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Abstract in English

Industries that exploit natural resources may produce large amounts of Naturally Occurring
Radioactive Materials (NORM) in by-products, residues or wastes. This waste must be
identified and characterised to avoid contamination of the environment and exposure of the
public but also to decide on the possible re-use to reduce production costs. For this purpose,
measurement systems have to be developed and calibrated in a traceable way with calibration
standards and reference materials that are adapted to the real composition and geometry of
measured materials. This thesis investigates three possible reference materials: two kinds of
Ferro-Molybdenum slag and one tuff.

Low-background High Purity Germanium (HPGe) detectors are used to characterise the
materials: radionuclide identification, activity calculation and sample homogeneity. To calculate
the nuclides’ activity the responses of the detectors are obtained by Monte Carlo simulations.
Monte Carlo models are using data from measured dimensions and the estimated composition of
the sample matrix. Each model has been validated by experimental calibration measurements.

The results show that the samples are homogenous and suitable as reference materials for the
calibration of measurement systems for the NORM industries. From those samples it is possible
to make good reference materials for the calibration of measurement systems that are adapted
for the work in the field.






Abstract in Dutch

Industrieén die natuurlijke materialen gebruiken kunnen grote hoeveelheiden natuurlijk
voorkomende radioactieve materialen (NORM) produceren in bijproducten, residu’s en
afvalstoffen. Dit afval moet gekarakteriseerd en geidentificeerd worden om de vervuiling van
het milieu en de blootstelling van de bevolking te vermijden maar ook om te beslissen over
mogelijk hergebruik om de productiekosten te verlagen. Daarvoor moeten meetsystemen
ontwikkeld en gekalibreerd worden op een gecontroleerde wijze met kalibratie standaarden en
referentiematerialen die aangepast zijn aan de reéle compositie en geometrie van de
onderzochten materialen. Deze thesis onderzoekt drie mogelijke referentiematerialen: twee
soorten ijzermolybdeen slak en tufsteen.

Low-background High Purity Germanium (HPGe) detectors zijn gebruikt om de mogelijke
referentiematerialen te karakteriseren: identificatie van radionucliden, berekening van de
activiteit en homogeniteit van het staal. Om de activiteit van de nucliden te berekenen, wordt de
respons van de detectors met behulp van Monte Carlo modellen verkregen. Monte Carlo
modellen gebruiken gegevens van de opgemeten afmetingen en de verwachte compositie van
het staal. EIk model is gevalideerd door een experimentele kalibratie.

De resultaten tonen aan dat de stalen homogeen en geschikt zijn als referentiemateriaal voor de
kalibratie van meetsystemen in de NORM industrie. Met deze stalen is het mogelijk om goede
referentiematerialen te maken voor de kalibratie van meetsystemen die aangepast zijn aan de
praktijk.






1 Introduction

1.1 EC-JRC-IRMM

The Joint Research Centre (JRC) which is part of the European Commission has as mission to
provide independent, evidence-based technical and scientific support to European Union
policies. The JRC has seven institutes located in Belgium, Italy, The Netherlands, Spain and
Germany [1].

The Institute for Reference Materials and Measurements (IRMM) is the Belgian institute of the
JRC and is located in Geel. Its mission is to provide accurate measurements and reference
materials with the overall aim to improve the quality of life for citizens. EC-JRC-IRMM is the
second largest producer of reference materials worldwide. The core competences of EC-JRC-
IRMM are (i) development, production and distribution of reference materials; (ii) development
and validation of methods for food and feed analysis, bio-analysis, isotope measurements,
neutron physics and radionuclide metrology [1].

1.2 International collaboration

The work that has been done in this thesis fits in with the European Metrology Research
Programme (EMRP) that is founded by the European Association of National Metrology
Institutes (EURAMET). The EMRP makes it possible for European metrology institutes,
industrial organisations and academia to collaborate on specific projects in specified fields.

Besides that, the research that has been done for this thesis will be used in “IND 57 MetroNorm,
(Metrology for European NORM Industry)” where new measurement methods will be
developed that are adapted to the industry. For this project a collaboration between twelve
European Union countries and the EC-JRC-IRMM is established. All of them have NORM or
TENORM industries in their countries. NORM and TENORM will be explained in chapter 2:
Naturally Occurring Radioactive Materials (NORM) [1].
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1.3 Ilonizing radiation and radioactivity

lonizing radiation occurs from the phenomenon radioactivity: a nucleus from a radioactive atom
is unstable due to an oversupply of neutrons or protons, i.e the nucleus has too much energy.
The excess in energy is released under the form of particles. Every radioactive decay releases
energy under the form of ionizing radiation [2] [3].

lonizing radiation is energetic enough to push one or more electrons out of the atom. Thereby it
has a positive charge and is called an ion. A distinction between directly and indirectly ionizing
radiation can be made. Alpha- and beta-particles (a-, B-particles) are divided into directly
ionizing radiation, this is only possible with charged particles. Photons or uncharged particles
like neutrons are divided into the indirectly ionizing radiation. In the last category ionisation
only occurs after forming one or more energetic charged particles. All the ionizing radiation can
cause biological effects by damaging the cell DNA [4].

The decay time is defined as the average life time where half of the unstable nuclei decay. The
decay time is an exponential constant, which means that, for example, after ten decay times
there are only 1/1000 left [5].

The Becquerel (BQq) is the unit for activity of a radioactive compound. This gives the amount of
disintegrations per second, and is called after Henri Becquerel who discovered radioactivity [5]
[6]. For having an idea of what a Becquerel is Figure 1 gives an overview for different
situations.

1E+18 4

1E+15 4

1E+124

1E+)5 +

Becquerels (Bq)

100000 —

1000 ~

Becguerel |

1 liter melk

valwassene (70 kg)

rookdetektor

Curie {1 g van radium)

cesium geloosd in
Tehemnobyl

jodiurn geloosd in
Tehernobyl

Figure 1: Unit Becquerel for different situations [6]
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1.3.1 Alpha decay

An a-particle is build up with two protons and two neutrons and is identical to the helium

nucleus. It has a positive charge of +2. Alpha particles have an important ionizing effect due to
their mass and relative kinetic energy which is mono-energetic but the penetration depth is low
(several centimetres in air (2 MeV a, 1 cm) or a double sheet of aluminium kitchen foil) [7] [8].

Therefore the dangerous effects on the skin from alpha particles are negligible, because the
stratum corneum will absorb all the energy from the particles. But if the emission is inside the
body dramatic effects could occur. For example Aleksandr Litvinenko was poisoned with
polonium-210 in his tea [7] [8].

To emit an a-particle the nucleus must be unstable and have a ratio between neutrons and
protons that is too low. The a-particle will pick up two free electrons and become a helium atom

(71181
Symbolic formula for a-decay is:
24X > 473V + S

1.3.2 Beta particles

A B-particle is a high energetic electron with a negative (electrons) or positive (positrons)
charge that is emitted from the nucleus. This occurs when the nucleus is instable because it
has too many neutrons or protons. There is also a neutrino (v) and antineutrino (V) emitted
from the nucleus. On a chart (Figure 2, red line is stability line) it is visible if it will be a positive
or negative charged particle, when the nuclide is under the stability line than a positive
charged particle will be emitted or electron capture occurs. Otherwise a negative charged
particle will be emitted [7] [8].

Neutron number

20 80 80

40
Proton number
Figure 2: Beta stability line

Symbolic formula for internal transformation of the nucleons [8]:
1 1 0 0=
on 2 ip+ B+ oV

1 1 0 0
i 2 ont B+ v
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Electron capture is when the initial nucleus captures an electron from one of it shells, mostly
the K-shell [8].

I+ % > In+ v

B - and B* decays and electron capture can respectively be written as [8]:

92X = 24v+ B+ v
QX - z—’i‘y+ +2,8+ 8V

X+ e - ;v + v

Both B - and B*-decays have a continuous energy distribution and have a smaller ionisation

effect but a bigger penetration depth than a-particles. For B-particles the penetration depth is of
the order of a few centimetres or meters in air, in solid or liquid material the penetration depth is

a factor three lower than in air [7].

With p™-particles there is also the possibility to emit Bremsstrahlung. When the fparticle

penetrates a material, the B-particle will be slowed down by the Coulomb field from the nucleus

and release energy by X-ray emission. The energy of the X-ray cannot be greater than the
energy of the incident beta particle [9]. Figure 3 shows the production of Bremsstrahlung.

Bremsstrahlung

(Roentgen quantum)

e,
=

-

)
[ L AN

-
.III -

\/

AN
\
|
¥
/

!

. Electron lowe
% in energy

'Y-u

Figure 3: Production of Bremsstrahlung [10]

Cherenkov radiation is also a possibility when f™-particles interact with matter. This can occur

when the B-particles travel through a medium with a speed higher than the speed of light in this

medium [8]. For example this occurs in the water basin of a nuclear reactor and gives the blue

shine to the water.

A side effect of the electron capture is that an electron released from one of the shells, creates a
free space (vacancy). This space can be filled up with an electron from a higher shell and result

in characteristic X-ray emission [8].
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The last side effect that can occur is with B*-particles when they interfere with matter. In the
material positrons can interact with electrons and annihilation can occur with the emission of
two photons with both an energy of 0.511 MeV as show in Figure 4.

".

ML Y Twoantiparaliel S11 keV
Ny photons produced

.

. N
) Y ™

L .

Positron combines with 1,
electron and annibikites LY

nucheus

Protom decays o
neutran in nucles -

positron and . o

neutring vmiticd

Figure 4: Electron-positron annihilation [11]

1.3.3 Gamma-ray

This can be seen as the equivalent of atomic de-excitation by the emission of X-rays. In theory
the principle is the same, they both de-excite from an excited state to a lower energy level. With
the excess in energy being emitted as electromagnetic radiation as an energy package of a
guantum which is called a photon. So gamma (y) particles are the same as X-rays but their
origin is different, respectively the electron outside the nucleus or the nucleus of the atom; the
energy of y-rays is higher. With gamma decay there is no coulomb barrier or binding energy to
be overcome like with alpha- or beta decay. Also gamma decay is mostly a secondary process
after a- or B-decay [7] [8].

