calorimetry and gamma spectrometry. To implement the second approach, four typical nuclear
vectors were provided by ANDRa#s shown iTablel.
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TABLEL. ANDRAS NUCLEAR VECTORS

Pu238f 11,1% 15,2% - 11,1%
Pu239f 2,1% 17,8% 0,02% 3,1%
Pu240f 2,3% 17,1% 0,01% 4,3%
Am241f 43,1% 49,7% 3,3% 30,0%
Sr90f/Y90f 6,6% - 44,9% 18,7%
Cs137f/Bal37m 8,5% - 51,3% 30,3%
Cm244f 24,0% - - 1,9%
Tc9of 1,0% - - -
Others 1,4% 0,2% 0,4% 0,6%
Total 100,0% 100,0% 100,0% 100,0%

3.3 Combination of calorimetry and gamma spectrometry

As part of the projectseveralsimulations were performed to determine the possibility of combining calorimetric
measurements with other nodestructive methods. This chapter describes simulations for the potential
combination of calorimetry with gamma spectrometry.

input spectrum
(composition of the sample)

\

E

heat power
= measurement
spectrum measured \ -
outside the drum  / \ \ potential heat deposition w
¥ m; = R i

s —* B — Peff=zRi'Pi
i

HGURE3. COMBINATION OF GAMMA SPECTROMETRY AND CALORINWETRODOLOGY

In this series of analyses, simulations of the calorimetric measurement and simulations of the spectrometric
measurement were carried otid combine the results obtained using both methods. Using the Monte Carlo Geant4
code, a simulation of >£@articlesemitted from different parts of the drum was performed. On the one hand, it
was checked which spectrum of particles that leave the deambe measured outside (gamma spectrometry), and
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on the other hand, which is the energy deposition and heat power éid drum (calorimetric measuremengs
shown inFigure3.

3.3.1 Gamma spectrometry

After simulating the spectrum outside the drum, the share of a given isokdmesed ona selected peak can be
determined in the simplest method by comparing the relative intensities:

i ; 3.1
Yy LoBE | 88 @D

a X i (3.2

Where:

0¢ simulated time[s]

'Y ¢ relative share of icompound

‘G, ¢intensity given peak of-kompound

0 ¢ specific activity of {compound[Bg/g]

0 Y ¢ branching ratio of fcompound and analysed peak{%)]

& ¢ mass of isotopé calculated using selected peak intendiy

3.3.2 Calorimetry

Knowingthe potential percentage composition of the mixture determined using gamma spectrometry, it is possible
to determine the effective heat poweP§r) of the material inside the druif®]:

: v 5 (33)

Where:

'Y - relative share of-compound [%]
0 - effective power of-compound [W/g]

After simulating the power that will be deposited in the matrix (W), one can determine what is the total mass of
radioactivematerial inside the drum:

(34)

C-1| e

o

Then the mass of thieth element will be determined as:

o
@ YH Yo (35)
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3.3.3 Examplecomposition

Simulations were made, among others, for one of the typical compositions that can be found in nuclear waste drum

6! YRNI Qa4 @OSO0G2NAROD® C2NJ KAA YAEGAINBI Al 61 a OKSO1ISR 4K
power is emittedm the matrix.

TABLE2. EXAMPLE COMPOSITIOANDRAS VECTOR N2

isotope | abundance|
Pu238 15.2%
Pu240 17.1%
Pu239 17.8%
Am241 49.7%
Total 100.0%

As part of the simulation, 1g of the material was placed at the edge of the drum, halfway up the active [drt

CNRBY (KAa Sgemna paltidleg Wereritted with a spectrum corresponding to the mixture Table2.
The spectrum obtained outside the drum is showirigure4.

compasttion no 2, cancrete, edge

it
g A ’\WM W‘W

Shargy (kv

FGURH. GAMMA SPECTRUM OUTSIDE THE DRUM

Then the peaks in the spectrum were recorded. The criteria for registrateme that the peak was 1.5 times the
mean value in the 0.5keWindow. Table3 shows the list of the registered peaks.

CHANCEDissemination levelPU- Date ofissue of this report02/05/2022 © CHANCE

H%Z\OZO This document has been produced under Grant Agreer820755371. This document and its contents remain
the property of the beneficiaries of the CHANCE Consortium and may not be distributed or reproduced without the
express written approval of the CHANCE Coordinator.




CHAN C E Title : Deliverable D3 Written: List on Page 2

Conclusion of the exhaustive study Organisation: List on page 2 Version: 0
of uncertainties Issued: 02nd May 2022 Page(s) 20

TABLE3. REGISTERED PEAKS

Am241 59.52 b.48E+01
Am241 67.43 2.43E-03
Am241  101.04 1.73E-01
Am241  106.40 6.43E-04
Am241  113.29 2. 7AE-02
Am241  114.21 5.18E-02
Am241 114,91 1.79E-03
Am241  117.46 2.04E-02
Am241 122,99 2.05E-02
Am241  150.03 1.64E-03
Am241  165.80 8.58E-04
Am241  169.54 A4.54E-03
Am241  267.53 6.79E-04
Am241  332.35 5.15E-03
Am241  376.63 4.61E-03
Am241  383.79 8.93E-04
Am241  519.00 2.A7E-03
Am241  688.70 1.32E-03
Pu239 129.27 8.58E-04
Pu239 413.70 3.93E-04
Pu238 43.43 7.58E-03
Pu238 99.84 1.57E-01
Pu238 760.37 1.57E-03

Only those peaks with the best statistics and similarrgies were selected for further analysis. Gamma particles
with significantly different energies would be absorbed by the matrix and wall of the drum in different ways,
disturbing the comparison of peak intensities and thus determination of the percenteage sf a given isotope. In
Table4d the selection of peaks is presented. At this stage, the simplest method of characterization was used, so single
peak analysis. Three peaks (one for each isotope) were used for further analysipeaks were chosen to be as
close to each other as possible (to minimize the effect of different attenuation at different energies) but at the same
time with relatively high number of counts to provide sufficient statistics.

TABLE4. PEAKS CHOSEN FOR ANALYSIS AND CALCULATIONS RESULT

e [ ol e e e I

Am241 114.21 1.45e+03  3.81E+01  5.18E-02 2.80E-05 1.27E+11 5.28E-02 61.0% 2.5% 49.7%
Pu239 129.27 2.40E+01  4.90E+00  8.58E-04 6.31E-05 2.30E+09 2.15E-02 24.8% 5.1% 17.8%
Pu238 99.84 4.41E+03  6.64E+01  1.57E-01 7.35E-05 6.34E+11 1.23E-02 14.2% 5.9% 15.2%

The analysed peak intensities correspond respectively to the following masses: 0.05g, 0.02g and 0.01g of Am241,
Pu239 and Pu238, so around 0.08g in total. Based on these masses, the compfsttienmixture can be
determined as Am241: 61.0% (expected49.7%), Pu239: 24.8% (vs. 17.8%) and Pu238: 14.2% (vs. 15.2%). Three
of the four isotopes have been identified. Only the Pu240 isotope was not recognized due to the overlapping of its
spectrumwith other isotopes of Pu. Knowing the percentage shares of isotopes, the effective power of the sample
was determined (Table 4) using equati¢8.B).
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TABLES. EFFECTIVE POWER CALCULAJI3PN

Am241  1.15E+02 7.02E+01  1.76E+00
Pu239 1.93E+00 4.79E-01  2.45E-02
Pu238  5.68E+02 B.04E+01  4.72E+00

Total: 1.51E+02  5.04E+00

Then, a simulation of energy deposition in the matrix and wall of the drum was performed. The simulations showed
that the thermal power of the drum would b@ p T @ ®. Then, using thereviously determined effective
power and equation((3.4), one obtains 0.94 g of radioactive material (out of 1 g of simulated material).

TABLEG. RESULTS OF COMBINATION OF GAMMA SPECTROMETRY AND CALORIMETRY

M, with
isotope measured | calorimetry real [g]
[g]

Am241 61.0% 0.57 0.02 0.497
Pu239 24.8% 0.23 0.01 0.178
Pu238 14.2% 0.13 0.01 0.152
Pu240 - - - 0.171
T 100% 094 1.00

Table 6 shows a summary of the results obtained. The simulations showed that for the composition under
consideration, by combining calorimetry with gamma spectrometry, one could potentially charac@94 g per

1g of the mixture, however, overestimating the mass of Am241 by about 0.07g, overestimating the mass of Pu239
by 0.05g, underestimating the mass of Pu238 by 0.02g and not characterizing Pu240. Although the case under
consideration assumed ery simplified method of comparing the peaks, it shows the methodology and possible
improvement of the results when combining calorimetry with gamma spectrometry.

3.3.4 Background radiation influence

This section describes simulations performed in order vestigate the potential influence of background radiation

on the analysis of the peaks and the characterization of the compositions considered. For this purpose, a background
radiation spectrum was defined in addition to the spectrum derived from radieactaterial. The gamma
spectrometric measurement was simulated again. The simulated time of measurement was 96 seconds. The
spectrum of the background radiation was taken from the literatidjeAn example of the spectrum of the mixture

for which the bakground radiation introduced relatively the greatest differences (up to 14%), is presented below.
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background radiation influence, mix 1, center, t=96s
1e+11 T T T
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HGURES. SPECTRUM FOR MIX NG@PLACED IN THE CENTRE OF THE DRUM COMPARED WITH THE BACKGROUND RADIATION
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HGURES. DIFFERENCE BETWEEN SPECTRUM FOR UKNDCSPECTRUM WITH BACKGROUND RADIARIBNTHE SOURCE
PLACBIN THE CENTRE AND BY THE EDGE OF THE DRUM

Figure6 shows that the greatest differences appear for energies <20keV and raise up to 14%. However, such
particles with low level energies have feivancego leave the drum. Typical spectral analysis usually includes peaks
with energies greatethan 50keV for which these differences are much smaller (much less thaad #6pst of the
background spectrum that was used is belowkB¥.It can therefore be seen that for the considered compositions,

the background radiation will have little effechahe spectrometric analysis, in case of the considered vectors.
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3.3.5 Attenuation of the gamma radiation inside the drum

Largevolume and heterogeneous drums are problematic to characterize. Because of the large volume, the
radioactive materials can be disttited in an heterogenous manner in the matrix. Radioactive materials can be
closeto the edge of thedrum or buried/hidden inside other materials or shield¢d]. Depending on the type of
matrix, its composition, the position of the source inside the dranmg the energy of emitted particles, attenuation

of the radiation can vargs well as the corresponding contributitmthe spectrum. In order to evaluate the impact

of the distribution of the radioactive materials, simulation of the emission of gammticfes with energies from
100keV to 1MeV was undertaken. A spectrum of 10 menergetic peaks was considered: 100, 200, ..., 1000 keV,
all of equal intensity. Particles were emitted from the centre or the edge of the drum. Two matrices were
considered: Bumen and concrete, with or without elements (bubbles, steel, aluminium) inside the matrix. The
Figure7 shows the scenarios considered.

Bubbles (air, steel, aluminum)

Homogenous or
" non homogenous matrix

Energy spectrum (one of four considered compositions)

FIGURE/. CONSIDERED SCENARIOS
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FHGURES. ATTENUATION ANALYSIS RESULTS FOR CO(BIRETENEAND BITUMENGREEN LINBMATRIX

The results Kigure8) shows that, depending on the scenario, sstenuation may have different effects on the
spectrum measured outside the drum and in general this influence may bérivéal and difficult to define a priori.

The simulationshowed that, depending on the scenario and energy, the peak intensity can be weakened by about
2 to 20 times and increase approximately linearly with the energy or satisfy the rel&tigr®| 7O .

The available software of gamma spectrometasgesmethods that partially take into account the effects of self
shielding, they adjust the spectrum analysis by assuming simple geometry and attenuation of the material and use
multiple peak analysis. However, they require prior information on the approximateixmabmposition and
distribution and/or require knowledge on the homogeneity and composition of the matgBals

3.3.6 Infinite energy method (IEM) for radioactive materials characterization

One of the methods ofonsideringthe seltattenuation effect is the infinite energy method (IEM), in which for a
selected isotope the determined mass is plotted against the 1/E, where E is the energy of the radiation peak on the
basis of which the mass is determined. The final masstermd@ed by extrapolating the function fitted to the
measured points and determining its value at the zero point. AS2Atappears in all the considered vectors (four
ANDRA's vectors), and it is characterized by several p€akke{) of high intensity and a wide range of energy, this
isotope could be used to determine a function that could, to some extent, reflect the attenuation properties of the
drum (assuming thall remaining radioactive material is similarly distributed to-241)[7].
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TABLE7. AM241PEAKS FORIFINITENERGMETHOD.

69.8 0.0143 0.029(3)
101.1 0.0099 0.081(2)
103.0 0.0097 0.083(2)
1175 0.0085 0.106(8)
123.0 0.0081 0.110(9)
208.0 0.0048 0.163(12)
335.4 0.0030 0.230(20)
662.4 0.0015 0.255(21)

Am-241 peaks —— ]
0.3735"exp(-162.9/E)

g o01f H -
0.01 1 - - ' ! ' '
0 0002 0004 0006 0008 001 0012 0014 0.016
1/E keV']

FHGURE. INFINITE ENERGY METHOD AGIR241.

Figure9 shows the use of Infinite Energy Method IEM for 0.497g of2&hlocated at the edge of the drum. Single

peak analysis leads to a maximum of 0.26g of2th (51% of the simulated conteni/hereasthe mass of Am

241 determined using IEM is equal to 0.37g (74%). IEM was used to more accurately determine the mass-of the Am
241. It can also be used to define the following equation:

00 4 XN T Q (36)

Whered and| are curve fitting factors and corresponds to the mass calculated using IEM.

