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Introduction

| ntroducti on

Naturally Occurring Radionuclides are present in many natural resources. Industrial activities
that exploit these resources may lead to enhanced potential for exposure to Naturally
Occurring Radioactive Materials (NORM) in products, by products, residues and wastes.

Several Industry sectors are focused on the measurement of ionizing radiation originating
from artificial radionuclides and Naturally Occurring Radionuclides are ¢dikeen as part of

the natural background, regardless of their concentrations. NORM industries produce large
amounts of waste and when such materials are being handled or processed, it is clearly
necessary to determine the amount of nuclides present amcathigity concentrations as
accurately as possible.

This creates the need to develop methods to enable accurate and reproducible measurement of
the natural radionuclides.

The gammaay spectrometry technique is the most commonly employed technique to
detemine the radionuclides present in a sample and their respective activity concentrations.
The accuracy of the results directly depends on the accuracy of the calibration of the
spectrometer and intensities of gamrag emitted during the decay.

The aim ofthis thesis is to develop oi@ertified Reference MaterialGRM) representative of

one of the most prevalent NORM cycle production in Europe and to improve the emission
intensities of***U natural series to improve the precision and the accuracy of tivityact
measurement.

This work has beeanarried out in the framewkrof a collaboration between eleven European
Metrological Institutes under coordination of BEVThe Italian institution involved in the
project is ENEA, INMRI?, located in the Casaccia Raseh Center and it is where this thesis
has been developed.

This study is part of The European Researct
Materials with High Natur al Radioactivity”,

! The Bundesamt fiir Eiclund Vermessungswesdfederal Office of Metrology and Surveynd\ustria.
? ltalian National Agency for New Technologies, Energy and Sustainable Economic Development.
% The National Institute of lonising Radiation Metrology.
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This thesis is divided as follow:

T

In Chapter 1 the worker and population risk following exposure to NORM materials
are presented in detail. With the aim to explain the difficulties encountered in the
activity measurement of this kind of materials. The different ways of radioactivity
decayare investigate and the main aims of MetroNORM project are also described.

In Chapter 2 the methods used in this work are presented. We will describe the
experimental apparatus used to measure the quantities of interest and in particular, we
will pay the spectrometer calibration used to make accurate measurements of the
activity of the samples.

From a metrological point of view reference materials are fundamental tools to obtain
reproducible and accurate measurements. They are widely used for the oalibfati
measuring instruments as gammag spectrometer. At the present moment, suitable
calibration reference materials for laboratory measurement of natural radionuclide are
not available. InChapter 3 the first part of the experimental work is shown. The
preliminary characterization of the three candidate reference materials are analyzed
from different point of view: first of all the preparation of the materials is described,
than the chemical composition and the homogeneity measurement of the material are
explained, and at the end the radiological characterization of the materials is
presented. In the last section of this character for the material chosen to became a
CMR the procedure of certification is explained.

In the first part ofChapter 4 the measwment of gamma emission intensities in the
upper part of the decay 6¥U (***U —?*'Pa) series is explained. The determination of
the activity of a®*®U source with absolute method permits to measeeemission
intensitythroughgammaray spectrometryin the second part of the chapter the lower
part of the chain’f’Ac — ?°Pb) is investigated. In fact this part of the decay chain
exhibit serious inconsistence with a large number of various emission only
approximately known. The accurate activity measuremeft’of and *’Ac sources

are presented and more precise emissiohahility are proposed.
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Chapter 1
NORM and MetroNORM project

1.1 lonizing radiation and radioactivity

lonizing radiation occurs from the phenomenon of radioactivity: a nucleus from a radiative
atom is unstable due to an oversupply of energy in the form of neutrons or protons surplus.
The excess of energy is released under the form of particles. Evergatadialecay releases
energy under the form of ionizing radiatif] [2] [3].

We shall first distinguish between directly and indirectly ionizing radiatidpha and beta
particles are directly ionizing radiation and this is only possible with charged particles.
Photons or uncharged patrticles, like neutrons, are indirectly ionizing radiation. In this case
ionization occurs after one or more energetic chapgeticles are formed. In fact, ionizing
radiations can be energetic enough to push one or more electron out of the atom. This
characteristic of the radiation is exploited for detection. All the ionizing radiation can cause
biological effect by damaging¢hDNA in the cell nucleuf3] [4].

The Becquerel[Bq] is the SI (International System) unit for activity of a radioactive
compound and gives the amount of disintegration per sgsdhdand its name comes from
the discoverer Henry Becque(Bl.

1.2 The radioactive decay law

Radioactive atoms decay according to a random process. The probability of a nucleus to
decay in a time interval is independent of time. It was noted, three years after the discovery of
radioactivity (L896), that the decay rate of a pure radioactive substance decreases in time
according to an exponential law, called the Radioactivity Decay [6awThis law predits

how many radioactive nuclei are present at the tilnea certain substance and it decreases
with time. The number of decaying nucti\l in a given time intervadit is proportional td\,

leading to the relation:
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j (1.2)

where/ is the decay (disintegration) constant which equals the probability per unit time for
the decay of an atom (the right side of Equation (1.1)Nasdthe number of nuclei present at
time t. The exponential law of radioave decay shown below is the solution of the
differential Equation (1.2)

50 00Q (1.2)

whereNy represents the number of nuclei present=ad.

The haltlife is the time in which half of the original nuclei decay, denotethyUsingN =
No/2, it follows that:

0y — —— tag (1.3)

where the mean lifetime is defined as the average tlmé d nucleus survives before
decaying, being equal tb / [&}. The activityA is defined as the rate at which decays occur in
a sample and can be obtained by défaiating Equation (1.2), if the time intervdi over
which the decay takes place is much smaller &a(ty.):

5 — 00 (L4)
50 _0o b 0Q (1.5)

whereAp= g N the initial activity at = 0.

Achvr?y'

Time (year)

O 1157223 20007446 3t,,=66.9

Figurel.1. The activity is shown to decay exponentially with respect to f@he
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1.3 Types of decays

It is common terminology to call an unstable radioactive nucleus the parent and the more
stable product nucleus daughter. In many cases, the daughter is also radioactive and
undergoes further radioactive decay. Radioactive decay is spontaneous in the exact moment at
which a given nucleus decay cannot be predicted, nor is it affected to any significant extent by
events occurring outside the nucleus. Radioactive decay resaltsanversion of mass into
energy.

Radioactive decay is a process in which an unstable nucleus transforms into a more stable one
by emitting particles and/or photons, with a consequent release of energy in the process.
There are three primary decay typesnely,U b ando decayg38].

Alpha decay

Uparticles were first discovered by Ernest Rutherford in 1899, while he was running
experiments with uraniurf8]. In 1909 Rutherford showed that thiparticlesare nuclei of
helium, and consist of two protons and two neuti@hsAlpha emitting radionuclides can be
natural or anthropogenic.

Alpha emission is a Coulomb repulsion effect which occurs predominantly in nature in heavy
nuclei with a nuclear siz& O210. The repulsive Coulomb force between the nucleaiopso
increases with the nuclear size at a faster rate than the nuclear bindinfL@rdéparticle
emission decreases the Coulomb energy and increases the stability of heavi6hitigi
Uparticlesexist within the potential well which is created by the daughter nuf\Bigure

1.2). Before the emission, theéparticle is considered to be confined within the potential well.
The probability that thdJ}particle reaches the surface and tunnels through the Coulomb
barrier n order to be emitted is finite. Once th@article has penetrated the Coulomb barrier,

it is repelled away and escapes from the daughter nUé@eus

Nuclear + Coulomb
o potential

Potential energy

(=]

Separation

o particle

Figurel.2. Schematic view ofi-decay mechanisii9].
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An Udecayoccurs only ifQ > 0 (Q is the amount of energy released by the reaction and it is
the difference in masses between the parent and the daughter f@)¢cleils an exotbrmic
reaction, where the energy of the nuclear reaction is released as a positive kinetic energy
through theQgrvalueof this reaction. IiQyis negative, it is not possible for thiparticle to

tunnel through the barrier and escdpg The probability of escape from the nucleus is
dependent on th&-value The following equation describes the energy conservation in
U-emission6] [9] [10]:

A a b Y ad Y (1.6)
a a4 4 & Y Y (1.7)

whereT is the kinetic energy anch is the mass. The decay is possible only if the left hand
side of Equation 1.7 has a positive value. In this case, the initial mass energy is greater than
the final mass energy ar@uvalueis the difference in mass¢§]. The Q-value typically

ranges between 4 and 10 MeV of energy for NORMmitters The inverse relationship
between-decayhalf-life [10] and the decay ener@yvalueis called the GeigeNuttall rule,

where theJ-emitterswith large disintegration energies have shives [10] (Figure1.3).

Geiger-Nuttall rule

log t,, = (const/VQ)- const

10— 250¢¢ ,240Cm
_ 234p,

252Fm

258y, 246Fm
5 2400¢ \({52!10
~— 2261
2187y
S———

212pg 214Rp 216R,

log1o (ty/2 in seconds)

-10[— ~ x10 -4 per MeV

Q (MeV)

Figure 1.3. Schematic view of the Geig&luttall rule, where thé}emitterswith larger disintegration energies
generally have short hdlifzes than those with small€-values[12].

Beta decay

[3-particleswere discovered by Henri Becquerel in 1908]. In thel3-decay both the atomic
number(Z) and neutron numbegN) of a nucleus change by one unit, but the total mass
number, A=N+Z, remains constani6]. Therefore,b-decay provides a covenient decay
mode for an unstable nucleus to increment down a mass parabola of cénstagproach
the stable isobaj6]. There are three prosEs by which nuclei may undergo radioactive
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R-decay b-decay b'-decayand electron capture. A-particle is much lighter than an
U-particle which means that for a given ener@yparticlesare much more penetratifityl].

Negative beta decay

The first process we hereby describe is the negative béfadecay It can occur only if the
daughter nucleus is more energetically stable ti@nparent nucleus: a neutron directly
converts to a proton, electron and an -aetitrino[10]. The formed proton remains in the
nucleus and the al&on is ejected as b-particles This process occurs when the ratio of
neutrons to protons is larger than the stable ratio for that particular isobaric chain. This
process leads to a decrease in the number of neutrons by one and to an increase imethe num
of protons by ong6]. The following example represent® adecayprocess:

0w 6Q Q if

b-particleshave a continuous distribution of energy, frlrto an upper limit which is called

the endpoint. This point is equal to the difference in energy between the initial and final states
in the parent and daughter nucleus, respecti@lySinceb-decayis a three body process (in
contrast toU-decaywhich is a twebody process), in which the kinetic energy is shared
between theb-particle and the antieutrino [6], emitted b -particles have a continuous
distribution of kinetic energy, ranging frofhto the maximum allowed by th@y -value (the
beta “end pAdominubus distrieutiog gf)energy frothup to1.16 MeVfrom
b-particlesemitted from?*°Bi [14] is shown inFigure1.4.

Energy spectrum of beta
decay electrons from 210 g;

Intensity

o0 02 04 06 08 10 12
Kinetic energy, MeV

Figurel.4. b-energyspectrum from the decay 8fBi [28].

In the b-decay the Q-value can be defined as the difference between the initial and final
nuclear mass energiggd:
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0 G and o (1.8)

where the masses are neutral atomic masseQ-Maduerepresents the energy shared by the
electron and the neuton

5 Y O (19)
3007y
Tt 1] 3
T i
55~ S &
QB =1175.63 &
o4 4% ga 12 ﬂ‘.‘; B61._6a80 2557 m

0 siable

Figurel.5. Schematic scheme 6¥Cs decay, showing two different decay moffs.

Positive beta decay

The second weak interaction decay process is poditivégcayo r “ posi tron decay”
when the ratio of protons to neutrons is higher than the most stable adabat particular A

chain (i . er.i cthd r[1aJugndtlesti pponess, a proton is transformed into a

neutron, a positron and a neutrino. As a result, the nuclear charge is decreased by one unit. As

in b-decay this decay is a thregody process and positrons are emitted with a continuous

range of energi&[14]. The following example represent®adecayprocess:

0« 0Q Q ¢

The Q-valuemust be greater thahfor this process toccur[9]. The Q-valueof b*-decayis
given by[6]:

0 a ® ao o (1.10)

Electron capture

In the electron capture (EC) process, an atomic electron orbiting close to the nucleus is
captured. The electron combines with a proton and forms a nd@jraith the emission of a
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neutrino with a fixed energy. It is an alternative decay procebs-tiecayand the proton is
converted into a neutron. The parent nucleus absorbs an electron from the innermost orbit.

In EC, the mass of an atomic electron is converigmlenergy: differently from the"-decay

fraction of the masenergy is required to create a positron. This means that energy constraints
on the occurring decay exist: for some particular isobaric cases, EC can occus'vaatay
cannot[9]. Since no particle is emitted in EC, the energy released escapes undetected. The
following process in an example of EC:

60 0d& %

Conservation of massnergy defines th@z-valueas follow[6]:

~

0 G ad o 6 (1.11)

where B is the binding energy of the capturedimell electron.

Gamma decay

Gammarays have energies typically in the rangeOof up to 10 MeV[6]. Gammaray

photons originate from the nucleus, differently from alphB-particles Gammaray photons

have no mass and no charge. It is a quantum of electromagnetic energy that travels at the
speed of light and can travel up to hundreds of meters in air before being attdh6ated
Alpha and/or beta decays can often leave the daughter nucleus in an excited state, which may
then deexcited in gammaay decays. This situation will lead the nucleus to emit one or more
gammarays, characteristic to the egg difference between the intrinsic states of the nucleus
[16]. For instance when the natural occurring radionuéften undergoes-decay ?*?Rn is
produced. his decay is often accompanied by a gantleeay with a fixed energy df86.21

keV.

There is another electromagnetic process that competes with gaeuana called internal
conversion. In this process, the excess of energy does not result in the emissamotdin

but instead the electromagnetic multipole fields interact with the orbital electrons, leading to
the ejection of one of the existing electrons from the atom. The amount of energy given to the
bound, orbital electron must exceed its binding endogythis process to occur. This is a
different process with respectfcdecay in which the emitted electron is created in the decay
process itself6]. The tendency of this process can empirically be determined by the internal
conversion coefficient which id defined by the Equation (1.12):

o (112
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wherel. is the internal conversion coefficiem, is the intensity of dexcitation through the
emission of conversion electron amhgis the intensity of the dexcited one through the
competing gammaay emission branch only.

1.4 Radioactive decay

In nature, radionuclides are divided into three main radioactive decay series (i.e. headed by
2358 and #%Th) which are still present on Earth in significant numbers, representing
approximate states of the radiation equilibri{h Radioactive equilibrium occurs in three
generals modes. The most common case is tha¢aflar equilibrium where the activities

(A= &) of all radionuclieks within each series are approximately equal.

Assuming that there aidy parent atoms at time=0 with no other decay products present at
t=0, then:

0 60 m U (2.13

06 m 006 nm E mn (1.14)
The number of parent nuclei decreases with time due to radioactive decay. The nuclide
concentrations following radioactive decay of anutlide series in linear chain are found

using Batemanequation[17]. For the decay of a parent nucleus, which decays into a
subsequently radioactively unstable daughter nucleus, we can write:

— ¥ (1.15)
— ¥ ¥ (1.16)

This assumes that the nucleniss the radioactivehstable final end product of the decay
chain, and the decay constant of the initial daughter, granddaughter,ggraddaughter
decays are represented &y a, as etc. andais the decay constant 8f nuclide. As a result

of the parent decay, the number of atoms of daughter nuclei increases, but due to its own
decay this number also decreases with time, i.e.

Q6 _0 Qo _0 Qo (1.17)

By integrating Equation (1.15) and Equation (1.17) and using the initial conNif{0)=0 the
following results are obtained:

5 0 00Q (1.18)

10
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0 0 UL—0Q Q . (1.19
Then, the activity of the daughter nucleus can be expressed as:

0O 0k_0 0 0 —0Q Q (1.20)
Assuming zero concentrations of all daughters at time zero:

O m mandd m Tiwhenl>1 (1.21)

The concentration of*thnuclide after time was given by Batemdi.7]:

65 6 —B Qaf_ 0 (1.22)

WhenUis a decay coefficient arld can be determined from the following equation:

| B —— (1.23)

1.4.1 Secular equilibrium

If a system is closed for a time period significantly larger than thelifealbf the daughter
nuclide, the system will approach secular equilibrium, i.eathiwities (rates of decay) of the
parent and the daughter will tend to equality.

Under secular equilibrium, the parent undergoes a very slow rate of decay with no appreciable
change in its activity during many hdife of its decay products, while its dghter growin

and then decay. Daughter nuclei can reach their parent activity in a closed [\&teine
concentration of the various daughter radionuclides #tabmpany the parents can be
estimated using secular equilibrium for naturally occurring one€*#éwith its six daughter

to radium?*®Ra [19]. There are twaonditions that are important to achieve this kind of
equilibrium:

1. The parent radionuclide must have a Hi&f longer than its progenies (e.>%U,
to = 4.468x108 y).

2. Along period of time has to be taken into account, for instance fivdifeatif decay
product having the longest hdifie, to allow the ingrowth of the decay produdts8].

If half-life of the parent nucleus is much longer than the-Iifelfof the daughter, (i.e.
& << &) the decay products emit radiation more quickly and the parents decay at an

11
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essentially constant rate, for all practical tinfes  p. By substituting into Equation (1.19)
we find:

5 0 —p © (1.24)

This is an example in which the daughter and the parent nuclei are decaying at the same rate
_0 O ,andasaresult j O e p[6]. An example of approximate secular equilibrium
IS shown |nF|gure1 6.

Secular Equilibrium between Th-230 and Ra-226 . Tham

* Ra-226

Secular
equilibrium

Period of ingrowth

i L.
- re Time fyear)

[

0 1000 2000 3000 4000 3000 6000 7000 8000 9000 100060 11000 12000 13000

Figure1.6. An example of secular equilibrium is shown. The paf&fth (t,,, = 7.538 x 18y) and its daughter
22°Ra(ty, = 1600 y)decay to reach the point where their activity are effijal

For instance; thé*°Th/”*°Ra ratio would be approximatelyafter 10000years as shown in

the Figure 1.6, which corresponds to approximatdytimes the halife of **Ra. However
sometimes, during geological processes, since Uranium decay chains are composed of
different element, fraction cawccur. This is known as radioactive disequilibri{20]. Since

Ra is generally more soluble than Th, it is usual to observe activity ratfeaf*’Th) of

more han 1 in water and less thad in soils and sediment. This disequilibrium is
time-dependent since it involves radioactive elements. Ondesexjuilibrium is produced,
daughtetparent activity ratios will return towards secular equilibrium by radioactieayde

over a timescale depending on the Hiéf of the daughter nucleus in the considered system
[20].

1.5 Radioactivity in nature

Radioactive elements present mature are divided into Cosmogenic and Terrestrial,
depending on their origin.

12
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Cosmogenic origin

Cosmic rays are composed mainly of high energetic, positively charged particles (mostly
protons) and high energy photoj2i]. The upper atmosphere protects the Earth and blocks
most of the incoming cosmic rays however, a number of radionuclides are produced by the
interaction of cosmic rays with Earth upper atmospherf2]. This nuclear interaction
largely comes from secondary neutron capture and-émgngy particle[23]. Spallation
reactions are high energy interactions, typically with thresholds arfe@ideV, although in

some cases the threshold can reach several hundrédis\VagR4]. Most of the cosmogenic
radioactivity is produced from this process, when the bombardment reaction occurs between
atoms in the atmosphere and cosmic f2$$. Thermal neutrons (which are formed following
initial cosmic rays spallation interactions) give rise to charge exchange and neutron capture
reactions which are responsible for the productibHC by the(n,p) reaction ont*N and®Kr
following the( n reacjion orf%Kr respectively. The light radionuclid&e is also produced

in the atmosphere following spallation on C, N and O nuclei. It is estimated thzd%hef

the radioactivéBe isproduced in the stratosphere, &@%in the lower altitude troposphere.

A relatively small amount of radioactivity is also present in the environment from
extraterrestrial dust and meteorites. Radioactive isotopes of Al, Be, CI, | and Ne are formed
following the spallation of extraterrestrial elements under cosmic ray bombardment. Earth is
bombarded every year by approximat&y kg of dust from the outer space which contains
radioactivity at concentration of up 8 Bg/kg with a maximum limit of radiactivity from

this source oR.7x18 Bq, largely arising from nuclides such &e, ?Na, 2°Al, “°Sc, *8v,

®ICr, 3%Mn, ®0°7%8%¢E0 and®Ni (Table 1.1). Other heavy radioactive elements such as
thorium and uranium have also been detected in meteoritic maj2dh[26].

Tablel.1. Cosmogenic radionuclides of natural orifi3].

Decade mode

Element Nuclide Half-life and gammdine Energy
[keV]
Hydrogen *H 12.3 x 10y B (100%)
Beryllium Be 533x16d EC (100%) and
1%Be 1.51x 16y B (100%)
Carbon c 5.73x 16y B (100%)
Sodium “Na 26x10y b‘and y (12
Aluminum 26Al 7.4 x 10y EC (100%)
Silicon s 1.72 x 18y B (100%)
Phosphorus p 1.43 x 10 d B (100%)
$p 2.53x 10d B (100%)

13
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Decade mode

Element Nuclide Half-life and gammdine Energy
[keV]
Sulphur ¥s 8.75x 10d B (100%)
Chlorine cl 3.01x 10y EC (1.(98%%) B
Argon STAr 3.50 x 16d EC (100%)
*Ar 2.69x 16y B (100%)
Krypton 8K r 2.29x 10y EC (100%)

1.5.1 Terrestrial origin

Terrestrial radionuclides are common in the rocks, soil, water and ocean sand as well as in
buildings materialg1]. These radionuclides were present when theepl&arth originated.

Since some of these radionuclides have very long decajifealbn the order of hundreds of
millions of years or more), significant quantities of these radionuclides are still present on
Earth today. These radionuclides can be caiegg into two types:

1 Singly Occurring Radionuclides.
1 Decay chairl].

Primordial Radionuclide

About 20 naturally occurring single primordial radionuclides haenbeaentified so far. Most
of them are radioactiveuclideswith half-life > 10'° yearsand usually aroundi0*® years The
majority decay by beta emission, but some, such*®m and'*3Gd undergo (with a
relatively low energyp-decay

Tablel.2. Primordial singly occurring radionuclides are repofi#].

Radionuclide Half-ife _|Sotopic  Decay mode and
Parent Decay product v] abundance Energy
Yy (%] [keV]
K “Ac(EC)&*Ca() B 1.3x10 0.010 Beta 1320
Oy “TiEC)&>*Cr §J B 6.0x 16" 0.25 Beta -
¥Rb BSry B 4.7 x 10° 27.83 Beta 273
13cq 30y B 9.0 x 1d° 12.3 Beta .

14
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Ragionuclide Decay product Half-life a::)suor':ggir?ce DecaEyn?r;()i/e and
arent Iyl [%] keV]
MIn sn) B 5x 10* 95.70 Beta 490
1231¢ 25ph) B 1.2 x 163 0.87 EC -
138 a 13Ba(EC) & Ce () [ 1.1x10* 0.09 Beta and Ec 270
13Ce “pryp 5x 10° 11.10 Alpha 1500
149Nd “Ce(a) 2.1x10° 23.90 Alpha 1830
4'Sm “Nd (a) 1.1 x 16* 15.00 Alpha 2230
1485 m ¥Nd (a) 8 x 10° 11.20 Alpha 1950
1499 m “Nd (a) 10% 13.80 Alpha < 2000
15Gd S m( a) 1.1 x 16* 0.20 Alpha 2.14
15Dy BTh(a) 2x 10+ 0.06 Alpha 3000
8y YSYh(EC) & *HT | | 2.7 x10° 2.60 Beta 570
14t 2x10° 0.02 Alpha 2500
8Ta BHfEC) & “Ca ) P 1.6x10° 0.01 Beta -
¥ Re ¥0s ) B 5x 10° 62.50 Beta 26
190pt ¥0s (a) 7 x 10* 0.01 Alpha 3160
20%pp 2%Hg 1.4 x 16’ 1.48 Alpha 2600

FromTable1.2, only two of the singly occurring primordial radionuclides are significant and
important to be consideredk and®’Rb [1]. K has a haife at 1.277 x 18 y [27], an
isotopic abundance @ 0118%and a specific activity 031.4 Bg/gof natural potassiunfK
decay fromb-decayto stable*®Ca89% of the time. The remaining0.72%of “*K undergoes
decay by electron capture to stafflar. This latter decay branch also emits a characteristic
gammaray at 1461 keV This line is very useful to identify and quantiffk by gamma
spectroscopy.

15
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1.277x109 y
4-
& 40, <
S 19K
$ Qg=1504.9

R 10.72%
112ps 25 1460.859 _10.67% 11.67

stable -2~ = 0 0.048% 21.09
18Ar

Figure 1.7. Decay scheme dfK following the 10.72%decay branch of® which undergoes decay by EC to
stable®’Ar and emits aharacteristic photon with an energyl@61 ke\[28].

Potassium is commonly distributed in Eastlcrust. Its concentration is abotfo and its
concentration in limestone is abdutl% and may increase in some type of granite to about
4% [26] the mean activity concentration YK found.

Decay chain

During the period of time froml0™ y ago until the condensation of the solar system,
hydrogen and helium that resulted from the Bang almost 1.5 20'° y ago were fused into
heavier elements into stellar interiors, nova and superfd@eEarth was created from the
recycled debris of thesdead star§6]. Most of these elements were initially radioactive.
However, only a few of these radioactive elements have isotopes with long dechfg half
compaed to the age of the Earth, and the radioactive ones, which form the greatest fraction of
our natural radiation, can still be observed. They can be categorized into three main decay
series[29]. These are the natural decay chain heade®%hy (4.5 billion years haHife),

232Th (14.1 billion years haffife), and?**U (700 million years haffife) respectively, as
shown inFigure 1.8, Figure1.9 andFigure1.10. Each of them then decays through complex
decay chains of alpha and beta decays and end at $tR8e’°®Pb and®®’Pb and nuclides
respectively.

16



Chapterl
NORM and MetroNORM project

1 1 1 1 ! ]

1 1 1 1
140 142 144 146 N

el SO T C N S O s S e
124 126 128 130 132 134 136 138

Figure1.8. Schematic view of th#%U decay chain and its decay prodyaa].
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Figure1.9. Schematic view of th&“Th decay chain and its decay protaf72].
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Figure1.10. Schematic view of th&°U decay chain and its decay prodyaa)].

17



Development of a Reference Material
and determination of Nuclear Data for NORM analysis

1.6 What is NORM

Radioactivity can be divided into artificial and natural. Artificial radionuclides aremete,
produced in a nuclear reactor or in a particle accelerator. A good kxahm@rtificial
radioactivity is the nuclear waste produced in the production of electricity in a nuclear power
plant and the radionuclides used in medical treatment.

Naturally Occurring Radioactive Material (NORM) indicates radioactive elements thhecan
found in the environment and in rocks that contain an increased level of radionuclides present
in nature. Some of those radionuclides which are-lowagl are present since the origin of
Earth. There are three radioactive decay chains: Uranium sese<salled Radium series,
Thorium series and Actinium series. Another important radionuclid@iswhich is also
present since the formation of Earth and thus is present in Earth's crust and it is also found in
plants, human bones and animals. Those radiaies are concentrated in some places, for
example, uranium orebodies and phosphate ores. It is possible that radionuclides are
accumulated in waste and-pyoduct, via industrial processes. The level of NORM can vary
from industry to industry. In commamoduction processes NORM flows together with water,

gas and oil mixtures and can build up in sludge, dust and waste md&0]dl31] [32] [33]

[34].

Industries where NORM is mostly found are phosphatenaetallurgic industries, zirconium
sands, in the production of titanium oxides oil and gas industries and in buildings materials.

1.7 Hazards to human health and environment

Personnel working in industries that is in contact with NORM could have an incresiséal

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 aksljpe that the worker is irradiated

due to a source outside the body. Usually, the amount of gaadiaion is not large enough

to penetrate processing equipment and present a health risk for worker, but exceptions are
found. The effect might vary witthé time, depending on the total amount of energy that is
absorbed and on which organ is expd$&d [36].