Symbolic formula for gamma decay, with gamma decay the nucleus stays in the same form but
in a different energy state:

2Xn = 2Xn + 0¥

Gamma particles have a higher penetration level because they have no mass and no charge.
Therefore a perfect shielding for gamma particles is not possible but y-ray flux can be reduced
by using heavy elements like lead.

A comparison between the penetration depth for alpha- , beta- and gamma particles can be
found in Figure 5.

Alpha

Beta

Gamma

AVAV A US|

Paper Aluminium Lead

Figure 5: Penetration depth for different particles
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2 Naturally Occurring Radioactive Materials (NORM)

2.1 What is NORM?
The radioactivity can be artificial and natural radioactivity.

The artificial radionuclides are man-made, these are produced in a nuclear reaction or in a
particle accelerator. A good example of artificial radioactivity is the nuclear waste produced in
the production of electricity in a nuclear power plant and the radionuclides used in medical
treatment.

Furthermore there is the naturally occurring radioactive material (NORM), consisting of
radioactive elements that can be found in the environment in ores and rocks that contain an
increased level of radionuclides present in nature. Some of those radionuclides which are long-
lived are present since the origin of the earth. There are three radioactive decay chains: uranium
series also called radium series, thorium series and actinium series. Respectively the series starts
with uranium-238, thorium-232 and uranium-235. Decay chains will be discussed in chapter 2.2
Naturally decay chains.

Another important radionuclide is potassium-40 which is also present since the formation of the
earth and thus is present in the earth crust and is also found in plants, human bones and animals.
Those radionuclides are concentrated in some places for example uranium orebodies and
phosphate ores. Through industrial processes it is possible that radionuclides are accumulated in
waste- and by-products. The international designation is also NORM. As a matter of fact it is
more precise to appoint industrial processes where concentration of radioactivity increases as
TENORM which is the acronym for Technologically Enhanced NORM.

Also the level of NORM can vary from industry to industry. In production processes NORM
flows together with water, gas and oil mixtures and can build up in sludge, dust and scrap
materials [12] [13] [14] [15].

Industries were NORM is mostly found are phosphate industry, metallurgy, zirconium sands,
production of titanium oxides, oil and gas industries [16].

2.2 Naturally decay chains

The three decay chains uranium-238, thorium-232 and uranium-235 and their decay products
are more or less in secular equilibrium inside a chain. This means that the activity from one
radionuclide inside the chain is equal with the other radionuclides in the decay chain. Those
radionuclides are formed due to decay of the very long lived parent nuclide, after that the
radionuclides decay again by a series of decays till a stable nuclide of lead is formed at the end
of the decay chain [17] [18].

Uranium-238 is the parent radionuclide of the uranium series. Uranium-238 emits alpha
particles with a half-life of 4.47 billion years and an abundance of 99.27%. The stable daughter
nuclide is lead-206. Every daughter isotope will have a mass number A=4n+2 [19] [20]. This is
showed in Figure 6 on the left.

The second series is the thorium series with the parent nuclide thorium-232. It is an a-emitter
with a half-life of 14.1 billion years and an abundance of 100%.
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The stable daughter isotope is lead-208. With every isotope having a mass number A=4n [19]
[20]. Figure 6 shows this on the right.

The last decay series is the one with the parent nuclide uranium-235 also known as the actinium
series. Uranium-235 is an alpha emitter with half-life of 0.71 billion years and abundance of
0.72%. The stable daughter nuclide is lead-207 with every isotope having a mass number
A=4n+3 [19] [20]. The decay chain is shown in Figure 7.

Uranium

Protactinium

Thorium

Astatine

Polonium

Bismuth

Lead

Thallium

Mercury

Figure 7: Actinium chain [19]
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For secular equilibrium the half-life of the parent must be much longer than that of the daughter.
For the relationship between the half-life of the parent and daughter product no precise
definition is given but with at least a parent half-life of 100 times longer than the decay product,
secular equilibrium could be achieved [21].

The activity of the daughter nuclide can be calculated with the following equation.
Ap(t) = Ap(1 —e~h) [21]
Where:

Ap (t): Activity of daughter nuclide at time t.

As: Initial activity of the parent nuclide.

Ap is the decay constant of the daughter nuclide, which can be calculated as A=In (2)/ty.
ty,: Half-life of daughter nuclide.

t: Decay time.

For the equilibrium between radium-226 and radon-222 it can be calculated that radon-222
reaches the same activity as radium-226 within about 30 days. Figure 8 shows the equilibrium
in a graph starting from zero activity from radon-222 in the beginning. The reason is that radon-
222 is a gas and evaporates from the product. Only when it is in a closed environment it can
reach equilibrium [21].
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TIME (Thumrs}

Figure 8: Secular equilibrium between radium-226 and radon-222 [21]

Beside secular equilibrium also transient equilibrium exists. For transient equilibrium the half-
life of the parent must be much longer than that of the daughter. For the relationship between
the half-life of the parent and daughter product no precise definition is given but with a parent
half-life that is longer (approximately 10 times longer) than the decay product, transient
equilibrium could be achieved [21].
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The activity of the daughter nuclide and time for the daughter nuclide to reach maximum
activity can be calculated with the following equation.

_ Aplp
ap = 22 )

A
In32
14

Ap=%p

[21]

tD=

Where:

Ap: Activity of daughter nuclide.

Ap: Activity of the parent nuclide.

Ap is the decay constant of the daughter nuclide, which can be calculated as A=In (2)/ty,.
ty,: Half-life of daughter nuclide.

tp: Time where the daughter nuclide reaches it maximum activity.

Ap is the decay constant of the parent nuclide, which can be calculated as A=In (2)/ty,.
tyo: Half-life of parent nuclide.

Figure 9 gives an example of a transient equilibrium. This is between tellurium-132 with a half-
life of 78.2 hr and iodine-132 with a half-life of 2.2 hr. The trend of the graph will always stays
the same for transient equilibrium.
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Figure 9: Transient equilibrium between Te-132 and 1-132 [21]
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At last, there is also the possibility to have no equilibrium between daughter nuclide and parent
nuclide. This occurs when the half-life of the parent is smaller than the half-life of the daughter
nuclide. And can be showed in Figure 10 where A; is the activity of the parent, A; is the activity
of the daughter and A;+A; is the total activity, with T, the half-life of the parent nuclide and T,
the half-life of the daughter nuclide.

Ao
T 5T

Ay tAo

ACTIVITIES

Figure 10: No equilibrium [21]
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2.3 Hazards to human health and environment

Personnel working in industries that are in contact with NORM could have an increased risk to
be exposed to NORM. This could originate from contamination where the worker has internal
exposure due to ingestion and inhalation of radionuclides. For example it is possible that the
worker inhales dust and radon or ingests sludge. It is also possible that the worker is irradiated
due to a source outside the body. Most of the time the amount of y-radiation is not large enough
to penetrate processing equipment and present a health risk for workers, but exceptions are
found. The effects vary with the time, total amount of energy that is absorbed and which organ
is exposed [22] [23].

When handling NORM contaminated products or waste caution complies to prevent the spread
of NORM to areas of land or other products [22].

For NORM waste products the Federaal Agentschap voor Nucleaire Controle (FANC) has
acceptation criteria and control- and monitoring modalities. This is necessary for restriction of
the biological impact, also they give waste processing companies legal legality and at least it
will inform the public of the potential hazards [16].

In Belgium the radioactivity in the background of naturally radioactive materials is the
following: uranium-238 and thorium-232 between 5 and 50 Bg/kg and potassium-40 between
70-900 Bg/kg. FANC made a list of radionuclides with reference activity, if the waste products
exceed those levels than FANC needs to be informed. Those levels can be found in the Belgian
official journal 25/03/2013 Ed 3 pages 18480 to 18482. Also Article 9 of the “Koninklijk
Besluit van 20 juli 2001 houdende algemeen reglement op de bescherming van de bevolking,
van de werknemers en het leefmilieu tegen het gevaar van de ioniserende stralingen” (ARBIS)
states that professionals in article 4 from ARBIS need to hand a declaration file to FANC.
FANC will then check if the impact of radioactivity is lower than 1 mSv/year. Furthermore
FANC has different levels for different ways of processing the waste and also has different
levels for the transportation of NORM-materials [16].

More information for those declaration forms and acceptation levels can be found in
“Technische leidraad voor operatoren van installaties voor de verwerking, de opwaardering en
de recyclage van NORM reststoffen” from FANC.
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3 Goal of the research

Following the Basic Safety Standards of the Euratom Treaty (and subsequent Belgian law) the
production in NORM industry facilities must be safe and not endanger the health of personnel
and the population or result in environmental pollution, like mentioned in chapter 2: Naturally
Occurring Radioactive Materials (NORM). So the waste must be identified and precisely
measured to decide on the possible re-use without increasing costs whilst avoiding
contamination of the environment and exposure of the public. For this purpose, measurement
systems must be developed and calibrated in a traceable way with calibration standards and
reference materials that are adapted to the real composition and geometry of measured
materials.

This thesis will investigate the possible candidates that could be used as reference materials,
with the following kept in mind:

¢ Analysis of the radioactive and elemental composition of different NORM materials
with the aim to see which may be suitable as NORM reference materials.

e Decide on which NORM materials should be developed further as candidate reference
materials and on which grounds. Thereby taking into account both their impact on a
specific industry and their usefulness.
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4 Reference materials

Reference materials are used for validation, quality assurance, calibration and development of
new methods. Therefore reference materials form a benchmark for measurements.