To some extenE(E)wvould reflect the gamma attenuation properties of the matrix and wall of the drihus,any
massd of isotopei determined using peak of energyO would be adjusted using the functio(3(6):

& — & 9D (3.7)
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FigurelO presents theF(E)as a functiorof the gamma particle energy.
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FGURELO. ATTENUATION CURVE APPROXIMATED USINZA1PEAKS

TABLES. IEMMASS ADJUSTMENANDRAS VECTOR N2

- E [keV] equivalent | equivalent ":Esf \m:h simulated
s - mass [g]: | mass_adj [g] - or[‘:i‘e o mass [g]

Am241 114.2 0.05 0.22 61.0% 61.4% 2.5% 0.58 0.01 0.50
Pu239 129.3 0.02 0.08 24.8% 21.1% 5.1% 0.20 0.01 0.18
Pu238 99.8 0.01 0.06 14.2% 17.5% 5.9% 0.16 0.01 0.15

Table8 shows the adjustment of mass using IEM. Masses calculated using simple peak anafysia4fby Pu239

and Pu238 were equal to 0.05g, 0.02g and 0.01g whereas masses adjusted using IEM were equal to 0.22g, 0.08g and
0.06g, being closer to the expected values (0.50g, 0.18g and 0.15g). On the basis of this values percentage shares
were determinedand equato 61.4%, 21.1% and 17.5% and after multiplying it by 0.94g of total radioactive material
(from calorimetry) the final detection was: 0.58g for A#1, 0.20g for Pu239 and 0.16g for Pu238.

3.4 Gamma and neutron radiation leakage

In the context of he use of gamma spectroscopy in the characterization of radioactive materials, it is important that
a major part of the gamma radiation can escape from the inside of the drum to be captured by the detectors. For
calorimetry, which measurs the heat emittedby the material, it is important most of the radiation energy is
deposited in the drum and the measurement chamfreeasurement Peltier elementd} can however happen that

some of the particles (neutrons and highergy gamma particles) escape from threm and deposit some of their
energy outside the drum. This part of the energy is not measured or can even lead to a double error when deposited
in the reference parts of the calorimetéreference Peltier elementgg]. When a particle deposits energy the
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reference part, this part is not detected by the measurement Peltier elements and it also decreases the final signal
(as it is measured by the reference Peltier elements).

3.4.1 Considered scenarios

To check how the distribution of radioactive materiasigde the drum influences the radiation leakage, three
simulation scenarios were studied. For all the scenarios the drum was filled with a radioactive material to a height
of 50 cm (it is defined as the active part of the drum). The remaining part of tiva dias filled with air.

Scenario .

¢CKS FANRG a2dz2NOS O2y TAIdzNI (A 2y Tupk&sMBruntfile8 Wilh €ahd ahddRe (1 K S
pin of radioactive material placed in the centre of the drum. In the middle of the pin a container with the sampled
source was placed. It waassumed that all the radioactivity was hidden deeply inside the drum, thus on average,

the path for the particle to escape was the highest. This configuration is called the most conservative scenario.

Scenario Il.

In this scenario, hereafter called tiheK 2 Y 2 3 S y-@pditivas ass@ried that the radioactive material is uniformly
distributed within the whole volume of the active part of the drum. The active part was filled only with sand and
particles were sampled inside this whole volume. The amoumscaping radiation was, of course, higher in this
case, as the particles can be nearby the edge of the drum as well.

Scenario lll.

I GKANR {AYR 2F &2d2NOS 02y TA 3 dzNI-up was W Brunk Smil& toEasSINIutO £ £ S
with only one pin placed near the edge of the drum. In addition, the container with the virtual radioactive material

was located at the bottom of the pin. In this scenario the particles, on average, had the shortest path to leave the
system.
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FGURELL. VISUALIZING THE COMPARING SCENAR@SI CONSERVATIVE SOUREE), HOMOGENOUGVIDDLE AND
LEAST CONSERVAT(RESHT.

Figurellshows the diffeences between sampling particles scenarios in all three kinds of the source configurations.
The radioactive composition was modelled by a virtual gamma source and a virtual neutron source at energies from
10 keV up to 10 MeV. In addition, some calculatiohwaste composition for beta and alpha emission were carried

out too, but as expected, no esdag radiationwas found.

3.4.2 Energy- power conversion

In the MCNP input file it is only possible to define energy of a single source particle and tmeitokedr of emitted
particles (which usually depends on calculation time and the complexity of the problem). It simulates what
happened with every single particle and not make possible to define the associated energy.

| order to calculate the energy depositi and the associated power (mW), and the specific power, the mean
energy per one source particleustd S YdzZt GALX ASR o6& (G(KS FOGA@AdGe h 2F (KS

0 03 (3.8)
where'Ois the calculated energy (MeV/particle) adds the activity (Bg/g).

The equation (3.8) is true only for the mon@nergetic source. For more complicated spectruwe, must use the
relation:

0O B 0Ot (3.9)
where¢& - number of the particles emitted by theth isotope, k-number of isotopes.

In a real case, the simulated material would be described bysittepic composition. As each isotope would have
a different activity and branching ratio (BR) of a given particle, the number of the particles emitted ity woad
be equal to:

& OBYD (3.10)

Using the equatior§3.10) in the equation(3.9) , one obtains the final relation for the specific power of the multi
energetic source:
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(3.11)
0 0 3 YA

Using the uncertaint propagation method, the total uncertainty of the specific power would be equal to:

(3.12)

3.4.3 Particles flux distribution analysis- Gamma radiation

In order to understand how thparticlesbehave inside the calorimeter, the particle flux was checked usingdtally

[9] with the mesh option and normalized to 4particles source strength, as said before. The flux was calculated on

a XY mesh made of D00 rectangular cells, each 1.4cm wide and 188cm high. The flux was also determined along
the Z axis, on a mesh made of 300 rectangular cells, 72cm wide and 0.6 cm high. The obtained 3D fluxes are
illustrated in Figure12. The fluxes were analysed for the three scenarios and three different source energies
(0.1MeV, 1MeV and 5 MeV) as mentioned before. For the clarity of the results presented, the charomee

up to the range of (0,1€) particles/cn.

a) Scenario I, 0.1 MeV b) Scenario I, 1 MeV c) Scenario |, 5 MeV
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g) Scenario lll, 0.1 MeV h) Scenario lll, 1 MeV
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i) Scenario Ill, 5 MeV
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FGUREL2. GAMMA PARTICLES FL(NORMALIZED TH06 SOURCE PARTIC).ESR DIFFERENT ENERGIES AND THE THREE
SCENARIOS DISCUSSED IN THE TEXT

The results confirm that for the 0.1 Me3durce almost all the radiation is deposited inside the system. Despite all
particles being absorbed and no radiation escaping the system, even for low energy gammas not all the heat is
deposited inside the Peltier elements where it is detected. For ti@dgenous and least conservative scenario,

still some step changes in the flux distribution are visible, reflecting the layers of the calorimeter, which means that
some part of the radiation penetrates the detection zone and the homogenization and irsulzdits. Only the

heat deposited inside the drum and measurement parts are detectable, thus not all the total deposited energy can
be measured. And for higher energies, certainly even more particles leave the system as expected.

The chartsn Figurel2 are meant to be just illustrative. To quantify and compare the fluxes, especially the tails
which describe the radiation leakage, twidmensional charts arelotted along the X and Z axes, aRifjurel3
shows a comparison of the fluxes for different energies for the case of the 2nd scenario whigne@i 4 shows a
juxtaposition of fluxes at mignergy (i.e. 1MeV) for all three scenarios. Relative error shaable9 and Table

10is statistical uncertaing cakulated automatically by MCNP.
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HGUREL3. FLUX DISTRIBUTION FOR DIFFERENT ENERGIESDNXDIRECTIONHOMOGENOUS GAMMA SOURCE
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TABLED. RADIATION LEAKAGE FOR DIFFERENT ENBRGVESGENOS GAMMA SOURCE
flux [particles/cn?]
along Zaxis along Xaxis
energy rel. rel. aluminium rel.
[MeV/par]: | bottom: error: | top: error: | block: rel. error: flux: error:
1.32E 25.9%
0.1 1.35E09 | 22.0%| 3.11E08 | 6.4% | 2.48E07 2.7% 07
2.75E 4.3%
1 5.08E07 | 1.9% | 1.60E06 | 1.0% | 5.82E06 0.5% 06
6.73E 2.6%
5 2.45E06 | 0.6% | 3.81E06 | 0.6% | 1.30E05 0.4% 06
a) b)
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FGUREL4. FLUX DISTRIBUTION FOR THE DIFFERENT SCEAME®SAMMA SOURGH 0° SOURCE STRENGTH

One can sethat the energy of the source has significant influence on the flux distribution. The flux plotted along Z
axis Figurelda) shows that some part of it reaches tghost chamber and beyond. For high energies, the flux
penetrates more layers, as well as the reference parts of the calorimeter waitdes inevitably a double bias.
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flux [particles/cn?]
along Zaxis along Xaxis
rel. rel. aluminium rel. rel.
scenario: | bottom: error: | top: error: | block: error: | flux: error:
I 1.93E07 2.7% | 4.63E07 1.4% | 2.48E06 0.1% | 9.47E07 | 6.7%
Il 5.08E07 | 1.9% | 1.60E06 | 1.0% | 5.82E06 0.5% | 2.75E06 | 4.3%
1] 1.76E06 0.7% | 2.13E07 2.1% | 2.03E05 0.4% | 1.07E05 | 2.0%

Version:

Page(s)

0
32

The results show that source distribution pattern has a strong influence on the flux distribution. In case of the flux
along Xaxis Figurel4b) and the source close to the wall of the drum, the flux leakage is around four times higher
than compared to the homogeneous case and around 11 times higirepared to the most conservative scenario

l.

3.4.4 Particles flux distribution analysis- Neutron radiation

Likefor the gamma radiation, the neutron particles flux wamulatedon the XY surface and along Z akigurel5
presents illustrative 3D plots of the fluxes (normalized t6 B source strength), for different scenarios and source
energies. For the clarity of the results presented, the chartsrewgoomed up to the rangeof
(0,2-10% particles/cn¥/s.
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HGURELS5. NEUTRON PARTICLES FLUX FOR DIFFERENT ENERGIES AND.SCENARIOS

One can see a different behaviour of the photon and neutron fluxes. In case of photons, source enerdy strong
influences the shape of the flux distribution, whereas neutrons flux is less sensitive for the source energy. For
different energies the neutron flux distribution changes the shape slightly but the total flux that escapes the system
is almost the sames presented in th€igurel6and TABLELL. Only the position of the source can strongly influence

the radiation leakage. However, the simulations show that, for the source placed in the centre of the drum and the

uniformly distributed source, fluxes are very similar. Only for the source placed close to the edge of the drum, the
radiation leakage and shape thife flux change significantly.
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HGURELG. XZPLOT OF THERLUX PROFILES ADIRFERENT ENERGHSMOGENOUS NEUTRON SOURCE
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TABLELL. NEUTRON RADIATION LEAKAGE FOR DIFFERENT SGENWEMOSEUTRON SOURCE
flux [particles/cn?]
along Zaxis along Xaxis
energy rel. rel. aluminium | rel. rel.
[MeV/par]: | bottom: error: | top: error; | block: error; flux: error;
0.1 7.12E06 | 0.4% | 4.66E06 0.4% | 2.68E05 0.3% 1.15E05 1.9%
1 7.74E06 | 0.4% | 5.50E06 0.4% | 3.33E05 0.3% 1.28E05 1.8%
5 7.97E06 | 0.4% | 5.78E06 0.4% | 3.40E05 0.3% 1.33E05 1.7%
a) b)
I cenario
\1 o gcenario :I r 1 — . Scenario |
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HGUREL7. XZPLOT OF THE NEUTRON FLUX PROFILES FOR THE THREE DIFFERENT BIERNWRIDBON SOURCE

TABLEL2. NEUTRON RADIATION LEAKAGE FOR DIFFERENT ENMERBIEENOUS NEUTRON SOURCE

flux [particles/cm?]
along Zaxis along Xaxis
rel. rel. aluminium | rel. rel.
scenario: | bottom: error: | top: error: | block error: | flux: error:
I 5.99E06 0.4% | 4.17E06 0.5% | 2.44E05 0.3% | 1.01E05 1.9%
I 7.74E06 | 0.4% | 5.50E06 |[0.4% |3.33E05 |0.3% | 1.28E05 | 1.8%
m 1.58E05 | 0.3% |2.21E06 |0.7% | 7.38E05 | 0.2% | 3.96E05 | 1.1%
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As the total neutron flux and the radiation leakage are mordess constant, it may suggest that most of the
neutrons are not absorbed rather scattered and potential absorption is partly recompensed by n@utrducing
reactions,whereas the energy degition depends on the secondary particles and calorimeter nuclei interactions.

Figure2 shows that, within the range of the studied energies, the filmape profiles and radiation leakage are
almost independent of the energy of the sourd@ablel2 shows that the flux escaping the system and goingtlgh
the aluminium block are fairly constant (maximum 25% changes).

3.5 Heat detection

351 #A1 1 OEIl AOAOGO 1 AUAOO

b2G Fff GKS KSIFIG A& tA1Ste (2 6S RSGSOGSR o0& GKS O £ 2N
would be the heat measured by the device, the energy/heat deposition in all the layers was deterFimeal8

presents a sketch of the calorimeter agb with description of the layers.

measurement chamber
measurement plate
octagon-shape structure
reference plates
thermal block

insulation layer 1
homaogenization layer 1
drum insulation layer 2
ghost chamber walls homaogenization layer 2
insulation layer 3
ghost chamber homaogenization layer 3
phantom insulation layer 4

homogenization layer 4
ghost chamber

insulation layer 5
reference part

cold plate

insulation layer 6

HGUREL8. SXETCH OF THE LAYERS OF THE CALORIMETER

The total energy deposition wsasimply calculated as the sum of all the energy depositidribe different layers
The following subsection contains the energy depositions, detdilethyer, for the three scenarios, at three
different source energies (i.e. 100 keV, 1 MeV and 5 MeV).