When handling NORM contaminated products or waste, cautions have to be taken into
account to prevent it to spread to nearby areas or to contaminate other [BéHuct

NORM are materials with high content of natural radioactivity. It is found in work activities
as natural materials, or as a result from industrial processes. It is important to distinguish
between this type of matafj not used for the intrinsic radioactive properties, and the
radioactive substances of natural origin which are used precisely for their radioactive
properties. Italian legislation (Legislative Decree no. 230/95, as amended by Legislative
Decree 241/00)egulates the exposure of workers and the population to work activities with
the NORM. In patrticular, it identifies a set of activities with regulatory requirements:
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Industry using mineral phosphate and depositshierfertilizers wholesale trade.

Procesmg of minerals in the extraction of tin, irenobium and aluminum from
bauxite.

Processing of zircon sands and praiibn of refractory materials.
Processing of rare earth.
Processing and use of thorium.

Production 6 pigment from titanium dioxide.

= =/ =4 4 -

Material from oil and gas extraction.

The law provides an evaluation of the dose carried out for workers and members of the public.
The action levels, expressed in terms of individual effective dose, it is equah$v/yeafor
workers and.3 mSv/yeafor members of the public.

For a proper evaluation of the dose of workers and the general public, a very accurate and
precise measurement of the activity of natural radionuclides to which these individuals are
exposed is needed. The useGNRs for the chbration of the measuring instruments or
validate activity measurement method or the accurate estimate of the probability of emission
of radionuclides are essential for these purposes.

1.8 The MetroNORM project

This work of thesis fits in the project carriedit with the European Metrology Research
Program (EMRP) that is founded by the European Association of National Metrology
Institutes (EURAMET). The EMRP allows European metrology institutes, industrial
organizations and universities to collaborate on $jgguiojects in several fields of research.

The study performed in this thesisasi nc | ude d -MearoNORMN™etrblagy for
European NORM Industry)” where new measur en
to the industry. For this project a coltahtion between twelve countries of the European
Union and the EGIJRC-IRMM® has established. All of them have NORM or NORM
industries in their countrig8].

Naturally occurring radionuclides are present in many natural resources. Industrial activities
that exploit these resources may lead to enhanced potential for exposure to NORM in
products, byproducts, residues and wastes. Industries working with raw matesiaisining
naturally occurring radioactive materials (NORM industries) produce large amounts of waste.
These waste materials, generated from current and past activities, constitute a huge economic
and ecological burden if they are not properly disposexd odused as input materials for the
industry. The recyclingand4es e of waste materi al support

* European Community.
The European Commi ssion’s Joint Research Center.
® The Institute for Reference Materials and Measurement.
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and result in cost savings. The radioactivity content of mineral feedstocks and process
residues creates a need to conteaposure to workers and members of the public in
accordance with the | AEA Safety Standards: “
the level of thorium and uranium, depending on the type of mineral and its region of
occurrence, generally excedte worldwide median values for soil by up 260 times of
thorumandupt®@0t i mes i n the case of wuranium”. When
processed, it is clearly necessary to determine the nuclides present and their activity
concentrations aaccurately as possible. RefererMaterials will be needed to validate the
radioanalytical procedures involved as well as methods for analysis and interpretation of the
results.

1.9 Goal of the project

Within the JRP new methodologies will be developed forasneement of natural
radionuclides, newCMR will be used for their calibration with traceability to national
standards of partnering countries and nuclear data of natural radionuclides will be improved
so that as many as possible descendants of uraniuay dgwin could be accurately
measured. The expected results of this thesis are:

1 CMR: development oh CMR traceable to national standards for natural radionuclides
measurement adapted to the needs of the developed laboratory, adjusted to the typical
compodgion of material and activity levels relevant for measured materials with total
rel. uncertainties lower thar0%

1 A new validate activity concentration measurement metttodugh gammaray
spectrometry.

T Nuclear data improvement fot'U series.
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Chapter 2
Experimental methods

In this chapter we describe the operational principles and the setup of the devices adopted
throughout this thesis. The experimental apparatus is composed of a scalagingn
microscope coupled with an Energy Dispersivea} (EDX) Spectrometer for the chemical
characterization of the samples and a gamayaspectrometer, used for the radiometric
characterization.

2.1 Scanning electron microscopy

The scanning electron magcope is an instrument which allows to investigate the interaction
between an electron beam, the probe, and the sample.

Through the Scanning Electron Microscope (SEM), it is possible to obtain morphological and
structural information on the sample and, emhcoupled with an energy dispersion
spectrometer, to obtain important chemical information.

The experimental apparatus is composed of three elements:

1 An electronic column with an electron emitter on top (in this case a tundsteart)
that generates theeam.

1 A vacuum chamér where the samples are placed.

1 A detection system connected to a computer for data processing.
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Figure2.1. Scanning Electron Microscope.

The tungsten filament produces electrons by thermionic emission, and an electric field
accelerates them in an energy range betw&én 30 keV The generated beam size is,
however, too large to produce a sharp image. For this reason, an electronicstens isy
placed inside the column, to focus the beam on the sample with an ai€mnmf By
changing this parameter (and the tube operational current) it is possible to have different
magnifications and enlargements of the imayéisen the primary beam @his generated by

the tungsten filament) hits the sample, the movement along the Cartesian coordinates X, Y
enables the scanning of a part of it, with the consequent irdeaiierently from anoptical
microscope, which provides a real image of the sample, the 8&dtothe electron beam
scanning, returns a virtual image of the sample that comes from the signals emitted by the
volume under investigation. The signal emitted from the exposutheofsample to the
primary beam can be divided into two kinds, one formed by the secondary electrons and
another one formed by the backscattered electrons:

1 Secondary electrons are defined as those electrons whose energy is |&skeédn
They originatefrom the interaction of the primary beam and the backscattered
electrons with the valence electrons, the SE (Secondary Electrons) signal is formed by
electrons belonging from the sample itself. They are expedhedugh inelastic
processes from an extremealhallow and restricted region of the sample. The reason is
that secondary electrons have a modest energy, so on their way to the surface they lose
part of their energy from inelastic interaction and therefore only the closest electron to
the "escape roat can escape from the sample surface. For this reason the secondary
electrons detection provides morphological information
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1 Backscattered electrons are electrons belonging to the primary beam that comes out
from the sample as a result of elastic intemactiTheir energy is close to the beam
energy, and therefore higher than the secondary electrons energy. It can be concluded
that BSE (BackScattered Electrons) origin region within the sample is bigger than the
secondary electron region, with a consequess laccurate morphological location.

The information provide from BSE signals is different from the topological
information of the SE and it is related to the average atomic number of the interaction
volume. The result of this signal is an image in whictiecent shades of gray
correspond to differerd numbers.

Microanalysis

The term microanalysis refers to the chemical investigation of a sample through the SEM
scanning electron microscope. This investigation is carried out by measuring the energy and
theintensity distribution of Xrays generated by the interaction of the electron beam with the
sample, using an energy dispersive detector Energy Dispergiag Spectrometer (EDS).

The EDS is a semiconductor detector and, to produce the signal, it exp®ifghoton
electronhole pair production in the semiconductor. The number of eletimtapairs product

in the detector is proportional to the incident photon energy. If each photon produces a certain
number of charges within the device, these origiaatenduced charge at the electrodes. This
variation of the electric charge produces a current flow in the device, that is proportional to
the energy of the incident-ghoton.

The signal is composed of ther&ys emitted from the sample due to interactiath the
electron beam. This signal comes both from the surface and the deep layers of the sample.

An example of an EDX spectruisishown n Figure2.2. It can be obsged that the spectrum

is composed of two different signals: one continuous and two prominent peaks. The
continuous curve of the background is due to bremsstrahlung, i.e. the braking radiation due to
deceleration of the incident electrons within the mateQualitatively, this emission is
proportional to the atomic number of the target element, but the analysis of the continuous
curve does not provide qualitative information about the sample composition. The important
information comes from the sample cheteristic Xray that is on other type of signal. The
signal formation takes place after the bestmll interaction, which leads to an atomic
electron ejection. The atom becomes a charged ion, it returns to ground state through a limited
set of allowed tnsitions, bringing an external electron to fill the hole produced in the
interaction. The excess energy can be released in two possible ways: with the emission of an
Auger electron or the emission of anpXoton, the latter process is the one used by EDS
detector. This signal is called characteristic radiation because the energies at which the
photons are emitted (equal to the energy difference of the electronic shell) are specific to each
element and transition. The spectrometric analysis of the siglalssaus to find the
chemical composition of the sample under investigation. This experimental apparatus is used
to obtain the chemical characterization of the sample.
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Figure2.2. Example of a typical Xay spectrum.

2.2 Gammaray spectrometry

A gammaray spectrometer is an instrument used for measuring the distributibeaggmma
radiationintensityversus theghotonenergy[38].

The equipment used in gamma spectroscopy includes an esergyivephotonradiation

detector, electronics to process detector signals produced by the detector, such as a pulse
heightanalyzer (i.e., multichannel analyzer) with the associatedlifiers, and data readout
devices to generate, display, and store the observed spectrum. Gamma spectroscopy detectors
are based onpassive materialshat generaten electric pulse when gamma interaction
occursin its sensitivevolume. The interactiomechanisms ar@hotoelectric effect, Compton

effect, and pair production. The photoelectric effect is the preferred interaction in the detector,
because in this wagll the energy of the incident gamsray is absorled by the detectoFull

energy absompn is also possible when a series of successive Congtghotoelectric
interactions take place within the detector volume.

The voltage pulse produced by the detegiooportional to the energy released in the detector
by the incident photonis shapedinto a Gaussian or trapezoidpllse by spectroscopy
amplifier and its amplitude measured byamnalogto-digital converter (ADC) The resulting

digital amplitude is stored inraultichannel analyzer (MCAADCs have specific numbers of
"bins" into which the pulses can be sorted; these bins represent the channel$/i@Ahe
spectrum. The information of interest (activity of the sampl@raportional tothe height of

the full energy peak recordenh the collectedspectrum. The number of channelsn be
changed by modifying software or hardware settings. The number of channels is typically a
power of two; common values inclué&d2 1024 2048 4096 8192 or 16384 channelsThe

choice of number of channels depends on the resolution of the systietheaenergy range
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being studied. The multichannel analyzer output is sent to a computer, which stores, displays,
and analyzes the data.

Individual radionuclides emit gamnrays of specific energies that are characteristieémh
specific nuclide Speatometers measure both the intensity and the energy of radiation,
making it possibldo study the source of the radiation. Indeed, gasragaspectrometry is a
powerful device for monitoring the environment radiation.

Ampl. —— M.CA. — AD.C ;D

Computar

High Voltage

Figure2.3. Schematic view of a gamnray spectrometdi72].

The usage of gamma spectrometry for the radiometric characterization of a material is a
powerful and reliable tool but either the experimental apparatus and the sample under analysis
need o be well characterized. In this work of thesis, gamma spectrometry was be used for the
evaluation of the physical quantity activities, i.e. the amount of radiation emitted by a material

in the unit of time. To obtain an accurate and precise measurenfetite activity of a
sample, the measuring instrument has to be calibrated in an equally accurate and precise way.
Throughout this chapter the tools used and the actions carried out for precisely setup of the
experimental apparatus will be descriljad].

2.3 Gamma-ray spectrometry at INMRI

The gammaay spectrometry system used at ENEANMRI laboratory is a higiesolution
gammaray spectrometry system in a low baagnd configuration and consists of a coaxial
hyperpure germanium (HPGe) (GEM44D-5 by Ortec) detector with passive shielding,
electronic signal processing instrumentation and digital data readout devices. The germanium
detector was cooled with a liquidtmogen cryostat(60 L) to reduce the leakage current
present in the system at room temperature. The detector was embeddé&damthick lead

shield to reduce background radiation from various natural radiation sources and to isolate it
from other radiaon sources used in nearby surroundings. The lead shielding was graded with
an inner layer 00.1 cmthick copper and cadmium to reduce the contribution from lead (Pb)
X-ray fluorescencg38].
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Figure2.4. A coaxial hypeipure germanium (HPGe) detector setugpd at INMRI

The detector was connected to an all in one electronic device (Ortec DSP 50) composed of a
preamplifier, a shaping amplifier and a high voltage power supply which, used to convert the
individual event energies into a pulse height spectrum. The pulse @hephitas converted to

a discrete number using tB&92channel multichannel analyzer (MCA) contained in the all

in one electronic. Data acquisition, display and analysis of garmaynapectra were
performed using Gamma Vision software by Or{88]. Figure 2.4 illustrates a coaxial
hyperpure germanium HPGe detector enclosed by a set of lead shields graded with copper
and cadmiumThe all in one Ortec DSP 50 electronic and an interactive anagatisré of
Gamma Vision software displaying on a computer scraenshown inFigure 2.5. The
detector specifications are listedTiable2.1.

(@) (b)

Figure2.5. Electronic instrumentation used in the current study.
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Table2.1. Thespecification of the INMRI Ortec Germanium detector and the electronic operating system.

Detector Ortec
Type HPGe (ptype)
Energy Range 15keV —-3.3MeV
Diameter 66 mm
Length 56 mm
Absorbing Layers 1.00 mm Al
Inactive Ge 700 pm
Operating voltage +2500 V
Relative Efficiency (1.33 MeV) 40%
Resolution (FWHM) at 122 keV 900 eV
Resolution (FWHM) at 1332 keV 1.9 keV
Peak to Compton Ratio 64:1

2.4 Detector calibration

A digital gammaray spectrum is basically a list of number of pulses measured \gitiei
consecutive pulse height rang§38]. Gammaray spectrometry allows the gamiray
spectrum to be interpreted in terms of energy, rather than channels, arhoadtibnuclides
and number of pulses. There are two main calibration tasks:

1 Energy calibration: the relationship between channel and energy;

1 Efficiency calibration: the relationship between th# energy peakcountrate and
the disintegration rate.

A number of factors can lead to an inaccurate calibration, resultiag imprecise activity
measurementideally, the source used to calibrate the device and the sample to be measured
should be the same, due to the identical geometry and chemical compddigopotential
sources of uncertainty in the calibration process are:

1 Energy shift caused by changitigg source/detector orientation.
Anomalous peak widths.

Effect of urce/detector distance.

Effect of sample density.

Pile up losses (random summing).

=A =2 =4 =2 =1

True coincidence summing.

27



Development of a Reference Material
and determination of Nuclear Data for NORM analysis

1 Inaccurate decay corrections.
1 Live time correction error.

The applications of the previous corrections to the efficiency curve of the spectrometer are of
fundamental importance: the lack of even one of these aspects greatly testrtbuncrease
the uncertainty associated to the sample activity measur¢a@nt

In this work we used two types of approaches for the calibration of the detector

1 The first configuration was called Reference Material (RM) calibration apparatus.
This configuration was used for the gammag spectroscopy measurement of the
reference material. With the aim to made accurate measurement of the activity
concentration ofa nonrpoint sample, the detector calibration has been carried out
with extended sourcg400 ¢) and the measurements (RM measurement apparatus)
were carried out with the source at contact with the detector

1 The second configuration was called Nuclear Data (ND) calibration apparatus. This
configuration was used to evaluate the emission probability of the emission lines of
the radionuclides belonging to the radioactive serie&®tf. With the purpose of
makingaccurate measurements of these parameters, we chose a configuration of the
calibration apparatus in order to minimize all possible sources of uncertainty
associated with a gamnanay spectrometry measument. For this reason we chose
point sources to penfm the calibration measurements with the source to detector
distance set &t0.05 cnin order to make coincidence summing effect negligible.

During this section we present the methodologies applied the calibration of the spectrometer
in these two configuteons and the techniques used to evaluate the most important sources of
uncertainty encountered during the calibration process.

2.4.1 Standard source for detector calibration

Spectrometers are calibrated using appropriate garaypapectrum. It is important to
underline that the spectrum used in the calibration process should be of high quality and the
reference activity value of the sources used should be traceable and accurate. For this reason,
for the calibration of INMRI spectrometer we used standard esftdources.

Standard source used for reference material measurement

The INMRI sources used for the calibration of the RM calibration apparatus is composed of
17 multi-gamma sources containing different radionuclides with emission energies which
cover the mtire spectral band of interest for NORM measurem@h8 MeV) The
identification, the radionuclides, the chemical composition and the activity of the INMRI
sourcesare shown inrable2.2. All sources were composed of a solution of hydrochloric acid
(HCI) with different normality in which the various radionuclides have been dissolved. The

28



Chapter 2
Experimental methods

sources have been inserted in a cylindrical contain@d@t> volume called S8H37igure

2.9.

Table2.2. INMRI source used for the calibration of the RM apparatus.

Chemical

S(E):]I’CG Radionuclide Com[ﬁlc])sition Aféi(\q/]ity
1949 1¥Ba HCI 1 3132.94
1950 1¥Ba HCI 1 3317.75
1951 ¥Ba HClI 1 4678.56
1971m 21%p HCI 3.3 10821.46
1971m 2Am HCI 3.3 1094.50
1971m 1%%cd HCI 3.3 9226.64
1971m *Co HCI 3.3 319.49
1971m *Co HCI 3.3 319.49
1971m 123mre HCI 3.3 333.23
1971m >ICr HCI 3.3 2127.48
1971m 1350 HCI 3.3 1262.85
1971m gy HCI 3.3 1122.95
1971m B¥ics HCI 3.3 1665.80
1971m 8By HCI 3.3 2429.00
1971m ®Co HCI 3.3 1938.00
1971m ®%Co HCI 3.3 1938.00
1971m 8By HCI 3.3 2429.00
1979m #%p HCI 3.3 1683.53
1979m 2Am HCI 3.3 170.40
1979m 1%%cd HCI 3.3 1417.23
1979m *Co HCI 3.3 48.61
1979m *Co HCI 3.3 48.61
1979m 123mre HCI 3.3 49.24
1979m e HCI 3.3 264.44
1979m 1330 HCI 3.3 186.24
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Sc[J#l:]rce Radionuclide Cgrtﬁ%?écigclm A[céi(\q/]ity

1979m sy HCI 3.3 158.80
1979m Bics HCI 3.3 259.20
1979m 88y HCI 3.3 356.70
1979m ®Co HCI 3.3 300.80
1979m ®%Co HCI 3.3 300.80
1979m 88y HCI 3.3 356.70
1989m 21%p HCI 2 2455.43
1989m 1%cd HCI 2 1646.28
1989m *Co HCI 2 46.31
1989m *Co HCI 2 46.31
1989m 123mre HCI 2 29.59
1989m >ICr HCI 2 7.76
1989m 5n HCI 2 105.60
1989m gy HCI 2 42.10
1989m ¥'cs HCI 2 363.50
1989m 8By HCI 2 180.00
1989m ®Co HCI 2 430.70
1989m ®Co HCI 2 430.70
1989m 8By HCI 2 180.00
1997m *Am HCI 4 269.70
1997m 19%cd HCI 4 1296.31
1997m *Co HCI 4 61.84
1997m *Co HCI 4 61.84
1997m 13%Ce HCI 4 57.70
1997m e HCI 4 1321.66
1997m 1350 HCI 4 335.98
1997m 8y HCI 4 198.96
1997m B¥ics HCI 4 398.40
1997m 8By HCl 4 334.20
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S(E):]I’CG Radionuclide Cgrrr]}%l?s(i:sén A[céi(\q/]ity

1997m ®Co HCl 4 395.10
1997m ®Co HCl 4 395.10
1997m 88y HCl 4 334.20
2009m *Ra HCI 0.5 2160.15
2023m 21%p HCI 2 44950.53
2023m *Am HCI 2 4469.10
2023m 10%cd HCI 2 31091.94
2023m *Co HCI 2 895.07
2023m *Co HCI 2 895.07
2023m 123mre HCI 2 614.44
2023m >ICr HCI 2 245.84
2023m 1350 HCI 2 2202.96
2023m gy HCI 2 973.25
2023m B¥ics HCI 2 6651.70
2023m 8By HCI 2 3794.20
2023m ®Co HCI 2 7931.70
2023m ®Co HCI 2 7931.70
2023m 8By HCI 2 3794.20
2024m 21%p HCI 2 7387.02
2024m *Am HCI 2 734.60
2024m 19%cd HCI 2 5088.99
2024m *Co HCI 2 146.07
2024m *Co HCI 2 146.07
2024m 123mre HCI 2 99.34
2024m e HCI 2 37.63
2024m 1350 HCI 2 355.97
2024m 8y HCI 2 155.19
2024m B¥ics HCI 2 1093.20
2024m 8By HCI 2 612.30

31



Development of a Reference Material

and determination of Nuclear Data for NORM analysis

Sc[J#l:]rce Radionuclide Cgrtﬁ%?écigclm A[céi(\q/]ity

2024m ®Co HCI 2 1302.50
2024m ®Co HCI 2 1302.50
2024m 88y HCI 2 612.30
2029m 21%p HCI 2 5776.30
2029m 1%cd HCI 2 5194.77
2029m *Co HCI 2 188.31
2029m *Co HCI 2 188.31
2029m 123mre HCI 2 203.65
2029m >Icr HCI 2 1784.31
2029m 1350 HCI 2 797.89
2029m 8y HCI 2 730.54
2029m B¥ics HCI 2 902.70
2029m 8By HCI 2 1447.70
2029m ®Co HCI 2 1085.40
2029m ®Co HCI 2 1085.40
2029m 8By HCI 2 1447.70
2035m 21%p HCI 2 67186.13
2035m 1%%cd HCI 2 43261.44
2035m *Co HCI 2 1181.18
2035m *Co HCI 2 1181.18
2035m 123mre HCI 2 687.71
2035m *ICr HCI 2 104.24
2035m 1350 HCI 2 2439.31
2035m sy HCI 2 851.33
2035m B¥ics HCI 2 9953.30
2035m 8By HCI 2 4101.10
2035m ®Co HCI 2 11691.90
2035m ®Co HCI 2 11691.90
2035m 8By HCI 2 4101.10
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Chemical .
Source
Radionuclide Composition A[Cé'v]'ty

[#] [N] q
CNT-152m Bcs HCI 0.5 17.06
CNT-2041m 20Am HCI 0.5 4384.87
CNT-2049m 20Am HCI 1 46.75
CNT-2049m ¥cs HCI 1 170.00
CNT-2050 20Am HCI 1 8440.50
CNT-2050 B¥cs HCI 1 30700.20
RICE-31 B¥cs HCI 1 0.24
RICE-31 40K HCI 1 2.99

Standard source used for Nuclear Data measurement

The INMRI pointsources used for the calibration of the ND calibration apparatus was made
of 89 point-sources containing many radionuclides with emissions energies which cover the
entire spectrum of interest for NORM measurem@r8 MeV) The identificaton, the
radionuclides, and the activity of the INMRI posdurcesare shown inTable 2.3. The
geometry of each source is made of two polystyrene disc overlaid at the center ofswhich
positioned the point sourcEi@ure2.6).

Table2.3. INMRI point-sources used for the calibration of the ND apparatus.

S‘;‘:]rce Radionuclide A[Céig]ity
138 ¥ics 1117.80
140 B¥ics 1254.00
780 21%pp 10423.41
857 ®Co 134.40
900 ey 624.30
1134 “Na 1759.90
1190 21%p 1888.50
1298 ¥Ba 5509.40
1366 2Am 1743.40
1366 #Am 1739.20
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St[):]rce Radionuclide A[céi(\q/]ity
1366 1¥Ba 594.70
1366 B¥Ccs 27.20
1366 ®Co 144.60
1366 *Na 38.20
1366 ®Co 144.60
1458 *Am 14221.10
1458 ®Co 1468.60
1511 *Ra 430.86
1706 *Am 282.40
1706 Bics 220.50
1706 ®%Co 89.20
1713 21%p 2907.20
1731 19%cd 1075.37
1946 ¥Ba 784.66
1947 ¥Ba 330.87
1968 #Am 348.10
1968 1%%cd 2873.69
1968 *Co 98.06
1968 123mre 97.73
1968 >lcr 477.08
1968 35n 369.26
1968 sy 307.63
1968 B¥’cs 529.34
1968 ®Co 613.32
1968 ®Co 613.32
1968 8By 705.49
1969 2Am 481.30
1969 1%%¢cd 4190.18
1969 *Co 148.39
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S?:]rce Radionuclide A[Céi(\q/]ity

1969 123mre 165.99
1969 Sicr 1600.36
1969 1350 631.93
1969 sy 621.09
1969 (e 733.48
1969 8By 1227.97
1969 8By 705.49
1969 ®Co 858.82
1969 8By 1227.97
2001 *Am 18.40
2001 10%cd 88.55
2001 *Co 4.23
2001 ¥Cce 3.96
2001 >lcr 93.46
2001 135n 23.10
2001 8y 13.78
2001 B¥ics 27.16
2001 8By 23.00
2001 ®Co 26.94
2001 8By 23.00
2005 *Ra 1183.95
2019 21%p 4938.02
2019 2Am 490.80
2019 1%%cd 3434.56
2019 *Co 99.28
2019 123mre 69.03
2019 e 29.77
2019 1330 247.69
2019 8y 111.44
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S(E):]I‘CG Radionuclide A[Céi(\;]ity
2019 B¥ics 730.66
2019 88y 427.40
2019 ®Co 872.27
2019 88y 427.40
2032 *Am 647.90
2034 *Am 181.60
2051 Bics 1358.93
2130 21%p 452.71
Gold-Triga-4V1 %Ay 650.69
Gold-Triga-4V2 %Ay 48.32
IFO-16 BIS +Ag 134 55926.84
IFO-IRE-9 BIS +Ag 124 2851.77
SIR Ill SP1 mis1 ®Cu 166270.19
SIR Il SP1 mis2 ®cu 121713.44
SIR Il SP1 mis3 ®cu 89227.35
SR19 INT Yy 57865.32
SR20 INT Yy 59944.84
Test1l SR33 #Cu 9186.32
Test2 SR19 ®Cu 23322.75
Test2 SR20 #Cu 28230.27
Test2 SR21 ®cu 16721.84
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Figure2.6. INMRI point-source S1 used for the calibration of the ND apparatus.

2.4.2 Energy calibration

The task of energy calibration is to derive a relationship between the peak position in the
spectrum and the corresponding garmanaenergy{38]. With energy calibration we indicate

the procedure of measuring the spectrum of a source emitting geageavith known energy

and comparing the measured peak positiath energy. The energy calibration of the
spectrometry system was made with#u point source called SBO8, the gammuaay lines

of the source and its decay details are showhainle2.4. The source is chosen to cover the
spectral energy range used for NORM measureméBt83 MeV) The calibration
measurement was carried out 510000 5.7 d), it is possible that some locabn-linearity

may exist in an amplifieanalyzer system. Discrete peaks were chosen along the entire range
of measured energies to ensure an accurate energy calibration and to identify any potential
nortlinearities of the spectrometry systgdil] [42]. As shown inTable 2.4, the channel
numbers of the centroid positions 4 °>*Eu well known energy peaks were determined.
Then, the numbers of the centroid channel were compared with the absolute-gamma
energies derived from the reference d48j.

Table2.4. Main gammaray lines of thé>*Eu point source called SBOS.

PhotonEnergy Channel Fit Delta
[keV] [#] [keV] [%]

46.54 115.22 44.69 -0.32

209.25 520.84 209.32 -0.04

238.63 594.00 238.66 -0.01

37



Development of a Reference Material
and determination of Nuclear Data for NORM analysis

PhotonEnergy Channel Fit Delta
[keV] [#] [keV] [%]
295.22 735.05 295.20 0.01
338.28 842.46 338.27 <0.001
351.93 876.37 351.86 0.02
409.46 1019.81 409.37 0.02
583.19 1453.25 583.13 0.01
609.31 1518.44 609.29 0.01
727.33 1812.79 727.25 0.01
755.31 1882.84 755.33 < 0.001
860.53 2145.26 860.52 <0.001
911.20 2271.63 911.16 < 0.001
968.96 2415.75 968.93 <0.001
1120.29 2793.38 1120.28 < 0.001
1238.11 3087.50 1238.15 <0.001
1460.80 3643.26 1460.86 <0.001
1620.74 4042.19 1620.71 <0.001
1729.59 4314.18 1729.68 -0.01
1764.49 4401.33 1764.60 -0.01
1847.42 4608.34 1847.53 -0.01
2204.21 5498.48 2204.13 <0.001
2442.86 6106.63 2447.72 0.001
2614.51 6523.18 2614.55 <0.001

The linear relationship between the garmmag energies and channel numbers is clear from
Figure2.7 and can be parameterized by the following eigunat

E = 2.4967(Ch[#])i 2.7079 2.2)
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Figure 2.7. The observed relationship between the published garayanergies and their centroid channel
number from th&sPR-308 source used for the energy calibration.