In 1ISO/Guide 30:2015 [24] a reference material (RM) is defined as following: “material,
sufficiently homogeneous and stable with respect to one or more specified properties, which has
been established to be fit for its intended use in a measurement process”. A reference material is
a generic term, therefore different levels are documented. In the ISO/Guide 30:2015 [24] this is
defined as a certified reference material (CRM) and Non-certified reference material (NCRM).
ISO/Guide 34:2009 gives as definition respectively [25]: “reference material (RM)
characterized by a metrologically valid procedure for one or more specified properties,
accompanied by an RM certificate that provides the value of the specified property, its
associated uncertainty, and a statement of metrological traceability” and “not accompanied by a
certificate, sometimes called "reference materials" in the sense of materials qualified only to a
limited extent compared to "certified reference materials".

For NCRM’s the requirements of production are less strict than for CRM’s. But the testing on
homogeneity applies on CRM’s and NRCM’s. This means that the producer of the RM needs to
carry out evaluation of the homogeneity, metrological tractability and validation of stability for
the candidate reference material. Both CRM’s an NRCM'’s need to have the correct
documentation and certificates for CRM’s. For NRCM'’s it is enough to have an analysis report
or information sheet. A good distinction needs to be made between certified and non-certified
values [25].

For this thesis and MetroNORM, three candidates as CRM/NCRM have been studied:
phosphogypsum, ferromolybdenum and tuff rock.

4.1 Phosphogypsum

Phosphogypsum mainly composed of gypsum (CaSO,+2H,0) is formed as by-product in the wet
production process of phosphoric acid (HsPO,) and fertilizer in the phosphate industry. For the
production of phosphoric acid, phosphate rock (3Caz(PO,),*CaF,) together with sulphuric acid
(H,SO,) of 93% is used [26] [27]. Generally phosphogypsum is formed with the following
reaction:

CasF(PO4)3 + 5HZSO4 + 1OH20 - 3H3PO4 + 5CaSO4°2HZO + HF [28]

An indication of the concentrations of radionuclides that are present in the phosphate ores in the
United States (U.S.) is for uranium and its decay products between 0.3 and 2700 Bg/g. For
thorium and its decay products it is around background level [29].

By this wet process, the concentrates of NORM that are present in the phosphate ores will be
pushed to the waste products like phosphogypsum, therefore they become TENORM products.
It can also contain other impurities such as sulphates, phosphates, heavy metals and fluorides
[28]. The radionuclides are for 80 % concentrated in the phosphogypsum with a concentration
of radium-226 between 0.4 and 1.3 Bg/g in the U.S. Those levels can vary from place to place
due to the concentration of radionuclides that is present in the ores [29].
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The deposition during the production process on pipes, filters and storage tanks is also
important. The radium-226 activity concentration is in the order of 100 Bq/g [30].

Phosphogypsum which is produced as a by-product is being used as gypsum board, plaster and
other building materials or will be dumped on landfills. A few studies for activity concentrations
on phosphogypsum have been done in Belgium. For radon-226 an activity between 333 and 847
Ba/kg was measured and for thorium-232 an activity lower than 11 Bg/kg was measured. The
gypsum contains also radon that can escape the gypsum and form a hazard for the people that
are present in the room, because of the decay from radon to its decay products which can settle
on the longs. Some of the decay products are a emitters [31].

Recent studies on the radioactivity of phosphogypsum have been done, and can be found in
“Onderzoek naar de bepaling van dosissen en gezondheidseffecten opgelopen bij de productie
van fosfaten en bij toepassingen van gipsproducten in de bouw” from the Belgian Science
Policy Office (Belspo).

Phosphogypsum would be interesting to analyse to use as reference material, but because there
was no company available for analysing their phosphogypsum no results are published in this
paper due to confidentiality. Those results are only available for the Metro-NORM group at EC-
JRC-IRMM and NuTec from Uhasselt.

For the reader who is interested in a reference material from phosphogypsum, IAEA has one
that is called IAEA-434, Phosphogypsum. An analysis for this reference material can be found
in “IAEA Analytical Quality in Nuclear Applications Series No. 17, Reference Material IAEA
434: Naturally Occurring Radionuclides in Phosphogypsum” by the IAEA.

32



4.2 Ferromolybdenum

Ferromolybdenum (FeMo) contains a high amount (60 -75 %) of molybdenum. Using
molybdenum in the alloy it makes it more corrosion resistant and also strengthens and hardens it
into austenite. Therefore ferromolybdenum is used as alternative in the production of high-
strength low-alloy steel (HSLA). Some applications of FeMo are machinery, rotary drills, piston
rings, and refinery tubing. FeMo is also used in stainless steel applications and heat resisting
steels which are used in pumps, turbines and power generators. Also parts can be found in cars,
trucks, trains and ships [32] [33].

For the production of ferromolybdenum, technical grade molybdic oxide which contains
molybdenum trioxide concentrate (MoOs3) also known as tech oxide is needed. First the mined
ores need to be grinded to very fine particles so that molybdenite (MoSy) is released from the
ores. After crushing, floatation will be used to separate the molybdenite from copper sulphide.
Floatation is based on the principle of density, the grinded products are mixed with a liquid
where after the less dense ore rises up and can collected. The obtained MoS; is pure concentrate
between 70 and 90 %. As tailings copper, iron and lead are removed by the floatation process.
Next the acquired MoS, concentrate will be roasted in a furnace with temperatures between 500
and 650°C. Sometimes nitric acid (HNO3) is used for leaching the alkalis out of the concentrate.
When the MoS; is in the furnace it moves from the top to the bottom into the flow of hot air. So
the sulphur will be removed and sulphide is converted into oxide. Now technical grade
molybdic oxide of 90 to 95 % MoQs is obtained [32] [34].

Chemical reactions that happen in the furnace [34]:
2MoS, +70; — 2Mo0O;+4 S0,
MoS; + 6 MoO; — 7 MoO, + 2 SO,
2 Mo0O,;+ 02 — 2 MoO3

Rhenium and Selenium which are by-products can be collected from the flue gasses and it is
one of the commercial sources for those rare earth metals [32] [34].

For the last step the MoOs is mixed with iron oxide and aluminium to produce a thermite
reaction for the production of iron. The thermite reaction produces enough heat for the reaction
between iron and MoOs [32] [34].

NORM is present in metal mining and smelting [12]. Due to the fact that the ores need to be
mined naturally radionuclides are present in it. When those are processed it is possible that
those will be present in the end product or in the waste that is produced in the production
process of FeMo.
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In Figure 11 a schematic overview of the production process is given where FeMo is the final
product after the complete smelting process.
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Figure 11: Molybdenum processing flowchart [34]
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4.4 Tuffrock

Tuff is a volcanic rock which was formed 25 million years ago from volcanic ash. When the
magma contains enough gas that consists of water vapour and carbon dioxide, the gas bells can
explode because there is enough pressure build up in the magma. Gas bells that explode throw
significant quantities of magma into the air, there it solidifies pretty quickly to a solid material
called tephra. In tephra three sizes are discriminate; pieces that are smaller than two millimetres
are called ash, a little bit bigger is called slag, pieces from 4 until 64 millimetres are called
lapilli and everything bigger are volcanic bombs [35].

Tephra that is erupted in the air also needs to come back down due to gravity. Pieces like
volcanic bombs will come down nearby the volcano and small debris like ash can be carried
further away from the crater of the volcano. All the tephra that has fallen down will pile up and
form layers of tephra. But only the layers close to the volcano will become tuff due to pressure
building up and chemical processes which are accelerated by the infiltration of groundwater.
Mostly tuff is coloured yellow and it is very porous [35] [36] [37].

Places were tuff can be found are Siebengebirge and Eifel in Germany, in Italy tuff is common,
it is also found in Scandinavia, Tenerife, Easter Island, Nevada and actually every place on earth
where there were volcanoes [35].

Nowadays tuff is still sold in Italy as a building material. In the Roman Empire tuff was already
used as a building material for many buildings and even bridges [35] [36].

However like many other building materials also tuff contains NORM. Due to the fact that they
are still used as building material and contain a good amount of radionuclides it is a possible
candidate for a reference material.
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5 Analytical techniques

Gamma-ray spectrometry with a low-background High Purity Germanium (HPGe) detector was
used to characterise the radionuclides present in the samples of phosphogypsum,
ferromolybdenum and tuff rock. The detection efficiencies for the gamma-rays are mostly
calculated using Monte Carlo simulations using data from i) measured dimensions and
estimated composition of sample matrix, ii) manufacturer's information on measurable
dimensions of the HPGe-detector, iii) values of the HPGe deadlayer and crystal position when
cooled derived from radiographs of the detector followed by experimental calibration
measurements of the efficiency curve versus energy using standardized point sources.

The elemental composition of the materials was measured using X-ray fluorescence
spectrometry (XRF). The principle of XRF is that the sample is irradiated by a monoenergetic
X-ray beam. The X-rays ionise the sample and consequently characteristic X-rays are emitted
from the sample. By measuring the characteristic X-rays from the sample using e.g. a Si(Li)-
detector, the elemental composition can be determined [38].

In order to determine the massic activity (Bg per unit mass of the sample) it is necessary to
know the moisture content of the sample. The determination of moisture was done using Karl-
Fischer titration. This titration is specific for water, which means it only will react with water.
Therefore it has an advantage over heating the sample in an oven to determine the water content
because with heating not only water will evaporate but also other volatile components.
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5.1 Gamma ray spectroscopy

The detection of vy is done indirectly; the detector will not measure directly the photon energy
but it will measure the energy transferred to the electrons of the detector medium. [39] [40] First
the interaction of gamma rays with material will be discussed for mono energetic photons in a
homogeneous detector with a linear energy response.

With low energy photons (< 100 keV), a photoelectric effect will occur. Here the photon gives
all its energy (E,, = hv where h is the constant of Planck and v is the frequency) to an electron
from the detector and it will measure the energy of the photon minus the binding energy of the
electron. Characteristic X-rays and kinetic energy from Auger electrons can be measured due to
the released binding energy of the electron. Normally, all the energy from the photoelectric
effect will be detected and result in the full energy peak but it is possible that a characteristic X-
ray escapes because the event is near the surface of the detector. This will result in a X-ray
escape peak which is the full energy peak minus the energy of the X-ray [39] [40].