As mentioned, the Peltier elements are placed on the measurement plates located around the measurement
chamber, aside, below and above the sample. An additional measurement plate is located at the bottom of the
ghost cell for thebottom referencemeasurementwhile the reference Peltier elements are integrated in the other
measurement platesThe total heat flux is the difference between the measurement signal corresponding to the
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heat produced inside the drum and the reference sigulaich attemps to quantify the measurement noisk case
of high energiesradiation escaping from the measurement chamber can affect the accuracy of the measurement.

In the following part the energy deposition and its detection are discussed: The heat depositidadlieslayers is

split into three components: i) the heat detected by the measurement elements (coloured in greEabla

13- Tablel8), ii) the heat monitored in the ghost cell, which reduces the result (coloured in r@aliel3- Table

18) and iii) the negligible parts of the heat deposition with no influence on the total power measurement (not
coloured inTablel3 - Tablel8). The final result is equal to:

0 0 0 0 0 0O O (3.13)

whereO ,0 ,0 ,0 ,0 ,0 (JoreV)arethe energies deposited in the drum, measurement chamber,
reference plates, ghost chamber, phantom and ghost chaméference plée, respectively.

In case of the measurement chamber, only the heat produced inside the octagloapéd structure would be
detected. The heat produced behind the measurement plates would not be detected. However, preliminary
simulations shwed that this heat has virtually no influence on the final measurement and, as an approximation, all
the heat produced inside the measurement chamber is considered as detected.

TABLEL3. ENERGY DEPOSITION AT THE VARIOUS PARABLOFCCALORIMETER FOR DIFFERENT ENERGESENARIO
GAMMA SOURCE

source energy [MeV/particle]: 0.1 1 5
energy rel. energy rel. energy rel.

Layer: deposition: error: | deposition: error: | deposition: error:
thermal block 0.1%| 2.2% 25%| 0.2% 3.9%| 0.1%
insulation layer 1 0.0%| 3.4% 0.0%| 0.3% 0.0%| 0.2%
homogenization layer 1 0.0%| 3.5% 15%| 0.3% 2.6%| 0.2%
insulation layer 2 0.0%| 0.0% 0.0%| 0.3% 0.0%| 0.2%
homogenization layer 2 0.0%| 4.9% 1.2%| 0.3% 2.3%| 0.2%
insulation layer 3 0.0%| 0.0% 0.0%| 0.4% 0.0%| 0.2%
homogenization layer 3 0.0%| 6.8% 0.9%| 0.3% 2.0%| 0.2%
insulation layer 4 0.0%| 0.0% 0.0%| 0.4% 0.0%| 0.2%
homogenization layer 4 0.0% 8.9% 0.7% 0.4% 1.8%| 0.2%
insulation layer 5 0.0%| 0.0% 0.0%| 0.5% 0.0%| 0.2%
cold plate 0.0% 0.0% 0.6% 0.5% 1.8%| 0.2%
insulation layer 6 0.0%| 0.0% 0.0%| 0.5% 0.0%| 0.2%
drum 99.6% 0.1% 87.3% 0.1% 67.3%| 0.0%
measurement chamber 0.0%| 0.0% 0.0%| 0.2% 0.0%| 0.2%
ghost chamber walls 0.1%| 3.7% 1.8%| 0.5% 3.1%| 0.32%
ghost cell and phantom 0.0%| 0.0% 0.2% 1.5% 0.5%| 1.0%
ghost cell reference part 0.0%| 0.0% 0.2% 1.0% 0.3% | 0.52%
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measurement plates 0.1% 2.0% 0.6% 0.2% 0.9%| 0.1%
octagonal structure 0.0% 0.0% 0.0% 0.3% 0.0%| 0.16%
reference plates 0.0%| 5.6% 0.2%| 0.6% 0.2%| 0.4%
total: 100.0%| 0.1% 97.7%/| 0.1% 86.7%/| 0.1%
detected: 99.7% 0.1% 87.7%| 0.1% 67.8%| 0.1%

As we can see from thEablel13, for low energy gamma radiation almost all the heat is deposited inside the drum
and can be detected. Despite the source located is in the centre, for higher energies there is a notabidhmart
radiation which escape from the system and are not detected, thus the detection rate is significantly decreased to
around 68%.

TABLEL4. ENERGY DEPOSITION AT THE VARIOUS PARTSLOFCOAE ORIMETER FOR DIFFERENT ENERGERSENARIO
NEUTRON SOURCE

source energy [MeV/particle]: 0.1 1 5
energy rel. energy rel. energy rel.

Layer: deposition: error: | deposition: error: | deposition: error:
thermal block 0.1%| 0.9% 0.4%| 0.4% 3.7%| 0.1%
insulation layer 1 0.0%| 0.9% 0.2%| 0.4% 0.3%| 0.2%
homogenization layer 1 0.0%| 0.9% 0.3%| 0.4% 2.7%| 0.2%
insulation layer 2 0.0% 1.0% 0.1%| 0.4% 0.3%| 0.2%
homogenization layer 2 0.0%| 0.8% 0.2%,| 0.5% 2.5%| 0.2%
insulation layer 3 0.0%| 1.0% 0.1%| 0.4% 0.2%| 0.2%
homogenization layer 3 0.0%| 0.8% 0.2%,| 0.5% 2.3%| 0.2%
insulation layer 4 0.0%| 1.1% 0.0%| 0.5% 0.1%| 0.2%
homogenization layer 4 0.0% 0.9% 0.2% 0.5% 2.0%| 0.2%
insulation layer 5 0.0%| 1.1% 0.0%| 0.5% 0.0%| 0.2%
cold plate 0.0%| 0.8% 0.1%| 0.5% 1.9%| 0.2%
insulation layer 6 0.0%| 0.8% 0.1%| 0.4% 0.1%| 0.1%
drum 99.1% 0.1% 94.6% 0.1% 60.7%/| 0.0%
measurement chamber 0.3% 0.2% 0.0%| 0.2% 0.0%| 0.1%
ghost chamber walls 0.1% 1.2% 0.3%| 0.6% 3.0%| 0.3%
ghost cell and phantom 0.1%| 0.4% 0.1%| 1.3% 0.5%| 0.7%
ghost cell reference part 0.0%| 2.2% 0.0% 1.1% 0.4%| 0.4%
measurement plates 0.0% 1.2% 0.1% 0.4% 0.6%| 0.2%
octagonal structure 0.0% 1.0% 0.1% 0.4% 0.2%| 0.2%
reference plates 0.0%| 2.6% 0.0%| 0.9% 0.2%| 0.4%
total: 99.9%| 0.1% 97.1%| 0.1% 81.7%| 0.1%
detected: 99.3%| 0.1% 94.6%| 0.1% 61.0%| 0.1%
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Tablel4 shows that almost 100% of the 100 keV neutron radiation is deposited inside the system. However, even
for particles of relatively low energy and the source placed at the centre of the dhenratiation can penetrate

past the reference parts and cause a bias of around 0.7%. As expected for higher energies, the radiation leakage
affects the measurement more and for a source of 5 MeV about 82% of its energy is deposited whereas only 61% is
detected.

3.5.2 Homogenous source (scenario Il: homogeneously distributed source)

TABLELS. ENERGY DEPOSITION AT THE VARIOUS PARTSLOFCOAE ORIMETER FOR DIFFERENT ENER®IESENARIO
GAMMA SOURCE

source energy [MeV/particle]: 0.1 1 5
energy rel. energy rel. energy rel.

Layer: deposition: Error: deposition: Error: | deposition: Error:
thermal block 7.0% 0.3% 6.8%| 0.1% 6.1%| 0.1%
insulation layer 1 0.0% 0.5% 0.0%| 0.2% 0.0%| 0.1%
homogenization layer 1 2.5% 0.5% 4.0%| 0.2% 3.9%| 0.1%
insulation layer 2 0.0% 0.6% 0.0%| 0.2% 0.0%| 0.1%
homogenization layer 2 1.3% 0.7% 3.2%| 0.2% 3.5%| 0.1%
insulation layer 3 0.0% 0.9% 0.0%| 0.2% 0.0%| 0.1%
homogenization layer 3 0.7% 0.9% 25%| 0.2% 3.1%| 0.1%
insulation layer 4 0.0% 1.3% 0.0%| 0.3% 0.0%| 0.2%
homogenization layer 4 0.4% 1.2% 20%| 0.2% 2.7%| 0.2%
insulation layer 5 0.0% 2.0% 0.0%| 0.3% 0.0%| 0.2%
cold plate 0.2% 1.7% 1.7%| 0.3% 2.7%| 0.2%
insulation layer 6 0.0% 2.2% 0.0%| 0.3% 0.0%| 0.2%
drum 80.5% 0.1% 64.5%| 0.1% 49.6%| 0.1%
measurement chamber 0.0% 0.3% 0.0%| 0.2% 0.0%| 0.1%
ghost chamber walls 3.8% 0.5% 55%| 0.3% 5.8%| 0.3%
ghost cell and phantom 0.1% 3.7% 0.5%| 1.1% 0.7%| 0.9%
ghost cell reference part 0.0% 3.9% 0.0%| 0.8% 0.0%| 0.5%
measurement plates 2.7% 0.3% 1.9%| 0.2% 1.6%| 0.1%
octagonal structure 0.0% 0.3% 0.0%| 0.2% 0.0%| 0.1%
reference plates 0.6% 0.7% 0.4%| 0.4% 0.4%| 0.4%
total: 99.8%| 0.2% 93.2%| 0.1% 80.3%| 0.1%
detected: 82.5%| 0.2% 65.5%| 0.1% 50.2%| 0.1%

As expected, for the uniformly distributed radioactive material, the radiation leakage increases and not all the heat
is detected. It is worthwhile to poinbut that even in the case of low energy gamma radiation (i.e. 100keV), and
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despite almost 100% ohe energyis deposited inside the system, more radiation penetrates the layers and only
around 83% of the energy is detected. For higher energiaé of the energy may not be detected.

TABLELG6. ENERGY DEPOSITION AT VARIOUS PARTS OF THECCALORIMETER FOR DIFFERENT ENERBISSENARIO
NEUTRON SOURCE

source energy [MeV/particle]: 0.1 1 5
energy rel. energy rel. energy rel.

Layer: deposition: Error: | deposition: Error: | deposition: Error:
thermal block 1.7% 0.3% 2.2% 0.2% 48%/| 0.1%
insulation layer 1 1.0%| 0.3% 0.8%| 0.2% 0.4%| 0.1%
homogenization layer 1 0.8% 0.3% 1.4% 0.2% 35%| 0.1%
insulation layer 2 0.9% 0.3% 0.7%,| 0.2% 0.4%| 0.1%
homogenization layer 2 0.6% 0.4% 1.3%| 0.2% 3.2%| 0.1%
insulation layer 3 0.7% 0.3% 0.6%| 0.2% 0.3%| 0.1%
homogenization layer 3 0.4% 0.4% 1.1%| 0.2% 3.0%| 0.1%
insulation layer 4 0.2% 0.3% 0.2%| 0.2% 0.1%| 0.2%
homogenization layer 4 0.3% 0.4% 0.9% 0.2% 2.7%| 0.1%
insulation layer 5 0.1% 0.3% 0.1%, 0.3% 0.1%| 0.2%
cold plate 0.3%| 0.4% 0.8%| 0.2% 25%| 0.1%
insulation layer 6 0.4% 0.2% 0.3%| 0.2% 0.2%| 0.1%
drum 80.6% 0.1% 69.5% 0.1% 41.1%| 0.1%
measurement chamber 0.3% 0.2% 0.0%| 0.2% 0.0%| 0.1%
ghost chamber walls 1.1% 0.5% 1.7%| 0.3% 4.0%| 0.2%
ghost cell and phantom 0.2% 0.8% 0.3%| 0.8% 0.7%| 0.6%
ghost cell reference part 0.1% 0.9% 0.2%| 0.5% 0.5%| 0.4%
measurement plates 0.5% 0.3% 0.4% 0.2% 0.8%| 0.1%
octagonal structure 0.9% 0.3% 0.5%| 0.2% 0.3%| 0.1%
reference plates 0.1% 0.7% 0.1%| 0.4% 0.2%| 0.3%
total: 91.2%| 0.1% 83.1%| 0.1% 68.8% | 0.1%
detected: 82.1%| 0.1% 70.3%| 0.1% 41.7%| 0.1%

For the uniformly distributed particles and a 100 keV neutron source, around 9% of the energy escapes the system
and 18% is not detected. For higharergies less than half of the energy escapes the calorimeter undetected.
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3.5.3 Least conservative source (scenario lll: source close to the edge of the drum)

TABLEL7. ENERGY DEPOSITION AT THE VARIOUS PARTSLOACOAE ORIMETER FOR DIFFERENT ENEBBIESENARIO

GAMMA SOURCE

source energy [MeV/particle]: 0.1 1 5
energy rel. energy rel. energy

Layer: deposition: Error: | deposition: Error: | deposition: rel. Error:
thermal block 13.0% 0.2% 9.4% 0.1% 7.5% 0.1%
insulation layer 1 0.0%| 0.3% 0.0%| 0.2% 0.0% 0.1%
homogenization layer 1 45%| 0.3% 5.2%| 0.2% 4.6% 0.1%
insulation layer 2 0.0%| 0.5% 0.0%| 0.2% 0.0% 0.1%
homogenization layer 2 24%, 0.5% 4.1%| 0.2% 4.0% 0.1%
insulation layer 3 0.0%| 0.7% 0.0%| 0.2% 0.0% 0.1%
homogenization layer 3 1.3% 0.7% 3.2% 0.2% 3.4% 0.1%
insulation layer 4 0.0%| 1.0% 0.0%| 0.3% 0.0% 0.2%
homogenization layer 4 0.7%| 0.9% 25%| 0.2% 3.1% 0.1%
insulation layer 5 0.0%| 1.4% 0.0%| 0.3% 0.0% 0.2%
cold plate 0.3%| 1.2% 21%| 0.3% 3.1% 0.2%
insulation layer 6 0.0%| 1.6% 0.0%| 0.3% 0.0% 0.2%
drum 43.7%| 0.1% 35.9%| 0.1% 28.4% 0.1%
measurement chamber 0.0%| 0.2% 0.0%| 0.2% 0.0% 0.2%
ghost chamber walls 25.1%| 0.2% 23.1%| 0.1% 19.6% 0.2%
ghost cell and phantom 0.6%| 1.4% 1.8%| 0.6% 1.9% 0.5%
ghost cell reference part 0.0%| 1.8% 0.0%| 0.4% 0.0% 0.3%
measurement plates 72%| 0.2% 3.7%| 0.1% 2.8% 0.1%
octagonal structure 0.0%| 0.4% 0.0%| 0.3% 0.0% 0.3%
reference plates 0.5%, 0.8% 0.3%| 0.6% 0.3% 0.6%
total: 99.6%| 0.2% 91.5%| 0.1% 78.9% 0.1%
detected: 49.9% 0.2% 37.5% 0.1% 29.1% 0.1%