The observed relationship between the gamayaenergies and their channel numbisrs
shown inFigure2.7.

The INRIM laboratory operational procedures provide a spectrometer energy calibration
before each measurement.
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Figure2.8. Gammaray spectrum of*’Eu calibration source.

2.4.3 Experimental efficiency calibration

The ful energy peak efficiency is one of the most important parameters in practical
gammaray spectrometry. The calculation of felhergy peak efficiency is straightforward; it

is the ratio between the number of counts detected in a peak and the nurpbetao$
emitted by the sourdg8]:

0 (2.2)

where N is the fullenergy peak count rate (in counts per second urgts3, the source
strength (in disintegration per second units, i.e. Bequerels)Pgnd the probability of
emission of the particular gammnay being measured. The source strength used uattea

(2.2) may need to be corrected for decay from the date of preparation and for decay during the
measuremeriB8].

Experimentallyan efficiency curve is constcted by measuring many gamirays and
plotting efficiency against energy.

The efficiency calibration of the gammnay spectrometry setp in the current work was
performed in two steps. First of all the certificated INMRI sources were experimentally
measued. After that, a Monte Carlo simulation was used to obtain correction factors used to
modify the calibration curve arid adapt it to the measurement conditions.
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Indeed, the calibration apparatus configurations used in this work were different from the
configurations used for the samples activity measurements, from both a structural (chemical
composition, density) and a geometrical point of view. If we do not consider these differences
the uncertainty associated with the activity measurements will serea

There are several reasons why the calibration apparatus should be different when compared to
the measurement apparatus, as follow:

7 Different shape of source.

1 Absorption within the source.

1 Random summing.

1 True coincidence summing.

1 Decay of the sourcguring counting.

However,the predominant effects that could increase the uncertainty associated to the sample
activity measuremerare essentially three:

1 A difference in the volume source measurement between the measurement geometry
from the calibration gometry. We will then use the efficiency transfer technique to
consider this differencg5].

1 Selfattenuation due to the different capability of the sources invtoedifferent
configurations to reabsorb the photon emitted from itself. This parameter depends on
the chemical composition and the density of the saiple

1 Concidence summing phenomenon, occurring when some nuclide emit multiple
gammarays and Xrays when decaying to the ground state. If these gamma are
emitted essentially at the same time, it is possible that multiple photons will be
detected at the same tinmethe detector, giving rise to a single signal in the spectrum
as if a single photon would have been detefG2{l

Reference material calibration apparatus

To ddermine the detector efficiency curve in the RM calibration configuration we used the
INMRI multi-gamma sources set, whose content is showiiaible 2.2. These standard
sources were contained in cylindrical containers called S8H37 filled %0 ¢ of
radioactive solution. This container is an INMRI standard container that is shadviguire

2.9 (a) and its dimensions are shownHigure 2.9 (b). All the source undeanalysis have
been placed at the center of the detector active vothroegts an object called H3F{gure

2.9 (a)) with the aim of obtaining reproducible caliboatimeasurements. This configuration
has determined a distance between the container and the detecfmoh
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Figure2.9. S8 container and H37 object (a). Dimension of S8H37 container (p)m]

The gammaay spectra of each source were accumulateffd00 sand the net counts in the
full-energy peaks determined. Only falhergy peaks which provide at least 20.000 net
counts should be considered for the efficiency calibralitflj. The interference between
multiple peaks must also be taken into account when choosing the individual peaks to be used
for the efficiency calculatiofd1]. The efficiencies of each radionuclide contained in INMRI
source at various energies were calculated using Equation 2.2. Once the efficiency calibration
of the HPGe detector was carried out over the entire energy range of inteiest MeV)

using INMRI standard sources, all measured data were fitted to an efficiency function of the
form like Equation 2.3:

- A@®D 0 at0O0 aE0O 0 GO0 atO 0 atg0O 0 &0 (23)

where P4,P,,..,Ps are parameters of the fitting function agglis the efficiency at energl
[keV].

The result of this fit is shown in the Equation (2a#d theefficiency trend, as a function of
energy, is shown ikigure2.10:

- A@Ppuv@ur pUKITA E OQX&ICHEO pudta e O p@&@ Xae O
P& T £ 'O TBITH & O (2.4)
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Figure2.10. Absolute fultenergy peak efficiency as function of gammag energy for the HPGe detector.

The efficiency transfer can be used to calculdte torrection factors for the detector
efficiency curve under different experimental conditip#S]. The best method available to
evaluate the correction factors is the Monte Carlo apprp&ih Throughout this work we
used a dedicated software call&ESPECORto evaluate the corrections to the efficiency
curve.

Nuclear data calibration apparatus

In this section we present the materials and the methodologies used for the calibration of the
detectoiin the configuration used for nuclear data evaluation.

The evaluation of the detector efficiency curve in the ND calibration apparatus was carried
out using the INMRI poinsources set, whose content is shown Tiable 2.3. This
configuration was developed to minimize all the possible uncertainty in the emission
probability measurement. For this reason we decided to use-qomuirdes for efficiency
calibration of the deictor. In fact the sample to be measured for the emission probability was
geometrically very similar to a point source as we can see in chapter 4, in this configuration
the correction factors due to efficiency transfer should be small.
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We show inFigure2.11 one of the source used during the calibration process (panel (a)), in
panel (b) is shown the schematic view of the H30 spacer and in panel (c) we observe the
geometrical characterization of the source used in this work.

S1 H30 (PUNTIFORME SANDWICH POLISTIROLO

100,55 mm

HPGe - COAX
NEW

35,639 mm

(@) (b)

(©)

Figure2.11. H30 spacer and S1 poisburce geometry (a). Schematic view of H30 spacer (b). Characterization
of the ND calibration apparatus (c).

We decide, also, to place the sources at a distanb@ ®ftmfrom the detector using the H30
spacer [Figure 2.11) in order to minimize the phenomenaoi true coincidence summing
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Moreover all the sources used for the calilomtivere placed at the center of the detector
active volumehroughthe same object (H3Eigure2.11) with the aim to obtain reproducible
measurements for the caliticm of the device.

The gammaay spectra of each source were accumulate8d000s and the net counts in the
full-energy peaks determined. The efficiencies of each radionuclide contained in INMRI
pointsources at various energies were calculated usqation 2.2. Once the efficiency
calibration of the HPGe detector was carried out over the entire energy range of interest
(0-3MeV) using INMRI standard poirgources, all measured data were fitted to an
efficiency function of the form like Equation32.

The result of this fit is shown in Equation (2.5)

- AgPpoy YUYWt Occqa XaE O x BT e O u o0 &€ O
™ pd £ 'O T8 pd & O (2.5)

Theefficiency trend as a function of energy is showFRigure2.12:
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Figure2.12. Absolute fultenergy peak efficiency as function of gamnag energy for the HPGe detector.

The efficiency transfer can be used to calculate the correction factor to the detector efficiency
under different measurement condition respect to the calibration configufddpnAs
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mentioned before in this work in order to evaluate all corrections to the efficiency curve we
used a dedicated software calleESPECOR

2.4.4 Measurement apparatus

In this section we described the measurement apparatus used in then wwedk different
configurations.

Reference Material measurement apparatus

The experimental apparatus (measurement apparatus) used for samples measurement was
different from the one used for the efficiency calibration of the device. The main differences
betveen these two configurations were due to geometric effect (size and construction material
of the container) and to the chemical composition of the samipleiact, in the INMRI

source radionuclides were dissolved in a water and hydrochloric acid (H@tjosoin

different concentrations, while the measured matrices were solid, in dé&taif:

(r = 0.96g cm®), lonex resin(r = 0.79 g cnit) and TiQ (r = 1.45 g cri?).

The container used for the RM measurements is showigure2.13, it is a glass container
containing a sample volume @00c® and called S47H0The container internal dimensions
have been obtained by filling the container with fseiting plastefthe same type used by
dentists to take teeimprint). After thegypsumsolidification, the glass container was broken

and the internal dimension of the container was measured using a preaigien(Mitutoyo

CD-6 ASX) taking care to report the thiokss of glass, todNVe show m Figure 2.13 the
container internal dimensions (panel a), the container used for the measurement of the
samples (panel b) and tpaster cast used to characterized S47HO container (panel c).

We chose a glass container since it is a material capable of retaining radon. Having regard to
the presence of radon gas in some of analyzed sample it is convenient to use a glass container
to reach the secular equilibrium within the sample.
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Figure2.13. Schematic view 0847H0(a). S47HOcontainer (b). Mold o547H0container used (c)
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Nuclear data measurement apparatus

To measure the emission probability of the radionuclides belonging to the natural radioactive
series of**U CIEMAT’ and JRC were prepared two sources: one made of ab$tlte

(SPE2014) and the other o’Ac (SPE2129). The geometrical characterizatiasf the
sourcess shownin Figure2.14.

Mo ssa disco
1,.948965g

Figure2.14. Geometrical characterization of tffidU and®*’Ac sources.

The sources were deposited on a glass disk whose chemical coompizsghown inTable
2.5.

Table2.5. Chemical composition of the glass used for the source preparation.

Elements Abundance
[mol%]
SiCG 74.42
AlLO; 0.75
MgO 0.30
CaO 11.27
NaO 12.90
K20 0.19
Fe0; 0.01
TiO; 0.01
SGs 0.16

" Centro de Investigaciones Energéticas, Medioambientales y Tecnologicas.
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During the deposition process it was evaluated of the spatial distribution of the activities of
23 source on the glass disk. The result of this evaluation is shoiglire2.15.

Figure2.15. Activity distribution of>**U source.

From Figure 2.15 it shows that the sources are not distributed over the entire disk, but on a
circle of radiusr = 12.3 cm Note that the white circumference corresponds to the external
surface of the source. We show in figure2.15 the activity distribution of thé*U source,

it has a norhomogenous distribution. Red representing an activity distribution higher than
that represented by yellow. However, in the evaluation of the corrections to the efficiency
curve we considered both sources as uniform distributed ancle of radius12.3 mm We

show inFigure 2.16 a schematic view of the ND measurement apparatus, for this apparatus
was used the same spacer showrigure2.11 (H30).

Figure2.16. Schematic view of the ND measurement apparatus.
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As can see from thBigure2.16 the measurements 6PU and®?’Ac sources were made at a
10.02 cmaway from the detector. This geometric configuration has been chosen with the aim
to minimize the coincidence summingfesft. All this information has been used by
GESPECORor the evaluation of the corrections to the DN calibration apparatus efficiency
curve.

2.4.5 Detector characterization

Throughout this work, the activity measurements were carried out with a coaxial detector
GM40-80-5, it is produced by Ortec which has certified the low radioactivity content and
technical specifications are listed rable 2.6. The detector technical chataristics are
shown in Figure 2.17, this information were used bGESPECORto calculate all the
efficiency curve correction factors.

Table2.6. Technical specifications of Ortec detector.

Cod. Materials Detector dimension

[mm]
A 5 Al 135
B 5 Al 41.28
C 5 Al 15
G 5 Al 1.5
D 1 Ge 55.5
E 1 Ge 32.95
F 6  Geinactive 0.7
G 6  Geinactive 0.7
H 6  Ge inactive 8
l1 4 empty 6
P 4 empty
L 1 Ge 41.6
M 3 Cu 4.4
N 6  Ge inactive 0.003
(@) 6  Ge inactive
P 2 Al
Q 2 Al 0.76
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Cod. Materials Detector dimension

[mm]
3/4 mix
2 Al 3.2
2 Al 105
u 7 MylarAl- 0.03/0.03
Mylar
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Figure2.17. GM40-80-5 characterization provide from Ortec.

2.5 Efficiency transfer

Direct experimental calibration of the efficientgy $f Germanium gammeay spectrometers

can be achieved only for a limited number of geometries and for specific sample matrices.
Direct computation ofe by Monte Carlo method, for instance, can be carried out for any
geometry and sample matrix, but has the drawback of being sensitive to the uncertainties
associated to some detector parameters or to other issue, such as incomplete liderge co
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in the crystal. On the other hand, the ratio between the efficiency for a particular geometry
and the efficiency for a calibration measurement is much less sensitive to the model of
detector and other input data required in the computation dofffleeency. This idea is the

key point of the method of efficiency calibration using the efficiency transfer from a
calibration measurement.

Formally, the method of efficiency transfer is based on equation:
- G QN0 (2.6)

wherek(a/ref)is the efficiency transfer factor from the calibration configuration (index ref) to
the measurement configuration (index a); (calc) and (exp) indicate computed and measured
values, respectively. Athe quantities in Equation (2.6) are function&of

k(a/ref)is defined by the ratio of the model efficiency computed in this work and the one with
the Monte Carlo method:

G Q0 — 2.7)

Substituting Equation 2.1 in Equation 2.6 we get:

- 'Y - T N e oy ‘Y ~ g Y
vy QiieeY . . 0 0 0 2.8)

where ket is the correction due to efficiency transféga is the correction due to self
attenuation andkcs is the correction due to coincidence summing. Each of these correction
factors is the ratio between the efficiency curve in which the correction is taken into account
and the uncorrected one. In this wottke Monte Carlo method (based on tBESPECOR
software[47]) was applied to evaluate this correction factors.

GESPECOR

GESPECORis a Monte Carlo based code spexfly developed for solving problems in
efficiency calibration of Ge spectrometer. This program imagine a galayremitted from a
position within the source, chosen at random and in a random direction, and follows it until it
is totally adsorbed or otherse lost to the system. The program will consider interactions as it
passes through the sample, through the detector enclosure, through the dead layer of the
detector and finally as it scatters through the detector, giving up its energy until it is
compleely absorbed or it escapes from the detector. Each simulated event provides a count
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within the spectrum in a channel representing the amount of energy absorbed in the detector.
At each stage, the program will consider the probability of interaction bgusameans. It

will take into account gamraaays that scatter within the detector and are then lost and those
which would miss the detector but backscattered from the shielding into detector. It will also
take consider those gammays that are absorbed hih the sample itself. Repeating this
process several millions of times will generate a spectrum from which an efficiency curve can
be derived48].

Typical appli@tions of this program are evaluating the matrix effect, the coincidence
summing and the full peak efficiency.

In the following, we will present the physical nature of all corrections to the efficiency curve
considered in this workGESPECORsoftware needs the accurate characterization of the
following parameters to run properly:

1 Detector characterization.

{1 Calibrdion apparatus characterization.

1 Measurenent apparatus characterization.
1

Chemical composition and density of the calibration soar@ the measurement
sample.

It is very important to underline the fact that a very accurate characterization of these
parameters will result in lower uncertainties associated with the measurement pr{g&jdure

Efficiency transfer in the case of volume source

In this work, the measurement geometry differs slightly from the one of the calibration
source, from a volumetric point of view. We indicate \4g and V, the volume of the
calibration source and of the measurement source, respectively. A Wshgrndefined in such

a way thal,es andV,are included inV. In the Monte Carlo simulation procedure, an emission
point is randomly selected M. If this point bebngs both tov,es and V, then a photon is
emitted towards the detector, the attenuatioW;gpandV, is evaluated, then the photon is
traced as in the usual procedure applie@ EEPECORIf at the end, the energy of the photon

is completely absorbed the detector, the full energy peak efficiency counter for both source
are appropriately incremented with the weight associated to the photon. If the emission point
belongs only to one of the two volumes, a photon is emitted and traced,; if finally ity energ
completely absorbed in the detector, the counter corresponding to that volume incremented. If
the emission point does not belong to any of the two volumes, than a new emission point is
randomly selectef#5].

The output of the procedure is the efficiency for each of the volume source and transfer factor,
together with their Monte Carlo statistical uncertainties. The statistical uncertainty of the
transfer factorobtained in this way in much better than the value which would be derived
from an independent evaluation of each efficiency at the same level of statistical uncertainty.
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Self-attenuation

In ideal conditions, as mentioned earlier, the sample to be measutdde calibration source
should have the same geometry, density and chemical composition. Under these conditions
the selfattenuation in the two configurations (i.e. the photon attenuation within the sample),
is the samg44]. In the case of real measurements, however, there will be differences which
will require corrections in the evaluation of the activity of a sample to be taken into account.
Each photon thatgsses through a material can have interactions inside it. The photons may
lose part of their energy because of this interaction and could arrive to the detector with less
energy with respect to its initial energy. In this way it will not contribute tathmts of the
corresponding full energy peak (FEP). The total attenuation, i.e. the fraction of photons that
interact within the source (regardless of the direction in which they are emitted by the source
or nucleus), is usually of weak practical interé3h the contrary, the fraction of photons
which are emitted in the solid angle subtended by the detector but attenuated within the source
have to be taken into account and need some corrgddnThis coefficient depends on the
chemical composition and on the density of the sample. If this information is not provided
along with the sample, it becomes necessary for the operator to either measure the mass
attenuatn coefficient by the collimated beam method or estimate it by XCOM. In these work

in order to us€aSESPECORall the mass attenuation coefficients are estimated using XCOM
through the knowledge of the chemical composition carried out through EDX measurement
XCOM is a web database that allows to calculate the linear attenuation coefficients for each
element, compound or mixture for energies ranging fiokeVto 100 GeV[51]. Throughout

this thesis, the value of the correction factor due toawdbrption of the source is obtained
through the use of tBESPECORsoftware.

Coincidence summing effect

Coincidence summing effects are of two origins. Random coincidercms o the case

when just by chance two photons emitted by different nuclei happen to interact with the
detector so closely in time that the detector cannot resolve them into two different signals.
Random coincidences are more and more important as tim¢ &e increases, because the
distribution of time intervals between two successive decays of different nuclides is displaced
towards shorter time intervals in this case. True coincidence summing effects are produced
when two or more than two photons &eud in the decay of the same nuclide happen to
interact with the detector. Normally the time interval between the emissions of all the photons
along the same decay path is much shorter than the resolving time of the detectoasgstem
consequently the detector will deliver a single signal, proportional with the summed energy
deposited by all these photons together. True coincidence summing effects do not depend on
source activity or count rate, but depend on the decay schemeraidiae. The evaluation

of these effects requires a specific combination of decay data of the nuclide with the
probability of photon interactions in the detedta®] [55].

54



Chapter 2
Experimental methods

10000000

10000000

100m00 44 I |

o000 Muwl | l |
| A
I

o 100 200 3m A0 500 (:L1) T0O 800
Enargy (ke\)

Counts

Figure2.18. Spectrum of &*Ba point source measured on the end cap of-iyp@detectof54].

As an exemplification of the magnitude of coincidence summing effedegure 2.18 the
spectrum of d*Ba point source placed on the end cap of tigpp detector is displayed. In

the decay of*Ba 9 gammarays with energies equal &8, 79, 81, 160, 223 276, 302, 356

and 383 keVare emitted. Correspondingly in the spectrunt®@a measured in the absence

of coincidence summing effects (e.g. with a low efficiency detector) @mlgaks, with the
energies given above, are expected. All the other peaks from the speisiplayed! inFigure

2.18 (except the661 keVpeak of*’Cs) are the result of coincidence summing effects. For
example the peaks from the higher energy part of the spectrum are due to random summing,
e.g. the peak at the energy&if2 keVis the result of summing tw856 keVphotons emitted

by two different nubides (712=356+356 key. Note that although the count rate in the
356keVpeak is very high, the count rate in the2 keVpeak is low; from the count rate in

this peak the order of magnitude of the random coincidences sum peaks can be inferred. It is
clea that, even if random summing contributes also to the peaks that can be attributed to true
coincidence summing, this contribution is much smaller than the contribution of true
coincidence summing.
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Figure2.19. The first part of the spectrum of th&Ba source measured on the detector end cap (dashed line) and
at 15 cm distance (full line) with the-tgpe detector. The spectra were normalized to give equal number of
counts in the 356 keV ped4].

A convenient way of evidencing the magnitude of the coincidence summing effects is to
display the spectra of the same point source measured close to the detector and far from the
detector. In the absence of coincidence summing effects the spectra sb&wdridar, with

the count rate in the peaks proportional with the solid angle. If a normalization factor is
applied in such a way as to provide equal count rates in a selected peak in the two spectra,
then the two normalized spectra should be practicdéntical (minor differences might be
present due to background contribution). The deviation from this expectation is entirely the
result of coincidence summing effects Higure2.19 andFigure2.20two energy ranges from

the spectra of thE°Ba source located 46 cmfrom the detector (full line) and directly on the

end cap dashed line) are displayed. The two spectra have been normalized3&6thkeV

peak. The spectrum of the source measured close to the detector contains many peaks that are
absent in the other spectrum (or have a much smaller count rate). Briefly spdakipgaks

at132 134, 304, 357and437 keVare due to sum peaks involving only gamma photons, while

all the other pure sum peaks are due to summing. Due to the high efficiency of the detector,
coincidence summing effects are not completely negligiblen dee the source located at
15cm(note e.g. the presence of #&7 keVsum peak]54].
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Figure2.20. Same spectra as kigure2.19 for the energy rang250 500 ke\[54].

In this work the corrections factor to the efficiency calibration curve of the measurement
apparatus due to CS was carried out uS&$SPECORsoftware.

2.6 Calibration procedure

In this section we describe the procedure used to calibrate the INMRI detether two
configurations used in this thesis.

Calibration procedure for reference material measurement

By using the values of the calibration efficiency (RM calibration apparatus) and the efficiency
transfer computed bESPECORwe obtained an accurate efénocy curves for all samples
under investigation for the activity measurement of reference materials.

The procedure used to obtain all the corrections to the efficiency curve is the following:

f The set of source listed ifable2.1 were measured on the INMRI HPGe detector in
the MR calibration configuration.

 The set ofL00¢c® sources called INMRI source, as can be seen frorfiabée2.1, is
composed of different radionuclides, dissolved in a solution composed of water and
hydrochloric acid in different concentrations. We have used the technique of the
efficiency transfer, ttough GESPECORsoftware for standardizing this set of
sources to a solution composed of water and HCI at a concentrat@riNofmal
(r=1.001 g cri?).
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1 Taking advantage of the above mentioned efficiency transfer technique, we
performed a seconGESPECORunto evaluate the correction coefficient that takes
into account the different geometries and chemical composition of the two container
used for the cdration and for RM measurement.

1 At this point we have evaluated the correction to the efficiency cesect to the
chemical composition and density of the material {sgd#nuation). Each of these
GESPECORiterations produced the correction coefficients which have been
subsequently multiplied to the experimentilaration curve (Equation 2.8).

1 Finally, using the Monte Carlo simulations, we were evaluated the correction factors
to the efficiency curve due to the phenomenon of coincidence summing.

The results of this procedure will be presented in the next chapter.

Calibration procedure for nuclear data sasurement

By using the values of the measured calibration efficiency (ND calibration apparatus) and the
efficiency transfer computed KYESPECORwe obtain an accurate efficiency curves8t
and?*’Ac.

The procedure used to obtain all the correctioriecefficiency curve is the following:

1 The set of poinsources were measured on the INMRI HPGe detectonanNiD
calibration configuration.

1 We usedGESPECORsoftware to evaluate the geometrical difference between the
ND calibration apparatus and the reeg@mat apparatus.

1 Through GESPECORSsoftware we had evaluated the correction factor due to
Coincidence summing and true coincidence summing effect. We obtained correction
factors negligible because the source and the detector w&fe0&t cmof distance
[45].

The results of this procedure will be presented in the Chapter 4.

2.7 Activity concentration determination

The number of counts under the full energy peak areas (corrected for background and blank
peak areas), the counting time, the absoluteeiudlrgy peak efficiency for the energy of
interest and the gamnray emission probability corresponding to the pea&rgy are used

for the calculation of the activity concentration in the measured samples. The specific activity,
in terms of the activity concentration, is defined as the activity per unit mass of the sample.
The specific activity of individual radionuckd in samples is given by the following equation
together with the legend explaining the meaning of the synjid]s
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5 —— — m 3 3 Jo @ Q (2.9)

- = Detector effieency (experimentally measured).

‘0= Gamma emission iansity provide in DDEP ddbase.
0 = Source net area.

0 = Blank net area.

0 "Y= Source live time.

0 "¥= Blank live Time.

“Y = Date to whichthe activity has to be referred.
“Y = Beginningdate of the source measurement.
0 = Half life.

1

1

1

1

1

1

1 Y'Y =Source real time.
1

1

1

1 "Q = Coefficient of selattenuation.

1 Q = Geometrical correction factor.

f Q =Coincidence summing coefficient.

In the above formula one recognizes two terms in which thdifeatippears:

1 The first one,Q hbrings back or forward in time the value of the activity
referring it to the instarity .

1 The second term; 3 , allows for the decay of the radionuclide

during the measurement.

A warning has tdbe raised here: both of these terms are valid only if there is equilibrium
between the parent nuclide and its daughters. On the contrary, if the radioactive processes are
more complicated because the equilibrium has not been reached yet, more compliceted t
have to be used, which, in general, will have to be calculated specifically for each case.
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2.8 Emission probability determination

The method used in this work to evaluate the emission probability of a radionuclide involves
the activity measurement of a source through a primary measurement method (i.e. mass
spectrometry, gamma spectrometfifie knowledge of the source absolute atstigilows us

to use a relative measuring method, such as the gamma spectrometry, in order to assess the
probability of emission of a radionuclide. Consider the Equation 2.12, if the object of our
investigation is thé,we can write the relationship aslfbs:

0 —— — 0 3 3 JoQQ (2.10
1 - = Detector effieency (experimentally measured).
0= A is the absolute activity of the source measuretth &iprimary measurement
method.
0 = Source net area.
0 =Blank net area.

0 "Y= Source live time.

0 "¥= Blank live time.

Y Y = Source real time.

“Y = Date to whickthe acivity has to be referred.
“Y = Beginningdate of the source measurement.
0 = Half life.

"Q = Coefficient of seKattenuation.

=4 =4 =2 =4 A =4 4 -4 4

"Q = Geometrical correction factor.
1 Q = Coincidence summing coefficient.

In the above formula one recognize® terms in which the halife appears:

1 The first oneQ hbrings back or forward in time the value of the activity
referring it to the instanty .

1 The second term; 3 , allows for the decay of the radionuclide

during the measurement.
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A warning has to be raised here: both of these terms are valid only if there is equilibrium
between the parent nuclide and its daughters. On the contrary, if the radioactive processes are
more complicated because the equilibrium has not been reached yet, more complicated terms
have to be used, which, in general, will have to be calculated specifically for each case.

In the efficiency evaluation we did not use the radionuclides that we dvemtzlculate the
emission probability, this operation was done to ensure that the activity term and efficiency
term in the Equation 2.13 were independent.

2.9 Uncertainty evaluation

The main aim of the current study is to determinate the value of the actwitentration for
NORM radionuclide aé**U, % and®*Th (and their decay progeny). These values will be
indirectly inferred using Equation 2.12. The uncertainties of the paranfegtpus quantities

in the measurement mod@h)this equation can belated tostatistical (random) or systematic
errors The latter type oérroroccurs when the measurement itself promotes a consiséent

in all the results(i.e. from literature sourde Systematic errors are corrected to the best
knowledge, leaving anncertainty characterized by a symmetrical distribution around the best
estimate of the input quantitygach uncertainty component generates a corresponding
uncertainty on the measured output quanftitite various uncertainty components f the
measurand aréhen combined in the final resultgiving the so called combined standard
uncertainty othe results.

The uncertaintyu characterizes thdispersionaround the final valug where the unknown

true value is expected to lie. A confidence interval is also usually quoted with the results of
such a study called the expanded uncertainty. This can be obtained by multiplying the
combinedstandarduncertainty by a suitable coveragetta k. In this case, the true value of
activity concentration is covered by the interval between the lxiiital andx +ku to give a

ks confidencdevel [61].

This section discusses the source of uncertainty in the determination of the value of activity
concentration of NORM radionuclide in the sample using the -tegblution gamma
spectroscopy system.

Source ofuncertainties
Identifying the source of uncertainiy gammaray spectroscopy is an essential step for
determining higkguality results. The source of the standard uncertainties can be classified

according to their origin into four categorig&l]. These standard uncertainties are shown
schematically irFigure2.21.
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Source of
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Figure2.21. Diagram of possible uncertainties possibly arising in the determination of activity concentration of
2%, 238y and***Th usinggamma spectroscopy.

Some of the uncertainties may be inferred before the start of measurement, such as
uncertainties due to nuclear data and/or energy and efficiency calibrations. Other source of
uncertainties, due to a variation of the sample and tm#asurement of the test sample itself,

are directly calculated from the measurement. Not all the mentioned uncertainties will
significantly contribute to the combined uncertainties of the activity concentration. The most
likely source of uncertainties the current study are discussed in the following sections.