Another interaction that can occur is Compton scattering with mid-range energy photons (100
keV — 10 MeV). Compton scattering is the transfer of the partial energy from an interacting
photon to an electron. The energy given to the electron is the energy of the photon minus the
energy of the scattered photon with the energy of the electron being between zero and the
maximum of the Compton edge which depends on the scattering angle. Figure 12 gives on the
left the mechanism for Compton scattering and on the right energy transferred to the detector.
When binding energy of the electron is taken in to account, the dotted curve gives a more
realistic curve [39].
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Figure 12: Compton scattering (left) and energy transferred to detector (right) [39]
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The last effect which will occur at high energy photons (> 10 MeV) is pair production. When
the photon comes in the Coulomb field of the nucleus, it is possible that a conversion to an
electron-positron pair takes place. The photon must have a minimum energy of the rest mass
from the two particles. This means that the photon needs to have an energy of at least 1.022
MeV. The created particles will share the energy of the photon equally and lose their energy
when slowing down to the medium of the detector. It will register the energy of the photon
minus the rest mass of the electron and positron. With the positron it is also possible to have
electron-positron annihilation as described in chapter 1.3.2 Beta particles. If those annihilation
photons escape from the detector a double escape peak occurs. Also a single escape peak occurs
when one of the annihilation photons escapes from the detector and the other one is absorbed.
When both annihilation photons are absorbed the full energy peak is being shown in the spectra.
Figure 13 shows the pair production process and production off the annihilation photons [39]
[40].
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Figure 13: Pair production [39]

An overview of the different interactions with their energy is shown in Figure 14.
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Figure 14: Dominant energies for different photon effects

All those important interactions between photons and the detector material transfer energy from
the photons to the electrons and for pair production also to a positron. And the energy will range
from zero to full photon energy. The detector signal for a photon depends on the energy, atomic
number of the detector material, the angle for the scattered photon in Compton scattering, the
location in the detector where the interaction takes place and the size of the detector. In the next
part the detector sizes will be discussed [39].
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The large detector will be defined so that it will not have a surface; this means the detector has a
size that is infinite. If this detector gets hit by mono-energetic photons with an energy higher
than the rest mass of two electrons (1.022 MeV) pair production can occur. It is expected that
every interacting photons interacts with one of the three processes described above as shown in
Figure 15 [39].
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Figure 15: Photon interactions in large detector [39]

Therefore all the photons that are interacting will result in electrons, they will absorb all the
energy and one full energy peak is shown in the spectra because of the mono energetic energy.

Apart from the large detectors also small detectors exist, with dimensions so small that only one
interaction can take place. Because those detectors are so small only the photoelectric effect can
produce a full energy peak because all the Compton scattering photons will escape from the
detector and produce only one electron. Compton scattering will have no contribution to the full
energy peak. For pair production only part of the energy will be detected due to the loss of
energy from the annihilation photons which escape the detector. As a result only the double
escape peak will be visible. An overview of the interactions and the result of the Compton
scattering in the response of the detector is shown in Figure 16. [39] [40]
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Figure 16: Interaction in detector (left) and Compton response in detector (right) [39]
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The last detector that will be described is the real detector which is a mixture of the small and
the large detector. In this detector it is possible that the Compton scattering and the pair
production results in full absorption of the photon energy in the detector. But it is possible to see
some peaks between the Compton edge and the full energy peak because it is possible that the
secondary scattered photon produced escapes the detector. Also the single escape peak can be
visible if there are photons interacting with an energy above 1.022 MeV. Though it is possible
that one of the two annihilation photons escapes the detector. Those interactions are shown for
the real detector in Figure 17 [39] [40].
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Figure 17: Interactions in real detector [39]
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An overview of the spectra from the different sizes of the detector can be seen in Figure 18 and
an actual spectrum from cesium-137 and aluminium-28 is given in Figure 19. It also shows pile-
up, this is the result of more than one particle arriving in the detector within its resolving time.
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Figure 18: Spectra for different detector sizes [39]
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Figure 19: Spectrum for Cs-137 (left) and Al-28 (right) [39]

Since y-ray detectors are very sensitive background radiation is not desirable. Background
radiation is due to the materials present in the room which contain uranium, thorium or
potassium or cosmic rays. Those materials are also emitting y-rays which are detected by the
detector and give faulty result of the measurement. Therefore shielding of the detector is
essential especially for low activity measurements [39].

For shielding mostly lead is used together with copper and cadmium as explained further in this
chapter. When buying lead care is needed, lead can contain lead-210 which emits y-rays and
influences the measurements. Therefore low background or old lead can be used. This is lead
with a very low concentration of lead-210. Mostly a 10 cm lead or lead equivalent shield is used
[39].

Useful to stop cosmic rays is a lab underground. For this purpose EC-JRC-IRMM operates a
laboratory located 225 m underground (the underground laboratory HADES) where the flux of
cosmic ray induced muons is 5000 times lower compared to above ground. Thereby the
detection limits are much lower than above ground.
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Finally the shielding of the detector has an influence on the spectra. While the photoelectric
effect has the possibility of producing a characteristic X-ray it also can interact with the
shielding and produce X-rays that can be absorbed in the detector. This can be a problem for
low-energy measurements but it can be solved with a different style of shielding. As outer
shield lead is used, a second shield of cadmium and as inner shield some copper. The cadmium
will absorb the lead X-rays and the copper will absorb the X-rays from the cadmium and the
ones from copper are mostly too low to be measured in gamma spectrometry. An overview of
this shielding is in Figure 20 [39] [40].

Figure 20: Layered shielding [39]

The backscatter peak shown in Figure 19 comes from the Compton scattering in the shielding
where the scattered photon is absorbed in the detector. Also a peak at 511 keV can occur, this is
the effect of pair production followed by annihilation in the shielding. In the detector only one
of the annihilation photons is detected [39] [40].

5.1.1 Semiconductor detectors

Semiconductor detectors can be made from high purity germanium, silicon or germanium-
lithium.

The working principle is that an electronic pulse will be generated by the collection of electrons
and holes that are produced with the interaction of photons in the detector medium. For this the
materials need to have qualities of both a conductor and isolator. It needs to be possible to create
enough free electrons that can move easily through the detector, but no free electrons may be
present in the material without radiation [40].

As in free atoms, electrons are placed in precisely determined energy levels. When atoms are
combined into a solid structure, the energy levels become energy bands. Every band has a fixed
number of electrons and between the bands there is a forbidden region for electrons. The upper
occupied energy band is the valence band. By applying an external electric field to the material,
the electrons can move between the different energy bands [39].

For insulators, the valence band is full and the conduction band is the next available energy
state, separated by a gap between them. If the electron wants to jump to this band it needs
energy in the order of 10 eV, meaning that the electrons are immobile and the material will not
conduct electric fields [39].
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In a conductor, the valence band is not completely full and therefore the conduction band is next
to the valence band. Even when a small electric field is applied a current will flow through it
[39].

As last the semi-conductors are the same as insulators but the gap between the conduction band
and valence band is much smaller. The gap is in the order of 0.7 eV (room temperature for
germanium) meaning that electrons can easily migrate and generate noise. This can be avoided
by cooling the material with liquid nitrogen. An overview of the band structures can be found in
Figure 21 [39] [40].
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Figure 21: Schematic band structures [39]

When an electron is excited it leaves a vacancy (hole) in the valence band. Another electron in
the valence band can fill up the hole, leaving another free place. Because the electrons keep
jumping to the holes it looks like the hole is moving through the material. Under the influence
of an electric field holes will move to the negative part and electrons to the positive side
creating conductivity in the material of the semiconductor. This is shown in Figure 22 [39] [40].

+=Holes Electrons =

ocoooé® o
Negative | O & ® O O | Positve
oé® o 0o
% 00 00

Figure 22: Electron-hole movement [39]

To measure radiation in the detector, electrons will be produced even from deep occupied bands
well below the valence band. Those electrons will reshuffle until the holes are up in the valence
band and the electrons are at the base of the conduction band. In the detector those electron-hole
pairs need to be collected in a short time. They also may not have been caught in impurities.
The surplus in energy from creation of this pairs will be used for excitation. But also de-exciting
can occur resulting in warming up of the detector. To summarise a detector needs to have a
large absorption coefficient (high atomic number), provide many electron-hole pairs per unit of
energy, good mobility of electron-hole pairs, can be made with high purity and for a reasonable
price [39] [40].
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To improve the performance of the detector, the semiconductor can be doped. An n-type
semiconductor will be doped with phosphor, so every phosphor atom will be surrounded with
four germanium atoms. This will be a donor atom and sit just below the conduction band. A p-
type will be doped with boron. Every boron atom will be surrounded with four germanium
atoms. This will be an acceptor state and will sit just above the valence band. Those brought in
impurities will cancel the opposite type and semiconductor character will depend on the

impurity in excess [39] [40].

To compensate the impurities, p-n-junctions are created. For a p-type detector it will be
brought into contact with a n-type by doping one of those types with the other type. Because
every side has an excess in electrons or holes, it is possible for them to migrate from high
concentration to low concentration where they both cancel each other out in the contact area
resulting in a depletion region. When irradiation induced electron-hole pairs are being collected
by a place electric field, it is possible to measure a current. By placing the polarity of the electric
induced field in the opposite (negative at p-type and positive at n-type) the depletion region
increases. [39] [40]

Germanium detectors are available in different configurations: coaxial, planar and well. Each
having different detector efficiencies and are sensitive in the energy ranges as shown in Figure
23 [40].
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Figure 23: Efficiency for each model and energy ranges [39]

46



5.3 X-ray fluorescence spectrometry (XRF)

A fast and not destructive technique for qualitative and quantitative analyses of elemental
composition of an unknown sample is X-ray fluorescence spectrometry (XRF).