Tablel7 shows that even a 100 keVV gamma particle can escape the measurement parts and may not be detected.
Although 99.6% of the energy is deposited in the different layers, nearly half of the heat is not detected. For higher
energies this rate increases up to%Zor 1 MeV source and up to 71% for 5 MeV patrticles.
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TABLEL8. ENERGY DEPOSITION AT THE VARIOUS PARTSLOFCOAE ORIMETER FOR DIFFERENT ENEBBIESENARIO
NEUTRON SOURCE

source energy [MeV/particle] 0.1 1 5
energy rel. energy rel. energy

Layer: deposition: | Error: | deposition: Error: | deposition: rel. Error:
thermal block 3.8%| 0.2% 4.4%| 0.1% 5.9% 0.1%
insulation layer 1 2.3%| 0.2% 1.4%| 0.1% 0.4% 0.1%
homogenization layer 1 1.8%| 0.2% 29%| 0.1% 4.1% 0.1%
insulation layer 2 1.9%| 0.2% 1.2%| 0.1% 0.4% 0.1%
homogenization layer 2 1.3% 0.2% 2.6% 0.1% 3.8% 0.1%
insulation layer 3 1.6%| 0.2% 1.1%| 0.2% 0.4% 0.1%
homogenization layer 3 1.0%| 0.2% 22%| 0.1% 3.4% 0.1%
insulation layer 4 0.5%| 0.2% 0.4%, 0.2% 0.1% 0.2%
homogenization layer 4 0.8% 0.3% 1.8% 0.2% 3.0% 0.1%
insulation layer 5 0.3%| 0.2% 0.2%, 0.2% 0.1% 0.2%
cold plate 0.7% 0.3% 1.7% 0.2% 2.9% 0.1%
insulation layer 6 1.0% 0.2% 0.6% 0.1% 0.2% 0.1%
drum 50.5% 0.1% 40.0% 0.1% 23.3% 0.1%
measurement chamber 0.1%| 0.3% 0.0%| 0.2% 0.0% 0.1%
ghost chamber walls 75%| 0.2% 7.8%| 0.1% 10.2% 0.1%
ghost cell and phantom 0.6%| 0.5% 1.2%| 0.4% 1.6% 0.4%
ghost cell reference part 0.5%| 0.4% 0.9%| 0.3% 1.2% 0.2%
measurement plates 1.5% 0.2% 0.9% 0.1% 1.1% 0.1%
octagonal structure 1.1% 0.3% 0.6% 0.2% 0.2% 0.2%
reference plates 0.1%| 0.7% 0.1%, 0.5% 0.2% 0.5%
total: 78.9% 0.1% 72.0% 0.1% 62.6% 0.1%
detected: 53.0%| 0.1% 41.2%| 0.1% 24.1% 0.1%

One can see imablel8, that for the neutron source close to the drum edge, the radiation leakage is very important.
Even for a 100 keV source 21% of the energy leaves the systtondy one half is detected. For 5 MeV source, the
total heat deposition is around 63% and only % of the energy is detected.

The results showed that a part of gamma radiation of energies higher than 100 keV is not deposited inside the LVC
calorimeter, espcially when the radiation source is placed nearby the edge of the drum (i.e. homogenous and least
conservative sources). Despite a good part of the enbejgg deposited insidehe calorimeter chamber, some
gamma radiation penetrates the outi&yers and escageSome other part of radiation may also be deposited inside

the reference parts of the calorimeter and cause a dotiées, as it wouldbe recognized as the reference level and

thus decrease the measured signal. To summarize, the tatallated errors of the measurement for each of the
scenarios at different energies are presentedrigurel9.
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HGUREL9. TOTALMEASUREMENT ERROR FOR DIFFERENT SCENARIOS AND ENERZEADIATION

One can see that the total error of the measurement, connected with the penetrative character of the gamma
radiation, is more or less proportional to logarithm of the source enekgyfor the energy deposition and detection
probability, the results suggest that even for a 50 keV gamma source placed close to the edge of the drum around
24% of the emitted energy cannot be detected. For the least conservative scenario at the high#éstesiranergy,

even around 73% escapéetection.
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TABLEL9. THE TOTAL HEAT DETECTIGAMMA RADIATION

scenario: I I 1
source energy rel. rel. rel.
[MeV]: detection: | error: detection: | error: detection: | error:
0.01 100.0% 0.1% 100.0% 0.1% 100.0% 0.1%
0.02 100.0% 0.1% 100.0% 0.1% 100.0% 0.1%
0.05 100.0% 0.1% 94.6% 0.1% 76.4% 0.2%
0.1 99.7% 0.1% 82.5% 0.2% 49.9% 0.2%
0.2 97.8% 0.1% 75.1% 0.1% 42.3% 0.2%
0.5 93.2% 0.1% 69.9% 0.1% 39.8% 0.1%
1 87.7% 0.1% 65.5% 0.1% 37.5% 0.1%
2 79.5% 0.1% 59.1% 0.1% 34.0% 0.2%
5 67.8% 0.1% 50.2% 0.1% 29.1% 0.1%
10 62.4% 0.1% 46.3% 0.1% 26.9% 0.1%

An extended version of the chart above is listedablel19. This table contains the total detected energy for each
of the scenarios at energies between 10 kel MeV. The results from a simplified geometricgptdemonstrate

the different influene of the radiation escape rate due to subtle variations in the layers geometry and material
composition of the embedding matrix.

3.5.4 Neutron radiation

The simulations showed that, as expected, neutron partiateanore penetrative than gamma radiation, tieéore

the errors associated with heat produced by neutron interactions are of course higher, as they deposit energy
outside the drum and the measurement chambEigure20 shows the total measurement error depending on the
scenario and energy of the source. The error was calculated as relative part of the energy that would not be

detected:
(3.14)

0O
O||p6

WhereO is the detected energy (eV) af@ is the emitted energy (eV).

CHANCEDissemination levelPU- Date ofissue of this report02/05/2022 © CHANCE

This document has been produced under Grant Agreeri2@i20755371. This document and its contents remain
the property of the beneficiaries of the CHANCE Consortium and may not be distributed or reproduced without the
express written approval of the CHANCE Coordinator.




C H AN C E Title : Deliverable D3t Written: List on Page 2

Conclusion of the exhaustive study Organisation: List on page 2 Version: 0
of uncertainties Issued: 02nd May 2022 Page(s) 44
1 T T
—»— Scenario |
—©— Scenario Il
—<—Scenario lll !

relative error

ke 1

le-2 1e-1 1e+0 1e+1
source particle energy [MeV]

HGURE20. TOTAL MEASUREMENT ERROR FOR DIFFERENT SCENARIOS ANDNENEFRR&EIERADIATION

One can see that evedor low energies the error can be around 40%. It increases significantly for energies > 1 MeV
and 10 MeV source it can be around-&8%.

TABLE20. THE TOTAL HEAT DETECTIMRUTRON RADIATION

scenario: | I i
source energy rel. rel. rel.
[MeV]: detection: | error: detection: | error: detection: | error:

0.01 100.0% 0.1% 86.7% 0.1% 57.9% 0.1%
0.02 100.0% 0.1% 83.8% 0.1% 56.1% 0.1%
0.05 100.0% 0.1% 82.8% 0.1% 54.2% 0.1%

0.1 99.3% 0.1% 82.1% 0.1% 53.0% 0.1%
0.2 99.0% 0.1% 81.1% 0.1% 50.5% 0.1%
0.5 98.3% 0.1% 75.6% 0.1% 43.2% 0.1%
1 94.7% 0.1% 70.3% 0.1% 38.5% 0.1%
2 76.9% 0.1% 52.2% 0.1% 28.5% 0.1%
5 49.1% 0.1% 33.5% 0.1% 18.2% 0.1%
10 35.8% 0.1% 25.8% 0.1% 14.6% 0.1%
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Table20shows the total detection rate for three scenarios at various energies. One can see that in case of neutrons
all heat is detected only for the most conservative scenario and at energies kelXONevertheless, it is worth
remembering that for the calculations of values presented inRlgaire20and Table20total absorption of neutrons

of energy below 1 eV was assumed.

3.6 Spectrum overlapping

It may happen that a waste drum will contain highergy gamma radiation emitters (e.g.-C37, Ce60). Then,

while these elements will be easily detected by gamma spectrometry, their spectrum may cover other peaks
originating from other isotopes. To illusteathe spectrum overlappingreMCNP simulation was performed for the
ANDRA vector containing G244, Am241, Te99, plutonium isotopes and €87 (Table21).

TABLE21. ANDRAS VECTOR ND

Cm244 26,1%
Pu239 2,3%
PU240 2,5%
Pu238 12,1%
Am241 46,7%
Cs137 9,2%

Tc99 1,1%

The spectrum of radiation that leaves the drum is shown below. 662 keV peak fraB7Gsd the radiation from
the interaction of these particles with the material of the matrix and drum are the more ilapbariSome peaks

may not bedetected for three reasons (sdagure2l):

1 because of too lovenergy,some particles are not able to leave the matrix and the drum at all and will not
contribute to the spectrum

1 because of G&37 peak interaction with matter, which can cover other peaks. The main part of the
spectrum comes from Compton scattering, i.e. sexdhg of the 662keV gamma particles on the electrons
in the matrix.

1 because of too littlestatistics,for highenergy particles that manage to leave the drum, however, it
happens too rarely to allow characterization of the isotope on this basis
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HGURE21. SPECTRUM FORNDRAS VECTOR NbQ

The isotopes that could be characterizbdsed onselected peaks are presented below (Pu240, Pu239 and Tc99
were not characterized). Based on the analysis of individual peaks, the equivaestwas determined, and then,
based orthese masses, the percentage share of each isotope was deterr(iiabte22).

TABLE22. CALCULATIONIFPERCENTAGHAREORANDRA'SYECTORO1.

T i e

Cm244 758.57 2.60E+01 1.63E-05 1.27E-05 3.03E+12 6.19E-02 30.0% 26.1%
Pu238 766.28 4.00E+00 2.51E-06 2.20E-056.34E+11 2.63E-02 12.7% 12.1%
Am241 721.75 2.60E+01 1.63E-05 1.96E-04 1.27E+11 9.58E-02 46.4% 46.7%
Cs137 661.80 6.72E+07 4.23E+01 8.51E+0..3.21E+12 2.26E-02 10.9% 9.2%

Table 22 present selected single peaks for the isotopes that could be characterized (the spectrum allowed
characterization). The columns contain respectively: name of the isotope, energy of the peak, nummientsfin

iKS

& A Ydz | fitea simulatedadiclas), peak intensity, branching ration (probability of emission of a

particle with the given energy per decay), activity of the given isotope, mass that was calculated using f@&yula
share of a given isotope (based on the calculated basses) and expected masses.

Then, for the determined composition the effective thermal power

BOJY wywFQwas calculated

A simulation of energy deposition in the drum was performed and a thermal power emitted by the drum

Qv T | Was obtained. It gives the mads

¥

i) ¥Qof radioactive materialTable23 shows the

summary of the results compared with the simulated composition. One can see that masses of the isotopes were
determined with relative error below 15%. Three isotopes: Pu239, Pu240 and Tc99oeterearacterized due to
overlapping of their spectrum with Cs137 spectrum.

express written approval of the CHANCE Coordinator.
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TABLE23. SUMMARYOFTHERESULTSANDRAVECTORIO1.

= e T

Cm244 0262 0003 0261 -0.001
Pu238 13% 3% 0111 0004 0121 0009 8%
Am241 46% 2% 0405 0007 0467 0062  15%
Cs137 11% 4% 0095 0003 0092 -0.003 3%
Pu240 0% - 0000 - 0.025 - -
Pu239 0% - 0000 - 0.023 - -
Te99 0% - 0000 . 0.011 . .

| total BTV 0873 0033 1000 0127  15%

vector no 1 without Cs
le+2 T . T

letlf k|

let0F E

counts

Il |i“,

200 400 £00 200
energy [keV]

FHGURE22. SPECTRUM FONDRA3 VECTOR ND WITHOUTCS-137.

Additionally,the simulationswvere performed without G437 (Figure22). By comparing the intensity of the peaks,

it can be concluded thato be able to analyse otlésotopes the mass content of G537 should not exceed 0.01%.

For vectors with a higher concentration of this isotope, other methods should be used, e.g. based on neutron
techniques.

3.7 Andra vectors no 3 and 4

Spectrometric simulations were performed ftre remaining Andra vectors 3 and 4. These vectors, however,
contain a significant amount of gamma emitter&m-241 and most of all €37, the spectrum of which covers
most of the peaks and only this isotope is recognizéehce, doing an exercise on thembination of techniques
would not be very interesting, as the gamma spectrometry would only be sensitive to the main gamma emitters,
while not providing any information on the other isotopes, while neutron measurements or calorimetry would only
be sendive to another subset of isotopes. Without any strong prior correlation between the gamma emitters and
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the heat producing/neutron emitting isotopes, any combination of techieis would then be the equivalent of
taking the gamma measurement results for ty@mma emitters, and neutron/calorimeter measurement results for
the others, without further potential reductions of uncertaintyhus, vectors 3 and 4 have not bemore deeply
investigated concerninthe use of calorimetry in the characterization of raattive wasteThe results would be
rather similar to those of the other vectors, with the exception that good a priori knowledge on the vector would
be required, as gamma spectrometry cannot inform us about that in this &sectra that could be measuie
outside the drum are presented FFigure23 and Figure24.
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3.8 Radiation influence on electronics and mateals in the LVCGCHANCE
calorimeter

In this part the influence of gamma and neutron radiation on electronics and materials inside the calorimeter was
estimated using available literature. As the most fragile parts in the point of view of calorimetric meesirare

Peltier elements, influence of radiation on bismuth telluride was studied first, but other materials that build up the
calorimeter were considered too, namely aluminium and polyethylene. For each nuclear vector the dose rate was
simulated using th ICRP (international Commission on Radiological Protection) phantom modelled as 30x30x15cm
homogenized block made of O (76.2%), C (11.1%), H (10.1%) and N1Q]6%e phantom was considered to be
placed next to the drum, 50cm from the drum and 100&om the drum. Two different locations of the source
were consideredcentre and edge of the drumalble below shows the dose rate calculated ushgyGeant4 code.