Energy and Efficiency Calibration

The purpose of the energy calibrations is to obtain a relationship between a peak position in
the spectrum against the corresponding gasragaenergy[61]. The energy calibration
should cover the entire energy of inter@st 3 MeV) The measured gamnnay energies are

only used to identify the nuclides in the spectrum. Any uncertainty im#esured gamra

ray energy does not affect the quantification of the final combined uncertainty associated with
the number of counts in the peaks.

When a calibration source is prepared, it will be accompanied by a calibration measure. This
will produce, foreach nuclide, the activity per unit mass and the overall uncertainty on the
activity: these uncertainties should then be taken into account when the efficiency calibration
curve is created. In most of the cases, the calibration points will not exaatly tiee fitted
calibration line. The degree of scatter of the calibration point around the line can be said to
represent both the “goodness of fit?”
the efficiency obtained by calculation from théilmation equation.

62

of t he

(



Chapter 2
Experimental methods

The other source of uncertainty in the calibration process is the usage of the Monte Carlo code
to evaluate the correction to the efficiency curve due to the efficiency transfer,
selfattenuation and true coincidence summing. The etraluaf this uncertainty is taken

from GESPECORsoftware.

Uncertainty due to counting statistic

The most significant source of uncertainties in ganmnaya spectroscopy system is the
statistical uncertainty due to counting statistic in a full energy peakgaten energy in the
sample spectrurf61]. The counts of the radionuclide energies in the efficiency and sample
spectrum were extracted using Gamma Vision the &agb software. The net peak count
values were used to calculate the efficiency and activity concentrations of the sample.

Counting statistics are basically binomial. There are only two possible choices for each atom

in the binomial distribution, i.e. tdecay or not decay. Under most counting circumstances,

this binomial distribution is assumed to become a Poisson distribution, if the number of nuclei

is large and the observation time is short compared with thdifiealdf the radioactive
species. If thenean value of the distribution is greater th&®), the Poisson distribution can

be approxi mated by a nor mal or a “Gaussi an
events in binomial distribution is unknown, the Poisson distribution can be usednting

statistic.

It is important to derive a single parameter that can describe the degree of fluctuations
predicted by a given statistical distribution. The overall uncertainty of the measurements is
taken into consideration. The sum of the squardefdifference in the measurement can be
used to calculate the simple variance in the measurd6ignt.e.

OO O (2.11)

whereE(x)is the expected value. A more convenient factor is the standard dewviatidrich
indicates the spread of the values abouBfx

, DO (2.12)

For a set of experimentahe predicted variand#, gives a measure of the scatter about the
mean, predicted by a specific statistical mdeigd).

., B ® o 0w (2.13

whereP(x) is the probability that an n count will be observed given the expected number of
countsiE(x). The most likely number of decays is given by the Equation (2.17):
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Ow /& o (2.14)

where ¢y in this case, is the mean value of the distribution. The Poisson distribution has
similar properties to the binomial distribution, however the probalplitsc 1. This type of
distribution can be calculated from the Equation (2.18):

0 @ —Q T (2.15)
Equation 2.18 can be written by using Equation 2.17 as follow:

0o —Qf (2.16)
Then, the mean value of the distribution can be calculated from théidg(20):

, B oo nt (2.17)

By using Equation 2.16, the predicted variaéeof the distribution can be evaluated as
follow:

., B o d 0o (2.18)
» o (2.19)
NV (2.20)

Thus, the predicted standard deviation of any Poisson distribution is simply the square root of
the mean value that characterizes that sdistebution[61].

Nucleardata and decay hallife

Since the objects to analyze in gamrag spectrometry system are radionuclides,
uncertainties in the evaluatediclear data, such as the adopted decaylifaland absolute
probabilities, contribute to the overall combined uncertainty of activity concentration. In most
cases the uncertainty in the hblé is generally rather small compared to other source of
uncertainty[61]. The data and the uncertainty on decay-lnadls and gammaay transition

branching ratios were taken for thisstudy ffborPEP dat abas evedrsittlee L HNB
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Calculation of uncertainties for the reference material measurement

The estimated contribution from each component described in the previous section to the final
uncertainty is a vital step in quantifying the uncertainty. As to the relativetamtgrrelated

to the activity (Equation 2.12), it will contain several components due to the propagation of
the relative uncertainty of all the quantities contained in the Equation (2.12). These
components will be listed here:

T ¢ =49g uncertainty of tk activity due to the uncertainty of the efficiercy

T ¢ =8, uncertainty of the activity due to the uncertainty of the gamma emission
intensity (value provided by referenic3]).
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T 0=g, ¢ =g , ¢ =g uncertainty due to the correction to the efficiency curve
and provided bysESPECORsoftware.
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The whole activitys relative uncertainty is just the square root of quadratic sum of the
components of uncertainty:

O = (2.22)
where the index j indicates tjf component of the uncertainty.
The explicit form of the activity's uncertainty is:
0 =g 0 =g O =8 i1 {4rdpvs
| i
oy &y
0= A0 = ST 44 A
oy lj 3 — J.“I:rv
R L i o
0=§JJ|'+ 0—@% <>—§”Jv+ <>—§””r
(2.22

Calculation of uncertainties for the nuclear data measurement

The estimated contribution from each component described in the section on the nuclear data
determination to the final uncertainty is a vital step in quantifying the uncertainty. As to the
relative uncertainty related to tlgamma emission intensif§gquaton 2.13), it will contain

several components due to the propagation of the relative uncertainty of all the quantities
contained in the Equation 2.13. These components will be listed here:

T 0 k& . uncertainty of thegamma emission intensijue to theuncertainty of the
efficiency-.

T 0 k& _ Uuncertainty of the gamma emission intensity due activity measurement
carried out though primary measurement method.
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curve and provided b ESPECORsoftware.

The whole gamma emission intensgyelative uncertainty is just the square root of quadratic
sum of the components of uncertainty:

L (2.23)

where the index j indicates tjfécomponent of the uncertainty.

The explicit form of thegamma emission intensisyuncertainty is:
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2.10 Determination of characteristic limits

The detection capabilities associated with measuring and analyzing radioactivity levels vary
according to the instrumentation and analytic techniques used. For-l@vielcounting
system, it is necessary to determine tbecision thresholdabove which ounts can be
considered statistically significant. The concept aleaision thresholdor critical level) and
detection limit was established by Currie in 1948]. The critical levell¢, can be defined as

a decision level above which the net counts represent some detected activity, with a certain
degree of confidence. However, the decision limit is usually not significant for the activity
measurement. A seconunit, which is the detection limit can be introduced. The Detection
Limit, Lp, can be defined as the number indicating the true net counts which will be detected
above the acceptable levek] with a given probability when real activity is present.

Mathenatically, thedecision threshold¢an be given by the followingpproximaterelation
[43] [57]:

0 C&cH— (2.25)
And the detection limit by the following equation:

0 T1T&uv—r (2.26)
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where 0 are the background counts of the source @i is the live time of the
background measurement. These two limitsdeeved under the assumption that the only
source of blank variability is due to statistical fluctuations and are expressed 24%he
confidencdevel.

The values of thelecision thresholdand detection limit of the gammeay spectrometry
system were detmined from the background measurement by counting an inactive blank
container with the same geometry of the sample measurements, filled wothizbel water.

2.11 Power moderate mean

The activity value of th€MR was obtained through the activity measurenuamtied out by
three metrology institutes participating in the MetroNORM project. The power moderate
mean (PMM) is based on a concept by Masfelile [69] (M-P) mea. Its results are
generally intermediate between arithmetic and weighted mean.

The power moderate mean can calculate an efficient and robust mean from any data set. For
mutually consistent data, the method approaches a weights mean, the weights being the
reciprocal of the variance (squared standard uncertainties) associated with the measured
values. For data sets which might be inconsistent, the weighted mean is moderated by
increasing the laboratory variance by a common amount and/or decreasing thefptheer
weighting factor. The task of this part of the work is to derive the best possible estimate of the
object to measure (activity value of tiBMRs) from a set oN measurement datq and
associated standard uncertainly The method applies to datayhich are mutually
independent and normally distributed around the same value.

In the next part of the section the mathematical steps are shown in order of execution:

Calculate the MP mean:

B ——
@ (2.27)

where:
1 xis the activity value;
1 uis theuncertainty related to x value;
1 & is the variance;
usings® = 0 as initial value, which conforms to weighted mean.

Calculate the modified reduced obsen@dvalue
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w —B — (2.29)

if w p increase the varianc® and repeat step and2 until w p is obtained, then
asses the reliability of the uncertainties provided. After that calculate a characteristic
uncertainty per datum, based on the variance associated with the arithmetiajoedhe

M-P mearxm, whichever is larger.

'Y 0dA@G v » (2.29
in which

176 B ——f B o

T ando B ——

Calculate the reference value and uncertainty from a powelerated weighted mean

@ B o —— B 6 i Y (2.30)

0 6 & 6 1Y (2.31)

where the powesa is the reliability of uncertainty and can assume the following value:
| ¢ —whereNis the number of value used to evaluate the PMM.

Statistical tools may be used to indicate data that are extreme. An extreme datum is such that
the magnitude of the differencg between a measured value and a candidate Key
Comparison Reference Value (KCRX); exceeds a multiple of the standard uteiaty u(e)
associated witle:

Ns VOO » (2.32)

wherek is a coverage factor, typically between two and four, corresponding a specific level of
confidence.

Applying the same Equation.@3) and (2.34) to the PMM provides an elegant way to use the
modified uncertainty:
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6Q 6 & — p (2.33

6Q 6 & — p (2.34)

The approach ofising the modified uncertainties limits the number of values for which the
inequity in Equation (2.32) holds.

After exclusion of any data, a new KCRV and its associated uncertainty are calculated, and on
the basis of test (Equation (2.32)) possibly furtsereme values are identified. The process
is repeated until there are no further extreme values to be ex¢tfjed

Visualization of interlaboratory comparisorresults in PomPlot

The PomPlot, an intuitive graphical method, is used for producing a summary overview of the
participant results of a common measurand. The PomPlot display (relative) deviations of
individual results from the reference value on the horizontal axis and (relative) uncertainty on
the vertical axis.

The PomPlot displays the relative deviatiqg@gMAD) of the indvidual results(xap) from
reference value on the horizontal axis and relative uncerta{nfigl\D) on the vertical axis
(Figure2.20).

reference value
0 } — |

ul/MAD

High Undertainty

~ l
§ Low Significance ‘,
3 : ; :
4 2 0 2 a

(X-X_YMAD

Figure2.22: Interpretation of a PomPI§z0].
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For both axes, the variables are expressed as multipl&$ADE which is defined as the
median absolute deviation from the reference vatug:

060 0 QQEIH Q pB8&e (2.35)
whereD; is the difference between the reported and referencetgctivi
0O W W (2.36)

The MAD was used because of its robustness. For every data point the uncertaintigs on
andXeer:

6 6 O 6 O (2.37)

Thez score,ss 90 60s plt ¢ 6 arerepresentedvy diagonal solid lines, creating the
aspect of a pyramidal structurBigure 2.22). The z scoreis a measure for the deviation
between laboratory result and reference value relative to the total uncertainty, in conformity to
with its definition. Dots on the rightand sideof the graph correspond to the results that are
higher than the reference value while lower values are situated on the left. When the claimed
uncertainty is low, the corresponding point is situated high in the graph. The most accurate
results should betsiated close to the top of the pyramid. Points outside ag-the o lines

are probably inconsistent with the reference v@rnag.
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Chapter 3
Reference Materiab

ReferenceMaterials are used for validation, quality assurance, calibration and development of
new methods in many scientific disciplines. Therefore they form a benchmark for
measurements.

In the ISO/Guide 30:201%64] a ReferenceMaterial (RM) is defined a® “ mat er i al
sufficiently homogeneous and stable with respect to one or more specifiedipsypehnich
has been established to be fit for its inte

Instead e&CRM is defineda s Raferénce material accompanied by a certificate, one or more

of whose property values are certified by a procedure which establisitestility to an
accurate realization to the unit in which the property values are expressed, and for which each
certified value is accompanied by an uncertainty at a stated level of confifésle

Aim of this part of the work is to realize and characterizERM for activity of natural
radionuclides measurement with uncertainty upGeo (k=1)

Three candidateSRMs wereconsidered and evaluated
1 Tuff.
1 lonexresin.
1 Titanium dioxine waste (Tig).

After a preliminary evaluation of the characteristics of those materials, we chose the lonex
resin to be elected as CRM through a characterization procedure. These materials, prepared by
CMI®, were sealed in a metallicontainer. The standardization was carried out using a
secondary measurement method, gamayaspectrometry with High purity Germanium
(HPGe) detector. The reference value for the massic activif?of and *%U with the
associated uncertainty was themrreed out through a collaboration between three
metrological institutes (CMI, ENEA, NP).

8 Czech Metrology Institute.
® National Physical Laboratory.
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Other task of this work is to use tlikMR to develop a spectrometry activity measurement
method for NORM sample: this procedure was provided by ENEA INMRI. Atrideoéthis
chapter the procedure used to validate the measurement method will be presented.

3.1 Preliminary evaluation of the candidate reference materiad

In this part of the work, we present the preliminary evaluation of the candidate reference
materials. Tlhse materials were prepared and found by three different institutes participating
in the MetroNORM project, in particular the Tuff has been found and prepared by ENEA,
lonex resin by CMI and Ti®@by NPL. Together with the procedure used for the preparation

of the samples, in this section, we present the chemical characterizations, the homogeneity
measurements and the preliminary activity measurements of the candidate reference materials.

3.1.1 Sample preparations

In this section we describe preparationsgins and main usesf all the samples under
investigation.

Tuff

One of the materials chosen as a candidate reference material was Tuff. We chose this
material for two main reasons: first of all because it has an enaogluntsof natural
radioactivityto be used as a calibration source for the spectrometer, the second reason is
because it is widely used as a building material for homes and workplaces in the central
Italian regionsTuff (from the Italian tufo) is a type of rock made of volcanic ashtegefrom

a vent during a volcanic eruption. Following ejection and deposition, the ash is compacted
into a solid rock in a process called consolidati6s]. Tuff is widely used in Italy as a
building material and it is extracted and processed by many industries. One of them is located
in the Sabatini mountains in Romsenorthern district.

These Tuff 1s called “bianco a stairsgttname ner e’
comes from the contamination of the Tuff by the pumice. The sample was purchased from an
industry specialized in construction materials, located in the area of Anguillara (RM), the

small town near ENEA Casaccia research center. In ordesetd as reference material and to

measure it with gamma spectrometry, the Tuff brick was crushed and the obtained powder
was then sieved and dried.
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Figure3.1. A Tuff brick.

The grinding procedure togiace in three distinct phases:

1 The brick (10 kg) was coarsely crushed with an hammer, to obtain pieces small
enoudn to be inserted into a grinder.

1 We then coarsely ground the sample by setting the movable jaws of the grinder
(Figure 3.2) at a distance of0 mm This allowed us to make a Tuff dust, preventing
the aggregation due to moisture present in the sample. The powder Tuff thus obtained
was inserted into an ovem a temperature af20 °Cfor about24 h to delete all the
moisture present in the sampkdure3.3). The optimum drying time was estimated
by weighting the samplevery three hours until the weighting has remained constant
for at least three cycles of measurement.
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Figure3.2. Grinder used in the Tuff preparation.

fir
'”Ht'}

Figure3.3. Oven used to dry the Tuff sample.

1 As a final step, we ground the Tuff for the second time by setting the jaws of the
grinder to the shortest distance possible.
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The drying of the sample carried out during the grinding process allowed us t@isatbel
coefficient fresh/dry(1.13) necessary during the analysis of the activity of the radioactive
sample.

The sampleafter the grinding procedurejassifted Figure3.4). We selectedhe dustTuff of
magnituddess tharthe 100 mesh(150 /7m) to make the samplas compact as possiblEhe

Tuff density is:0.96 g crit.

Figure3.4. Device used to sift the Tuffowder.

lonex resin

lonex is a material from water purification filters used for removing uranium from water, one
of the advantages of this material is that it can be regenerated. The uranium obtained from the
regeneration can be then recycled in otheusty sectors. Concerning water composition,
there are two types of loneweakly basic annex and strongly basic annex. The sample in
Figure 3.5 is a strongly basic mmex. It is a styrewlivinyloenzene copolymer with
trialkyl-amingroups. The insoluble matrix in the form of small beads provides a high surface
area. Mean bead sized64mm
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Figure3.5. lonex befordright side) and after (left side) regeneration.

The lonex technologyHigure 3.6) is beneficial because it is highly selective for uranium,
does not change the tagir properties of drinking water and it is easy to operate.

Figure3.6. The process of water purification in waterworks.

Radioactive lonex was obtained from waterworks in the Czech Republic frandastry
which is the producer of lonex technology.
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The sample analyzed contains a large amount of carbonates (sediments from water, approx.
250 gper 1 kgof lonex), which caused inhomogeneity of the sample and had to be removed
from the sample before gamaray spectrometry measurement.

The sample immersed in distilled water was placed into the ultrasonic bath. Then, the sample
was washed with distilled water on a si€@e3 mm) Most of carbonates were removed. No
significant amount of uranium was detetta the waste water nor in the removed carbonates.

A sample of the treated lonex was finally air drie desiccator with fOs and mixed up.

Bulk densityof the active lonex samples was abBt9g crmi®. The samples were dried in a
desiccator with FOs and the content of water in lonex resin sample was determirii¥as

TiO,

The titanium dioxide is a chemical compound that occurs in the form airtzde crystalline
powder, tending to white; its chemical formula is Ti@he titanium dioxide, due tasi high
refractive index, is mainly used as white pigment in paints, plastics and building cement, and
as a matting agent for caled paints; for this reason, it is also commonly called "titanium
white" [66] [68]. With the aim of making it a sample for gammay spectrometry the
following operation were operated: raw material was inserted into several large containers for
drying in a microwave to getd of all moisture contentHjgure3.7). After the drying process,

the material was transferred into a mortar and carefully crushed.

Figure3.7. Titanium Oxide material after it is dried in microwave oven.

After that, content was ground into powder form using a-gyilh and the content was then
sieved t0100 mesh(150 um) The TiGQ material was then transferred into an Inverstna
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mixer (Figure 3.8), to produce a perfectly homogenized powder, using a special
threedimension inversion kinemati

Figure3.8. Inversina 2. mixer used to homogenized the powder.

At the end the material was bottled56 gAzlon bottles Figure3.9).
The density of this material k545 g criv.

Figure3.9. Titanium Oxide material in 50 grams Azlon bottles.
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3.1.2 Chemical characterization

All NORM samples were examined in a Camdda?2500 scanning electron microscofbeat

is fitted with anOxford Instruments Ltd:INCA Energy -Max 80 Silicon drift detector for
acquiring energylispersive Xray (EDX) spectrum. Backscattered electron images, which
show atomic number contrast, were examined for the presence of impurity phases within the
sampled materialsThe SEM was operated at an @lerating voltage oBOkV, and EDX
spectra were measured over a time perio806f sto allow the detection of elements present

in low concentrations i.e? 0.1wt% The NORM samples were attached to SEM stubs using
doublesided conductive carbon disks. Wirt layer of carbon was deposited onto the samples

by a thermal evaporation process to make them electrically conductive for electron
microscopy and EDX analysis. The EDX spectra are processed using a-coatntion
program (ZAFcorrection factors, wher Z = atomic number, A = absorption and

F =fluorescence) to quantify the chemical composition. However, it is not possible to
quantify light elements such as carbon, oxygen and nitrogen accurately due to poorly known
ZAF correction factors. NORM samples$uff (volcanic ash), lonex Resin and TLi@vere
examined in the SEM and analyzed using EDX spectroscopy. Approximate sample
compositions were determined from the EDX data. Carbon (apart from in the measurement of
lonex Resin) was excluded from the analyassit was applied as a conductive layer on the
samples.

Tuff

Through an EDX measurement, we have obtained the chemical composition of the sample. In
Figure 3.10 (a) the image of Tuff sample obtained through the detection of backscattered
electrons is shown, and Figure3.10 (b) the spectrum obtained with the EDX is shown. By
using this information we have obtained the chemical composition of the material.

Spectum 1

1 3 4 5 8 1 8 9 10 11 12 13 14 15
[Full Scale 98184 cts Cursor: 11,603 (482 cis) ke

() (b)

Figure3.10. Backscattered electron image of Tuff sample (volcanic ash) (a) and its EDX spectrum (b)
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Theisotopic composition of the Tuff sampkeshownin Table3.1:

Table3.1. Approximate composition of Tuff sample.

Elements Abundance
[%0]

Si 34.44
K 19.64
Ca 17.66
Al 12.38
Fe 10.71
Ti 1.47
Ba 0.81
S 0.78
Sr 0.76
P 0.42
Mn 0.40
r 0.23
Pb 0.06
Th 0.02
Y 0.02
Nb 0.02

lonex Resin

lonex resin was examined in the SEM and analyzed using EDX spectroscopy. Approximate
sample composition was determined from the EDX data. Unfortunately in this case EDX
spectrum was not possible due to sample matrix. The backscattered electron imagm is sho
in Figure 3.11. The composition of the sample with lonex resin created, as we see in the next
chapter, was determined also by CHNSCarbon, hydrogen, nitrogen, arsilfur (light
element) analysis on the device Elementar vario EL Ill. The content of oxygen was calculated
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from the content of water in the sample (dryindl@b °Q and from the continent of HSO
groups in the sample (from the content of sulphur).

wCAG,
('S[,"L‘LUU']? 1,9 /‘i

30 20

PR 1, Xl

A

5mm ' Electron Image 1

Figure 3.11. Backscattered electron image of lonex resin sample.

The isotopic composition of the lonex resin samglkehown inTable3.2.

Table3.2. Approximate composition of lonex resin sample.

Elements Abundance
[%]
C 59.72
N 11.51
O 12.23
H 11.41
S 4.62
U 0.54

TiO,

TiO, was examined in the SEM and analyzed using EDX spectroscopy. Approximate sample
compositions were determined from the EDX data. The backscattered electron images and
EDX spectrum are shown Figure3.12 and approximate chemical compositions are given in
Table3.3.
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i Spectum |
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(@) (b)

Figure3.12. Backscattered electron image of J&@mple(a) and its EDX spectrurtb).

Table3.3. Approximate composition of Tigsample.

Elements Abundance
(%]
O 44.11
Ti 41.69
S 9.21
Fe 2.84
H 2.15

3.1.3 Homogeneity measuremest

A comparison of the net peak areas of the main energy gamma lines were made to evaluate
the homogeneity for the three selected materials. CMI carried out evaluation data of
homogeneity for the lonex resin material, ENEA for thef Bnfd NPL for TiQ.

Tuff

The homogeneity of the Tuff is guaranteed because the entire sample was extrapolated from a
single brick; the size of it is of most commonly used in the building industries.
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The same amount of Tufl00g) was filled in six identical container&igure3.13). Each of
these containers was measured by gammayapectroscopy f@4400 s

Figure3.13. Tuff sample used for homogeneity evaluation.

Then the spectra were analyzed and net peak counts for the most intense peaks were
compared. The coefficient of variation for each nuclide is ud.@% The results of
radiation lomogeneity for the Tuff sample using gammg spectrometry are listed Trable

3.4.

Table3.4. The data collected ithe table represents the Tuff homogeneity measurement.

Radionuclide 2087 21 217 .\ K
Photon HEergy [keV] 583.53 351.93 609.30 | 911.19 | 1460.80
1 16751 25074 18135 11241 17093
2 16804 24937 18132 11362 16578
3 16776 25439 18252 11371 16996
sample [#] 4 16750 24801 18248 11345 16876
5 16800 24803 18134 11234 16850
6 16685 24965 18080 11153 16944
Average [#] 16763 24989 | 18169,20| 11293 | 16848,80
Standard Deviation 43.80 259.49 68.43 88.18 175.78
Coefficient of Variation [%] 0.26 1.04 0.38 0.78 1.04
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lonex Resin

The same amount of lonex regB0 g)was filled in the seven identical containers. Each of
these containers was measus@000 s

Figure3.14. Seven identical containers filledth the same amount of lonex resin.

Then the spectra were analyzed and net peak counts of the most intense peaks were compared.
The coefficient of variation for each nuclide is ufLé.

Table3.5. Thedata collected in the table represents the lonex resin homogeneity measurement.

Radionuclide 24Th 24Th 2 ) 2
Photon Eergy[keV] 63.30 92.38 and 92.80 | 143.77 163.36 185.72
1 437749 813453 88022 40192 421784
2 437325 812135 89513 40446 427504
3 435186 803363 89264 40322 426861
Sample ] 4 434702 811453 89753 40774 427172
5 432327 806705 89402 40194 | 423955
6 433224 815118 88954 41085 426467
Average [#] 434897.30 810574.48 89073.27| 40584.55| 426259.46
Standard Deviation 1883.35 3304.39 553.32 | 362.62 | 1279.99
Coefficient of Variation [%0] 0.43 0.41 0.62 0.89 0.31
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TiO,

The same amour(60 g) of TiO, was then filled in six identical containers (Azlon bottles,
Figure 3.9). Each of these containers was measured36800 s Then the spectra were
analyzed and net peak counts of the most intense peaks were compared. The coefficient of

variation for each nuclidis up to1%.

Table3.6. The data collected in the table represents thg R@ogeneity evaluation.

Radionuclide 2087 21%pp 2B 228pc K

Photon mergy[keV] 583.53 351.93 609.30 911.19 | 1460.80

1 7682 9173 6775 5524 9732

2 7689 9230 6801 5495 9801

3 7701 9306 6828 5600 9768

Sampletf] 4 7790 9219 6789 5489 9820

5 7648 9389 6801 5510 9662

6 7592 9210 6793 5442 9782

Average [#] 7684 9255 6798 5510 9761

Standard Deviation 65.3 79.0 17.6 52.2 56.9

Coefficient of Variation [%] 0.85 0.85 0.26 0.95 0.58

3.1.4 INMRI activity measuremerd

In this section we present the strategy used for the preliminary activity measurement of the
candidate reference matesal'he determination of the activity of natural origin radionuclides
are complex due to the large number of radionuclides present in the samples. Moreover, each
radionuclide can decay through many different nuclear transitions and thus, it has a large
numbe of emission lines. If a radionuclide has multiple garmangs then the weighted mean

from the activity of several gamma lines was calculated after checking if they are consistent
with each other. The gamma lines used for a radionuclide are those withadipty greater

than 1%. When we are calculating the activity of a decay chain, activity of alioad
radionuclides are present and several slhatl daughter nuclides may also have contributed

to the final activity. So the final activity for loAgved nuclides can be calculated as the
weighted mean of the daughter nuclides activities, if they are in secular equilibrium.
Assuming a state of secular equilibrium, a wide range of relatively intense geyma
transitions were used and these could bebioed to estimate the activity concentrations of
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238 and®*?Th in the samples. The activity concentration8t) was determined using the
gammaray transitions associated with decays?6Ra (186.21 ke\]) **Pb {95.22 and
351.93ke\) and*'“Bi (609.31 1120.28 1238.11 1764.49and2204.21 keY. The gammaay
energy peaks associated with decay&%fc (338.32 911.19and968.96 ke, **?Pb (238.63
and 300.08 keY, ?*?Bi (727.33and 1620.73 keY and?°®T| (583.18and 2614.51 keywere
used to determithe activity concentration 6f“Th. Activity for U is calculated from its
own gammdines, but for186.62 keMine it is calculated fronf**Ra, which interferes with
this gammaine. The activity of“°Ra was calculated from its daughter nuclidesthedefore

it is possible to calculate the amount of counts at the enert§6062 keVby subtracting the
counts from that peak, the result in counts ¥V can be given. Activity of?’Ac is
calculated from*'Th. “)K is calculated from their own ganatine (1460.82 keY The
nuclear decay data are taken from the DDEP website. Equilibrium befdf&nand the
2Rn daughters in all samples have been reached, this is due because thafhbeteeen
sample preparation and measurement. The net nuofibmunts under each phepeak of
interest were then background subtracted using the time corrected background spectrum taken
using the deonized water blank measurement. The absolutechdirgy peak efficiency and
the relative gammaeay intensity weraused to calculate the final activity concentrations of a
particular nuclide.

In the next sections were discuss in details the strategy used to determine the activity
concentration of candidate reference materials.

Tuff

The Tuff sample was measured &0000 sone month after its preparation. This amount of
time allows to establish the secular equilibrium within the sample.