By using a X-ray produced by an X-ray tube, where the energy needs to be higher than the
binding energy from the electron in a to determine sample in liquid or solid state, to irradiate the
sample that electron will be ejected from a low energy level shell. This is showed in Figure 24.
When an electron is emitted a free space (vacancy) is created and the atom is in an unstable
state. This makes it possible to fill up the vacancy with an electron from a higher energy state
shell and return to the stable state of the atom. As a result of the different energies between the
two shells, a secondary X-ray is released with the difference in energy between the two shells,
which is also shown in Figure 24. This X-ray can be measured and its energy is characteristic of
the nuclide (Every nuclide is emitting characteristic X-rays with a specific wave length).
Sodium has the atomic number 11, the lowest that is possible to find with XRF. For detecting
the X-rays mostly a proportional counter or semiconductor (Si(Li)) is used [38] [41].
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Figure 24: Principle of XRF [42]

The shell where their origin is from is used to give the characteristic X-rays there are as
followed K, L, M or N.

47



Another effect can occur when an electron from a higher energy shell fills up a vacancy in a
lower energy shell. Instead of emitting a characteristic X-ray, the energy will be transferred to
another electron. That electron will be emitted from the atom and this is called the Auger effect
with the second ejected electron the Auger electron. This is shown in Figure 25. In this case the
atom has two vacancies in its shells and the process can continue or an X-ray can be emitted
[43] [44] [45].
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Figure 25: Auger effect [43]

Depending on the kind of detection that is used for the characteristic X-rays a distinction is
made between wave length dispersive X-ray fluorescence (WDXRF) and energy dispersive X-
ray fluorescence (EDXRF). [46]

With WDXREF, the sample is irradiated with an X-ray tube and the characteristic X-rays that are
emitted from the sample are diffracted with a crystal before collecting them with a detector. As
the detector angle can be moved, it is possible to measure the intensity for different
wavelengths. An advantage for WDXRF is its high resolution (5 -20 eV) but it takes a long time
to measure every wavelength of the spectra. A schematic line-up is shown in Figure 26 on the
left [46] [47].

For EDXREF, the sample is also irradiated with an X-ray tube, the characteristic X-rays that are
emitted from the sample are collected with a dispersive detector connected to a multi-channel
analyser. An advantage for EDXREF is the fast operation and simplicity of the system, but the
resolution is worse (150 — 600 eV) and spectra can overlap each other. A schematic line-up is
shown in Figure 26 on the right [46] [47].

The qualitative analysis is done by the identification of the characteristic X-rays present in the
spectra and the quantitative analysis can be done by measuring the intensity of the different X-
rays. For both WDXRF and EDXRF the qualitative and quantitative analyses are done as
described above. [41]
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Figure 26: Schematic line-up for WDXRF left and EDXRF right [47]

Figure 27 shows a comparison between the resolution for a spectrum of WDXRF and EDXRF;
it is very well visible that there is a large difference between the resolutions of the two
techniques.
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Figure 27: Resolution difference between WDXRF and EDXRF [48]
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5.4 Karl-Fischer titration (KFT)

Karl-Fischer titration is an analytical method to determine the amount of water present in the
sample. KFT uses iodine and sulphur dioxide for determination of water in presence of an
alcohol like methanol and an organic base like imidazole. For the base of the reaction Karl
Fisher used the Bunsen reaction:

I, + S0, + 2H,0 — 2 HI + H,S0,

Methanol is used as a solvent for the sample, in the solvent an excess of sulphur dioxide is
dissolved. The base is used for neutralization of the acids (HI and H,SO,) which are formed
during the reactions. This is necessary to get an equilibrium shift to the right. lodine will react
with the water in a ratio 1:1. A pH range between 5.5 and 8 is optimal and the reaction rate is
constant. If the pH becomes higher than 8, the reaction rate will increase due to side reactions
between iodine and hydroxide or methylate ions [49] [50] [51].

There are two different ways to provide the iodine to the reagent. A first method is to add the
iodine with a burette, this is called the volumetric KFT and is suitable for a water content
between 100 ppm and 100%. The second method generates the iodine with an electrochemical
oxidation called the coulometric KFT and is suitable for a water content between 1 ppm and 5%
[50].
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6 Methods and measurements

6.1 Samples and samples preparation

Table 1 gives an overview of the samples that were measured. Ferromolybdenum (FeMo)
samples were provided by Mark Stals from NuTec and the tuff sample was provided by the
Italian National Agency for New Technologies, Energy and Sustainable Economic
Development (ENEA) [52].

Table 1: Overview of samples with brief description

Sample code
(NuTec)

IRMM registration
number

Date sampling

Sample description

FeMo Slag

D4-SN35-LLR-2014-
05-006155

21/11/2013

HOT spots slag crusher,
Sadaci N.V.,
Langerbruggekaai 13,
9000 Gent-Haven 8120,
client Ollevier Hilde,
small stones, sand,
some other scrap.

FeMo Hot Spot

D4-SN35-LLR-2014-
05-006156

25/10/2013

HOT SPOT FeMo,
Sadaci N.V.,
Langerbruggekaai 13,
9000 Gent-Haven 8120,
client Ollevier Hilde,
looks like earth, black
colour.

Tuff

D4-SN35-LLR-2014-
07-006217

15/03/2014*

Tuff called “bianco a
scaglie nere”, extracted
from Sabatini
mountains and bought
from a construction
company in the area of
Anguillara.

! Sample was bought that day.
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6.1.1 PTFE containers

Polytetrafluoroethylene/Teflon (PTFE) containers were used. Those containers were cleaned in
an ultrasonic bath and with iso-propanol before use and sealed with an O-ring to make the
container radon tight. A picture of this container can be seen in Figure 28.

Figure 28: Radon tight PTFE container

The sample mass has been measured with a Sartorius Scientific balance type 1507 (range
5500.00 g) with a precision of 0.01 g. First the empty container was weighed including the O-
ring, lid and screws, then the sample is put inside the container.The container was completely
filled. When the lid is screwed on the container it is weighed again. The sample mass is the
gross mass minus the tare mass.

6.1.2 Mill

An IKA M20 mill was used for grinding the ferromolybdenum. Tuff was a fine powder, so there
was no need to grind it. The blade used was a M22 hard metal cutter made from tungsten
carbide suitable for materials up to Mohs hardness nine and capable for a particle size up to 7
mm [53] [54]. By milling the sample, large pebbles were crushed and homogenised.
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6.1.3 Ferromolybdenum

Originally ferroniobium waste has been requested but the company could only provide
ferroniobium waste mixed with ferromolybdenum due to a change in their production process.
An XRF analysis of the samples showed that the main composition of the waste is
ferromolybdenum (Appendix A and Appendix B).

Two kinds of ferromolybdenum were provided and measured: a sample called hot spot and a
sample called slag. This relates to the place where the samples were taken at the company that
provided the materials.

One sample of each, hot spot and slag, was measured on detector GeT5 without special
treatment. Next a few grinded samples were made and also measured on the same detector after
they were homogenised.
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6.1.3.1 Ferromolybdenum slag

The product looked like small rocks with different colours and varying sizes. It came in a plastic
box. A first sample was made without treatment or grinding of the sample. The ungrinded FeMo
slag is showed in Figure 29.

Figure 29: Ungrinded ferromolybdenum slag

To make additional samples of FeMo slag, the product was first grinded to powder. Figure 30
shows the grinded FeMo slag powder. Large pebbles present in the sample were first crushed by
the use of a mechanical press before putting them into the mill. Afterwards the sample was
homogenised. This was done by putting the powder in a bottle and placing it in a mixing
machine for 30 minutes. From this homogenised powder subsamples were taken and put in a
PTFE container. A total of three subsamples was made and measured on detector GeT5.

Figure 30: Grinded ferromolybdenum slag
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6.1.3.2 Ferromolybdenum hot spot

The hot spot sample of ferromolybdenum looked as small rocks with a sort of sand in it (Figure
31).

Figure 31: Ungrinded ferromolybdenum hot spot

Before it was grinded the product was dried in the oven for 24 hours at 105°C to make it easier
to mill. After grinding to produce homogenised samples, the grinded FeMo hot spot was put in
four bottles. These bottles were placed in the mixing machine for 30 minutes each.
Subsequently four other bottles of the same type were taken and powder was taken from the
bottles that came from the mixing machine. From each bottle ¥ was taken and placed in the
same new bottle. This is repeated for all the other three new bottles. Those new bottles that are
filled were placed again in the mixing machine. Finally the bottles were combined back to one
bottle and mixed very well by hand. This produces a homogenous product.

From the mixed and grinded product there were three subsamples made and put in a PTFE
container and measured on detector GeT5. Figure 32 shows the grinded hot spot that looks like
brown very fine dust.

Figure 32: Grinded ferromolybdenum hot spot
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6.1.4 Tuff

One sample was prepared from the bottle with grinded tuff that arrived in this form at IRMM
from ENEA. It was assumed that the sample was already homogenous as stated by ENEA. It
looked like a brown coloured powder (Figure 33).

There was one sample made and measured. To control and reduce the uncertainties of the
measurement it was measured twice on detector GeT5 with different distances to the endcap.

Figure 33: Tuff powder

The company, where ENEA bought tuff, is a business specialized in the sale of building
materials.

At ENEA, firstly the brick was crushed with a hammer coarsely to pieces to obtain sizes small
enough for their grinder. Secondly the pieces were grinded with the jaws of the grinder set at 10
mm. In this way they could produce powder and prevent accumulation of moisture in the
sample. Afterwards the powder was put in an oven at 120°C for 24 hours. Finally ENEA
grinded the dried powder again with the jaws at the shortest distance possible.
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6.2 Measurements
6.2.1 Karl-Fischer titration

The water content determination was outsourced to the SID (Standards for Innovation and
sustainable Development) unit of EC-JRC-IRMM. The KFT used was the volumetric method.