TABLE24. DOSE RATE F@®DRAS VECTORS

dose rate, mix no 2

source position (1g of
radioactive material)

dose rate, mix no 1

source position (1g of
radioactive material)

phantom position

phantom position

Centre edge centre edge
next to the drum 13 uGy/h | 2.0 mGy/h next to the drum 0.1 uGy/h 0.7 mGy/h
0.5m from the drum| 2 uGy/h 0.5 mGy/h 0.5m from the drum - 0.3 mGy/h
1m from the drum 3 uGy/h 0.2 mGy/h 1m from the drum - 0.1 mGy/h

dose rate, mix no 3

dose

rate, mix no 4

phantom position

source position (1g of
radioactive material)

phantom position

source position (1g of
radioactive material)

Centre edge centre edge
next to the drum 0.2 Gy/h 9.9 Gy/h next to the drum 62 mGy/h 5.8 Gy/h
0.5m from the drum| 28 mGy 1.6 Gy 0.5m from the drum| 16 mGy/h 1.0 Gy/h
1m from the drum | 13mGy/h 0.6 Gy/h 1m from the drum | 6.4 mGy/h 0.4 Gy/h

Vectors 3 and 4 are characterized by the highest dose rate (up to almost 10 Gy/h/g), however, these vectors contain
mainly Csl37 and the dose rate comes mainly from the emission of the 662keV gamma particles. For vectors 1 and
2 the dose rate is below 2nmy@h/g. The simulated dose rate may indicate the maximum radiation dose that Peltier
elements and other parts of the calorimeter may receive. As shown in the table above, depending on the drum
composition, source location and distance from the consideredens, the dose received by the calorimeter
elements should not exceed 10Gy per year for vectors 1, 2 and 10kGy per year for vectors 3, 4 (assuming the average
dose rates from the table). The table below shows the effects of gamma and neutron radiatidsnouth telluride,
aluminium and polyethylene. These materials are the main building materials for the calorimeter. The data are
based on the literature and show doses representing many years of exposuredaltineneter;however, they can

still be a ertain indicator of the potential influence of radiation on the performance of the calorimeter components.
These effectsequire furtherexperimental verification.

CHANCEDissemination levelPU- Date ofissue of this report02/05/2022 © CHANCE

This document has been produced under Grant Agreeri2@i20755371. This document and its contents remain
the property of the beneficiaries of the CHANCE Consortium and may not be distributed or reproduced without the
express written approval of the CHANCE Coordinator.




C H AN C E Title : Deliverable D3t Written: List on Page 2

Conclusion of the exhaustive study Organisation: List on page 2 Version: 0
of uncertainties Issued: 02nd May 2022 Page(s) 50

TABLE25. RADIATION INFLUENCE ON THE CALORIMEVBRERIALS

Gammas Neutrons
Dose effects ref Fluence/f | effects ref
lux
aluminium 206 kGy| dramatic change in [11] 103 strength increases were measurg [13]
(Ca60) surface morphology, neutrons/ at test temperatures in the range 2
decreased corrosion] cny to 200°C, loss of ductility
resistance (in E S transmutationproduced siliconwvas
demineralized water) ( found to cause about 1.1% intern
0.1MeV) )
swelling
12
0-150kGy nto ;:hange In-crysta Potential activation, f, gamma
structure reaction, <10 neutrons/cnt/s per
1g
bismuth 50kGy (synthesized  Bi2Te3| [14] 10 n/cm? | for ntype material power factor| [15]
telluride 100kGy | nanoparticles), increasg (E > 0.1] higher at lower temperatures, fo
in crystallite size and & MeV) the ptype materials, Seebecl
decrease in the micrg coefficient not affected by
strain, atomic irradiation, electrical resistivity
percentage of tellurium decreased slightly
decrease  with  the
increasing dose
polyethylene 20kGy - | HDPE (0.950 g/cm3] [16] 1010-10% Increase in electrical resistance [17]
750kGy | improvement in n/cm?/s
mechanical strength
properties as  dose 10161018 PET films, degradation of th| [18]
increases, predominanc n/em? chemical structure and the creatio
of crosslinking over
oxidative of new chromophores
degradation
neutrons moderation, low
activation

While single measurements lead to small doses and therefore slight changes in the structure and properties of the
materials used in the calorimeter, the accumulation of the dose over the years may lead to certain changes,
especially in the most extreme sw&rio in which the measured waste drums contain a lot of fghrgy gamma

(e.g. C<l37, Ceb0, Am241)emittersor neutron emitting isotopes (e.g. CB4#4) located near the edge of the drum.

Even though these scenarios are unlikely and the dosages under consideration are highly overestimated, it would
be advisable for the calorimeter to undergo recurring calibration to avoid variations due to potemiiagjes in
material properties of the Peltier elements anther parts of the calorimeter.

3.9 Conclusions with respect to the calorimeter modelling

The simulations performed confirm that calorimetry can be a complementary method to the standard non
destructive methods for the characterization of radioactive materials. Calorimetry can reduce the characterization
error and/or identify additional materials inside the drum that have not been detected by other methods.
Nevertheless, the analyses performed may ssggeme problems related to the characterization of laxgdume
heterogeneous forms of radactive waste drums. These are:
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1 the effects of radiation attenuation, then some of the isotopes may not be recognized or their amount may
be incorrectly estimated,

1 the effects of radiation leakage for which the calorimetric measurement may be disturbed due to
penetration of the calorimeter and energy deposition, especially in the reference elements,

1 the presence of higlenergetic gamma emitters, which are easy t@ucterize, but their spectrum can
potentially cover the spectrum from isotopes with lower gamma emissiosaning there is some loss of
information on the isotopic vector, which is very important for a neutron or calorimeter measurement

1 degradation of he calorimeter elements, which may cause changes in the operation of Peltier elements
over the years, however, these effects require further experimental verification

Four nuclear vectors provided by ANDRA were considered in the simulations. Vector3 rhaimtly consist of alpha

and gamma emitters, and as the simulations have confirmed, this radiation is not able to escape from the matrix
and drum wall, so they deposit all energy inside the waste and are suitable for calorimetric analysis. Additionally,
these vectors contain Af841 which, using the infinite energy method, can be used foragt#huation analysis and
improve radionuclide mass/actiyiestimation. In the case of vectors 3 and 4 there is a greater amount of gamma
emitters, which cover any gmma peaks from neutron/heat producing isotopes. Therefore, in those cases, a
characterization exercise would come down to independent gamma/neutron/calorimeter characterization of
subsets of isotopes, where a priori information on the complete isotopitoravould be very important.
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4 Probabilistic modelling for the CEA experiments

4.1 Introduction

Gammaray spectrometry is often employed with other measurement techniques such as passive neutron
coincidence counting (PNCC) that brings information concernimigmum isotopes with eve mass numbers,
238,240,242Pulp, 20]. Gammaray spectrometry can also be used with calorimetry, but given the complexity of
calorimetric measurement, this technique is usually duider measuring small volume&1]. However, beig in
principle free of bias and offering a high accuracy, calorimetric measurements are a very interesting solution for
characterizing large volume radioactive waste dru2® 3, 24, 25]. To estimate the added value of calorimetry
regarding uncertaintieseduction, plutonium samples have been introduced in different positions inside a concrete
mockup drum with holes. Calorimetry, PNCC and gamma spectroscopy measurements are coupled together using
a Bayesian frame. Previous studjs, 27, 28, 29, 30] showed that this probabilistic approach is indeed interesting
since it allows fusing all available information within a coherent frame. Also, such a Bayesian frame allows handling
uncertainties in a natural way.

4.2 Measurements presentation
4.2.1 Calorimeter description

The large size calorimeter called CHANCE LVC (Large Volume Calorimeter) shown in Figure 1 developed and built by
KEP Technologies allows measurements of radioactive waste drums having volumes up to 220 L. the CHANCE LVC
measures aifferential heatflow between the waste drum and a reference sample having a calorific capacity similar

to the waste drum and kept at a constant temperature.

ILlm
LVC calorimeter (KEP)

FRGURE25. CADVIEW AND REAL PICTURE OFLVMECHANCIEALORIMETER

Peltier elements placed at different positions convert the heat fluxes associated to the waste and the reference
sample into voltage signads. Because the signal related to the heat flux is weak and subjected to various sources
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of noise, such as tempature fluctuations in the experimental hall, a differential measurement is implemented to
significantly cancel out the noise. In addition to the measurement cell, ghost cells are arranged in symmetrical
configurations inside the calorimeter and act as refece cells (Figure 2). Simultaneous measurements of the
sample and reference voltages permit a differential cancellation of noise and offsets. As the calorimeter consists of
two shells and the base, each of these parts contains its own measurement systiiime output of the calorimeter

at a given time is the sum of all three signals:

@ @ @ p
hh
where |, ¢ and r stand for the left, centre and right parts of the calorimeber, andw are respectively the
signals registerm by the measuring sensors and reference sensors.

left right

\ 7

Assay

(measure)
left right

reference reference

centre OO

reference

FGURE26. THERMAL TRANSFERS BETWEEN THE NUCLEAR ASSAY ANDRTEETLBERD CENTRE PARTS OF THE
CALORIMETERIOT TO SCA).EEACH ARROW DEPICTS HEAT FLUXES INSIDE THE CALQBROEVIERRROWS REPRESENT
HEAT FLUXES BETWEEN THE DRUM AND THE MEAREIRIIE® ELEMES ORANGE ARROWS REPRESENT HEAT FLUXES
BETWEEN REFEREREETIER ELEMENTS AND CALORIMETER SHELLS AND BASE HEATBBEBERIKEXES GENERATE
INDEPENDENT VOLTAGE SIGNAMEASURED BY AN ASSEMBLPEIFIER ELEMENPS.L THESE CONTRIBUTIONS ARE
SUMMEDACCORDING T(@) TO GIVE THE SIGNAL VOLTHGE

Toprecisely evaluate the heat flux generated by a waste drum, calorimeter base line voltageandw  are
measured without heat source in the calorimeter, before and after the measuremeheatdioactive waste drum

that generates heat. The average base line ———is subtracted to the signal measured with the heat
generating waste drund to obtain a net signa¥w 0 .
Due to fluctuations of the regulation and of theom temperature, the signals vary over time. After subtraction of

the periodic component related to room temperature variation, the uncertaiptyassociated to a signal is the
RMS calculated over the N voltagesoO measured at time0 gy after voltage stabilization is achieved. In

these conditions, the standard deviatign ofww s, . "
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The total heat generated by the sample s related to the measured voltag& through:

, Yoo .

w ~ q
GAGK { O6xxkY20 GKS aSyairdagraide 2F GKS OFft2NAYSGSN® { A
resistors providing a known and controllable electrical power fully converted into a precisely known heat.

4.2.2 Calorimetry measurement

The room in which the calorimeter was placed, at CEA Cadarache TOTEM facility, was poorly insulated from the
outside, leading to significant and fast temperature variations that were difficult to mitigate. In these conditions, it
took about two weeks for the drum temperature to reach a satisfactory stability allowing meaningful measurement
interpretation. A first baseline measurement was performed with the 526 kg conanetgeup drum, but without

the plutonium samples inside. Thethe measurement with the plutonium samples inserted inside dedicated
instrumented holes was done. The baseline was then subtracted to obtain the net power due to plutonium.

Placing the sample in treentreof the drum leads to a calorimetric measurement®f = (99.7 + 16.4) mW with
a coverage factor k = 2 for the expanded uncertainty confidence interval. This result is compatible with the expected
® = (110 + 6) mW heat power of the plutonium samples for confidence intervalespmnding to two

standard deviations. The measured net heat W is mainly produced by alpha emitte'unteta emitter) and is
calculated as follow [1]:

@ & OvoepdQ p&y ADQ X8t UDQ o8 0DQ ® ©OQ p p DQ ,

with m the total plutonium mass an@the mass fraction of isotop&in the measured sample. The coefficients
associated to each isotope are their specific heat in"W.g

Placing the sample in theentre of the drum leads to a calorimetric measurement 89(7 £ 16.4) mW, which is
compatible with the expected (11& 6) mW heat power of the plutonium samples for confidence intervals
corresponding to one standard deviation. Note that for confidentiality reasons, neither the plutonium isotopic
composition noiits mass can be reported. The experimental hall in which the calorimeter was implemented in CEA
Cadarache TOTEM facility is poorly isolated from the outside, leading to significant temperature variations between
night (14°C) and day (17°C), see Fig. 3 4nith these conditions, a stabilization period of more than 100 h is
necessary before measuring the heat flow. A first measurement consisted in measuring the baseline of the heat
flow between the concrete drum and a reference cell (differential calorimjeteithout the plutonium samples (Fig.

3). Then, a measurement was done inserting the plutonium samples in the drum, inside dedicated instrumented
tubes. The first measurement campaign shown in Figure 3 served to estimate a heat flow baseline with the empt
calorimeter.

The baseline thus obtained is then subtracted to the heat flow measured with the concrete drum containing
plutonium shown in Figure 4. Note also that due to large daily variations of the experimental hall temperature
(typically 3 degrees lteween night and day), temperature stabilisation and subtraction of the reference cell baseline
is more difficult than in an environment with smaller temperature fluctuations, for which calorimetric
measurements should lead to more precise heat flow estiomat.