The experimental apparatus was the measurement apparatus explained in Chapter 2, the use of
the glass container guarantees thal@dshment of secular equilibrium. In fact glass permit to

keep the Radon gas inside the container. We @&ES8PECORsoftware to evaluate: the
geometrical correction respect to RM calibration apparatus, thatsatfuation and the CS
correction.GESPECORto do this operations needs to know the chemical composition of the
measured samples, its densify=0.96 gcm®) and the materials that constitute the
experimental apparatus both in the measurement configuration and in the calibration
configuration.

In Figure 3.15 the magnitude of CS corrections, as function of energy, carried out from
GESPECORsoftware is shown. We can observe at specific points the difference® due
coincidence summing. In this case corrections have the maximum (v20%) for 2°°T| at
252.6 keV

In Figure3.16 the result of the calibration procedure respect to MR calibration curve is shown
as function of energy. The curvekilgure3.17 shows the relationship between the efficiency
of the MR calibration apparatus versus the efficiency of the measurement apparatus, this is
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done to underline how large the correction between these two different configurations could
be.
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Figure3.15. CS correction factor in the Tuff sample.
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Figure3.16. Calibration curve of the MR calibration apparatus (blue) and calibration cuthe ofieasurement
apparatus (red).
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Figure 3.17. Difference in percentage between the efficiency of the MR calibration apparatus versus the
efficiency of the measurement apparatus.

In Figure3.16 we could observe that the percentage difference of the efficiency curve of the
MR calibration apparatus compared to the efficiency curve of the measurement apparatus
reaches a mimum of -2.8% at (*“Bi), at energies lower thaR00 keV In this part of the
spectrum the dominant phenomenon that determines these differences between the two
calibration curves is the CR4]. On the other hand, for 830 keVenergy we observe a
reversal of the trend described above. In fact, in this region of the spectrum the S4HO
configuration (Tuff) is more efficient than S8H37. The measurement configuraion
geometrically mordavourablethan the MR calibration due to the shape of the container and
due to the fact that it is positioned in contact with the detector since theeditring
samples (H37)Rigure2.9 (a)) in this configuration was not used. The correction factor due to
the different geometrical configuration is more relevant respect to the CS correction for
energies exceeding00 keVV We can observe differences between the two configurations that
are around%. The gammaay spectrometry speaim of the Tuff sample is shown is shown

in Figure3.18.
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Figure3.18. Tuff gammaray spectrum.

2 disintegrates by alpha emission to the excited level§*@h which in turn emits
gammarays that can be detected to count the disintegrations of the padioe ¢>°U). In
Table3.7, the most intense gamma energies emitted after the disintegration rfi@iak of
232 are reported:

Table3.7. U gamma emission energjy3].

2% disintegrations
counted by the gamma emissioi*6fh

protnerergy RN proonsper 100 uieTEY
[keV] disintegrations
109.191 0.070 1.66 0.013
143.767 0.003 10.94 0.060
163.356 0.003 5.08 0.030
185.720 0.004 57.0 0.300
202.12 0.010 1.08 0.020
205.316 0.004 5.02 0.030
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The most intense gamma emission takes plad8a72 key however it is also known that
?2Ra (which belongs to th&%U series) emits at86.21 keVBeing these energies so close to
each other, the relative counts would pile up in one single peak. Tirsiswe have to
evaluate the activity d*°Ra from its daughter nuclides lik&Pb and**Bi. Then subtract the
22°Ra contribution tdl85.720obtain the”*U activity. *°K decay in*°Ar in an excited nuclear
state through 4" -decay afterwards it decays iits ground statehroughthe emission of
1460.82 keVgammaray photon.?*Pb activity measurement was carried out through the
46.53 ke\emission line.

Table3.8. #Th gamma emission ener{§3].

234Th disintegrations
counted by the gamma emissiori°8fPa

Uncertaintyi Uncertainty-

Phot[?(g\E/]nergy Energy Z?;Ef[gzrg%;ﬁgo Photons per 100
[keV] disintegrations
766.361 0.020 0.323 0.004
1001.026 0.018 0.847 0.008

?’Ra disintegrates with-emission t0°?®Ac, which possesses many gamma emissions. In
Table 3.9 are listed the most probable emission lines?®c. This method produces the
correct result only if the parent radionuclid®3Ra) is in equilibrium with its daughter
nuclides t?®Ac). Thanks to the short halffe of ??®Ac (6.13h), one is justified to reckon that
this condition will be fulfilled after waiting for a sufficiently long amount of time which is
about5 timesthis haltlife. The most intense emission line?tAc is those a911.196 keV

Table3.9. #Th gamma emission ener{§3].

22%Ra disintegrations
counted by the gamma emissiofBAc

Uncertaintyi Uncertainty-

PhotonEnergy Photons per 100

[keV] E[E:\r}j]y disintegrations F::;xzz rr;?i:)rl](s)o
99.05 0.120 1.26 0.040
129.065 0.003 2.50 0.07
209.248 0.007 3.97 0.13
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2?!Ra disintegrations
counted by the gamma emissiori?8Ac

Uncertaintyi Uncertainty-

PhotonEnergy Photons per 100

[keV] E[Qs\r/‘(j]y disintegrations F:j?;t]()tgz r%?i:)ﬁgo
270.245 0.007 3.55 0.10
328.004 0.007 3.04 0.11
409.460 0.013 2.02 0.06
911.196 0.006 26.2 0.08

2%Th measurement was made through the measuremefi‘Bif and 2°°Tl which have
emission lines of sufficiently intense to be measured by gamagnapectrometry. All the
elements belonging to this radiative chain have a very shorifiealfvith the exception of

228Th which has a halfife of 1.91 yearsConsequently, iwill be sufficient to seal the sample

and wait for a time greater thantimesthe longest halfife in the chain ¥’Ra 3.66d) to
determine the secular equilibrium within the sample. Once this condition is achieved it is
possible to bring the activitiesf ?*°Th to that of**Bi and ?°°Tl. The most intense gamma
emission lines used to measdt&i and ?®°Tl are listed inTable 3.10 and Table3.11. The
510.97 ke\emission line of%Tl was not included in the mean BfTI activity because that

line has an interference with the single escape peak of the ddteliokeV) In fad, during

the pair production, a possible phenomenon of interaction of radiation with matter, one of the
two photons generated from the annihilation of the positron can escape from the detector. The
other photon emitted &t80° respect to the first one cdully release its energy within the
detector, creating a peak in the energy spectrumilatkeV In this condition there is an
interference between tHf&°Tl peak and the single escape peak and since it is difficult to
evaluate this interference we dedd® eliminate these contributions from the evaluation of
298T| the activity concentration.

Table3.10. ?*Bi gamma emission energy3].

2%Th disintegrations
counted by the gamma emissiori"éBi

Uncertaintyi Uncertainty-

PhotonEner Photons per 100
[keV] ¥ Energy disintegr%tions Photons per 100
[keV] disintegrations
727.330 0.009 6.65 0.04
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28Th disintegrations
counted by the gamma emissiori"@Bi

Uncertaintyi Uncertainty-

Phot[ig\E/]nergy Energy Z?;;(igzrg%roﬁgo Photons per 100
[keV] disintegrations
785.37 0.090 1.11 0.01
1620.738 0.010 0.12 0.13
Table3.11. ?°)T| gamma emission energy3].
28Th disintegrations
counted by the gamma emissiori%f|
PhotonEnergy Uncertaintyl Photons per 100 Uncertainty-
[keV] Energy disintegrations Photons per 100
[keV] disintegrations
510.723 0.020 22.5 0.2
583.187 0.002 85.0 0.3
860.531 0.020 12.4 0.4
2614.511 0.010 99.7 0.5

In Table3.12 the activity concentrations of the more intense radionuclide present in the Tuff
sample are reported.

Table3.12. Results of Tuff sample by gana ray spectrometry.

Radionuclide Ac[éql;é?c)
U 19.1+58
?Ra 2272 +36.1
%Pb 381.3+76.2
?Ra 344.29 + 12.02
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Radionuclide Ac[ éqt;é?t)
°Th 347.81 + 11.04
K 1765.2 + 198.6

The chemical compositions of Tuff appear to be characterized by an exceptional enrichment
in 2%, 2Th and*K, possibly due to a coupled effect of source composition and magma
evolution at shallow levels. Lithification due to glass to zeolites convedses not provide
significant enrichment/depletion 61U and?3*Th, whereas volcanic rocks appear to undergo

a remarkable enrichment during acid hydrothermal alteration. The characterization of the Tuff
material showed that many radionuclides were prtesethe sample with enough activity to

be measured on standard detector. The measured activities of this sample were in the same
order than the one found in literat6¥]. The activity of***U daughters may have been too

low to be used easily for detector calibration.

lonex resin

The lonex resin sample was measuredbii?000 sone month after its creation. This time is
necessary to establish the secular equilibrium in the radioactive chains. The density of this
material is0.79 g criv.

The calibration apparatus used for this measurement was the MR calibration apparatus. For
this measurement we used the INMRI standard container, S8H37. The activity concentration
of *U was carried out through its most intense emission line and through the daughter of
238 (***Th and®*"Pa). We use@GESPECORsoftware to evaluate the geometricatrection

respect to MR calibration apparatus, the-aéénuation and the true coincidence summing
correction in this configuration we had the same calibration and measurement apparatus the
only difference were in the chemical composition between #iibration source and the
sample under measurement.

The corrections due to the CS are showRigure3.19, in Figure3.20 is shown the result of

the calibration procedure together with experimental calibration curve as function of energies
(MR calibration apparatus). Instead HKigure 3.21 is shown the percentage difference
between the MR calibration apparatus curve and the measurement configuration curve, to
underline how large that correction might be.
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Figure3.19. CS correction factor in the Tg&ample.
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Figure3.21. Difference in percentage between the efficiency of the reference apparatus versus the efficiency of
the Actual apparatus

In Figure3.21 CS correction for those radionuclide used to evaluate the activity concentration
of U and®®U (***Th and®**"™Pa in secular equilibrium) are shown: these corrections are
small and they arbetween-1% and 1%, throughout the whole energy spectrum. Looking at
Figure 3.20 and Figure 3.21, we note that the corrections made to the MR calibration curves
are small(2-5%), the maximum correction is df 5% at about185 keV(***U emission line).

For energies above00 keVthe magriudes of the corrections decrease with a minimum of
2% for energies higher t@500 k&. We have this result because the experimental setup
calibration and measurement configuration differ only in the chemical composition of the
sample. In fact the calibiah curve has been carried out with a solution of water and HCI
(r = 1.001 g cri?) while the measured sample was a résin 0.79 g crit). The predominant
phenomena on all the energetic spectrum are CS andbssfption: this trend~gure 3.20)

is indeed consistent with the theoretical prediction.

The gammaay spectrometry spectrum of the lonex resin sample is shune3.22.
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Figure3.22. lonex resigammaray spectrum.

The 2% and **®*U measurement was performed using the same strategy used for the Tuff
sample reasurement?*U disintegrates by alpha emission ¥Th, which unfortunately
possesses only two gamma emissions with a very low emission probability that, hence, cannot
be used to count the disintegration of the parent nuclide. It follows that it issaegéo move

down in the decay chain in order to find out a radionuclide by whose gamma emission one
can extrapolate the disintegration 8¥(J). This method produces the correct result only if the
parent radionuclide®) is in equilibrium with its daghter nuclides. However it is not
necessary thaf>®U be in equilibrium with all of its daughters, it is sufficient that the
equilibrium is verified among three radionuclidé¥U, 2*Th and®**Pa. Thanks to the rather
short halflife of 3Th (24.1d), one is justified to reckon that this condition will be fulfilled
after waiting for a sufficiently long amount of time which is abbuimes this halflife. The
radionuclide whose emissions will be measured to find out the activit§?d} (s >**"Pa.

Table3.13. >**Th gamma emission ener§al.

#Th disintegrations
counted by the gamma emissiori*dfPa

Uncertaintyi Uncertainty-

Ponner® energy  PROOTEBEI00 pnotons per 00
[keV] disintegrations
766.361 0.020 0.323 0.004
1001.026 0.018 0.847 0.008

In Table3.14 there are the INMRI Activity concentration results of @) and®*®U of the
lonex resin sample.
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Table3.14. Results of lonex resin sample ggmma ray spectrometry.

Radionuclide Ac[éql;é?b)
#U 163.7 +12.2
#U 6.36 + 0.31

The characterization of the lonex resin material showed that many radionuclides were present
in the sample with enough activity to be measured on the standard detector. We were
interested only in the evaluation U and?*®U because lonex resin is usas a filter for
Uranium in waterpurification The ratio between th&*®U and ?*U concentration is as
expected and of the same order than the one found in litefa#@jre

TiO,

The TiQ, sample was measured 50000 s one month after sample creation. This time is
necessary to establish the secular equilibrium within the sample.

The experimental apparatus was the measurement apparatus explained in Chapter 2. We use
GESPECORsoftware to evaluate the geometrical correction respect to experimental reference
calibration, the selattenuation and the true coincidence summing correcliba parameter

used byGESPECOROo evaluate these correction coefficients are the chemical composition of
the measured samples and the materials that constitute the experimental apparatus both in the
measurement configuration and in the calibration condion.

The magnitude of the correction coefficients to the calibration curve due to CS is shown
Figure3.23. As it is clear from thé&igure3.23 these corrections could reach a value20%
in the case of*®Tl (252.6 keV)nd the value of4%in the case of**Bi (665 keV)
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Figure3.23. CS correction factor in the Ti&ample.

In Figure 3.24 we show the result of the calibration procedure (MR measurement apparatus)
together with the calration curve (MR calibration apparatu§jgure 3.25 then shows the
perceptual difference between these two curves: this is done to underline how large this
correction might be. This curve is obtained drawing the relationship between the efficiency of
the reference apparatus versus the efficiency of theahapparatus.
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Figure 3.24. Calibration curve MR calibration apparatus (blue) and calibration curve of the measurement
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Figure 3.25. Difference h percentage between the efficiency of the MR calibration apparatus versus the
efficiency of the measurement apparatus.

In the case of the Tixsample the corrections to the efficiency curve are due to the different
configurations taken into account between the calibration apparatus and measurement
apparatus. Ti@material has a = 1.45g cm?® density: it is higher than the density of the
sources used for detector calibration= 1.001 g crit). For this reason the MR calibration
configuration is more efficient than the measurement configuration. The trend of these
correction factors are domiteal at low energies by seatenuation which added to the
geometric differences of the two apparatus and to CS produce difference between the two
curves up ta28% While for higher energieé> 200 keV)the magnitude of this correction
decreases, for enaéeg above200 k&/ the dominant corrective factor is due to the geometrical
differences between the MR calibration apparatus and measurement apparatus. In fact as the
Tuff case the S4HO configuration is more efficient respect the S8H37 configuration. As we
can see ifrigure3.23, CS contributes to this difference.

The gammaay spectrometry spectrum of the lonex resin samspgéown in theFigure3.26.
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Figure3.26. TiO, gammaray spectrum.

The activity concentration value of TiGample was carried out with the same strategy used
for the Tuff and lonex resin activity concentration measurement.

The results of TiQactivity concentration measurement are showhahble3.15.

Table3.15. Results of TiQ@sample by gammaay spectrometry.

Radionuclide Aféql;s(ﬁc)
*Ra 30.74 + 3.69
“%p 4.88+0.77
*Ra 19.27 + 0.43
?Th 12.59 + 0.68

The characterization of the lonex resin material showed that many radionuclides were present
in the sample with enough activity to be measured on the standard detector. It seems to be
high enriched if*Ra, **Ra and®®*’Ac. The ratio between th&®U and®*®U concentration is

as expected.

3.1.5 Partner activity measurement

In this section the activity concentration measurements results obtained by the European
MetroNORM partners on the candidate reference materials are presented, together with the
results obtaiad by ENEA INMRI. We report ilTable3.16 the results of the Tuff sample, in
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Table3.17 the results obtained for the lonex resin sampleTaide 3.18 the results obtained
for the TiG, sampeé.

Table3.16. Results for assessment of Tuff by garaspactrometry.

Laboratory NRPA® NPL IRMM CMmI CIEMAT CEA! PTB ENEA
Radionuclide  AstU(A) Atu(A) Atu(A) Actu(A) Actu(A) Actu(A) Actu(A) Actu(A)
[Ba/g] [Ba/g] [Ba/g] [Ba/g] [Ba/g] [Ba/g] [Ba/g] [Ba/g]
=y 419+54  425+45 417 +61 279+90 Noresult Noresult  No result No result
=y 19.8+2.8 38+6 22.8+1.2 No Result 34+8 No result  No result 19+6
2Ra 245 + 49 210 £ 12 239 + 13 260 10 245 + 49 242 +50 592 + 67 227 + 36
21pp 195+27 230+45 325+54 581+111 195+27 295+25  287+120 381+76
2%Ra 378+ 30 440 + 20 409 + 20 371+15 Noresult  Noresult  Noresult  344.29 +12.02
228Th No result 415 + 15 394 + 36 366 +8 No result No result No result 347.80 + 11.04
0K 2170+220 2450+45 2230+12 1637 +166 2158+379 2038+10 No result 1765 +199
Table3.17. Results for assessment of lonex resin by garspeatrometry.
Laboratory NPL CMI ENEA
el Actu(A)  Actu(A)  Actu(A)
Radionuclide / / /
[Ba/g] [Ba/g] [Ba/g]
=8y 230 + 50 145+4  163.7+12.0
sy 8+2 6.5+0.1 6.36+0.31
Table3.18. Results for assessment of Ty gammaspectrometry.
Laboratory NPL IRMM CMmI CIEMAT CEA PTB ENEA
Radionuclide Act u(A) Ac+ u(A) Ac+ u(A) Ao+ u(A) Act u(A) Ac+ u(A) Ac+ u(A)
[Ba/g] [Ba/g] [Ba/g] [Ba/g] [Ba/g] [Ba/g] [Ba/g]
238y No result No result 0.44 +0.34 No result No result No result No result
By No result No result No result No result No result No result No result
2Ra 34.21+1.21 31.71+#155 32.31+0.70 No result 27+1.4 51 +0.90 30.74 + 3.69

10 NorwegianRadiation Protection Authority.

* Commissariat & I'énergie atomique et aux énergies alternatives.
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Laboratory NPL IRMM CcMI CIEMAT CEA PTB ENEA
Radionuclide Act u(A) Act u(A) Act u(A) Act u(A) Act u(A) Act u(A) At Uu(A)
[Ba/g] [Ba/g] [Ba/g] [Ba/g] [Ba/g] [Ba/g] [Ba/g]
210pp 3+1 5+1 3.14 £ 0.84 571+0.16 269+0.93 2.24+0.89 4.88 £0.77
2%Ra 20.82+0.87 2212+1 21.22 +0.40 No result No result No result 19.27 +0.43
228Th 13.35+0.32 13.87+1.03 12.07+0.23 No result No result No result 12.59 + 0.68
K No result No result 0.017 £0.005 1.58+0.03 0.35+0.8 No result No result

As we can see from th&able 3.16, Table 3.17 and Table 3.18, there is poor agreement
between the results obtained by the various institutes. histian issue because the purpose

of these preliminary measurements was to identify a material to be chosen as a reference
material and not to obtain an accurate characterization of the sample.

3.2 Final evaluation of the lonex resinCertified ReferenceM aterial

Looking at the results from the preliminary measurements on the candidate reference
materials, it was decided to choose the lonex resi@MR. This material was chosen as
CMR both because of its availability and its activity concentration: it hagfiaisatly high

activity to be used as a calibration source for a gamaypaspectrometer. In this part of the
work ENEA, JRC, CMI and NPL performed an accurate characterization of the lonex resin
CMR.

3.2.1 Certified ReferenceMaterial preparation

In this sectn the characteristics of the lonex reSiMIR prepared by CMI are presented. The
resin composition is given ifiable3.19. The material density is 0.79 g €m

Table3.19. Elemental composition of the lonex resin.

lonex resin
Element Abu[(r:/(()j]ance
c 59.7
N 11.5
O 12.2
H 11.4
S 4.6
U 0.5
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CMiI filled completely the metallic containgB5 m) with the resin before sealing it. A
drawing of the metallic container is presentedrigure 3.27 and the elemental composition,
provided by the aluminum producer, is giverTable3.20. The metalliccontainer lonex with
lonex resinCMR insideis shown i Figure3.28. The density of the containerdss2 g crit.

Dimensions [mm]:

Container

PBL
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o ; ese.oI
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— e

Cap
5 L

1
I el i P |
I

o84

Active volume: diameter 60 mm, height 30 mm (possible uncertainty of the upper surface: -0.5 mm)

Figure3.27. Schematic view of the metallic container and its lid filled with lonex resin.

Figure3.28. The metallic container with lonex resin sample inside.
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Table3.20. Elemental composition of the CMI metallic container provided byathminiumproducer.

Metal container

Element Abundance Element Abundance
(%] [%]
Si 1.1 Nn 0.05
Fe 0.24 Ti 0.02
Cu 0.03 Pb 0.01
Mn 0.53 Al 97.51
Mg 0.61 Cr 0.02

3.2.2 Homogeneity measurement

The results obtained on the homogeneity measurements GMRdonex resin are presented

in this section. The measurements were carried out by JRC, CMI and ENEA. The
homogeneity measurements are fundamental for the characterizati@Mit.dn fact, one of

the most important characteristics oCMR is its homogengy [64]. The three institutions

have carried out the homogeneity measurements on the same samples. For this purpose CMI
have prepared seven identical containérgyre 3.29) filled with the same amount of lonex

resin.

Figure3.29. TheCMR lonex resin filled in the seven identical containers.

Each of these contaérs was measured f60000s. Then the spectra were analyzed and peak
counts of the most intense peaks were compared. The coefficient of variation for all the
measurement carried out from the three institute involved are 1§h.tdhe results of INMRI
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measurement, the CMI measurement and the JRC results are repoiftadl@B.21, Table
3.22andTable3.23, respectively.

Table3.21. ENEA homogeaity measurement results.

Radionuclide 2%4Th 24Th 2y 2y 2 el =¥} el =¥}
Photon Bergy[keV] 63.30 929";’888”‘1 143.77 | 163.36 | 185.72 | '06-361 1001.026
1 328683 776129 102586 | 47141 | 497752 | 21097 46451
2 333252 779938 102684 | 47671 | 502088 | 21489 46736
3 331521 779471 103513 | 47274 | 499699 | 21152 46647
Sample [#] 4 333039 780446 102156 | 46654 | 499902 | 21724 46940
5 330852 780453 103709 | 46953 | 500569 | 21319 47329
6 329080 777329 103065 | 47113 | 499842 | 21407 46846
7 331991 781106 103158 | 47041 | 500405 | 21708 46921
Average [#] 331203 779267 102982 | 47121 | 500037 | 21412 46839
Standard Deviation 1792.2 1838.2 544.1 310.7 | 1292.1 245.0 275.4
Coefficient of Variation [%)] 0.54 0.24 0.53 0.66 0.26 1.04 0.59
Table3.22. CMI homogeneity measurement results.
Radionuclide 234Th 234Th 2y 2y 2y e =¥} e =¥}
Photon mBergy[keV] 63.30 929':2”88%":1 143.77 | 163.36 185.72 766.361 | 1001.026
1 437749 | 813453 | 88022 40192 421784 33774 17927
2 437325 | 812135 | 89513 40446 427504 34558 17577
3 435186 | 803363 | 89264 | 40322 426861 34130 17536
Sample [#] 4 434702 | 811453 | 89753 40774 427172 34354 17874
5 432327 | 806705 | 89402 40194 423955 34071 17763
6 433224 | 815118 | 88954 41085 426467 34045 17733
7 433768 | 805194 | 88602 41074 424673 34351 17562
Average [#] 434897.3| 810574.4| 89073.2| 40584.5| 426259.4 | 34183.9 | 17710.8
Standard Deviation 1883.35 | 3304.39 | 553.32 | 362.62 | 1279.99 | 238.99 145.00
Coefficient of Variation [%] 0.43 0.41 0.62 0.89 0.31 0.75 0.82
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Table3.23. JRC homogeneity measurement results.

Radionuclide 2347, 2347, 239 239 239 2y | apy | npg
Photon Eergy[keV] 63.30 929'2?88“0' 143.77 | 163.36 | 185.72 | 205,31 | 766.36 | 1001.02
1 | 546995 | 1339265 | 155125 | 68450 | 712050 | 21265 | 546995 | 1339265
2 | 551135 | 1340260 | 151200 | 69470 | 711135 | 21215 | 551135 | 1340260
3 | 552550 | 1343295 | 155530 | 68910 | 713905 | 21200 | 552550 | 1343295
Sample [#] 4 | 551480 | 1340510 | 156035 | 69220 | 711500 | 20725 | 551480 | 1340510
5 56770 | 1344750 | 155390 | 70280 | 711775 | 21345 | 567700 | 1344750
6 | 557440 | 1323760 | 155330 | 69455 | 711115 | 21045 | 557440 | 1323760
7 | 550015 | 1326335 | 156290 | 68990 | 710600 | 20870 | 550015 | 1326335
Average [#] 552375 | 1334740 | 155545 | 69255 | 711725 | 21090 | 552375 | 1334740
Standard Deviation 3680 | 7890 450 575 | 1070 | 205 | 3680 | 7890
Coefficient of Variation [%] 0.67 0.59 0.29 0.83 0.15 0.53 0.97 0.28

The results of these measurements show that lonex resin sample produced by the CMI is
sufficiently homogeneous to becom€XIR.

3.2.3 INMRI activity measurement

The lonex resin sample was measured5@0000 s The secular equilibrium is guaranteed
due to the fact that the sample was prepared more than one month before the measurement.
The density of this material &79 g/cr.

For the activity concentration memsment we use the detector used for the other
measurement carried out in this work. The used geometry was the metal container developed
by CMI, this container was characterized by CMI: the geometrical configuration is shown in
Figure 3.27 and the chemical composition of the container is listed’able 3.20. The
correction factor for this configuration were carried out usBl§SPECORsoftware, MR
calibration curve FKigure 2.10). Using this information together with the chemical
composition of the materialTéble 3.19) we evaluated: the geometrical correction, the
self-attenuation correction and the coincidence summing correction.

In Figure 3.30 the result of the calibration procedure together with experimental calibration
curve (MR calibration apparatus) are showhkigure 3.31 then shows the percentage
difference as function of energy between these two curves, to underline the magnitude of the
corrections.
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Figure 3.30. MR apparatus calibration curve (blue) and measurement (ow@tihiner) apparatus calibration
curve (red).
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Figure 3.31. Difference in percentage between the efficiency of the MR calibration apparatus versus the
efficiency of the measurement (metal container) agipar
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From Figure 3.30 and Figure 3.31 we can observe that the corrections made to the MR
calibration configuration curve respect to the measurement calibration curve are large
(30-40%). The maximum corrections are abddoin the energy range betwe@i4.38 keV

(**U) up t0295.2 keM(***Pd). For energies abo@®0 keVthe magnitude of the corrections
decreases slightly, they are arol88% over the entire energy spectrum. This large difference
between the calibration curves isiedto the fact that the calibration apparatus and the
measurement apparatus differ both in the chemical nature of the sources and in the chemical
composition of the containers. Frdfigure3.31 we can observéne trend of the ratio between

the MR calibration curve versus measurement configuration curve as a function of energies.
The correction factors on the entire spectrum are dominated by the geometrical differences
between the MR calibration apparatus and measurement apparatus. Especially due to the
presence of the metal container in the measurement configuration that has a density
r=2.62g cm-.

The activity concentration value of lonex resin in the metal contaasrcarried out with the
same strategy used for the other activity concentrations measurement.

The gammaay spectrometry spectrum of the lonex resin sample is shokigure3.32.
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Figure3.32. lonex resin metal containgammaray spectrum.

In Table3.24 activity concentration results of th&U and?3®U of the lonex resin sample in
the metal container.

Table3.24. Results of lonex resin samlg gammaray spectrometry.

Radionuclide Ac[éql;é?e)
U 167.8 + 12
#u 6.36 + 0.3
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3.2.4 Certified ReferenceMaterial activity characterization

The radiometric characterization of the lonex r&3R was jointly carried out by CMI, NPL

and ENEA. This section contains the results of activity concentration measurements carried
out by these institutes and the activity concentration value associated Gd/fRebtained
through the power moderate mean (PMM

NPL measured all the sources by producing calibration sources of NORM radionuclides in
matched geometry and direct like to like calibration to ensure no correction is needed for
coincidence summing.