The results are given in Table 2 below. FeMo is the abbreviation of ferromolybdenum.

On the tuff sample there is no KFT performed because ENEA dried the sample until the mass
was stable three times in a row with an interval of three hours between weighing. This way it
can be assumed that it did not contain any more water.

The uncertainty on the mean value was calculated with the method from Stefaan Pommeé called
the power-moderated weighted mean [55].

Table 2: Water content from samples determinate with KFT

Water | Uncertainty | Water | Uncertainty | Water | Uncertainty | Mean | Uncertainty | StDev

content content content
Sample

g/100 g

FeMo 1.72 0.25 0.99 0.15 1.00 0.15 1.23 0.24 0.42
slag
FeMo 3.89 0.58 5.11 0.76 4.99 0.74 4.66 0.41 0.67
Hot Spot

6.2.2 X-ray fluorescence

The elemental composition of the materials was measured using X-ray fluorescence
spectrometry (XRF). The XRF analysis was outsourced to the Vlaamse Instelling voor
Technologisch Onderzoek (VITO). At VITO an energy dispersive X-ray fluorescence
(EDXRF) was performed on the ferromolybdenum.The first analyses VITO did on the
ferromolybdenum was on an ungrinded sample. On both ungrinded and grinded samples XRF
analyses have been done and no significant difference between compositions has been observed.

For the ferromolybdenum slag EDXRF, VITO dried it overnight on 105°C before grinding it
with a ball mill. Thereafter the obtained powder was analysed with EDXRF under helium
atmosphere. The results of this screening can be found in Appendix A.

For the ferromolybdenum hot spot VITO performed an EDXRF analysis. First they dried it
overnight on 105°C before grinding it with a ball mill. The normal grinding program was done
three times in a row. Afterwards they sieved it with a 1 mm sieve and a 250 pum sieve.
Thereafter the powder smaller than 250 um was analysed with EDXRF under helium
atmosphere. They stated that the results are semi-quantitative. (Result for arsenic is indicative
because of possible interference with lead.) The results can be found in Appendix B.

An XRF for Tuff was already done by ENEA but further information was not provided. An
EDXREF at VITO gave no significant differences between the compositions. Results can be
found in Appendix C.
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6.2.3 Gamma-ray spectroscopy

The sample characterisations were done by y-spectrometry involving three different HPGe
detectors: GeT2, GeT5 and Ge8. Detector GeT2 is a p-type coaxial detector with a relative
efficiency of 19.2%. Detector GeT5 is a p-type coaxial detector with thick outer dead layer and
relative efficiency of 40% and Ge8 is a p-type planar detector with sub-micron dead layer and
relative efficiency of 19%.

Detector GeT5 is shielded with 10 cm low-background lead and 4 mm copper. A shield of 10
cm low-background lead and 2 mm copper is used for detector GeT2 and both detectors are
located above ground. The detector Ge8 is located in HADES at 225 m below ground. This
detector is shielded with 5 cm copper, 5 cm low background lead and then 10 cm normal lead.
Low background lead is lead where the activity is mostly lower than 50 Bg/kg.

The boil off from the liquid nitrogen cooling is lead inside the shielding from all detectors. This
nitrogen is free from radionuclides and pushes the air away from the detector. Therefore less
background activity is measured.

Samples from phosphogypsum were measured at a distance of 19.72 mm from the endcap on
GeT5, directly on the endcap of Ge8 in HADES and at a distance of 20.04 mm from the endcap
of detector GeT2. Ferromolybdenum slag and hot spot were measured at 11.41 mm from the
endcap of detector GeT5. The tuff samples were measured at two distances from the endcap of
detector GeT5, the first one was at 11.73 mm and the second one at 39.82 mm.

To perform qualitative measurements it is necessary to measure the background of the detector
that is being used. A background measurement was already available. Background measurement
date of detector GeT2 was on 26 June 2014 and measured for 7.8 days. For detector GeT5 two
background measurements were used, one that was performed on 27 June 2014 and measured
for 7.1 days, the other measurement was on 10 November 2014 and lasted for 17.1 days. Both
background spectra are used depending on when the samples were measured. The background
for detector Ge8 in Hades was performed on 14 March 2014 and was measured for 6.8 days.
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6.3 Efficiency calculation models and programs
6.3.1 Reference sample

Three reference samples were measured. Those measurements are needed to set up the
efficiency curve of the detector. The first sample that was measured is the certified volume
source called NPL Gamma High (GH) 2012. It is a liquid mixture from different radioactive
nuclides.

The second reference sample was a certified KCI source. Both samples were measured at 11.5
mm from the endcap of the detector GeT2 and GeT5.

The third measured reference sample was a certified NPL GH 2005 source. This is also a liquid
mixture from different radioactive nuclides. This sample was measured directly on the endcap
of Ge8 in HADES.

Activities for the different samples can be found in Table 3.

Table 3: Overview of different reference samples with their activities

NPL GH 2005 NPL GH 2012 KCI

Reference date 01/10/2005 01/10/2012 18/09/2013
Mass (g) 99.97 80.35 474.95
Radionuclide Activity (Bq)

K-40 1674.95 + 14.87

Eu-152 237.93 + 1.60 1226.14 + 16.07

Cs-137 263.12 +1.80 1238.19 + 9.64

Cs-134 273.52 £1.90 224.98 +3.05

Sb-125 538.84 + 4.00

Co-60 509.25 + 1.60 420.15+1.77

Na-22 249.73 +0.90

Ba-133 - 595.39 + 8.04

6.3.2 Detector efficiency

When “efficiency” is mentioned it refers to the “Full Energy Peak Efficiency” of the detectors
that are used. The Full Energy Peak Efficiency (FEP) is defined as following in [56]: “the ratio
of the number of events when the complete energy E was deposited in the detector to the
number of photons of energy E emitted from the source”.
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An efficiency curve in the range of 122 keV and 1460 keV for the three detectors was
determined using the three reference sources mentioned in previous part 6.3.1. The efficiency
curves for detector GeT5, GeT2 and Ge8 are given in Figure 34, Figure 35 and Figure 36. On
the X-axis is the energy in keV and on the Y-axis is the efficiency is displayed. The
experimental points are fitted by a polynomial function.
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Figure 34: Efficiency curve detector GeT5
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Figure 36: Efficiency curve detector Ge8
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The FEP efficiency curves obtained are only valid for the reference sources. Geometry and
matrix (composition of the sample) corrections and true summing corrections have to be applied
on the curves to get the FEP efficiency of the samples.

After decay the desexcitation of the daughter nuclide can be done by emission of multiple y-or
X-rays in cascade. The emission time between y-X-rays is shorter than the detector response. In
this case these emitted radiations can be seen by the detector as only one y-or X-ray with an
energy of the sum of the radiations emitted in cascade. This effect will reduce the FEP
efficiency of the individual y-or X-ray. A well know example is cobalt-60 where 1173 keV and
1332 keV y-rays are emitted as a cascade. They can sum up to 2505 keV and form a peak at this
energy [39].

The geometry and matrix corrections and true summing were performed by Monte Carlo
simulations. The simulations were done using National Research Council Canada’s (NRC)
electron gamma shower (EGSnrc) Monte Carlo program [57]with the use of data from:

- Dimensions measured and estimated composition acquired with XRF from the sample
matrix.

- Information about measurable dimensions provided by the manufacturer of the HPGE
detectors.

- Dead layer and crystal position obtained from radiographs of the detectors when cooled
and from experimental calibration measurements where the efficiency curve is
compared with the energy using standard point sources from Physikalisch-Technischen
Bundesanstalt (PTB).

Several assumptions were made for the simulations:

- Ttis assumed that the y-ray emissions are isotropic.

- All efficiency calculations assume that the radionuclides are distributed homogeneously
in the sample and the sample material is homogenously disturbed in the PTFE
container.

- Inthe Monte Carlo simulation the elemental composition is based on the KFT- and
XRF-analyses where elements above 1% are taken into account. From the KFT-
analyses the water content is taken into account and the remaining mass was set as
oxygen. XRF-analysis are limited to obtain precise and accurate measurements for
elements with atomic mass less than 11 (Na) [38].
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An efficiency correction factor was calculated by the use of the reference sample
measurements and Monte Carlo simulations for the energies between 122 keV and 1460
keV. For the other energies only Monte Carlo simulations were used to get the FEP
efficiency. Figure 37 gives the geometry model of GeT5, with a sample at 11.25 mm from
the endcap. Pink coloured volume is the lead shielding and the red coloured volume is the
copper shielding. On the detector itself, dark blue is the dead layer, light blue is active
germanium, light green is the aluminium housing and red are the electronics. The brown in
the model is the sample holder and on that holder is a green with dark blue part, the green is
the PTFE container and the dark blue is the sample. For detector GeT2 and Ge8 the
principle of the model is the same, except that the shielding and detector will have a
different size.

Figure 37: Simulation detector geometry GeT5



6.4 Activity calculations

If a radionuclide has multiple gamma-rays then the weighted mean from the activity of several
gamma lines was calculated but only after checking if they are consistent with each other. The
gamma lines used for a radionuclide are those with a probability more than 1% except for
protactinium-234m, uranium-234 and radon-220 there are the lines used with a probability of
more than 0.1%.

When calculating the activity of a decay chain, activity of a long-lived radionuclide is present,
several short-lived daughter nuclides may also have contributed to the final activity. So the final
activity for long-lived nuclides can be calculated as the weighted mean of the daughter nuclides
activities if they are in equilibrium. For example: activity of uranium-238 is calculated from
thorium-234 and protactinium-234m, activity of radium-226 is calculated from lead-214 and
bismuth-214, activity of radium-228 is calculated from actinium-228, activity of thorium-228 is
calculated from radium-224, radon-220, lead-212, bismuth-212 and talium-208. Activity for
uranium-235 is calculated from its own y-lines but for 185 keV line it is calculated from radium-
226, which interferes with this y-line. The activity of radium-226 was calculated from its
daughter nuclides and therefore it is possible to calculate the amount of counts at the energy of
186 keV. Then by subtracting the counts from the peak and the result in counts for uranium-235
can be given. Activity of actinium-227 is calculated from thorium-227, radium-223 and radon-
219. Potasium-40 and lathanum-138 are calculated from their own y-lines.