CHANCEDissemination levelPU- Date ofissue of this report02/05/2022 © CHANCE

This document has been produced under Grant Agreeri2@i20755371. This document and its contents remain
the property of the beneficiaries of the CHANCE Consortium and may not be distributed or reproduced without the
express written approval of the CHANCE Coordinator.




CHAN C E Title : Deliverable D3 Written: List on Page 2

Conclusion of the exhaustive study Organisation: List on page 2 Version: 0
of uncertainties Issued: 02nd May 2022 Page(s) 55

Cement Matrix, baseline

22
700
21
500
20
= 19 &
£ @
T 100 =
2 2
= -100 17 E
2@ 2
-300 16
-500 15
-700 14
0 50 100 150 200
Time [h]
Heat Power X calculation region room temperature

FHGURE27. HEAT FLOW BASELINE MEASUREMENT AFTER PLACING THE CONCRETEHDRUNPLUTONIYNN THE
CALORIMETER
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FGURE28. HEAT FLOW MEASUREMENT AFTER PLACING THE PLUTONIUM SAMPLES IN THE CENTRE OF THE CONCRETE DRUM
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Given the project calendar and needed stabilization times, measurements at other positions than the central
position were not possible. However, calorimetric asarements are in principle not sensitive to the heat source
position P3, 25]. Therefore, in the following, the same heat production will be assumed for all the positions of the
plutonium source.

4.2.3 Passive neutron Coincidence Counting

The concrete drum has also been measured with the relocatable passive neutron coincidemtieg (PNCC)

system shown in Figurg. Thissystem aims at measurirf§°®Pu equivalent mass by counting the rate of passive
neutron coincidences (neutron pairs counted with a-18Rhift registemanalyserfrom Mirion Technologies) in 200

L drums with®He counters surrounded by polyethylene thermalizing blocs. This relocatable system is used, for
instance, to characterize legacy waste drums in their storage facility at CEA Cadarache. In the frame of CHANCE
project, it was used in TOTEM facility of the dac Measurement Laboratory, to perform the PNCC measurements

with the concrete drum.

L

AGURE29. RELOCATABLIBENCGYSTEM DEVELOPED BYNBIELEARM EASUREMENIABORATORY ADEACADARACHE

¢ KS aSlj%pudhkstS y (i (see definition below) is related to the measured neutron coincidence count
rate'Y via a calibration coefficient C &.gpaora?) through the relation:

, Y
o -
00
a is related to the total plutonium mags and to its isotopic composition thought the following relation
[1]:
a a 2¢® QQ p IQ P& YDQ

The calibration coefficient CC (h 8 units) is assessed with a spontaneous fis$it66f source placed at
different positions in the drum instrumentation holes, while the drum is in continuous rotation during acquisition,
using the following relation to convert th&Cf signal into &%Pu CC:
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With=| 1 the coincidence rate (neutron pairs) measured with #é&Cf source (in'y, = FIthe neutron

emission rate of>Cf by spontaneous fission (if)sO & the specific neutron emission rate 6f%Pu by
spontaneous fission (ir0 &8¢ ), ¥ the average number of neutrons emitted per spontaneous fission of X,

—— the average number of neutron pair combinations (as counted by theldSRift register [1]) emitted per

spontaneous fission of X. The values of the parameters involved in the calculation of CC are given in Table 1.

TABLE26. SPECIFIC NEUTRON EMISSION RATE AND AVERAGE NUMBER OF NEUTRONS EMITTED PER SPONTANEOUS FISSIONS

FOR?%?2QF AND?4OPU.
[SF: 45184 ¢
O¢ 1020 st gaopit
+ 3.757
+ 2.156
o
¢ 5.981
)
q 1.913

The large density and hydrogen content of the concrete matrix induces large neutron attenuation, which makes the
calibration coefficient very sensitive to the SF source position. For instance, the measured CC is 18 times larger in
the outskirt of the drumthan in the middle, making PNCC very imprecise with such matrices when the plutonium
position is unknown. Using the available measurement®f in different heights and radii inside the drum, the
experimental calibration coefficient is fitted with tHellowing function:

6 61 [Q & JQ ©wJQ MB 9209

with r and hthe radial and axial (height) positions of the source inside the drum, respectively. Such an analytical
form allows taking into account the expected exponential neutron attenuation through the drum radius.

Then three PNCC measurements have been donethatplutonium samples at the same axial positign -times

the height of the drum (micheight), but at three different radial positions r=0, 0.43 and 1 times the radius of the
drum.6 6i HQ and the measured CC are presented in Figure 6.
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FHGURE30. PNCGZALIBRATION COEFFICIENT VERSUS PLUTONIUM HEIGHT POSITIN FOR DIFFERENT RADIAL POSITIONS
(POINT$AND F |=>h| FIT AND EXTRAPOLATIENISIE).

4.2.4 Gamma ray spectrometry

The gammaay spectra of the plutonium samples have beeeasured with a 9 % relative efficiency Broad Energy
Germanium Detector (Mirioi€anberra BEGe2020 described3f]) surrounded by lead shielding and aligned with

the drum centre and the source position. A thin tin plate is placed in front of this HPGep{lmityr germanium)
RSGSOG2NI SyiG NI yOS a dzNFand&aysi he daripleSafedaadeSinsiie?instru@ghtatied &
holes at the three same positions as for PNCC, but without drum rotation (no rotating platform being available at
the period of measurements), as shown in Figure 7. The measurement in peripheral position (r=1) has been
performed withtwo setups, first (measurement #0) with the four plutonium platelets closely stacked at the same
height and forming a thick sample, in order to maximize gammaabalbrption, then (measurement #1) with the

four platelets superimposed vertically to minireizelfabsorption. For measurements #2 and #3, the plutonium
samples stacked vertically were respectively placed in the centre (r=0) and in the intermediate radius of the drum
(r=0.43), plutonium being placed in the line defined by the drum centre ancHfP€e axis. The four plutonium
samples are considered as a single plutonium lump with differentabalbrption coefficients, depending on
whether they are superimposed vertically or closely stacked at the same height.

The Genie2000 spectroscopy softwdtevas used to determine the presence of the following gamma rays: 766 keV
(®®%Pu), 129 keV, 203 keV, 345 keV, 375 keV, 414 keV and 4583%aN, (160 keV and 642 ke¥#%u), 149 keV
(***Pu), 59 keV, 125 keV and 722 kéNAm).
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\

HGURE31. GAMMA SPECTROSCOPIC MEASUREMENT OF THE CONCRETE MOMK WITH THEP GE DETECTQREF)
AND TOP VIEW OF THE CONCRETE TEST DRUM SHOWING THE HOLES OF THE TUBPESSADIMEERIGHT.

4.3 Bayesian formalism

The calorimeter measures a theal powerw with uncertainty, and PNCC measures a neutron coincidence
rate’Y with uncertainty,, . For an isotope i emitting a gamma ray e having an en@gyGenie2000 provides
an estimation of the number of noise couris; associated to the Compton continuous background below the
peak, and a net signal counis; with uncertainty ,, ; when the estimated peak area is above a decision threshold
equal top® 1 ug I ; [14], corresponding to a 90 % confidence interval.

The unknown variables related to the plutonium samples are the total plutonium tnasige isotopic composition

"Q g, With i=0,1,2,3,4,5 fot*®Pu,?°Pu,?*%Pu,?*Pu,?*%Pu,?**Am, respectivel, and the plutonium position in a
cylindrical framei(R(h-. The plutonium position determines the PNCC calibration coeffiéiehitiQ with the
drum in rotation (no angle dependence), the concrete thickri@s$ith— crossed by photons towards thePiGe
detector, and the distanc® i Fh— between the plutonium samples and the HPGe detector. In the model, we also
introduce the plutonium thicknes®) as an unknown variable to characterize plutonium -séi§orption.
Plutonium is in a metallic formub with some uncertainties on its geometry inside the platelets, so we keep some
flexibility regarding its mass attenuation coefficientr(jish cmz/g) and density, by introducing an additional variable
7 associated to the possible deviation on the guat of the Pu mass attenuation by its density. Similarly, to take
into account the uncertainty on concrete density and composition, we introduce a variable deViationthe
product of concrete mass attenuation coefficient by its density.and] are in the range [0.9;1.1] and follow a
Gaussian distribution with mean 1 and standard deviation 0.05.

Attenuation due to the drum iron cast and the HPGe thin plate of tin is known, but the possibility of having an
additional attenuation caused by thgresence of a zirconium sheet (around the Pu platelets) is also taken into
account with a variabl€® representing the zirconium thickness.

A Bayesian formalism allows linking the measured quantities with the set of unknown variables
G h"ORORORORQ A Foh-HQ HQ A A using prior information through the relation:

b L AY RO RRORRA ;

1

U Bh
Bh
|
Ohoiwi @ h J0H6iYI Y h O 0 OfpM0sM A Rt D £
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with "0 6 iaftd the Gaussian distribution of the variatdevith mean 0 and standard deviatiah ¢ the number
of selected gamma rays for isotope i adglfiY, § ; the expected calorimeter heat flux, neutron coincidence rate,
and gammaray net area, respectively:

W GO0 TQ p8dMQ XFTYWQ o8 OQ 1™ @OQ p p IQ
Y & X 61 AQ

A 50 D

ﬁoooﬁﬁ:n h

A
O a OJQJYD I YO o &y I
A 0 2 D

P 2 O _
A

-
0, 0 3 m 1 XNIAd—

| =¢

with "Ythe gamma ray measurement time, the specific activity of isotope @ YOy the branching ratio for

isotope i to emit a photon with enerd®;;, ® 0 @y the attenuation caused by the drum iron cast and the tin thin

plate, £ 'O the mass attenuation coefficient of material 6 al O %NJ 2NJ t dzZ G O& O2NNBaAL
energy0,” GKS RSyaArdeée 2F YIFIGSNAIE a IyR 58690 (GKS 1tDS Ayl
counts in the net area per photon entering in the germanium crystal).

If Genie2000 is abl® provide a number of counts N_(i,e) related to the gamma ray i of isotope e, the posterior
density function related to gammeay spectrometry is:

0 OrMAM A rst 0006 Bk 0rh, &
with ,,  the global uncertainty on the net peak area that takes into account the statistical uncertajgy

estimated by Genie2000 ahd  the relative uncertainty on the HPGe intrinsic detection efficiency (typically 5
%):

wh o whR ] D
Note that for the 59 keV gamma ray of 241Am, =50 %, to take into account the extremely high garraa
attenuation at such a low energy and the associated uncertainty.
If the net area is below the decision threshold, the posteriensity function is:
0 OpP0 O RA st 0 & Qi i &8 @ ugBy h

PoissonCDF being the complement of the Poisson cumulative distribution function.

4.4 NDA characterization methods in conjunction with calorimetry

The posterior estimation & of the plutonium mass m is obtained by integrating:
0L  RAY hORRRA &

over "OHCHOROHQ A FOh-HQ HQ A h

&g

h
h

The integration is done by means olMarkov Chain Monte Carlo (MCMC) sampling using the Metroplaliing
FEf3I2NAGKY AYLE SYSYGSR Ay GKS whhe{dFd a@3.aradcAaolrt G221

To investigate the impact of PNCC and calorimetry on plutonium mass estimation, fasfahehfour gammaray
measurements, MCMC sampling is performed with or without the information brought by PNCC and calorimetry.
For each of these configurations, 5 MCMC sampling chains have been generated with-affaterations starting
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from a randonty chosen position. The posterior probability distributions are shown in Figure 8 to Figure 1. The mass
obtained by MCMC samplirtg is normalized to the true plutonium mass m.

Although starting from different points, MCMC chains associated to a givdiguoation lead to the same posterior
mass distributions, which is a good indication that the chain is long enough to guaranty convergence. Consequently,
the mean plutonium mass and RMS of these distributions are consistent, as shown in Figure 12.

The tradtional coupling of gamma ray spectrometry with PNCC or with calorimetry greatly improves plutonium
mass estimation compared to the use of only gamma spectrometry, in particular when plutonium is located in the
drum centrewhere gamma ray attenuation is th strongest. However, for measurements 0, 1, 2 and 3, the
uncertainty of PNCC coupled with gamma ray spectrometry is respectively a factor 2.0, 2.4, 4.0 and 3.3 times higher
than the uncertainty of calorimetry coupled with gamma ray spectrometry. The grgagcision of the calorimetric
measurement is due to calorimetry insensitivity to the position of plutonium in the drum. In addition, the plutonium
contains mainly3**Pu. PNCC is not sensitive to 239Pu, which is not the case for calorimetry.

Given thebetter uncertainty obtain with calorimetry, the uncertainty obtained by coupling calorimetry and PNCC is
nearly equal to the calorimetric measurement uncertainty.

The added value of calorimetric measurement for plutonium measurement in 200 L radioacsiteedmams should

be further investigated, for example with setups having several plutonium samples placed simultaneously at
different positions in the drum or taking into account the possibility of homogeneously distributed plutonium, either
in the whole dum or in some drum sections. If more plutonium sources are involved, it will probably be necessary
to perform several gammeay spectrometry measurements at different positions, or with the drum in rotation.