The lonex resin was measured on the NPL low backgrélR@e detector calledsalahad,
which has a relative efficiency a10% and which is a filype coaxial detector with a thick
outer dead layer, with low background Tudor Pb.

CMI use an HPGe detector with a relative efficiency@¥ the calibration curve was made
using Monte Carlo code in order to determinate the total efficiencies and the CS correction
factors.

Laboratory results for*U and®*®U of the lonexCMR are listed irTable3.25.

Table3.25. Laboratory results fo**°U and*®U of the lonexCMR.

Laboratory (#) NPL (1) CMI (2) ENEA (3)
. . Ac+ u(A) A+ U(A) A u(A)
Radionuclide [Ba/g] (Ba/g] (Ba/g]
3 8+2 6.5+0.1 6.36 + 0.29
238y 230 + 50 145+ 4 167.8+12.1

In Figure 3.33 is shown the results of the three laboratories concerning the measure of the
activity concentration of*U in the lonex resin sample compared to the reference vajie (A
Uncertainty bargepresent the calculated combined standard uncertainties. The red dashed
line, instead, represent the uncertainty associated with the reference value.
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Figure3.33. lonex resirf*U Activity concentration rsults.

In Figure 3.34 there is the comparison of the results in PomPlot, it displays (relative)
deviations of individual results from the reference value on the horizontal axis (D/MAD
section 2.11) and (relative) uncertainties on the vertical axis (u/MAD section 2.11). Aswe c
see from the=igure 3.34 ENEA and CMI result have score< 1. Thez score is a measure

for the deviation between laboratory results and refereradaevrelative to the total
uncertainty (section 2.11The JRC measurement is not consider with the others according to
PMM criterion(k=1) and it has been rejected from the calculation.
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lonex resin 235U D/IMAD

uMAD

Figure3.34. PomPlot of the activity concentration‘3fU in lonex resin. Green, blue, and red solid lines indicate
¢-scores = 1, 2 and 3, respectively.

From Table 3.26 we cansee some information carried out from the PMM reference value
evaluation, i.e. the weight factor used in the PMM orztszore of each laboratarpAs we

can observe from th€able3.26 the CMI values is the weightiest value in the PMB2.4%9,

instead the JRC weighted factor is zero, this is because the JRC value is according to PMM
mean criterion(k=1).

Table 3.26. Significant value carried out from the PMM reference value evaluation fof*teactivity
concentration of the lonex resin sample.

Laboratory A U(A) Weight X - Xt Utot
[#] [Ba/g] [Ba/g] [%] [Ba/g]  [Ba/g] i
1 8.0 2.0 0 1.6 2.0 0.8
2 6.5 0.1 63.4 0.1 0.1 0.6
3 6.4 0.3 36.6 -0.1 0.2 -0.5

In Table 3.27 we can see thé*U reference value evaluatetiroughthe PMM and its
associated uncertainty.
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Table3.27. Activity concertation reference value BfU.

Aref U(Aref)
[Ba/g] [Ba/g]
6.4 0.1

In Figure 3.34 is shown the results of the three laboratories concerning the measure of the
activity concentration of*®U in the lonex resin sample. Reference value was calculated as
power moderate mean all obtained values.

Ionex 238U
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Laboratory number

Figure3.35. lonex resirf*®U Activity concentration results.

In Figure3.35 there is the comparison of the results in PomPlot, ENEA and CMI result have
Zz score < 1. The JRC measurement is not consider with the others according to PMM
criterion(k=1) and it has beerejected from the calculation.
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Figure3.36. PomPlot of the activity concentration’3fU in lonex resin. Green, blue, and red solid lines indicate
¢-scores = 1, 2 and 3, respectively.

From Table 3.28 we can see some information carried out from the PMM evaluation of the
238 reference value.

Table 3.28. Significant value carried out from the PMM reference value evaluation fof*te activity
concentration of the lonex resin sample

Laboratory Ac U(A) Weight X - Xef Urot
[#] [Ba/gl  [Ba/d] (%] [Ba/gl  [Ba/d] ‘
1 230.0 50.0 0 88.2 50.2 1.8
2 145.0 4.0 61.1 3.2 3.7 0.9
3 136.7 9.8 38.9 5.1 6.2 -0.8

In Table3.29 are listed thé%%U reference value for the lonex resin sample and its uncertainty.
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Table3.29. Activity concertation reference value BfU.

Aref U(Aref)
[Ba/g] [Ba/g]
141.8 4.2

The results obtained from the three laboratory involved in this characterization are used for
the evaluation of the reference activity concentration thought the PMM. From this evaluation
we obtained a reference activity concentration values listédhie3.27 andTable3.29 with

an associated uncertainty of 1.56% %50 and 2.96% fof**U.

3.3 Development and validation of a reference activity measurement
method

The aim of this part of the work is to develop a procedure for measure radioactivity to be used
in the European NORM industry. A traceable measurement for industrial NORM raw
material, products, bgroducts, residues, and waste is defined by ENEA INMRI (Appendix).
This procedure contains the recommendation of a new traceable method for the measurement
of activity of natural radionuclides with an uncertainty up to 3%, and it has been validated
through aninter-comparison between twelve institutes participating to MetroNORM project.
The Twelve partners participated in the idtasoratory comparison ar&EV, BOKU',
CIEMAT, CMI, ENEA, GIG® 138 IST® JRC, MKEH® NRPA and STUK' The
comparison was realizexk a RoundRobin exercise where one sample was sent around to all
participants.

The measurand was the activity concentratioffaf and®**U in Bg/g at the reference date of
01/12/2015, 00h00 UTC.

As only one sample of lonex resin in the metal contaes available, the container had
been sent around to all the laboratories according to the schedilel@8.31.

12 Universitat fir Bodenkultur Wien.

Gt 6wny Instytut Gérnictwa, Sl askie Centrum Radi ometrii

“I'nstitut Jozef Stefan.
15 |nstituto Superior Técob.

% Magyar Kereskedelmi Engedelyezesi Hivatal.

" sateilyturvakeskus.
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Table3.30. Planning of the shipment of the lonex resin sample.

MetroNORM WP1
D145

PLANNING Measurement of the sample in thenetal container
2015 2016
Dec Jan Feb Mar Apr May 30-May-16
- 18 15 7- 14 21 4 1 18 2500 9~ 16 23- | Deadiinefor
Laboratory|Country 30%//1112' 7'1123/ MEOI 21;7/ 2083//1021' 43101 w24 2531/ 1’;/ 8'0124' 21/ 220'28/ 26%032' 13 200 27/ 238”’3043' 10/ 17/ 241 4 |70 15/ 22/ 29/ | reporting the
01 o1 02 03 03 03 04 04 04 1405 05 05 05 results
ENEA [aly  [DON Send the sample to STUK
STUK Finland send the sample to 1JS
1S Slovenid send the sample to REG(GIG]
REG(GIG) [Poland send the sample to JRC
JRC Belgium send the sample to CIEMAT
CIEMAT [Spain send the sample to MKEH
MKEH Hungary| send the sample to BEV/PTP
BEV/PTP_|Austria send the sample to REG(BOK
REG(BOK{Bustria send the sample to IST
IST Portugal send the sample to NRPA
NRPA Norway return the sample to CMI
CMI cz measured in Feb. 2015

Two weeks had been allocated to each participant to measure the sample and to send it to the
next participant.

As mentioned before, the activity concentratiorf8) and®*U had to be reported. All the
participants reported the activity concentration 81U and ?*U. The results of the
inter-laboratory comparison were combined using the Pdheaaterated Mean (PMM) with
the default input parametef9]. The reference activity concentration ©fU and %,
calculated using the PMM, were respectivel3&.49 + 2.01 Bg/gand 6.34 + 0.08 Bg/g
The activity ratio based on these nunsbisr 1.8 + 0.) and the derived isotopic abundance
of 2°U is (071 + 0.05%. Both values are compliant with known val(is

Figure 3.37 and Figure 3.38 show, respectively, the reported activity concentratio>&f
and?*U of the diferent participants compared to the PMM. The correspondence between the
identifying number and the laboratory name is giveriTable 3.31 In the case of*U
activity, one measurement is not consistent with the others according to PMM default
criterion and it has been rejected from the calculation. The PomPlots are presdttgatan

3.38 andFigure3.40[70]. In both cases, only measurements are outsides | = 1
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Figure 3.37. Comparison of the standardization result of the activity concentratiéfitbin lonex resin. The
powermoderated mean and the corresponding uncertainty are represented by the lines.
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Figure3.38. PomPlot of the activity concentrationfU in lonex resin. Green, blue, and red solid lines indicate
¢-scores =1, 2 and 3, respectively.
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Figure 3.39. Comarison of the standardizati result of the activity concentration &fU in lonexresin The
powermoderated mean and the corresponding uncertainty are represented by the lines. The purple point is
rejected from the calculati.
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Figure3.40. PomPlot of the activity concentration’3fU in lonex resin. Green, blue, and red solid lines indicate
¢-scores = 1, 2 and 3, respectively.
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Table3.31. Laboratory number and associated name used for the two comparisons presEigtack 3137 and
Figure3.39.

Laboratory [#]
BEV
BOKU
CIEMAT
CMI
ENEA
GIG

1S

IST

JRC
MKEH
NRPA
STUK

© 0 N o o0 B~ N P

e =
N P O

All the foreseen participants could measure the lonex resin in the metallic container produced
by CMI and all of them reported their results. The standardized results of the actfifly of

and ***U are respectively1@8.49+ 2.01) Bg/g and 6.34 + 0.08 Bg/g with an uncertainty
coverage factok=1 and at the reference date of 01/12/2015, 00h00 UTC. All the results,
except one fof>U, are consistent and the activity 9fU and?**U are standardized with
uncertainties better than5% (k=1).
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Chapter 4
Determination of nuclear data

Naturally Occurring Radioactive Materials contain primordial radionuclides present in natural
resources. When processed by industry these may lead to enhanced radiation levels and
increased human exposure. Accurate activity measurements of the radienpeéident in

NORM residue depend on the quality of available decay &fftaand its decay products are
present in NORM residue. Improving our knowledge of their characteristic gaayma
emission intensities would facilitate a more accurate quantificaticche activity of these
nuclides through gamrmay spectrometry measurements. Of particular concern with regards
to health risks are tha-decayingradionuclides from the lower part of th&U decay chain,

?2Iac and its decay products, which throughalaion can cause a high internal dose to the
human body. On the other hand, some radionuclides can be used successfully in alpha
immunotherapy to fight against cancer. This is also another important reason for study the
decay scheme of™U, as inconsistecies still persist in spite of numerous studies on the
subject.

The aim of this part of the work is to evaluate the emission intensities of the radionuclide in
the?*U decay series.

4.1 International contest of nuclear data

High quality evaluated nuclear aratomic data are needed in applied research and for
detector calibration. Using inaccurate garamgemission probabilities may results in serious
miscalculation. For example, for radionuclides used in nuclear medicine a wrong radiation
dose could have d@#nental consequence on patienhealth. For detector calibrations, the
effect of inaccurate standard may be propagated to the measurements, thus producing
incorrect results that are often difficult to identify. For this reason nuclear data are essential
the development, implementation and maintenance of all nuclear technologies. In-gamma
spectrometry they are fundamental for the evaluation of the activity concentration of a
radionuclide and to determinate its uncertainty. Consider the equatioh expcesses the
activity of a radionuclide as a function of time (Equation 2.9), this expression suggests that
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the activity of a radionuclide depends on: the Hitdf decay scheme, (emission probability,
energetic levels, transition probabilities betwetve various nuclear levels) internal
conversion coefficients and many others. For this reason the accurate knowledge of these
parameters are important for the quality of measurement. Because of the importance of
nuclear data, the scientific community @nstantly engaged in more accurate assessment of
these coefficients.

The international network of Nuclear Structure and Decay Data (NSDD) Evaluators is
sponsored by the IAEA, and consists of evaluation groups and data service centers in several
countries.This network has the objective of providing-tgedate nuclear structure and decay

data for all known nuclides by evaluating all existing experimental data.

Data resulting from this international evaluation collaboration is included in the Evaluated
Nuclea Structure Data File (ENSDF) and published in the journals Nuclear Physics A and
Nuclear Data Sheets. Until the end of the of eighties this results represented the recommended
"best values" for the various nuclear structure and decay data parametdE®SIDE master
database is maintained by the US National Nuclear Data Center at the Brookhaven National
Laboratory, these data are also available from other distribution centers including the IAEA
Nuclear Data Section.

In the first half of the nineties it wadounded the Decay Data Evaluation Project (DDEP) this
group have the task to developed a critical method for evaluate recommended nuclear data.
This project was born from the collaboration between some European Metrology Institute as
the PTB and LNHB andthers. The first meeting of the new DDEP was held in Paris in 1995.

In its initial meeting, this collaboration addressed the questions of objectives, working
procedure and goals. Since that time, as part of this project, they were established several
working groups that have had the aim to periodically collect the nuclear data available in the
scientific community and to evaluate the recommended data. Recommended values are made
available to users by means of various media, such as the World Wide WEtOMB, wall

charts of the nuclides, handbooks, nuclear wallet cards and others.

In 2004 BIPM (Bureau International des Poids et Mesure) has recommended the use of DDEP
evaluated decay data.

In the frame of the European Metrology Research Program (EMRPpIM@RM', research

is performed on the decay characteristics of’tA¢ decay series, which is abundantly found

in nature and at enhanced concentrations in NORM residue. There is need for reference decay
data to improve the support the radio analyticatpdures applied for the identification and
guantification of radionuclides present in NORM material. In this context, the decay
characteristics (gammay emission intensities) of potentially harmfemittersin the>**U

decay series, i.€?’Ac and daubter nuclides, are investigated by the MetroNORM partner
institutes. JRC produced®U and®*’Ac sources and accurately measured their activities by a
primary method. Thé*’Ac and the”*®U sources were standardized at JR®IM in terms of

activity anddistributed among the partners to determine the gamagnamission probability.
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4.2 Actual nuclear data available

The DDEP via an international working groups, periodically, evaluate the radionuclide
emission intensity through a critical analysis of the mesamsants carried out by the scientific
community and collected in ENSDF database. In the rest of this section the currently
recommended DDEP values are shown. The following tables contain those radionuclides for
which we measure the emission probability mstwork. In particular we present all the
probabilities emission of radionuclides considered in this study and belonging f&Uhe
radioactive chain. Together with the values recommended by the DEEP we also present the
measurement carried out over theays and which have led to the recommended emission
probability value.

In the following tables, each line represents the evaluation of the emission int€hgioéa
radionuclide performed over the years. While each column shows the results of thieremis
intensity measurements for the considered radionuclide conducted in a specific reference. The
first box of each column shows the reference name as recorded in the ENDSF database
together with the year in which it was published. In the following tattiedast significant

digit of the uncertainty values associated with the emission intensity are expressed in
parentheses. The absolute ganmama emission probabilitfPy) can be deduced from the
evaluated relative gamnray emission intensity using the rodeed normalization factor:
0.14230 (15)

q 28y
Table4.1. Emission probability of**U [73].

E\{ keV) 1966003 (197103 1971k rEH® 1974 T2l 3* 1975Val 1* [1977Ba72 *|1982Vald || 983BaZ ¥ 19830001 1984He 12 [1986LaZT 1992 Lalrs 1996 Rul 1 *|LWM .\Il.clp“l:ll'
182.1
182.62 0.43(3) (042 (4) .42 (14} 044 {10y (0302 0,339 (17 0.34(2) 0,803 (103) 043 {5) [0.39(5) .39 (5}
185.720 57.5(%) |37.3(6) 56.1 (8) 57.2(5) 57202 568 (13) 57.1(3) 57.1(3)
194 5404.7 069 (5) .69 {6) .61 (9 062 (6) (067 0,626 (13) 0a3(1) 0618 (48) |0.61(2) [0.626410) (063 (1)
198 894 0.032(3) i0.032 0,046 (&) 0033 §5) |0.0977 0,047 (&) 0.42(6) 0.03642) |0.036(2)
190 6" 0.097 7 — 006"
202.12 1.06 (B) 1.14{35) LOT{IL) LOT{ll} |1.25 1LOR(2) 1.08(2) L1a6(T) 1.06 (4) L0017} [1.08 {2}
205316 5.3 (4) 5.18(32) 4.9 (4) 5.0(3) 5.51 5.0(2) .05 (5) 503 (9) 4.96 (3) [3.014(3) 4,98 (14) 503(5) |[5.015(26) [5.02(3)
21528 .42 0,029 (&) 0.029 {3} |0.023 0.029¢3) |0.029(3)
221.38h 0126 (%) .08 012 (3) 0. 106 (11) |0.125 0. 114 (6) 01201y O 118i5) |0 118 (5)
12876 (0.0085 0.0074 00011 0.0074
23330 0042 (3) 0.021 0034010 (0032 0,029 (5) 0.029 (5} 0.038 (4) [0.038 (4)
240,88 0074 (&) 0.0032 0.063(17) |0.085 0089 0,076 (B 0.075 ja) 0.074(4) (0074 (4)
246,83 0063 (5) 0.021 0046017y (D085 0.067 7 0,053 (3) 0.053 (3) 0.055(3) [0.035(3)
251.5" 0.067 7 - 0012
26647 0 00D (&) [0L0053 00063 (17 (00095 0.0078 {6) [1.007E (6)
275.35 0.051 &) .05 {6)
27549 i0.042 0.032 0114 0.032
2795~ 0264 ). 264
281.42 0.0063 0.0063
28294 [D.001 0.0032 00063 0004 0.0063
28956 0.0074 0.0074
291.2
29165 0.021 0.040 (&) 0,032 0.095 0.040 {6}
204.3" 0.033 0.033
7 00053 0.0053
31069 0.0017 0.0053 0.0053
31710 00011 00001
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ElkeV)|1966Ga03" |19710003°  |19TIKGEH" 1974103 [1975Vall® [1977Ba72°(1982Vad |I983BaZZ  |19830001 1984Hel2 |1986LZT  |I962L05 19%6Rul 1 *(LWM Adopied”
3258 0,004 0004
M35 0.0032 00032
34547 0.0727 - 0,037
34592 0.0017 0040 (6) D074 00727 L0440 {6}
350 0006 0006
35603 0.0053 00053
iTLE" 0.060 7

3BT B4 0.040(6)  |D.0035 0159 0040 {6}
390.27 0.040 (1) 0,040 (1)
410.29 0.0032 0.0032
4330 0,001 0004 0004
44840 00011 0,000
455.1" 0.0085 0LD08S
5179 000042 0.00042
T4 5" 000042 000042
7947 0,00063 0.00063

= Not placed in bevel scheme.

#: From intensity balance.

&: From Py 1989 + 199.6) = 0.097 %,

" From Py{246.8 + 251.5) = 0.067 %,

+: From Py[345.4 + 345.9)=0.072 %.

*: Deduced using the LWM statistical method, unless otherwise specified.

a: The P, values have been deduced from the measured relative intensities and normalized wo P, = (57,1 + 0.3) % for the 1337 ke reference line.

b This value, which deviates by a factor of about 10 from the results of the other measurements, was not used in the calculation of the recommended value.

Looking at Table 4.1 it can be noted that there are just a few estimates of the emission
intensity for most of thé*®U emission lines, moreover, many of these estimates aenedy

old. Instead, for some emission lines the emission intensity has never been assessed in case of
291.2 ke\or 182.1 keV[73].

1-[ 227AC

The absolute emission prafilities of gammaays in?*Th (37.9 keY have been deduced
from the absoluté -emission probabilites in the #’Ac b-decay using the ratio

P(B7.9keV)/PE28.6 keV) (emission probability at39.7 keVof U versus emission
probability at28.6 keY and the recommended valud?igB7.9 keV) = 0.04973].

1-[ 227Th

In this case we used tHféTh emission probability carried out from the NNDC (National
Nuclear Data Center) database because these values were not present in the DDEP database.
Unfortunately in the NNDC database the historical reference information abodt e
recommended valuesere not available. For this reason Table 4.2 are listed only the
gammaemission line energies and the relative emission probab|[iité}s
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Table4.2. Emission probability of?™" [76].

Recorgnended P, u(P)
[keV] [%] [%]
31.58 0.068 0.010
40.2 0.0155 0.0004
49.82 0.426 0.090
50.13 8.39 0.39
61.44 0.090 0.010
62.45 0.203 0.026
79.69 1.948 0.065
85.431 1.34 0.05
88.471 2.18 0.08
113.11 0.54
117.2 0.199 0.014
123.58 0.014 0.005
141.42 0.119 0.023
150.14 0.0111 0.0031
162.19 0.0077 0.0026
168.36 0.0148 0.0026
169.95 0.0055 0.0022
173.45 0.0174 0.0026
184.65 0.036 0.004
197.56 0.013 0.004
200.5 0.013 0.009
201.64 0.024 0.003
204.14 0.227 0.026
204.98 0.164 0.026
206.08 0.254 0.026
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Recorg;nended [(I;)g] Lfg/zg)
[keV]
210.62 1.25 0.09
212.7 0.079 0.009
212.7 0.019 0.005
218.9 0.110 0.010
234.76 0.45 0.05
235.96 12.90 0.26
246.12 0.012 0.001
250.27 0.45 0.04
252.5 0.11 0.02
254.63 0.71 0.13
256.23 7.00 0.13
262.87 0.107 0.008
272.91 0.508 0.008
279.8 0.054 0.013
281.42 0.178 0.012
284.24 0.040 0.013
286.09 1.74 0.15
29241 0.066 0.008
296.5 0.44 0.04
299.98 2.21 0.06
304.5 1.15 0.13
308.4 0.017 0.003
312.69 0.516 0.039
314.85 0.49 0.04
329.85 2.94 0.15
334.37 1.14 0.08
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Recorg;nended P, u(P)
KoVl (%] [%]
342.55 0.35 0.09
346.45 0.012 0.001
382.2 0.006 0.001
466.8 0.00049 0.00003
493.1 0.0005 0.0001
524.5 0.00019 0.00004
536.9 0.0011 0.0002
756.9 0.00019 0.00005
775.8 0.0015 0.0001

781 0.0003 0.0001
797.3 0.0009 0.0001
803.9 0.0006 0.0005
812.6 0.0017 0.0003
823.4 0.0026 0.0003
842.5 0.0009 0.0001
846.7 0.00015 0.00003
908.6 0.0024 0.0003
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223Ra

Table4.3. Emission probability of*Ra [73].

Recommended 19688117 1970Kri1 1970Da08 1972HeYM 1976113 19985h02 Evaluated I
Ey (keV)
Tig 44701)"
Taa .90 (2)*
Yiu 14.37 (1)*
Yaa 3LET (1" 0.000 74 (15) 0.001 0.000 74 (15)
a7 M
Yizg 69.5 (1)* 0,05 (2) .05 (2}
Tisaz 70.9 (2)" 0025 (8) 0025 (8)
YLz W22 " 0,006 (3) 0.006 (3)
o 103.2 (2)® 0,100 (14) 012 (7)° 0,04 (2) 0.04 (2)
i2g 104.04 (4)° 0.134 (15) 0.14 (2) 0.136 (15)
Yils 106.78 (3) 0.164 (29) 014 (3) 0.16 (4) 0.19 (6) 0.157 (15) 0.17(1) 0.164 (10)
Yizg 108.5 (2)® 0.04(2) 0.04 (2)
Y4 110,856 (10) 0,40 (6) 033129 " 0.41 (4) 0.21(9)° 0.40 (4) 0,42 (3) .41 (3)
s 112.6°
g 114.7(2) 0.07 (4) 007 (3) 0.07 (3}
fa 122319 (10) 82(11) 8.75(15) 9.8(10) 8.7(4) 7.5(8) 87(1) 8.70 (10)
Yaags 1316 (2) 0.037 (22) 0.04 (2) 0.04 (2)
Yiaa 1383 (3)® 0.012(5) 0.012 (5)
faz 144.27 (2)* 22.1(21) 238 (%) 23.0(24) 274(18)° 21.6(22) 2315(5) 23.6 (5)
Yinaz 147.2 (2)* 004 (2) .04 (2)
fay 154.208 (10) 386 (29) 41.1(8) 38 (4) 44.4(26) 38 (4) 41(1) 41.0 (8)
tap 158.635 (10) 50(5) 5.02(10) 5.6(6) 5.304) 46(4) 50(1) 5.00 {10)
Yies 165.8 (2) 0.037 (22) 0,04 (2) 0,038 (20)
YiLs 175.63 (15) 0,10 (3) 0.15 (4) 0.14 (3) 0.12 (3)
Yizs 177.3 (1) 0.21(7) 0.34 (3) 0.35 (6) 0.34 (3) 0.33 (3)
i 179.54 (6) 1.07 i29) 107 (29) 1.10{13) L16{15) 101 {10) L1{1) 108 (10)
Yoz 199.3 (3) 0.022 (15) 0.02 (1) 0.021 (10)
Vigs 221.32(24) 0.25(7) 0122 (4) 0.25 (4) 0.26 (4) 0.25 (4)
Yigs 247.2(5) 0.066 (22) 0.07 (2) 0.068 (20)
T3 249.49 (3)* 0.26 (7) 0.29 (13) 0.28(7) 0.27 (7)
T 2516 (3) 0.49(11) 027(7) 0.42(15) 0.49 (15) 0.47(7) 0.3(1) 0.39 (7)
i1 255.2(2) 0.43(11) 0.37(15) 0.24(7) 0.33(7) 0.38 (5) 0.34 (5)
Vi1 255.7(3) 0.037(22) 0.04 (2) 0.039 (20)
Yisg 26014 (3) 0.044 (22) 0,05 (2) 0.047 (20)
Tsp 269.463 (10) 100(11) 100 {2) 100 (7) 100 (4) 100 (4) 100(2) 100 (2)
Vioa 2703 (4)® 0.005 (3) 0.005 (3)
Yo 286.0 (4)® 0008 (4) 0008 (4)
iz 288.18 (3) 1.14 {14) 1.16(5) 1.08(12) 0.93(13)° 1.07 (5) 1.15 (3) 1.13 (3)
ez 323.871 (10) 26.5 (29) 29.4 (6) 26.5 (26) 26.8(11) 26.8(13) 28.7(5) 285 (5)
111 328.38 (3)° 143 (14) 1.52(7) 1.15{24) 118 (18) 140 (8) 1.5 (5) 143 (7)
a 33401 (6) 0.61(9) 0.76 (6) 0.91(18) 0.69 (11) 0.54(7) 0.73 (4) 0.70 (4)
Tap 338.282 (10) 19.3{18) 21 (5) 19.0(20) 19.2{7) 18.5 (9) 20.4 (4) 20,0 (4)
11 342.78 (2)° 1.43 (14) 1.70 (9) 1.5(4) 0.71(16)° 1.49(12) La(1) 1.59 (9)
visg 3555 ()" 0.03 (1) 0,03 (1)
Yiaa 3557 ()" 002 (1) 0.02 (1)
T2 361.89 (2)° 0.29(7) 0.34 (4) 03747 0.24 (6) 0,298 {22) 0.20(5) 0.20 (5)*
a1 3629 ()" 0.11(5) 0.11 (5)
23 368.56 (12) 0.06(3) 0.06 (3) 0.06 (3)
Tl ITL6T6(15) 394 3.56(7) 4.0(6) 4.2(4) 3.14(16) 3.5(1) 351(T)

128




Chapter 4
Determination of nuclear data

Recommended 1968Br17 1970K il 19700408 1972HeY M 19768113 1998Sh02 Evaluated I,
Ey (keV)

Yo 37086 (1) =0.7 0.73(8) 0,36 0.36"
fip 376.26 (2)° 0,088 (29) 0.09 (3) 0.09 (3)
Fii 38335 (2)° = 004 0.1104) 0.029(22) - 0.05 (3)
s 387.7(2) 0,10 (4) 0.11(4) 0.11 (4)
a3 390.1 (2) =0.05 0.022(15) 0.05 {2) 0.032 (15)
— 430.6 (3) 0.14 (4) 0,14 (4) 0.14 (4)
Y22 43245 (3)° U.24 (3) 0.26 (4) =022 0.24 (6) 0,186 (30) 7 0.25(2) 015 (2)
Yug 445.033 (12) 1.7(4) 11.0(8)° 9.3 (10 9.2(T) 8.5(4) 9.3(3) 9.0 (3)
Fans 487.5(2) 0071 (14) 0.10 (4) =0.11 0,08 (4) 0.08(1) 0.08 (1)
I 490.8 (3)° 0.012(35) 0.012 (5)
Frea SO0 (4)° 0.010 (4) 0000 {4)
Yies S10.0 (4)" 0.003 (2) 0.003 (2)
1oz 523.2 (4)° 0.010 (4) 0000 {4)
Yiao 527.611 (13) 0.50 (5) 0.54 (5) 0.51 (10) 0.47(11) 0.410(22)° 0.51(3) 0.51 (3)
s 5329 (4)° 0.010(4) 0010 {4)
Yioa S37.6(1)° 0.015(5) 0.015 (5)
Vg | HL99 (% 0.010(4) 0010 {4)
Yois S45.8(5)° 0.008 (4) 0.008 (4)
Yaig ST41(T)" 0008 (4) 0.008 (4)
Yira 579.6 (3)® 0.010(4) 0.010 (4)
Yiga 584.3(3)"° 0.010(4) 0010 (4)
Tiig 594.0 (3)° 0010 (4) 0.010 {4)
Yiep | 598721 (24) 0.57 (6) 0.76 (T) 0.68(11) 0.66 (13) 0.626 (30) 0.68 (3) 0.65 (3)
Yiaz 609.31 (4) 0.36 (4) 0.54 (T 0.46(T) 0.30(11) 0.373(22) 0.41(2) 0.40 (2)
. 619.1 (4)° 0,025 (8) 0.025 (8)
Yiag 62368 (4)° 0.057 (29) 0.06 (3) 0.06 (3)
vz 631.7(7T) 0.22(7) 0003 (2) 0.3 (2)
v 641.7 (4)° 0.012 (5) 0.012 (5)
g 646.1 (5)° 0.003 (3) 0.003 {3)
22 696.9 (7)" 0.005 (2) 0005 (2)
Yazg 713 2" 0.025 (T) 0.026 (T) 0,026 (7)
Pz TI8.4 (4)° 0.010 (4) 0010 {4)
a3 728.4 (8)" 0.002 (1) 0.002 (1)
e 7325 (6)" 0.004 (2) 0.004 (2)
Y 737.2 (8)" 0.002 (1) 0.002 (1)

* From the adopted " *Rn level encrgics.

b From |908Sh02; new gamma-ray transition observed.