The nuclear decay data are taken from the Decay Data Evaluation Project (DDEP) website.
They can be found at: http://www.nucleide.org/DDEP_WG/DDEPdata_by_Z.htm.

Equilibrium between radium-226 and the radon-222 daughters in some samples may have not
been reached. This is due to the fact that there were less than 30 days between sample
preparation and measurement [21].
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Activity calculations were done with a Microsoft Excel file where the analysed Genie spectra
from the samples and the background were loaded in. The results of the Monte Carlo
simulations were also loaded into the Excel file. For the samples the dry mass was calculated
and used for the activity calculation. Afterwards all the used gamma lines were checked if they
are feasible (enough statistics, no interference with other y-lines) to use and for the lines that are
used an efficiency correction factor was entered. The report uncertainties are the combined
standard uncertainties with coverage factor k equals to 1.

The following formula was used for the calculation of the activity:

Ao Crot — Cpkg — Ccontinuum eMta A—A
epP, (1 —e74tm)

With:

A: Activity in Bg

Crot: Numbers of counts in the region of interest

Cekg: Numbers of counts in the region of interest in the background
Continuum: The number of counts under the peak in the sample spectrum
e: FEP efficiency of the measured sample at that energy

P,: Emission probability of the y-ray

A: Decay constant

ty: Decay time

tm: Measurement time
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7 Results

The tables 4 to 8 give more information about the subsamples by giving the sample preparation
date and measurement date. This is important to know if equilibrium between radium-226 and
radon-222 is reached or not. The measurement time could also be found the tables. The
activities are calculated at the reference date which corresponds always to the starting
measurement date.

7.1 Phosphogypsum

7.2 Ferromolybdenum slag

In Table 4 the massic activity calculations results in Bg/kg of ferromolybdenum slag are given.
Only sample number 4 was not grinded for measurement. All the other are grinded before the
measurement. The mean value and its uncertainty are calculated for sub sample 1 to 3 which
was grinded. The uncertainty of the mean is calculated with the method from Stefaan Pommé
called the power-moderated weighted mean [55]. The relative standard deviation is calculated
with the mean value and the standard deviation from the sub samples 1 to 3.A graphical
presentation of the results can be found in Appendix D.

Table 4: Overview of the FeMo slag subsamples measurements and massic activities calculated of the
identified radionuclides

Sample FeMo slag sub 4 FeMo slag sub 1 FeMo slag sub 2 FeMo slag sub 3
Detector Ge-T5 Ge-T5 Ge-T5 Ge-T5
Date of 26/05/2014 24/03/2015 24/03/2015 24/03/2015

preparation

Start date

10/06/2014 30/03/2015 07/04/2015 13/04/2015
measurement
Measurement 1.1 5.9 5.6 4.2
time (days)
Background
(BKG) date 27/06/2014 10/11/2014 10/11/2014 10/11/2014
Measurement 71 17.1 17.1 171

time BKG (days)
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Table 5: Overview of the FeMo slag subsamples measurements and massic activities calculated of the identified radionuclides continued

FeMo slag sub 4 FeMo slag sub 1 FeMo slag sub 2 FeMo slag sub 3 Mean
Reference date 10/06/2014 30/03/2015 07/04/2015 13/04/2015
Radionuclide Massic activity dry mass (Bg/kg) StDev | Rel-StDev (%)

U-238 U-238 1957  +135 | 2411  +366 2324  +353 | 2407 +365 | 2381 +208 187 8
decay
chain Ra-226 | 1594  +39 1991  +86 1971  +95 1963  +90 1975  +52 165 8

Pb-210 | 1206  +205 | 1576  +240 1436 +219 | 1617  +248 | 1543 +136 161 10
Th-232 Ra-228 | 4006  +231 | 4702  +260 4609  +302 | 4682  +256 | 4664  +156 287 6
decay
chain Th-228 | 3986  +189 | 4892  +144 4844  +£182 | 4823  +211 | 4853  +100 376 8
U-235 U-235 79 +12 93 +4 106 +9 111 +10 103 +6 12 12
decay
chain Ac-227

c- 107 +23 94 +21 109 +16 108 +11 104 +8 6 6

Other K-40 142 +10 55 +7 59 +6 65 +7 60 +4 36 60
U-238/U-235 ratio 207  +41 | 260 +41 219  +38 |217 +39 |[232 +23 2 8
(Nominally 21.6)
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7.3 Ferromolybdenum hot spot

In Table 6 the massic activity calculations results in Bg/kg of ferromolybdenum hot spot are

given. Only sample number 4 was not grinded for measurement. All the other are grinded before
the measurement. The mean value and its uncertainty are calculated for sub sample 1 to 3 which

was grinded. The uncertainty of the mean is calculated with the method from Stefaan Pommé
called the power-moderated weighted mean [55]. The relative standard deviation is calculated
with the mean value and the standard deviation from the sub samples 1 to 3. A graphical
presentation of the results can be found in Appendix E.

Table 6: Overview of the FeMo hot spot subsamples measurements and massic activities calculated of the
identified radionuclides

Sample FeMo hot spot sub FeMo hot spot FeMo hot spot FeMo hot spot
4 sub 1 sub 2 sub 3
Detector Ge-T5 Ge-T5 Ge-T5 Ge-T5
Eritsa‘;;tion 26/05/2014 09/03/2015 09/03/2015 09/03/2015
;tg;;l?fet;en t 04/06/2014 09/03/2015 16/03/2015 23/03/2015
Measurement 58 6.9 6.9 6.8
time (days) ) ' ) '
(Bg‘lzgrg:{‘ed 27/06/2014 10/11/2014 10/11/2014 10/11/2014
Measurement 71 171 17.1 171

time BKG (days)
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Table 7: Overview of the FeMo hot spot subsamples measurements and massic activities calculated of the identified radionuclides continued

FeMo hot spot FeMo hot spot FeMo hot spot FeMo hot spot Mean
sub 4 sub 1 sub 2 sub 3
Reference date 04/06/2014 09/03/2015 16/03/2015 23/03/2015
Radionuclide Massic activity dry mass (Bg/kg) StDev | Rel-StDev (%)

U-238 U-238 | 473 +37 473 +15 | 511 +95 | 458 +39 481 +26 28 6
decay
chain Ra-226 | 250 +8 253 +10 | 246 +10 | 248 +4 249 +4 3 1

Pb-210 | 242 +53 132 +56 | 190 +54 | 170 +34 165 +26 30 18
Th-232 Ra-228 | 2825  +128 | 2720 +167 | 2646  +162 | 2652  +99 2672 +77 41 2
decay
chain Th-228 | 2831  +231 | 2657 +108 | 2462  +160 | 2332  +206 | 2483 +94 163 7
U-235 U-235 | 17 +1 19 +1 18 +1 18 +1 18 +1 1 4
decay

hai

chain Ac-227 | 14 +2 27 +3 |24 +3 |18 +3 |23 +4 5 21
Other K-40 | 231 +7 252 +7 244 +7 253 +7 250 +4 5 2

La-138 | 0.5 +0.2 - - . - . .
U-238/U-235ratio | o8 490 | 251 422 | 281 +53 | 262 +24 | 264 +13 2 5
(Nominally 21.6)
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7.4 Tuff

In Table 8 the activity calculations results in Bg/kg of the tuff sample are given. Only one
sample was measured but it was measured twice on the same detector, once at 11.73 mm and
the second time at 39.82 mm from the endcap. This was done to control the result and due to the
distance the true summing effect is lower at 39.82 mm.

The mean value and its uncertainty are calculated for sub sample 1 to 3 which was grinded. The
uncertainty of the mean is calculated with the method from Stefaan Pommeé called the power-
moderated weighted mean [55].
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Table 8: Overview of the tuff sample measurements and activities calculated of the identified radionuclides

continued
Sample Tuff Tuff
Detector Ge-T5 Ge-T5
Date of preparation 04/09/2014 04/09/2014
Start date 04/09/2014 02/03/2015
measurement
Measurement time 5.904 79
(days)
Sa‘:kground (BKG) 27/06/2014 10/11/2014
ate
Measurement time
BKG(days) 7.127 17.1
i i - Mean | StDev Rel-StDev
Radionuclide Activity dry mass (Ba/kg) 0
(%)

U-238 U-238 402 +53 345 +54 374 + 38 40 11
decay chain

Ra-226 237 +10 227 +25 233+ 10 7 3

Pb-210 268 +43 224 + 36 246 + 28 31 13
Th-232 Ra-228 356 + 27 337 + 26 347 £ 19 14 4
decay
chain Th-228 367 +11 343 +8 355+ 12 17 5
U-235 U-235 19 +2 17 *2 18 +2 2 8
decay
chain Ac-227 |10 %3 10 2 1042 9 0
Other K-40 2125 +89 2044 + 65 2085 + 53 57 3
U-238/U-235 ratio
(Nominally 21.6) 20.8 +2.7 20.2 +35 205+2.1 0.4 2

Some results of activity that can be found in the literature for tuff are found in Table 9 [58].

Table 9: Natural radionuclides activity concentration in tuff [58]

U-238 (Bg/kg)

Th-232 (Ba/kg)

K-40 (Bg/kg)

Tuff

250 + 20

370+ 10

2040 + 30
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8 Discussion and conclusion

The aim of this thesis was the characterisation of different materials which are candidates as
reference materials for the NORM industries. This work has been done within the EMRP
MetroNORM project. For all materials radionuclide identification and activity calculation have
been performed by gamma-ray spectrometry using HPGe detectors. The homogeneity of some
of the materials has also been checked.