Measurement 0 without PNCC, without Calorimetry. Measurement 0 with  PNCC, without Calorimetry.
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FIGURE32. POSTERIR PLUTONIUM MASS DISTRIBUTIONS OBTAINEDWIGM CCHAINS FOR MEASUREMEIO(4
PLUTONIUM PLATELETS IN THE PERIPSTHRYK TOGETHER AT THE SAME HEIGHT TO MAXIMIZE GAMABSSRPAION
WHENPNCQND OR CALORIMETRY MEASUREMENTS ARE TAKEN INTO AECRMICIMCSAMPLING CHAINS STARTING

FROM DIFFERENT POSITIONS IN THE PARAMETERIBEATAESS IS REPRESENTED AS A RATIO BETWEEN THE OBTAINED
MCMCPLUTONIUM MASS AND THE TRUE PLUTONIUM AGIS MASS DISTRIBUTION OBTAINED WITHVIGNECCHAIN

IS REPRESENTED'WA DIFFERENT COLOR
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Measurement 1 without PNCC, without Calorimetry. Measurement 1 with PNCC, without Calorimetry.
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HGURE33. POSTERIOR PLUTONIUM MASS DISTRIBUTIONS OBTAINEOWEMCCHAINS FOR MEASUREMENT4
PLUTONIUM PLATELETS IN THE PERIPSTERCKED VERTICALMHENPNCQND OR CALORIMETRY MEASUREMENTS ARE
TAKEN INTO ACCOUNORMCMCSAMPLING CHAINS STARTING FROM DIFFERENT POSITIONS IN THE PARAMAFER SPACE
MASS IS REPRESENTED AS A RATIO BETWEEN THE Q&ACMNEERUTONIUM MASS AND THE TRUE PLUTONIUM MASS
EACH MASS DISTRIBUTION OBTAINED WITHVIGNACCHAN IS REPRESENTED WITH A DIFFERENT. COLOR

Measurement 2 without PNCC, without Calorimetry. Measurement 2 with PNCC, without Calorimetry.
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FIGURE34. POSTERIOR PLUTONIUM MASS DISTRIBUTIONS OBTAINEOWEGMICCHAINS FOR MEASUREMER(4
PLUTONIUM PLATELETS IN THE DRUM CENTREKED VERTICALMHENPNCQND OR CALORIMRY MEASUREMENTS
ARE TAKEN INTO ACCOURIRMCMCSAMPLING CHAINS STARTING FROM DIFFERENT POSITIONS IN THE PARAMETER SPACE
THE MASS IS REPRESENTED AS A RATIO BETWEEN THE NEGMISEDUTONIUM MASS AND THE TRUE PLUTONIUM MASS
EACH MASS DISTRIBUTION OREA WITH ONMICMCCHAIN IS REPRESENTED WITH A DIFFERENT COLOR
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Measurement 2 without PNCC, without Calorimetry. Measurement 2 with PNCC, without Calorimetry
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FHGURE35. POSTERIOR PLUTONIUM MASS DISTRIBUTIONS OBTAINEOWEMCCHAINS FOR MEASUREMEST4
PLUTONIUM PLATELETS PLACHD WTR, STACKED VERTICALMWHENPNCQND OR CALORIMETRY MEASUREMENTS ARE
TAKEN INTO ACCOUNMDRMCMCSAMPLING CHAINS STARTING FREGMERENT POSITIONS IN THE PARAMETER ERRCE

MASS IS REPRESENTED AS A RATIO BETWEEN THE QBCMEFRUTONIUM MASS AND THE TRUE PLUTONIUM MASS

EACH MASS DISTRIBUTION OBTAINED WITHGNECCHAIN IS REPRESENTED WITH A DIFFERENT COLOR
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FGURE36. MEAN PLUTONIUM MASSES 111 FOR THE DIFFERENT MEASUREMENTS#3, USING OR NOPNCQ\ND
CALORIMETRYEACH SET O5POINTS CORRESPONDS TO THE $ESREETREOBTAINED WITE MCMCCHAINS SHOWN
INFHG.8 TOHG. 11,WITH ERROR BAR®RRESPONDING TO THE SPERM&\EACH ERROR BAR HAS THE SAME COLOR AS
THE SPECTRUM THAT SERVED TO CALCULATE THE MEANRM®.FBE EXAMPLEOR MEASUREMEKB WITHOUT
PNCQWND CALORIMETRWHE POINT WITH A BLUE ERROR BAR CORRESPONDS
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4.5 Conclusiors with respect to the CEA exercise

The measurements show interesting complementarities. PNCC is sensitive to plutonium isotopes with an even
atomic number, mainly*®Pu for our samples. Calorimetry is sensitive to intense alpha emitters, n3&inly,2*%Pu
and?*Am in our case. Gamnray spectrometry is sensitive to plutonium isotopes &fidm, and it is particularly
interesting for®®%Pu that emits several gamma rays on the -B0D keV range, which brings information on gamma
attenuation in he cement matrix. In addition, Calorimetry is not sensitive to the plutonium sample position inside
this matrix, contrary to PNCC and gamrag spectrometry, these last showing important uncertainties due to
matrix attenuation effects.

Figure 13 allows coparing the uncertainties obtain during the Cadarache measurement campaign by switching ON
or OFF calorimetry and PNCC. The experimental investigations with plutonium samples in the 200 L concrete drum
show that calorimetry allows significantly reducing tireertainty on the Pu activity compared to the use of gamma
spectroscopy and/or PNCC. Such a result is due to the isotopic composition of the plutonium samples and would
need further investigations with plutonium having different isotopic composition.
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FGURE37. PLUTONIUM MASS UNCERTAINTY AS FUNCTION OF MEASUREMENTS COMBINATIONS
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5 Probabilistic modelling for the SCK CEN experiments

5.1 Introduction

As detailed in]], at SCK CEN, the experimental plan was focused around the six setups presé@iateléid. Each

of the setups was subjected open geometry gamma spectrometfiSOCSnd FRAM analysis of the spectrum,

Q2 gamma spectrometry (with 3 fixed detectors at different heiglta$sive rutron coincidence countinPNCGQC)

and a calorimete(CALmeasurementSetup 1 (real drum) was also measuredgbgmented gamma scanni(gAX)

but not with Q2 Additionally, a series of extra joule effect pulses (500, 375, 250, 200, 150, anW%Qvas &0
measured with the calorimeter, for enabling more reliable calibration of the calorimeter sensitivity coefficients, as
only a single pulse (506W) had been measured before at KBRBsed on all these results, the following three sets

of exercises were grformed, to quantify uncertainties, and investigate the information provided by the different
types of techniques:

1. Calibration of the calorimeter sensitivity coefficients (Secba),
2. Different exercises based on the megg drum and reference source measuremersetups 26; Section
5.3), were
o A first exercise is perfornte accounting for all prior knowledge, to check all measurements and
MNCRcalculatedefficiencies for consisncy. Here the only uknown quantities are thus the
activities while count statistics are still in play as walll. other variables are fixed to prescribed
values.We refer to this setup asFULLY KNOWEN
0 A second exercise is performed, accounting for a realistic amount of prior knowledge, to assess
what the uncertainties could look like in practidg¢ereall consieéred uncertainties are accounted
for but some assumptions are favoured a priori. The inference is then allowed to move away from
these assumptions if needed to fit the measurement daté refer to this setup a8REALISTECP
o A third and final exercise, whe we assume little to no prior knowledge is available, to assess
what the data can tell us in such a ca€werall, here only the fit to the measurement data is
guiding the inferencE 6 KA OK &K2dz R 06S NBLINBaASY lnysterydS T2 NJ
dNHzYar legacy waste that comes with very little documentatidve refer to this setup athe
éMYSTERY DREbhse
3. The real unconditioned waste drum exerciSe{up 1,Section5.4).

For the first, we obviously made use of the joule effect calibration measurements, but the inclusiomuddkep
drum measurements with reference sources (Setup8) Zvas investigated as weltesulting in a total of 12
calibration daa points

Similarly,as in[26] we used the opessource greta packadg@4] to perform the HM@&ased MCMC sampl. The

greta package is an [R5] interface to some of the MCMC sampling algorithms implemented in the Tenserflow
probability packag¢36] which itself relies on the Tensorflow (TF) machine learning plat{8ih The most useful

MCMC sampler available throgreta and used herein BMC[38, 39]. This TFHBased HMC implementation can
evolve several Markov chains in parallel on both CPUs and GPUs, with the different chains exchanging information
during warmup to speedup convergence.

CHANCEDissemination levelPU- Date ofissue of this report02/05/2022 © CHANCE

This document has been produced under Grant Agreeri2@i20755371. This document and its contents remain
the property of the beneficiaries of the CHANCE Consortium and may not be distributed or reproduced without the
express written approval of the CHANCE Coordinator.




C H AN C E Title : Deliverable D3t Written: List on Page 2

Conclusion of the exhaustive study Organisation: List on page 2 Version: 0
of uncertainties Issued: 02nd May 2022 Page(s) 66

TABLE27. OVERVIEW OF THERGETED SETUPS IN SEKCENVEASUREMENT CAMPAIGN

Setup nr. Description

Setup 1 Real unconditioned waste drum

Setup 2 7 pins (21 sources) inside megk 206 (mortar & XPS)
Setup 3 1 pin (single source) in theentre of mockup 206

Setup 4 1 pin(single source) at the border of modip 206

Setup 5 7 pins (21 sources) inside megk 201 (ethafoam)

Setup 6 7 pins (21 sources) inside megk 205 (ethafoam, pvc, steel)

5.2 The calorimeter calibration and corresponding uncertainties
5.2.1 Methodology

In [1] and SectioM above, the results of a calibration exercise at KEEPewised for the interpretation of the
calorimeter measurements performed at CEA. Another calibration exercise at KEP withmd\50@ise was used
during the SCK CEN measurement campaign for preliminary interpretations, while this was updatpditbrthe
additional joule effect pulses prmed at SCK CEN and a standard linear regression approach per block, and for
the total signal, where

© 0 Y (5.1)
© 0 Y (5.2)
©w 0 Y (5.3)
w 0 Y (5.4)
and
Y Y Y Y

with V the net voltage, P the thermal power, S the sensitivity coefficient and subscripts |, r, ¢ and t referring to the
left block, right block, central block, and total (summed) signal respectiVhly linear regression model fits, and
available data pimts, including those of the moelip drum experimentsare displayed ifrigure38.

FromFigure3s8, it is clear that not all data point uncertainty intervals are consistent with the obtained sensitivity
coefficients and their confidence intervals, and especially for some of the-oqmdkum measurements, where the

exact same reference sources were used, but they were placed in a different location, there is a systematic shift in
the net voltage. This does suggest that we are not trying to find a unique (set of) sensitivity coefficiert($ube

that these may depend on the properties of the actual object measured, or at least on the location of heat
production within the object. When realizing this, it seems to make sense to let the sensitivity coefficients vary on
a measurement by measeiment basis, which is why we turn here to a hierarchical, or Amitl, Bayesian
regression approach. To allow for comparison with¢heessic approactwe perform the Bayesian regression as well

for the case where we consider the total signal (sum)regponding to equatiorf5.4), but we additionally include

the baseline and gross voltages B and@ use here index i to differentiate between different measurements
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G o
Oy 0 — 0675 (5.5)
Oy 0 i

Additionally, we consider the equivalent of equatidhdl), (5.2) and(5.3), where we loolat the combination of the
three blocks with each their own coefficient:

je3 Y 0
On b Y 6 (5.6)
“Op Y 0

Andfinally, we consider the hierarchical case, where every measurement i has its own sensitivity coefficient:

S 5
O 0 Ya 04 (5.7)
Oy Y 0

Obviouslywe end up lere with a large number of parameters to fit, while we do only have a limited dataset, but
the power of the Bayesian approach here lies in the regularization properties obtained through an appropriate
definition of the prior distributions, or hyperpriormmicase of the hierarchical approach for the sensitivity
coefficients.

Before specifying the priors, however, let us first mention here that we consider;,a Gand G,quantities to be

the mean of a Gaussian likelihood for our observed gross voltages (mean of theowseted gross measurement
signal), where the standard deviation equals the standard error on the mean signal from the batch means estimator,
as detailel in [1].

Then, we need a prior distribution for all inferred parameterisTincludes for the powersi Bnly those of the

ESARDA reference sources, as we assume the joule effect pulse uncertainty to be negligible. For the ESARDA sources,
a very informative Gaussian prior with a standard deviationra#/2, to allow for a minimum amount of uncertainty.

The ba&eline voltage is also inferred here, and we basically use the same approach as for the gross voltage likelihood:

a Gaussian prior, where the mean equals the mean of the remsected baseline measurement signal, and the
standard deviation comes from thieatch means estimator. Finally, for the sensitivity coefficients, thesoet
informative priors depend on the approach:

1 For Huations(5.5) and(5.6), the priors for 3, S, S or S are all Gaussian with a mean of 50 and standard
deviation of 2QuVvV/mW,

1 For Huation (5.7), the hyperpriors on thehree meansfor all 12x3 Gaussian priors for tharee block
sengtivities arethe same as that above (Gaussian, mean = 50, sd, wh0g those for the thee standard
deviations areexponentialdistributions with rate parameter 3.

The latter hierarchical approach with hyperpriors makes sure that the minimum variation possible in sensitivity
coefficients of different measurements is allowed, while still mgldare that all observed data points are consistent
with the model.
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Do note that the noise correction discussed 1 fas used as such here because of tiingtations andis not
included in the probabilistic model at this point. For future analyses, it is recommended to include the full data
generating process in the modethich means starting from the full raw signal time series from the reference and
measuremen Peltier elements, instead of the batch means estimator already applied to the combination of those
two.
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HGURE38. OVERVIEW OF CLASSIC LINEAR MODEMFTFEOUT INTERCERRND THE CORRESPOND®®6CONFIDENCE
INTERVALSOR FERY CALORIMETER BLOCK INDIVIDURESENSITIVITY COEFFICIENT EQUALS THE SLOPE OF THE FITTED
LINE IN THIS CASE

5.2.2 Posterior distributions of sensitivity coefficients

The three Bayesian regression exercises were implemented and MCMC sampling was performed with a warmup of
5000 samples for the two simpler cases, and 20000 for the hierarchical approach. After warmup, 5000 draws of the
posterior were collected each tim@he point estimate of the multivariate potential scale reduction factor was
always <= 1.06, indicating convergence is reached in all cBlsesxercise was repeated by only considering the
joule effect pulses to see how including all data points would amapo the standard calibration approachhe

results of the latter where then passed on to the following exercises described in SeeBarsl 5.4,

An overview on all obtained sensitivity coefficient estimates is providdaine28. Note that although we provide
a mean and standard deviation, this does not necessarily mean these follow a Gaussian distribution. For the
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hierarchical approach we need mixed predictive replication (posterior vs prior predictive check for the
hyperparametes vs sensitivity priors) to obtain draws of the sensitivity coefficieapplicable to any new
measurement that would be performeda blmost all cases theesultingdistribution exhibits slightly heavier tails
than a Gaussian one. A Gaussian distribuiohowever still a reasonable, and definitely practical, approximation
here, so this is used in SectioBs3 and 5.4, using the parameters froriiable28 for the Bayesian hierarchical
approach with only joule effect pulse data.