® Reported only by 19985h02 without uncenainty in energy and without intensity value.

4 Not reported by 19985h02 but observed in 19688137, 19700208, 1972HeY M, 19768113,

'.R.crkmcd y-ray with energy of 103.7 keV that may be a sum of 1032 keV and 104.0 keV y-rays.

" Omitied on Chauvenet’s criterion,

® Adopted from 19985h02 because of possible contribution of impurity Ph y-rays in measurements of single y-spectra.

* Adopted from 19985h02 because of contribution of unplaced 3733 keVy-ray observed in measurements of single y-specira and not ohserved in ey coincidences.

Even in this case, the studies on which are based the DDEP recommended values of the
emission intensities are very old, and in some cases completely pt#ent

1 2o

There is no available information on the gamm@aga emission probabilities, except for the
gamma emission probability @38.9 keV(P(#38.9 keV) = 0.048 (5)%(1968Br17) and
0.064 (2)%(1970Da09). These discrepant values do not conflict with the recommended value
of P(¢438.9 keV) = 0.058 (19)%educed by DDEP evaluation group from the alpha transition
probabilityP(ag1) = 0.06 (2)and total internal conversion coefficiemt = 0.0405 (6)[73].
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q 2pp

Table4.4. Emission probability of*'Pb[73].

Eq keW 198BHil4 1976BI13 1971Da34 196BBri7 1968Gol5 196BHaZl 1967Da20 19670al0  1965Co06 1965MeD7 1963ValS  1962Gi03  deduced, rel _adopted, %
65 0.57 (6)  0.60 (4) D.58 (11) 0.10 (5) * ~0.35* 0.5(2) 0.59 (3) 0.077 (4)
a5 D.14 (2) ~0.10 0.14 (2) 0.018 (3)
314 0.20(3) 0.24(3) 0.19(4) 0.10(5) 0.26(5) 0.21(7) 0.90(21)* ~0.2* 0.206 (16)  0.0268 (21)
343 1.63 (13) *  0.27 (4) 0.15 (5) ~0.3 * 0.22 (3) 0.029 {4)
362 0.326 (24) 0.30 (8) 0.324 (23) 0.042 (3)
405 29.3(9) 30.2(14) 30.0(9) 30.B(15) 29.6(20) 28.6(11) 2B.0(28) 29.9(35) 30.6(28) 27.4 (12) 26 (5) 34(4) 29.4 (4) 3.83 (6)
427 13.9 (4) 142(7) 13.5(6) 14.3(B) 13.7(10) 11.5(7) 14.0(14) 13.9(17) 21.5(21)* 14.5(14) 12.5(25) 22(3)* 13.9 (3) 1.81 (4)
429 0.065 (25) 0.065 (25) 0.008 (3)
504 0.045 (6) 0.12 (2) * ~ 0.006 * 0.045 () 0.0059 (8)
610 0.407 (24)* 0.18(3) 0.38(4) 0.325(5) 0.30 () 0.21(7) 0.9 (2) * 0.76 (13) *  0.25 (7) 0.033 (9)
676 0.130 (8) 0.173 (15)  0.10(5) 1.3(3)* 0.139 (7) 0.0181 (9)
705 3.6 (1) 3.6(3) 3.77(19) 368(23) 37(3) 29 (1) " 3.0(3) 3.3(4) 5.3(8)*  3.7(2) 38(11) 55(4)" 3.61(7) 0.47 (1)
767  4.94 (16)  5.1(4) 5.55(28) 5.04(30) 4.3(3) 4.5 (1) 4.0 (4) 5.1(8) 6.3 (8) 5.2 (2) 6.1 (4) 4.8 (3) 0.62 (4)
832 26.7 (8) 25.4(20) 29.8(7)* 25.6(23) 24.1(17) 27.4(4) 23.0(23) 26.4(35) 26.4(28) 27.4(12) 24.8(25) 34.2(13)* 269 (3) 3.50 (5)
BE6  0.042 (5) 0.033 (4) 0.050(8) 0.053 (15) 0.07 (2) 0.03 (1) 0.0347 (14) 0.04 (2) 0.0354 (13)  0.0046 (2)

1014  0.129 (8) 0.122 (8) 0.14 (1) 0.128 (15) 0.15(1) 0.13(2) 0.125 (21) 0.14 (2) 0.38 (19) *  0.133 (4) 0.0173 (5)
1081  0.095 (§) 0.090 (7) 0.120(12) 0.083 (10) 0.08(1) O0.0035(1)* 0.08(2) 0.104 (14) 0.49(7)* 0.13 {12)* 0.093 (4) 0.0121 (5}
1104 0.033 (4) 0.049 (5) 0.040(6) 0.023 (5) 0.036 (5) 0.0047 (7}
1110 0.90(3) 0.82(6) 1.15(8) 0.79(8) 0.BL(6) 0.0105(7)* 0.70(15) O0.B7 (10) 0.83(14) 1.03(10) 1.07 (16) 1.46(19)* 0.891(21) 0.116 (3)
1196 0.072 (5) 0.081(8) 0.10(1) 0.079 (15) 0.08 (1) 0.08 (2) 0.076 (14) 0.11 (3) 0.079 (3) 0.0103 (4}
1234 0.010 (2) 0.0053 (15) 0.0070 (23)  0.0009 (3)
1271 0.043 (4) 0.057 (5) 0.070(7) 0.048(8) 0.08(1) 0.0006 (1) * 0.05(1) 0.042(7) 0.06 (2) 0.052 (9) 0.0068 (12

1-[ leBi

There is a single line gamnnay transition following thé''Be decay. The adopted value by
DDEP isP(¢g851 keV) = 13 (2and it is carry out from five references (1968Br17, 1973UrzZX

1975VaYT, 1976BI13, 1982M030 and 1988Hi{43].
1-[ 207-|-|

The DDEP value oP(g897.77 keV) = 0.263 (9)%vas deduced from the intensity ratio of

| (8980)/Ig351g) =0.0202 (7)(1988Hi14) andP(¢B51 keV irF''Bi a decay) = 13.02 (12)%

The absolute emission probability for t589.698 gof 0.00185 (19)%was deduced from the

intensity balance at th&69 keVlevel and by neglecting the smali’-decay feeding
contribution of < 8x10° reported in 1988Hi1§73].
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Table4.5. Emission probability of*TI [73].

Recommended 1968Br17 1970Kr01 19700208 1972HeYM 19768113 19985 hi2 Evaluated I,
E; (keV)

Tig 447 (1)*

T2a 2.902)*

fap 14.37 (1)"

Tas 3187 (2)* 0.000 74(15) 0.001 1.0 74 (15)
Tag M5

Yizs .5 (" 0.05(2) .05 (2)
Yisaz 709 (2)® 0.025 (8) 0.025 (8)
YLz 1022 (2)* 0006 (3) 0006 (3)
Yz 103.2 (2)* 0,100 {14)® 0.12(N" 0.04(2) 0.4 (2)
Y2z 104.04 (4)* 0.134(15) 0.14(2) 0.136 (15)
Yiig 106.78 (3) 0,164 (29) 0,14 (3) 0,16 (4) 0.19 () 0,157 (15) 0.17(1) 0.164 (10)
Yizs 1085 (2)° 0.04(2) 0,04 2)
s 110,856 (10) 0.40 (6) 0,331 (29 ° 0,41 (4) 021(%)" 0,40 (4) 042(3) .41 (3)
Y 112.6°

Yias 114.7(2) 0.07 (4) 0.07(3) .07 (3)
Yay 122319 (10) B2(11) 8.75(15) 9.8 (10) 8.7(4) 7.5(8) 8.7(1) 8.70 (10)
Y 1316 (2) 0.037(22) 0.04 (2) .04 {2)
Yiag 138.3 (3)* 0.012(5) 0.012 (5)
Yoo 144.27(2)* 22.1(21) 23.8(5) 23.0(24) 274(18)° 216(22) 235(5) 23.6 (3)
Yiziz 147.2 (2)* 0.04(2) 0.04 2)
Tay 154.208 (10) 38.6 (29) 41L1(8) 38i4) 44.4(26) 38 (4) 41(1) 410 (8)
fap 158.635 (10) 5.0(5) 5.02(10) 5.6 (6) 5.3(4) 4.6(4) 5.0(1) 5.00 (10)
Vias 165.8 (2) 0.037(22) 0.0442) 0L038 (20)
YiLs 175.65 (15) 0.10(3) 0.15 (4) 0.14 (3) .12 (3)
Yizs 1773 (1) 0.21(7) 01,34 (3) 0,35 (6) 0,34 (3) .33 (3)
Yo 179.54 (6) 1.07 (29) 107 (29) 1.10(13) 116 (15) 101 (10) L1{l) 108 (10)
Yoz 199.3 (3) 0022 (15) 0.02 (1) 0,021 (10)
Yigs 22132 (24) 0.25(7) 0122 (4) 0.25 (4) 0.26 (4) .25 (4)
Yios 247.215) 0.066 (22) 0.07 (2) 0068 (20)
a3 249.49 (3)* 0.26(7) 0.29(13) 0.28(7) 0.27 (7)
Yi2z 2516 (3) 049(11) 027(7) 0.42(15) 0.49(15) 0.47(7) 03(1) 139 (7)
152 255.2(2) 043(11) 0.37(15) 0.24 (7) 0.33(7) 0.38 (5) .34 (3)
Yizs 235.7 (3) 0.037 (22) 0.04 (2) 0039 (200)
Yigs 260.4 (3) 0.044 (22) 0.05 (2) 0047 (20)
Yip 269.463 (10) 100(11) 100 (2) 100 {7) 100 {4) 100 §4) 100{2) 100 {2)
Yins 270.3 (4)® 0.005 (3) 0005 (3)
Yoz 286.0 (4)" 0.008 (4) 0.008 (4)
Yiza 288.18 (3) 1.14(14) 1.16(5) 1.08(12) 093 (13)° 1.07 (5) 1.15(3) 113 (3)
a2 323871(10) 26.5(29) 29.4(6) 26.5 (26) 26.8(11) 268(13) 28.7(5) 285 (5)
112 32838 ()" 143 (14) 1.52(7) 1.19(24) LIR(18) 1.40 (8) 1.5(5) 143 (7)
o 334.01 (6) 0.61(9) 0,76 (6) 0.91(18) 0.69(11) 0.54(7) 0.73 (4) 0.70 {4)
Yap 338.282 (10) 19.3(18) 21(5) 19.0(20) 192 (7) 18.5 (9) 204 (4) 200 (4)
Yon 342.78(1)" 143 (14) 1.70(9) 1.5(4) 0.71(16)° 1.49(12) 1L6(1) 1.59 (%)
ya3g 3555 ()" 0.03 (1) 0.03 (1)
Vi 3557 (2)" 0.02 (1) 0.02 (1)
a1 361.89 ()" 0.29(7) 01,34 (4) 0.37(7) 0.24 (6) 01,298 (22) 0.20 (5) 0.20 (5)*
a1 3629 (2)" 0.11(5) 0.11 (5)
Y27 368.56 (12) 0,06 (3) 0.06 (3) .06 (3)
a ITL6T6 (15) 3.9(4) 3.56(7) 4.0(6) 42(4) 3.14(16) 15(1) 3.51(7)
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Recommended 19%68Br17 19T0K 1 1970008 1972HeYM 19768113 1998502 Evaluated L,
Ey (keV)

You ITLEG (1) =07 0,73 (8) 0.36 036"
Yig 3T6.2602)° 0.088 (29 0.08 (3) 0.09 (3)
Yiss 383.35(1)" = 0.04 011 (4) 0.029 (22} . 0.05 (3)
Yo 3RT.7(2) 0,10 {4) 0,11 (4) 011 (4)
Yary 3001 2 = (.05 0.022 {13) 0,05 (2) 0032 (15)
¥t 4306 3y 0,14 (4) 0,14 (4) .14 (4)
Yoz 43245(H° (.24 (3 026 (4) =0.22 0.24 (6] 0,186 (30) ' 0.25(1) 025 (2
Yo | 445033 012) 874 1L0(8) " 9.3 (10) 92T 8.5 (4) 9.3(3) a0 (3}
Yo 4875 (2) 0071 (14) 0.10(4) =0.11 0.08 (4) 0.06 (1) 0.08 (1)
Yiau 4908 (3)° 0.012 (5) 0012 (5)
o E00.0 (4)® Q000 (4) 000 (4)
fom Si0.0i4)" 0.003 (2) 03 (2)
Tis 5232 (4)* 0010 (4) 0000 (4)
T2 E27.611 (13) 030 (5) 0.54 (%) 050 (10) 04T (1) 0.410{22)" 0,51 {3) 051 (3)
Fia PR 0 0010 (4) 0010 (4)
Yo 5376 (1) 0.015 (5) 0015 (5}
ee £41.99 (2)* Q000 (4) (L
Vs 5458 (5)" 0.008 (4) 0.008 (4}
Yars 574107 0.008 (4) 0008 (4)
Yris 5706 (3)° 00010 (4) 0000 (4)
iz 5843 (3)° 00010 (4) 0000 (d)
i 504.0 (3" 0010 (4) 0000 (4)
Fup S08.721 (24) 03T (B 0.74(7) OaE(LL) {6h (13 0,626 {30) 0,68 (3) .65 (3)
e 6931 (4) 036 (4) 0.544(7) 0.46(T) Q30011 03752 041 (2) 0402y
Yrg 619.1 (4)® 0,025 (8) (L0225 [8)
yop | 62368 (4)° (L057 (20) 0,06 (3) 0,06 (3)
Yo 63LT(TH 0.22(7) 0,003 (2) 0003 | 2)
aai 6417 (4 00012 (%) L0125y
Yann 646.1 (5)" 0,003 (3} (LIS {3}
fars 696.9 (T)* 0,005 (2) LS (2}
Yary 713" 0.025(7 002 (T) L0026 (T}
fors TiRA (4)° 0010 (4) 0000 (4)
Yaug TIRA(B) 0002 (1) 002 (1)
Yaup 7328 (6)° 0,004 (2) L0042}
Yeig T37.2 (%)% QU002 (1) 02 (1)

* From the adopted PR level energies.
From 19985hi2; new gammasray transition ohserved.
= Reponted only by [99E85h02 without uncertsinty inenergy and without imensity value.
* N reparted by 19985h02 but ohserved i 1968Br37, 19700208, 1572He Y M, 19768113,
= Keported yeray with energy of 103.7 ke'V' that may be a sum of 103.2 ke'V and 1040 ke perays.
" Omitted on Chauvenet’s criterion,
* Adopled from 19985h02 becawse of posable contribution of mpurity Pb yerays m measurements of single paspectra.
. Adopled from 19985h02 because of contribution of unplaced 373.3 keVieray chserved in messurements of single yspectra and not observed in a-1 coincidences.

4.3 Source preparation for nuclear data measurement

In this section we will describe the preparation and the activity concentration measurement of
two radioactive sources’{U and ?*’Ac). The activity concentration was carried out by a
primary measurement method in order to measure through a geagnspectrometry the
emission probability of the most important emission line of radionuclides belongirng to t
23%U radioactivity chain.
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235 source

The ?*U sources were produced from an initial solutionOd ml containing20 mg of
Uranium in al mlsolution of HNQ 1.5 M The Source was prepared by drop deposition of
approximately6 0 of the solution onto sprayed glass plates (outer diam@&danm inner
diameter20 mm) [74].

Figure4.1. >*U source provided by JRC.

The measumentof the absolute activity was performed JRCby using alpha spectrometry
through a passivated implanted planar silicon detector. The detector has a real surface of
5000mnf. The sources were placed at approximatelg distance d cmfrom the detector,
leading to a geometrical efficiency 5% 6.5%0 f sr4The result is reported ifable4.6.

The U235G0919 source was segtthe JRC to INMRI for the measurement of the uranium
emission lines count rate for the evaluation of the emission probability.

Table4.6. Standardized activities 67U sourcegk=1) at 24/07/2009 09:30:00 measured at JRC.

Source U activity Relative uncertainty
(Bq] [%]
U235G0919 38.5 0.2

133



Development of a Reference Material
and determination of Nuclear Data for NORM analysis

22'pc source

The ?*’Ac solution was provided to JRC in a tip vial containth§ ml (0.1 M HCl)solution
with an activity of4.5 MBq(ref. date: March 2015). THéAc is considered to be in secular
equilibrium with its daughters.

The measure of absolute activity was carriedadutRCby using alpha spectrometry through
a passivated implanted planar silicon detector. The detecta e surface 05000 mm.
The sources were placed at a distance of approximatetyfrom the detector, providing a
geometrical efficiency 05.5%66.5%0 f sr4The result is reported ifable4.7.

The Ac227G157 source was sent by the JRC to INMRI for the measurementdAthand
it daughters emission lines count rate for the measurement of the emission probability.

Table4.7. Standardized activities 6t'Ac sourcegk=1) at 24/07/2009 09:30:00 measured at JRC.

Source 22TAc activity Relative uncertainty
[Bq] [%]
Ac227G157 1077 0.65

4.4 Emission intensity measurement at INMRI

235U

In this section, we present the strategy used for the measurement of emission probability of
the 2. For this purpose, JRC has produced an absolute sourddJofis shown in the
previous section. The count rates of ffi%) emission lines used for theemsurement of the
emission probability were carried out with gamrag spectrometry. We measured &)

source (J235G0919)at INMRI laboratory, via gammeay spectrometry, fob0000 s Using
Equation 2.4 we obtain, by interpolation, the efficiency vahedsrred to the energy of the
emission lines of interest. Then we ugB&SPECORto evaluate the correction factors
referred to these values of efficiency due to structural differences (geometry and chemical
composition) between the ND calibration appasatised for the calibration of the detector

and the ND measurement apparatus used to measure the source provide by JRC. We used the
following characterizations: the ND calibration apparatus, the ND measurement apparatus and
the detector, explained in Chap®, to use the Monte Carlo software. We showigure4.2

the efficiency curve as a function of energy of the ND measurement apparatus, together with
the calibration curve (ND calibration apparatus). The cunkgare4.3 shows the difference

in percentage between the efficiency values of the ND calibration apparatus versus the
efficiency values of the ND measurement apparatus as a function of energy.
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Figure 4.2. Calibration curve of the DN calibration apparatus (blue) and calibration curve of the DN
measurement apparatus (red).
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Figure4.3. Difference in percentage between the efficiency of the DN calibration appeeasus the efficiency
of the DN measurement apparatus

Figure4.3 andFigure4.4 show that the corrections applied to the calibration curve of the ND
efficiency calibration apparatus to obtain the calibration curve of the ND measurement
apparatus are small (i.8.5% at 109.19 keYy. The reason is that the two experimental
configurations are very similar, especially from a geometrical point of view. Furthermore, the
effects due to coincidence summing are negligible since the measurements have been carried
out with the source at a distance of abbitmfrom the detector.
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The resul obtained from th&, measurement at the ENEA INMRI institué®e shown in
Table4.8.

Table4.8. Results of Pevaluated at ENEA INMRihrough***U source.

PhotonEnergy P, u(P,)
[keV] [%] [%]
109.19 2.09 0.16
143.77 10.9 0.43
163.36 5.13 0.25
185.72 57.6 2.20
202.12 1.08 0.11

205.316 5.08 0.23

227AC

In this section, we present the strategy used for the measurement of the emission probability
of the following radionuclide®'Th, ?*Ra, ***Rn, ?**Pb, #!'Bi, ?°'TI. For this purpose, JRC

has produced a source BfAc containing all the radionuclides up ¥Pb and belonging to

the >**U radioactive chain. The count rates of the emission lines used for the measurement of
the emission probability were carried out using gamnayaspectrometry. We measured at
INMRI laboratory the®?’Ac source Ac227G157F for 50000 s Afterwards, we have ude
GESPECORO0 evaluate the correction factors to the efficiency due to structural differences
(geometry and chemical composition) between the ND calibration apparatus and the ND
measurement apparatus. To use the Monte Carlo software, we considered the
chalcterizations of: ND calibration apparatus, ND measurement apparatus and detector,
explained in Chapter an Figure 4.4 the calibration values obtained from the @#ncy
calibration in the ND calibration apparat(lagure2.12) are shown together with the results

of the calibration procedure carried out through the us&BSEPECORSsoftware (ND
measurement apparatus). The curvEigure4.5 shows the difference in percentage between
the efficiency values of the ND calibration apparatessus the efficiency values of the ND
measurement apparatus.
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Figure 4.4. Calibration curve DN calibration apparatus (blue) and calibration curve of the DN measurement
apparatus (red).
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Figured.5. Difference in percentage between the efficiency of the DN calibration apparatus versus the efficiency
of the DN measurement apparatus.

The results obtained from tlig; measurement at ENEA INMRI instieuaire shown inTable
4.9.
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Table4.9. Results of Pmeasured at ENEA INMRhrough**Ac source.

Radionuclide PhOt[ig\E/]”ergy [;f]' LE(S/E’]J
?2iTh 79.69 0.01961 0.00214
?2iTh 117.20 0.00208 0.00012
?2iTh 210.62 0.01253 0.00054
?2iTh 235.96 0.13317 0.00573
?2iTh 256.23 0.07573 0.00326
22MTh 286.09 0.01795 0.00077
22MTh 299.98 0.02265 0.00097
22MTh 304.50 0.01103 0.00047
22MTh 312.69 0.00555 0.00024
22MTh 314.85 0.00493 0.00022
22MTh 329.85 0.03006 0.00129
**Ra 122.32 0.01386 0.00061
**Ra 154.21 0.06399 0.00275
**Ra 158.63 0.00802 0.00035
**Ra 179.54 0.00168 0.00009
**Ra 269.46 0.14244 0.00612
**Ra 338.28 0.02778 0.00119
**Ra 445.03 0.01282 0.00056
2Rn 271.23 0.11351 0.00488
21%Rn 401.81 0.06978 0.00300
2Hpp 404.83 0.04215 0.00181
2Hpp 427.15 0.01985 0.00085
2Hpp 704.67 0.00527 0.00024
2Hpp 831.98 0.03749 0.00161
2Hpp 1109.51 0.00129 0.00007
2Hgj 351.03 0.14156 0.00622
20T 897.77 0.00295 0.00015
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4.5 Emission intensity measuremergfrom the international partners
The emission probability of the radionuclide belonging to e series was carried out

through the gammeay spectrometry measurement of tfidU and **’Ac sources. The
measurement apparatus used by MetroNORM partners are listatilew.10.

Table4.10. Information on the partners measurement conditions.

JRC CIEMAT CEA CMmI
Low background Extended range HPG HPGe (ptype) HPGe 4018
HPGe (p-type) _ Canberra

40% relative (p-type)
Planar BEGe, Thin Thin dead layer efficiency
Detector
deadlayer
40% relative
50% relative efficiency
efficiency
Underground lad Laboratory
(Hades), Nitrogen used for any
Exp. injected in service

Conditions | measurement chambe
to prevent radon
accumulation

Measurement a1 21 4 4
[d]
Distance
source detecto 120 150 30
[mm]
Full energy PTB point source Point and MC

peak efficiency] volume source
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235U

The five laboratories reported their values with the associated uncertainty budget, summarized
in Table4.11.

Table4.11. Measured®U P, emission probabilities.

JRC CIEMAT ENEA CEA CMI

trory P uP) P uP) P u®) P uP) Py u(P)
St LB B B CO RN O B CON I CC R (OB
31.6 0.079 0.009

42.01 0.070 0.009 0.063 0.004

51.21 0.010 0.005

54.25 0.016 0.005 0.034 0.003

64.45 2.164 0.035

72.7 0.275 0.020 0.373 0.021

74.94 0.073 0.013 0.330 0.019

96.09 0.648 0.036 0.645 0.014

109.19 1.59 0.08 209 0.16 1.670 0.029

120.35 0.022 0.009

140.76 0.224 0.015 0.038 0.004

143.77 11.02 0.52 10.64 0.10 1092 0.43 10.87 0.16 1092 0.13
150.94 0.076 0.009

163.36 5.20 0.25 5.12 0.09 513 0.25 5.08 0.08 5.11 0.07
182.62 0.367 0.018 0.46 0.1 0.398 0.012

185.72 58.27 2.74 57.2 0.3 57.6 22 578 0.8 56.60 0.65
19494 0.635 0.031 0.77 0.09 0.77 0.02

198.894 0.044 0.003 0.079 0.006

202.12 1.069 0.051 1.080 0.090 1.081 0.111 1.274 0.026 1.051 0.024
205.316 5.08 0.24 5.03 0.11 5.08 0.23 506 0.09 5.00 0.06

215.28 0.0299 0.0020
221.386 0.117 0.006

0.10 0.01
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JRC CIEMAT ENEA CEA CMiI
Photon

P, u(Py) P, u(Py) P, u(Py) P, u(Py) P, u(P,)
E[Qj{,?y % [%] 6 [ (% (%] (%] (%] (%] [%]

228.76 0.0067 0.0010
233.5 0.032 0.002
240.88 0.064 0.004 0.064 0.006
246.83 0.0485 0.0029
266.47 0.0067 0.0010
275.35 0.032 0.02
275.49

289.56 0.0054 0.0010
291.65 0.027 0.002
345.92 0.038 0.003
356.03 0.0024 0.0007
387.84 0.026 0.002
410.29 0.0023 0.0006

227AC

In Table 4.12 the results of the emission probability measurements are shown. They were
carried outthroughgammaray spectrometry, by the institutes involved in this project. All the
gammarays reportedn DDEP table of?’Ac, ?*Ra, *°Rn, ?%Po, ?!’Pb, ?!'Bi and Tl were
considered in the spectrum analygf8]. The ?*’Th decay data were coming from NNDC
(National Nuclear Data Center) web page as*fieh decay data are not reported in DDEP
tableg[73].

Table4.12. Measured>U P, emission probabilities.