The characterisation of the FeMo slag material showed that many radionuclides were present
with enough activity to be measured on standard detectors, not only on low background
detectors. The disadvantage of high activity sample is the presence of many gamma lines which
may interfere each other, like the 1459 keV gamma line of actinium-228 and the 1460 keV
gamma line of potassium-40, and may complicate the radionuclide identification and activity
calculation. The grinded subsamples showed a good agreement between their calculated
activities. All values are within the uncertainties and the relative standard deviations between
the values are all below 12% except for potassium-40. The activities measured on the ungrinded
subsample were lower, except for potassium-40, than the values of the grinded ones. It could be
explained by the fact the FeMo slag material may have not been homogenous before grinding.

Concerning the FeMo Hot spot material, the characterisation showed also that many
radionuclides were present with enough activity to be easily measured on none low background
detectors. Lanthanum-138 has been identified but its low activity made this nuclide difficult to
detect. Lanthanum-138 could only be observed on the ungrinded sample. Despite its name the
material is less radioactive than the FeMo slag. The different measurements of subsamples
ungrinded and grinded show a good agreement on the radionuclide activities with a relative
standard deviation on the activities lower than 7% except for lead-210 and actinium-227. The
activity calculation of lead-210 was based on its 46.5 keVV gamma line and GeT5 detector with
its thick dead layer was not optimal to detect low energy gamma rays. The activity calculation
of actinium-227 was based on the activities of its daughters thorium-227 and lead-211. The
main gamma ray lines of those radionuclides were in an energy region with many interfering
gamma rays which made the peak identification and analysis difficult.

The characterisation of the tuff material showed that many radionuclides were present in the
sample with enough activity to be measured on standard detectors. The two measurements of
the tuff sample on the same detector at a different distance from the detector presented a good
agreement within the uncertainties and the relative standard deviations are all below 13%. In
addition the measured activities of this sample were in the same order than the one found in the
literature. The activity of U-235 daughters may have been too low to be used easily for detector
calibration.

To prepare a CRM (Certified Reference Material) following ISO Guide 35 is a lengthy and
complex undertaking. Therefore it is important to perform pre-studies of any material before
starting a major project of developing a CRM. This study shows that none of the materials
tested fail to qualify as a potential CRM. All of the materials have properties that make them
suitable as NORM CRMs; i) several radionuclides are present with applicable activities; ii) they
seem to be homogenous (after grinding in the case of FeMo slag material); iii) they can be
obtained in good amounts.
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9 Future work

Now it is possible to make a reference material from those candidate materials. It will be the
task for the EMRP project to select the material that will be used for proceeding as reference
material. Also it might be useful to obtain more samples from the companies from different
places in the production process or from different places from the tuff mountain. This way it can
be checked if the homogeneity is stable. More material can be obtained to make new reference
material if they run out of reference materials.
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Appendix A
slag

Results from XRF analyses on ferromolybdenum

Table 10: Analysis results from XRF on ferromolybdenum slag

element |eenheid |20142842 element |eenheid |20142842 |

Na 8 0,67 Sn mg/kg | <5

Mg % 2,05 Sb mg/kg | <5

Al % 17,3 Te mg/kg | <10

si % 13,7 ! mg/kg | <5

P % <0,1 “: % :’-i

S 7 <200 a 11

a ma/kg | <200 = mehg 11430

K % 022 < mg/kg 17640
: Pr mgkg | 387

_I':_" : ;UE:: Nd 1210

! : 5m 32,5

v mg/kg | 1120 Er ﬁ 114

Cr mgfkg | 252 Yb mg/kg  [181

Mn mg/kg | 16300 Hi mg/kg 432

Fe % 1,57 Ta mg/kg__ | 537

Co mglkg 24 W mgfkg  [<10

Mi mm <5 Au mg/kg <10

Cu me/kg | 73.9 He mg/kg | <5

Zn mg/kg |56,9 L mg/kg |6

Ga mg/kg | <10 Pb mg/kg | 67.3

e ma/kg | <10 Bi mg/kg | <10

" mg/kg <5 Th 1430

u mg/kg [ 197

Se mgfkg | <4

Br rnm <5

Rb mg/kg 13,3

Sr mg/kg | 801

Y mg/kg | 147

2r mgfkg | 2230

Nb mg/kg_ | 2680

Mo mg/kg__| 5050

Ru mﬂ 246

Rh mg/kg | <10

Pd mﬂ; <10

Ag mg/kg | <10

Cd mg/kg | <5

In mﬂg <10
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Appendix B Results from XRF analyses on ferromolybdenum
hot spot

Table 11: Analysis results from XRF on ferromolybdenum hot spot

element | eenheid | 20142841 element |eenheid |20142841
e -~ Sn mg/kg [ 18,6
Tk Tas sb me/kg_ | <5
si % 25.4 Te mg/kg =10
P * <0.1 | mg/kg <5
> my/kg 877 Cs me/kg | 10,4
cl mg/kg |212
K % 0,96 Ba mg/kg 4170
Ca % 5,55 La mg/kg | <10
LL % 0.18 Ce mg/kg | 618
v mgfkg | 423 Pr mg/kg | <10
Cr me'kg | 839
Mn me/kg 16900 MNd meg/kg 23,4
Fe % 1,59 Sm mg/kg <10
o me/kg | <10 Er mg/kg | <10
= B Yb mg/kg | <10
u m ,
n meg/kg_ | 94,5 ali mg/kg | <10
Ga me/kg | <10 Ta mg/kg (12,6
Ge mefkg | <10 W me/kg <10
As mg/kg |98
- me/kg <5 :u mi::s <10
Br mg/kg | <5 E mg/kg | <5
Ab mg/kg 37,6 TI mg/kg <5
Sr ma/kg | 182 Pb mg/kg  [126
¥ mg/kg | 26,6 X
zr mg/kg | 424 3:1 EEL:E— 27.1
Nb mg/kg__ | 234 T mg/kg 221
Mo mg/kg | 1110 u mg/kg 9.6
Ru mg/kg | <10
Rh mg/kg__| <10
Pd mg/kg | <10
| AR mg/kg <10
Cd mgkg | <5
In mg/kg <10
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Appendix C

Results from XRF analyses on tuff

Table 12: Analysis results from XRF on tuff

Element Eenheid TUFF Element Eenheid TUFF
Na [%0] 1.1 Pr mg/kg 62
Mg [%] 1.0 Nd mg/kg 117
Al [%] 8.7 Sm mg/kg 41
Si [%] 23 Er mg/kg <10

[%] <0,1 Yb mg/kg <10
mg/kg 268 Hf mg/kg 13
Cl mg/kg <200 Ta mg/kg <5
K [%] 6.6 W mg/kg <10
Ca [%] 5.0 Au mg/kg <10
Ti [%] <0,1 Hg mg/kg <5
\% mg/kg 69 TI mg/kg 7
Cr mg/kg 17 Pb mg/kg 146
Mn mg/kg 974 Bi mg/kg <10
Fe [%] 25 Th mg/kg 101
Co mg/kg <10 U mg/kg 24
Ni mg/kg 6 Ce mg/kg 311
Cu mg/kg 5 La mg/kg 172
Zn mg/kg 75 Ba mg/kg 1290
Ga mg/kg 17 Rh mg/kg <10
Ge mg/kg <10 Pd mg/kg <10
As mg/kg 19 Ag mg/kg <10
Se mg/kg <5 Cd mg/kg <5
Br mg/kg <5 In mg/kg <10
Rb mg/kg 388 Sn mg/kg <5
Sr mg/kg 1620 Sh mg/kg <5
Y mg/kg 32 Te mg/kg <10
Zr mg/kg 497 | mg/kg <5
Nb mg/kg 31 Cs mg/kg 32
Ru mg/kg <10 Mo mg/kg <5
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Appendix D Massic activity of radionuclides present in
ferromolybdenum slag

Massic activity is given is for the dry mass in Bg/kg. The mean is only for the first 3 samples
which were grinded. The mean is for the subsamples 1 to 3 which were grinded. Subsample 4 is
the ungrinded subsample.
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Figure 38: Massic activity of Uranium-238 in FeMo slag for different samples
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Figure 39: Massic activity of Radium-226 in FeMo slag for different samples
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Figure 40: Massic activity of Lead-210 in FeMo slag for different samples
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Figure 41: Massic activity of Radium-228 in FeMo slag for different samples
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Figure 42: Massic ctivity of Thorium-228 in FeMo slag for different samples
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Figure 43: Massic activity of Uranium-235 in FeMo slag for different samples
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Figure 44: Massic activity of Actinium-227 in FeMo slag for different samples
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Figure 45: Massic activity of Potassium in FeMo slag for different samples
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Figure 46: Ratio uranium-238 and uranium-235 in different FeMo slag samples




Appendix E Massic activity of radionuclides present in
ferromolybdenum hot spot

Massic activity given is for the dry mass in Bg/kg. The mean is only for the first 3 samples

which were grinded. The mean is for the subsamples 1 to 3 which were grinded. Subsample 4 is
the ungrinded subsample.
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Figure 47: Massic activity of Uranium-238 in FeMo hot spot for different samples
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Figure 48: Massic activity of Radium-226 in FeMo hot spot for different samples
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Figure 49: Massic activity of Lead-210 in FeMo hot spot for different samples
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Figure 50: Massic activity of Radium-228 in FeMo hot spot for different samples
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Figure 51: Massic activity of Thorium-228 in FeMo hot spot for different samples
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Figure 52: Massic activity of Uranium-235 in FeMo hot spot for different samples
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Figure 53: Massic ctivity of Actinium-227 in FeMo hot spot for different samples
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Figure 54: Massic activity of Potassium-40 in FeMo hot spot for different samples
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Figure 55: Ratio uranium-238 and uranium-235 in different FeMo hot spot samples
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