Finally, to make sure that the probabilistic model fit is satisfactory, we performed posterior predictive checks. The
results for the pulse data set are providedrigure39, which makes very clear that some gross voltages cannot be
reproduced in case of a single sensitivity cogffit for the total signal, or unique sensitivity coefficients per block.
Instead, the hierarchical approach allows to fit all observed gross voltages very well, and hence the larger
uncertainty on the sensitivity coefficients, as showl able28, is justified.

TABLE28. OVERVIEW OF THE MEAN AND STANDARD DEVIATION ESTIMATES FOR THE DIFFERENT APEREROHES
BAYESIAN INFERENCHE POSTEBR DISTRIBUTIONS ARE NOT NECESSMRISSIANAND THE VALUES WHEREHAPIRG
WILK TEST WOULD REJECT THAT HYPOTHESIS AT SIGNIFICANCGEQENEE OKBELLED WITH AN ASTERISK

S S S

Mean SD Mean SD Mean SD
Classic Single Pulses 48.47 0.60 48.47 0.60 @48.47 0.60
Bayesian Single Pulses 49.07 0.10 | 49.07 0.10 | 49.07 0.10
Classic Triple Pulses' 50.50 0.51 47.62 0.81 47.28 1.01
Bayesian Triple Pulses 49.31 0.14 @ 49.05 0.16 @ 48.08 0.29
Bayesian Hierarchical Pulses 49.13* 1.41* 47.22* | 2.72* 46.91* 3.37*
Classic Single All 48.60 0.48 48.60 0.48 | 48.60  0.48
Bayesian Single All 49.09 0.10 | 49.09 0.10 | 49.09 0.10
Classic Triple All 51.15 0.71 48.45 0.88 46.19 1.11
Bayesian Triple All 4954 0.13 | 49.21 0.16 | 46.79 0.27

Bayesian Hierarchical All 51.62*- 49.24* - 43.19 -

Method  Approach Data
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FAGURE39. POSTERIOR PREDICTIVE CHECK FOR THE GROSS DR AGESTHREE APPROACHES APPLIED TO THE JOULE
EFFECT PULSE DATBWE MEAN IS USED HERE AS MEASURE OF CENTRAL TENDERTCME ERROR BARS REPRESENT THE
95%CREDIBLE INTERVAL

5.3 The mockup drums and refe@ence sources exercise
5.3.1 Methodology

Themockup drumswere stylized asontaining21 potentialpoint source locations (brown cylinders kigure40).
With respect to gmma spectrometry, & used the forward model described[i28] to go fromthe distributionsof
activities across the 21 locatiofisstead of segments ir28]) to simulated counts. We then applied the same idea
to (1) the PNCC model pergted by[40] to simulate the PNCC data, a(®) the CAL model described iecBon5.2

to simulate the CAL datassuming 100% efficiency for the latter

Some methodological advances were introduced here, however, compare@8p These are detailed for the real
drum in [41], and briefly described for the rackup drums here As described if41], we use Dirichlet prior
distributions for the inferred quantities that must sum to one: the isotopic vedpatial distribution of the fractions

of the total Pu content across the 21 locations and the 3 mafficiency coefficients. The latter coefficients are
introduced here, as for the moeakp drums exercise, we were working with three different drum masiceach

with its own set of efficiencies for the different measurement techniques, while for the real unconditioned waste
drum, the matrix properties were constant and considered determinidtience we now interpolate efficiencies
linearly between threeend members: Mockip 201 (ethafoam), moelp 205 (PVC, steel and ethafoam) and mock
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up 206 (XPS and mortaihe total Pu content was itself assignetbg uniformprior between 1 g and 100 g.
Depending on the considered information contektLLY KNOWREALISTI@ MYSTERY DRQ)Mve use either
flat Dirichlet priors MYSTERY DRUWdse nothing isknown in advance) oa combination of flat andnformative
Dirichlet priors REALISTIEaise where the spatial distribution is not known, but some informatisravailable on
the isotopic vector and drum matpix

The used likelihood functions are a Poisson likelihood for the count data (EBT0CE), a Gaussian likelihood for
the PNCC datupand 3 other Gaussian likelihoods for the 3 CAL signals. ConvergeheeM€MC was monitored
with the Rhat convergence criterion byip].

FHGURE0. POSSIBLE SOURCE LOCAT(SMSLL BROWN CYLINDERSTHIN AMOCKUPDRUM, WITH THREE LOCATIONS
(LOWERMID, AND UPPERFOR EACH OF SEVENHOLES

5.3.2 Posterior distributions of radioisotope masses

The inference results for the ockup setups are presented iRigure41to Figure70. Overall, it is observed that

the gamma spectrometry data (whether ISOCS or-3&%jnostly always allow for an accurate characterization of

the gammaemitting radionuclides together withhbse nongamma emitting ones of which prior estimates can be
obtained by gammdbased isotopic composition analysis {42, Np237, U235) using for instance the FRAM
software.If a sufficiently informativéand accurateprior distribution is used for th&otopic vector, then CAL, PNCC
and the combination CARNCC can also recover relatively accurate mean estimates of the masses of these
radionuclides but with a larger uncertainty than for 38%S and ISOCS.

5.3.2.1 Setup 5 mock-up 201 with ethafoam z 21 sources)

Figured1to Figure46 present the inversion results f@etup 5 drum 201¢ 21 sourcepand the three informatin
degrees FULLY KNOWN, REALISTICMMBTERY DRUMor eachinformation degree 11 combinations of
measirement methods are considered.

It is seen that under the FULLY KNOWN assumption, all the-l@&0&Hestimates are biased while the-Qased
ones arequite good. This seems to indicate that our calculated 1S3S&ciated efficiencies have some bias while
the calculated Q&sscociated efficiencies are very accurate. In contrast, under the more flexible REALISTIC and
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MYSTERY DRUWdsumptions, the ISO@&sed results get to some extent better, in the sense that the posterior
radionuclide mass distributions tend to peak near the true valueexpgcted,these posterior distributions are
also wider (that is, more uncertainfror the Q2based estimates, th@pposite situation is observed. When the
MCMC has more flexibility to fit the measurement daf@EALISTIC adYSTERY DRUMpotheses)the
radionuclide mass estimates becomquite biased. The MCMC jumps to these wrong estimates because in
combination withspecific sampled values of the other unknown parameters, they induce a better fit to the data
(not shown). This indicates that complex compensation effects are at play and warrants further investigations.

Overall, it is also observed that CAL aBNMCChave little added valuehere when combined with gamma
spectrometry (ISOCS and Q2). The main raison for this is that our gamma spectrometry setups neelswoed
counts (matrix densities are rather limitedyhile we mostly have gamramitting nuclides in our sources (all
considered nuclides but Np37 and Pt242, both present in low amounts). Moreover, when prior information is
available about the isotopic vector (REALISTIC assumption) then CRN@@afovide good estimates though with
some relatively large uncertainty. Not surprisingly, if no information about the vector is avaldB®&TERY DRYM
CAL andPNCQail to provide any meaningful characterization when not combined with other techniques

Despite the large amount of information obtained here from the gamma spectrometry measurement, the relative
robustness of calorimetry with respect to the matrix effect is still visible iInREALISTIC and MYSTERY DRUM
combinations involvingd2, and the MYERY DRUM combinations involving ISOCS. The combinations involving
calorimetryled there to the smallest uncertainties.

CHANCEDissemination levelPU- Date ofissue of this report02/05/2022 © CHANCE

This document has been produced under Grant Agreeri2@i20755371. This document and its contents remain
the property of the beneficiaries of the CHANCE Consortium and may not be distributed or reproduced without the
express written approval of the CHANCE Coordinator.




C HAN C E Title : Deliverable D3 Written: List on Page 2

Conclusion of the exhaustive study Organisation: List on page 2 Version: 0
of uncertainties Issued: 02nd May 2022 Page(s) 73
ISOCS

1.00

0.75-

0.50 1

0.25

0.00+

CAL ISOCS

1.00 -

0.75+

0.50 4

0.25+

0.00 -

ISOCS_PN

1.00

075

0.50 -

025 | |

0.00 / Am-241
2 CAL_ISOCS_PN / Np-237
g 100 " Pu-238
S 050 ~ Pu-239
S 0.00- 4 Pu-240
»n CAL Pu-241

1.00+ -

1o A Pu-242

0.50 4

0.254

0.00+

: AN ANAL L

0.00

1.00
0.75
0.50 1
0.25
0.00
0.03 0.0 0.10

0.01

CAL_PN

0.30 0.50 1.00 3.00 5.00

Mass [g]

10.00

FGURE 1. POSTERIOR DISTRIBUTIONS OF THE INFERRED RADIORUWASEHSSOVER THE WHOLE DROM(21
SOURCB$OR DIFFERENT MEASUREMENT TECHNIQUES AND COMBINATIONSI SEREDALISOCSSOCSN,
CALISOCSN,CALPNANDCAL-PN).THE CONSIDERBIFORMATION DEGREEFULLYXKNOWNWHERE THE ONLY
UNKNOWNS ARE BASICALLY THE RADIONURACTEATIES WHILE THEUPIS MATRIXISOTOPIC VECTARDPU SPATIAL
DISTRIBUTION ARE ASSUMED TO BE KNBWMEANSPNCCTHE SOID DOTS DENOTE THE TRUE VALUES
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FGURE2. POSTERIOR DISTRIBUTIONS OF THE INFERRED RADIORWASEESSOVER THE WHOLE DROM(21
SOURCB$OR DIFFERENT MEASUREMENT TECHNIQUES AND COMBINATION$QREREER2, PN-Q2ANDCALPN
Q2).THE CONSIDEREIFORMATION DEGREFULLYXKNOWNWHERE THENLY UNKNOWNS ARE BASICALLY THE
RADIONUCLIDEBCTIVITIES WHILE THE DIRJMATRIXISOTOPIC VECTOR ARDSPATIAL DISTRIBUTION ARE ASSUMED TO
BE KNOWNPNMEANSPNCCTHE SOLID DOTS DENOTE THE TRUE VALUES
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FGURE 3. POSTERIORISTRIBUTIONS OF THE INFERRED RADIONUBIASESS OVER THE WHOLE DROM(21
SOURCB$OR DIFFERENT MEASUREMENT TECHNIQUES AND COMBINATIONSI SEREDALISOCSSOCSN,
CALISOCSN,CALPNANDCALPN).THE CONSIDERBIFORMATION DEGREEREALSTIGVHERE REALISTIC PRIOR
KNOWLEDGE ON THE DRBMIATRIX ANISOTOPIC VECTOR IS TAKEN INTO ACCBNINEEANSPNCCTHE SOLID DOTS
DENOTE THE TRUE VALUES
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FGURHE4. POSTERIOR DISTRIBUTIONS OF THE INFERRED RADIORWASEERSVER THE WHOLE DRAMIL (21
SOURCB$OR DIFFERENT MEASUREMENT TECHNIQUES AND COMBINATION$QREREER2, PN-Q2ANDCALPN
Q2).THE CONSIDEREIFORMATION DEGREIREALISTINSHERE REALISTIC PRIOR KNOWLEDGE ON THB DRURIX

AND ISOTOPIC VECTSRAKEN INTO ACCOURNMEANSPNCCTHE SOLID DOTS DENOTE THE TRUE VALUES
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FHGURE5. POSTERIOR DISTRIBUTIONS OF THE INFERRED RADIOQUWASEHSSOVER THE WHOLE DROM(21
SOURCB$OR DIFFERENT MEASUREMENT TECHNIQUESMBINATIONS THERE(BOCSCALISOCSSOCSN,
CALISOCSN,CALPNANDCALPN).THE CONSIDEREXFORMATION DEGREIMY STERDRUMWHERE NO PRIOR
KNOWLEDGE ON THE DE®MIATRIX ANISOTOPIC VECTERCONSIDEREBNMEANSPNCCTHE SOID DOTS DENOTE THE
TRUE VALUES
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FGURE6. POSTERIOR DISTRIBUTIONS OF THE INFERRED RADIORWASEESSOVER THE WHOLE DROM(21
SOURCB$OR DIFFERENT MEASUREMENT TECHNIQUES AND COMBINATION$QREREER2, PN-Q2ANDCALPN
Q2).THE CONSIDEREIFORMATION DEGREEMYSTERPRUMWHERE N®RIOR KNOWLEDGE ON THE DBUIATRIX

AND ISOTOPIC VECTOR IS CONSIDPREBEANSPNCCTHE SOLID DOTS DENOTE THE TRUE VALUES

5.3.2.2 Setup 6 (ock-up 205 with ethafoam, steel and pvg 21 sourceg

Figure47 to Figure52 display the inversion results f@&etup 6 drum 201¢ 21 sourcey These figuresevealvery
similar findings as for drum 2@121 sources (section 5.3.2hich for brevity, are not repeated here.
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FHGUREA7. POSTERIOR DISTRIBUTIONS OF THE INFERRED RADIOQUWASEHSSOVER THE WHOLE DROM(21
SOURCB$OR DIFFERENT MEASUREMENT TECHNIQUES AND COMBINATIONSI SEREDALISOCSSOCSN,
CALISOCSN,CALPNANDCAL-PN).THE CONSIDERBIFORMATION OEREESFULLYKNOWNWHERE THE ONLY
UNKNOWNS ARE BASICALLY THE RADIONURVCTEATIES WHILE THE DIRJMATRIXISOTOPIC VECTARDPU SPATIAL
DISTRIBUTION ARE ASSUMED TO BE KNBWMEANSPNCC
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