JRC CIEMAT ENEA CEA CMI
Photon
P u(P, P u(P, P u(P, P u(P, P u(P,
Nuc.  Energy o8 [%]g) (9] [%]g) (%] [%f9 (%] [%]g) %] [%]g)

[keV]
Zac 379 00495  0.0031

2Th 31.58 0.0704 0.0056
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JRC CIEMAT ENEA CEA CcMI

N, bnowy  Po Uy P uB) P, uP) P, uP) P, u(P)

[keV] [%] [%] (0] [%] [%] (0] [%] [%] [%] [%]
221Th 40.2 0.0663  0.0041
2Th 49.82 0.601 0.034
2iTh 50.13 9.386 054 9.204  0.182 9.908 0.543
221Th 50.85
2iTh 61.44  0.0628  0.0038
2iTh 62.45 0.159 0.009
22Th 79.69 2.46 0.14 1.961 0.214
2iTh 85.43 1.77 0.10
2iTh 88.47 2.68 0.15
2iTh 113.1 0.82 0.04 0.843 0.045
2iTh 117.2 0.198 0.010 0.208 0.012 0.200 0.013
2iTh 123.6 0.007 0.001
2iTh 141.4 0.110 0.014
2iTh 141.4 0.122 0.005
2iTh 150.1 0.017 0.002
2iTh 162.2 0.017 0.002
2iTh 168.4 0.012 0.001
2iTh 169.9 0.008 0.001
2iTh 173.4 0.014 0.002
2iTh 184.6 0.041 0.002
2iTh 197.6 0.010 0.000
2iTh 200.5 0.016 0.001
2iTh 201.6 0.019 0.001 0.020 0.001
2iTh 204.1 0.200 0.017

0.333 0.012

2iTh 204.9 0.151 0.017
2iTh 206.1 0.286 0.010 0.252 0.007 0.256 0.011
2iTh  210.6 1.201 0.043 1.11 0.03  1.253 0.054 1201  0.034 1.184 0.047
2iTh 212.7
o ot 0.096 0.004
2iTh 218.9 0.102 0.004 0.097 0.015
2iTh 234.8 0.472 0.017 0.562 0.097
2iTh 236.0 12.698 0.450 12.58 025 13.317 0.573 12.896 0.364  13.083 0.410
2iTh 246.1 0.020 0.001
2iTh 250.3 0.489 0.017 0.509 0.023
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JRC CIEMAT ENEA CEA cMmI
N bnowy  Po Ul P u®) P, uP) P, uP) P, u(P)
' [keV] [%0] [%] [%] [%] [%] [%] [%] [%] [%] [%]
2iTh 2525 0.092 0.003 0.140 0.008
2Th 254.6 0.705 0.025 0.828 0.028

2iTh 256.2 6.771 0.240 6.79 0.14 7.573 0.326 6.980 0.197 7.038 0.222

2iTh 262.9 0.122 0.004 0.129 0.015
2iTh 272.9 0.529 0.019 0.513 0.018
2iTh 279.8 0.046 0.002 0.041 0.005
2iTh  281.4 0.174 0.008

2fTh 281.4 0.170 0.006
2Th 284.2 0.033 0.001
2Th 286.1 1.885 0.067 1.63 0.04 1.795 0.077 1.915 0.054 1.862 0.060

2fTh 292.4 0.059 0.002

2fTh 296.5 0.432 0.015 0.470 0.013 0.455 0.015
2Th 299.9 1.81 0.04 2.297 0.065
2.168 0.077 2.265 0.097
2Th 300.5
21Th 304.5 1.070 0.038 1.103 0.047 1.131 0.032 1.084 0.035

2'Th 308.4 0.020 0.001

2iTh - 3127 0.539 0.019 0.555 0.024 0.557 0.016  0.563 0.019
2iTh 314.8 0.485 0.017 0.493 0.022 0.503 0.018
2T 329.8 2.733 0.097 3.006 0.129 2.852 0.092
2T 334.4 1.084 0.038  0.9795 0.0305 1.141 0.032 1.143 0.037
2iTh 3425 0.635 0.022

2iTh 346.4  0.0095  0.0010

2iTh 382.2  0.0063  0.0006

2'Th  466.8  0.00135 0.00041
2ITh 4931  0.00134  0.00039
2iTh 5245 0.00128 0.00042
2iTh 5369 0.00170  0.00143
2ITh - 756.9  0.00097  0.00028
2iTh 775.8  0.00801  0.00065
2iTh 781 0.00101  0.00024
2iTh 797.3  0.00174  0.00025
2iTh 8039  0.00211  0.00028
2iTh 812.6  0.00342  0.00029

2Th 823.4  0.00337 0.00029
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JRC CIEMAT ENEA CEA CcMI

N, bnowy  Po Uy P uB) P, uP) P, uP) P, u(P)

[keV] [%] [%] (0] [%] [%] (0] [%] [%] [%] [%]
2iTh 8425 0.00044 0.00014
2Th 846.7 0.00042 0.00014
2iTh 908.6  0.00251 0.00021
25y 134.6 0.048 0.016
2Ra  104.0 0.074 0.005
Ra 106.8 0.016 0.003
2Ra 1223 1.351 0.048 1.306 0.035 1.386 0.061 1.416 0.061
2Ra  131.6 0.016 0.001
2Ra 1443 3.623 0.128 3439  0.058 3.763 0.155
2Ra 147.2 0.006 0.001
2Ra  154.2 6.284 0.223 5915 0.079  6.399 0.275 6.523 0.205
2Ra  158.6 0.771 0.027 0.707  0.025 0.802 0.035 0.802 0.030
2Ra 165.8 0.004 0.001 0.000
2Ra  175.6 0.020 0.002
2Ra 177.3 0.054 0.002
2Ra 1795 0.184 0.007 0.168 0.009 0.151 0.004 0.133 0.015
2Ra 2213 0.030 0.002
2Ra 2495 0.043 0.004
2Ra  251.6 0.017 0.002
2Ra 2695  13.593 0.482 14.244  0.612 14.362 0.450
2Ra 2882 0.125 0.005
2Ra 3239 3.704 0.131 3.54 0.08 3.964 0.126
2Ra 3282 0.190 0.007
2Ra 3383 2.634 0.093 2.51 0.07 2.778 0.119 2.845 0.091
2Ra 3428 0.636 0.021
2Ra 3555 0.008 0.001
2Ra 361.9 0.034 0.001
2Ra 362.9 0.024 0.001
2Ra 368.6 0.015 0.001
2Ra 3717 0.441 0.016 0.468 0.017
2Ra 3729 0.114
2Ra 376.3 0.009 0.001
2Ra 430.6 0.019 0.001 0.026 0.001
2Ra 4324 0.035 0.001
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JRC CIEMAT ENEA CEA CMI
Photon
Nuc. Energy g u(Py P, u(Py Py u(Py Py u(Py Py u(Py
keV] [%] (%] (%] (%] (%] (%] (%] (%] (%] (%]
Ra 445.0 1.238 0.044 1.179 0.035 1.282 0.056 1.293 0.043

2Ra 4875 0.006 0.001
2Ra  500.0 0.001 0.001
2Ra 527.6 0.067 0.002 0.075 0.015
2Ra 5376 0.003 0.000
2Ra 5420 0.001 0.001
2Ra 598.7 0.086 0.003 0.083 0.018
Ra 609.3 0.032 0.004
2Ra 619.1 0.002 0.001
2Ra 623.7 0.007 0.001
2Ra 7113 0.003 0.000
2Ra  718.4 0.001 0.001
2Rn 130.6 0.147 0.005 0.182 0.022
ARn 2712 10971 0.389 11.351  0.488 11.512 0.361
Z%Rn  293.6 0.064 0.002
Z%Rn 4018 6.724 0.238 6.978 0.300 7.142 0.225
Z%Rn  517.6 0.046 0.002 0.047 0.001 0.047 0.015
Z%Rn  564.1  0.0048  0.0015
“Rn  676.7 0.021 0.001
Z%Rn  877.2  0.0007 0.0002
Z%Rn  891.1 0.00047 0.00021
2pg 4389  0.0539  0.0020 0.057 0.002 0.0726  0.013
2pp 3618 0.034 0.001
2pp  404.8 4.027 0.143 4.215 0.181 4.305 0.142
App  427.1 1.888 0.067 1.985 0.085 1.986 0.076
App 4296 0.004 0.001
2pp 5041  0.0021  0.0004
Alph  609.5 0.025 0.003
2pp 6758 0.005 0.001

Zlpp 704.7 0.508 0.018 0.527 0.024 0.530 0.028
Zlpp 766.7 0.299 0.077 0.781 0.026
Alpp 8320 3.635 0.129 3.749 0.161 3.764 0.120

2pp 865.9 0.006 0.000

Alppy 10143 0.012 0.005
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JRC CIEMAT ENEA CEA CMI
Photon
P u(Py P u(Py P u(Py P u(Py P u(Py
e 5 I 0 SR ) B 3 N N 0 S ) B ) S B C

2pp  1080.6  0.013 0.001

Zpp 11035  0.004 0.000

Zpp 11095  0.119 0.004 0.129 0.007 0.161 0.059
2pp  1196.3  0.010 0.000

Zpp 12343 0.001 0.000

2pp 12707 0.007 0.000 0.007  0.0001

2Mgj  351.03  13.50 0.48 14156  0.622 14.191 0.445
20 569.7  0.0063  0.0006

20m 897.8 0.2840 0.0102 0.295 0.015 0.349 0.013

4.6 Final measuremens of the emission intensities

In the following, we describe the final measurement of the emission intensities of the
radionuclide belonging to™U chain.

The power moderated mean (PMM) was chosen to estimal vadues for each gamma line

[72]. The results are generally intermediate between arithmetic and weighted mean,
depending on the reported uncertainties. A coverag®if ofk=2 was selected to identify
extreme data. Uncertainties are considered informative but imperfect with a tendency of being
underestimated = 23/N). Below, PMM and measured values are illustrated for the cases in
which theP, has been measureg three or more laboratories.

235U

In Figure4.6 the measured gamnmatensities are shown, represented as black points, while
red lines represent the uncertainty ba PMM (black line).
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Figure 4.6. Measured gammitensities represented as black points. Black line present the PMM and the red
lines present the PPMM uncertainty.
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In Table 4.13 the new gamma emission probabilities derived from this work are listed,
together with the DDEP recommended value, the relative deviation of the calcBlated
against the DDEP value is also reported in the last column.

Table4.13. New gamma emission probabilities derived from this work.

DDEP This work

EEZE‘;; P, uP) P, uP) Rel dev.
keV] [%0] [%0] (%] [%0] (%]

31.6 0.017 0006 0079 0009 365
42.01 0.056 0.009 0.066 0.004 18
51.21 0.034 0007 0010 0.0 71
5425  0.0285 0.025 0009  -12
64.45 0.018 2164 0035 11922

72.7 0116 002 0324 0049 179
7494 0051 0006 020 0.3 292
96.09 0.091 0011 0646 0015 610
109.19 166 013 192  0.18 16
12035  0.026 0022 0010  -15
140.76 02 001 0224 0.016 12
14377 1094 006 1080 0.07 1
150.94 009 003 0076 0009  -16
163.36 508 003 511  0.04 1
182.62 039 005 039 0.2 0
185.72 571 03 572 0.3 0.2
19494 063 001 072 005 14
198.89  0.036 0002 0061 0.017 69
20212  1.08 002 112 005 4
20532 502 003 503 0.05 0.2
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DDEP This work
Eﬂgtr‘;; P,  uP) P, uP) Rel dev.
keV] (%] [%0] [%0] (%] (%]
21528 0029 0.003 0030 0.002 3
22139 0118 0.005 0.110 0.008 7
228.76  0.0074 0.006 0.0067 0.0010 -9
2335 0038 0004 0032 0002  -16
240.88 0074 0004 0064 0003  -14
246.83 0055 0003 0049 0003  -11
266.47  0.0078 0.0006 0.0067 0.0010  -14
27535 0051 0.006 0032 0002  -37
289.56  0.0074 0.0053 00010  -28
201.65 0040 0.006 0027 0002  -33
34592 0040 0.006 0038 0.003 5
356.03  0.0053 0.0024 00007  -55
387.84 004 0006 0026 0002  -35
41029  0.0032 0.0023 00006  -28

There wereP, values included in the DDEP library which were based in only one
measurement more th&® yearsago and few of them did not report uncertainties. These
include the64.45 key 72.7 keVY 120.35 keY275.35 key289.56 key356.03 keVand the
410.29 keV gamma lines. In this work thE, for the above gammanergies have been
measured by at least one dastory. In addition, for the main gamrhaes the laboratories
agree within uncertainties on the measuPedSpecial note should be given to 9®09 keV
gamma line. Although the measurements from the two laboratories agreed (relative difference
less tlan 5%y, the estimated value on tig is almost6 times higher than the DDEP. That
should not exclude the validity of this measurement since the DDEP value is based in only
one measurement in 19773].
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227AC

Figure4.8 the measured gamniatensities for>Ra  *°Rn, and inFigure4.9 the measured

gammaintensities for**Rn  ?"Pb. The measurements are represented as rectangular black

In Figure4.7 the measured gamniitensities fo>’Ac

22%Ra are shown, in

points instead red lines represent the uaggy on the PMM (black line).
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Figure 4.7. Measured gammimtensities represented as rectangular black point$*fac
present the uncertainty on the PMM (black line).
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Figure 4.8. Measured gammiatensities for’Ra  ?*°Rn represented as rectangular black points. Red lines
present the uncertainty on the PMM (black line).
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TheTable4.14 summarizes the gamn@mnission probabilities, estimated with the PMM when
measured by more than one laboratory. The relative deviation of the cald®jaigainst the
DDEP/NNDC value is also calculated.
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Table4.14. New gamma emission probabilities derived from this work.

DDEP This work

e, Eggﬁg; , u(P) P, u(P) Rel.dev.

keV] [%0] [%0] [%] [%] [%0]
22INC 37.9 0.049 0.049 0.003 1
221Th 31.58 0.068 0.010 0.070 0.006 3
22iTh 40.2 0.0155 0.0004 0.066 0.004 328
22MTh 49.82 0.426 0.090 0.601 0.034 41
22MTh 50.13 8.39 0.39 9.50 0.34 13
?2iTh 61.44 0.090 0.010 0.063 0.004 -30
22MTh 62.45 0.203 0.026 0.159 0.009 -22
22iTh 79.69 1.948 0.065 2.22 0.25 14
?2iTh 85.431 1.34 0.05 1.77 0.10 32
?2Th 88.471 2.18 0.08 2.68 0.15 23
?2iTh 113.11 0.54 0.83 0.03 53
?2Th 117.2 0.199 0.014 0.202 0.007 2
?2Th 123.58 0.014 0.005 0.0067  0.0013 -53
?2iTh 141.42 0.119 0.023 0.122 0.005 3
?2Th 150.14 0.0111 0.0031 0.017 0.002 56
?2Th 162.19 0.0077 0.0026 0.017 0.002 114
22 Th 168.36 0.0148 0.0026 0.012 0.001 -22
?2Th 169.95 0.0055 0.0022 0.008 0.001 45
?2Th 173.45 0.0174 0.0026 0.014 0.002 -20
22ITh 184.65 0.036 0.004 0.041 0.002 13
?2Th 197.56 0.013 0.004 0.010 0.000 -20
?2Th 200.5 0.013 0.009 0.016 0.001 26
22ITh 201.64 0.024 0.003 0.020 0.001 -17
?2Th 204.14 0.227 0.026 0.200 0.017 -12
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DDEP This work

Nuc. Eﬂgtrg; ) u(P) P, u(P) Rel.dev.

keV] [%0] [%0] [%] [%0] [%0]
?2fTh 204.98 0.164 0.026 0.151 0.017 -8
22MTh 206.08 0.254 0.026 0.264 0.011 4
22MTh 210.62 1.25 0.09 1.18 0.02 -5
22MTh 212.7 0.079 0.009 0.0957  0.004 -2
22MTh 212.7 0.019 0.005
22MTh 218.9 0.110 0.010 0.100 0.004 -8
22MTh 234.76 0.45 0.05 0.50 0.04 10
22MTh 235.96 12.90 0.26 12.83 0.17 -1
22MTh 246.12 0.012 0.001 0.020 0.001 67
22MTh 250.27 0.45 0.04 0.51 0.02 13
?2Th 252.5 0.11 0.02 0.12 0.02 5
?2Th 254.63 0.71 0.13 0.77 0.06 8
?2Th 256.23 7.00 0.13 6.98 0.13 0
?2Th 262.87 0.107 0.008 0.125 0.005 17
?2Th 272.91 0.508 0.008 0.521 0.013 2
?2Th 279.8 0.054 0.013 0.044 0.002 -18
?2Th 281.42 0.178 0.012 0.172 0.005 -4
?2Th 284.24 0.040 0.013 0.033 0.001 -16
?2Th 286.09 1.74 0.15 1.81 0.05 4
?2Th 292.41 0.066 0.008 0.059 0.002 -11
?2Th 296.5 0.44 0.04 0.45 0.01 3
?2Th 299.98 2.21 0.06 2.13 0.11 -3
?2Th 304.5 1.15 0.13 1.10 0.02 -4
?2Th 308.4 0.017 0.003 0.020 0.001 16
?2Th 312.69 0.516 0.039 0.554 0.009 7
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DDEP This work

Nuc. Eﬂgtrg; P, u(P) P, u(P) Rel.dev.

keV] [%0] [%0] [%] [%] [%0]
?2iTh 314.85 0.49 0.04 0.49 0.01 1
?2iTh 329.85 2.94 0.15 2.85 0.08 -3
?2iTh 334.37 1.14 0.08 1.09 0.04 -4
22'Th 342.55 0.35 0.09 0.63 0.02 82
?2iTh 346.45 0.012 0.001 0.009 0.001 21
22'Th 382.2 0.006 0.001 0.006 0.001 -2
221 Th 466.8 0.00049  0.00003  0.0013 0.0004 175
22iTh 493.1 0.0005 0.0001 0.0013  0.0004 147
22'Th 524.5 0.00019  0.00004  0.0013  0.0004 562
22'Th 536.9 0.0011 0.0002 0.0017  0.0014 55
22'Th 756.9 0.00019  0.00005  0.0010  0.0003 399
22'Th 775.8 0.0015 0.0001 0.0080  0.0007 418
22'Th 781 0.0003 0.0001  0.00101 0.00024 213
22'Th 797.3 0.0009 0.0001  0.00174 0.00025 90
22 Th 803.9 0.0006 0.0005 0.0021  0.0003 228
?2Th 812.6 0.0017 0.0003 0.0034  0.0003 104
22'Th 823.4 0.0026 0.0003 0.0034  0.0003 30
22'Th 842.5 0.0009 0.0001 0.0004  0.0001 -51
22ITh 846.7 0.00015  0.00003  0.0004  0.0001 182
22'Th 908.6 0.0024 0.0003 0.0025  0.0002 5
223y 134.6 0.50 0.10 0.048 0.016 -90
“Ra 104.04 0.019 0.002 0.074 0.005 284
*>Ra 106.78 0.023 0.001 0.016 0.003 -32
*Ra 110.856 0.058 0.004 0.061 0.003 4
*Ra 122.319 1.24 0.02 1.35 0.02 9
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DDEP This work

Nuc. Eﬂgtrg; P, u(P) P, u(P) Rel.dev.

keV] [%0] [%0] [%] [%0] [%0]
“Ra 131.6 0.006 0.003 0.016 0.001 160
“Ra 144.27 3.36 0.08 3.59 0.09 7
*Ra 147.2 0.006 0.003 0.006 0.001 6
“Ra 154.208 5.84 0.13 6.24 0.15 7
“Ra 158.635 0.71 0.02 0.77 0.02 8
*Ra 165.8 0.005 0.003 0.0036  0.0015 -33
**Ra 175.65 0.017 0.004 0.020 0.002 16
“Ra 177.3 0.047 0.004 0.054 0.002 15
“Ra 179.54 0.154 0.014 0.160 0.011 4
**Ra 221.32 0.036 0.006 0.030 0.002 -16
*Ra 249.49 0.038 0.010 0.043 0.004 14
“Ra 251.6 0.055 0.010 0.017 0.002 -69
“Ra 269.463 14.23 0.32 14.06 0.29 -1
“Ra 288.18 0.161 0.005 0.125 0.005 -22
“Ra 323.871 4.06 0.08 3.73 0.12 -8
*Ra 328.38 0.203 0.010 0.190 0.007 -6
**Ra 338.282 2.85 0.06 2.68 0.08 -6
*Ra 342.78 0.23 0.01 0.64 0.02 182
*Ra 355.5 0.004 0.001 0.008 0.001 96
*Ra 361.89 0.028 0.007 0.034 0.001 23
*Ra 362.9 0.016 0.007 0.024 0.001 47
*Ra 368.56 0.009 0.004 0.015 0.001 66
*Ra 371.676 0.50 0.01 0.45 0.01 -9
*>Ra 376.26 0.013 0.004 0.0088  0.0006 -33
*Ra 430.6 0.020 0.006 0.0226  0.0032 13
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DDEP This work

Nuc. Eﬂgtrg; ) u(P) P, u(P) Rel.dev.

keV] [%0] [%0] [%] [%] [%0]
“Ra 432.45 0.036 0.003 0.035 0.001 -2
“Ra 445,033 1.28 0.04 1.24 0.03 -3
“Ra 487.5 0.0110 0.0020 0.006 0.001 -42
*Ra 500 0.0014 0.0006 0.001 0.001 -26
“Ra 527.611 0.073 0.004 0.069 0.004 -5
**Ra 537.6 0.0021 0.0007 0.003 0.000 56
“Ra 541.99 0.0014 0.0006 0.001 0.001 -16
**Ra 598.721  0.0920 0.0040 0.085 0.003 7
*Ra 609.31 0.057 0.003 0.032 0.004 -A4
“Ra 619.1 0.0036 0.0011 0.00209 0.00058 -42
*Ra 623.68 0.009 0.004 0.00715 0.00071 21
*Ra 711.3 0.004 0.001 0.00297  0.00040 -20
**Ra 718.4 0.0014 0.0006  0.00080 0.00062 -43
2Rn 130.58 0.133 0.011 0.163 0.017 23
2Rn 271.228 11.07 0.22 11.28 0.23 2
2Rn 293.56 0.075 0.003 0.064 0.002 -14
2Rn 401.81 6.75 0.22 6.95 0.14 3
?Rn 517.6 0.0430 0.0030 0.0465  0.0012 8
?Rn 564.1 0.0015 0.0003 0.0048  0.0015 223
2Rn 676.66 0.0180 0.0020 0.0207  0.0010 15
2Rn 877.2 0.00033 0.00011 0.0007  0.0002 100
?Rn 891.1 0.00090  0.00020  0.0005  0.0002 -48
%o 438.9 0.058 0.019 0.0576  0.0039 -1
2Hpp 361.846 0.042 0.003 0.034 0.001 -19
?pp 404.834 3.83 0.06 4.180 0.088 9

159



Development of a Reference Material
and determination of Nuclear Data for NORM analysis

DDEP This work

Nuc. Eﬂgtrg; ) u(P) P, u(P) Rel.dev.

keV] [%0] [%0] [%] [%0] [%0]
2Hpp 427.15 1.81 0.04 1.95 0.04 8
?pp 429.65 0.008 0.003 0.004 0.001 -52
2Hpp 504.07 0.006 0.001 0.002 0.000 -64
?pp 609.55 0.033 0.009 0.025 0.003 -23
2Hpp 675.81 0.018 0.001 0.005 0.001 -74
2Hpp 704.675 0.470 0.010 0.520 0.013 11
2Hpp 766.68 0.62 0.04 0.78 0.03 26
2Hpp 831.984 3.50 0.05 3.71 0.08 6
2Hpp 865.92 0.0046 0.0002 0.0060  0.0003 31
2Ypp 1014.38  0.0173 0.0005 0.0120  0.0051 -30
2Hpp 1080.64 0.0121 0.0005 0.0130  0.0006 8
2Hpp 1103.52 0.0047 0.0007 0.0036  0.0002 24
2Hpp 1109.51 0.116 0.003 0.125 0.008 8
2Hpp 1196.33 0.0103 0.0004 0.0101  0.0005 -2
2Hpp 1234.3 0.0009 0.0003 0.0006  0.0002 -29
Ypp 1270.75  0.0068 0.0012 0.0070  0.0004 3
2Hg; 351.03 13.00 0.19 13.94 0.29 7
20m] 569.698 0.0019 0.0002 0.0063  0.0006 241
20T 897.77 0.263 0.009 0.309 0.020 17

In total, 145 P, are presented iffable 4.14 as an outcome of this part of the work. It is
evident from Table 4.14 that for most of the gammaes studied, the new emission
probabilities agree within uncertainties with most of DDEP/NNDC recommended values. In
addition, the absolute uncertainties on timeission probabilities for the majority of the
energies have been improved, as in the case &0b& keVand803.9 ke\gammaemission

line of >'Th or in the case of the gamma emission link34t6 ke\of **Ra.
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From Table 4.14 we can observe that there are some cases in which there are consistent
improvements on the DDEP value of the emission probabilities of some radionuclide under
investigation. However in all #se cases thie, measured were carried out by one institute

only.

161






Conclusion

Concl usi on

Naturally occurring radionuclides are present in many natural resources. Industrial activities
that exploit these resources may lead to enhanced potential for exposure to Naturally
Occurring Radioactive Materials (NORM) in products, by products, residues and wastes.

Within this framework, thé&C MetroNORM project has different purposes and aims: first of

all new methodologies have been developed for measurements of natural radionuclides and
new CMR have been used for their calibration with traceability to national standards of
partnering countries. In addition, nuclear data of natural radionuclides bamarbproved, to
accurately measure as many as possible descendants of the uranium decay chains.

Within the MetroNORM project, the main results of this thesis can be summarized as follows:

17 A new CMR (lonex resin) washaracterizedthroughthe measuremerdf activity
concentrationwith total relative uncertaintiesf about1.6% (k=1).

A standardized traceable measurement method@RM industries was developed.

Nuclear data for**U seriesradionuclides wereémproved and accurdes of its
gammaray intersitieswerelargelyimproved

With the aim of identifying a representative material of the European production cycles, in
which there is a high natural radioactive in products or residues in the waste, we carried out a
preliminary evaluation of threeandidate reference materials. Tuff was chosen as a material
representative of industries producing construction materials, the lonex resin as representative
of the industries that are involved in the water purification and, M@lely used in industries
producing paints.

These three matrices were subjected to a preliminary characterization process, carried out
through the evaluation of the chemical composition, homogeneity and radiometric
characterization of the samples. Based on the availability ankdeoamount of radioactivity
present in the material, lonex resin was chosen as the reference material to be certified. The
new CMR was therefore considered for the calibration of the gamaypapectrometer used

for the measurement of natural radioactivity.

The lonex resifCMR has been certified through a characterization process carried out by
three metrological institutes: CMI, JRC and ENEA. For this purpose, we carried out accurate
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measurements of homogeneity and chemical composition of the materiahito atp@activity
measurement with an uncertainty less th@% We obtain an activity characterization of the
CMR with an uncertainty of.56%for >**U and2.96%for *%U. The evaluation of the activity

of the CMR was performed through the use of power nmatee mean that can calculate an
efficient and robust mean from any data set. Moreover, ENEA has developed a measurement
method to evaluate the activity of a sample with a high content of natural radioactivity. This
measurement method has been validatedutiit the use ofCMR and through the
organization of an intecomparison that involvedl2 participating institutions to the
MetroNORM project. Hence, this part of the work was focused on providing to the end users
of this project the necessary expertise tfog evaluation of the natural radioactivity in the
materials and the waste of their production cycles.

The second goal of this thesis was to measure the emission probability of the radionuclides
belonging to the®**U radioactive chain. For this purpose CJRrepared two radioactive
sources, the first made &°U and the second composed ?fAc in equilibrium with its
daughter. The activities of these two sources were first evaluated with a primary measurement
method & spectrometry) and then the emissjagnobability of the emission line of interest

was carried outhrough gammaray spectrometry. We evaluatedB0 emission lines of
radionuclides belonging to the radioactive serie§f and we showed that, for most of the
gammalines investigated, the neamission probabilities agree with most of DDEP/NNDC
recommended values, within the uncertainties. In addition, the absolute uncertainties on the
emission probabilities for the majority of the energies were largely improved. In some cases,
such as the emism line at96.09 keVof ?**U we found probability values different from the
ones recommended by DDEP (the estimated value oR,tisealmost6 times higher than the
DDEP). This result will be used by DDEP, over the next few years, for a critical artabsis
could lead to a reassessment of the recommended values of emission probabilities.

In conclusion, this thesis and more generally the MetroNORM project provided
methodologies for quantification of radioactivity in products and waste to industries using
NORM materials.Moreover, the metrological institutions participating in the projesteha
acquired the skills for the preparation of MR for industries who handle NORM in their
national territory. This result is very important considering the increasing attention that the
national authorities have in the protection of workers and thdécpfitbm risks involving
exposure to high concentrations of radionuclides of natural origin.
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Introduction

In this document the steps of a relative measurement of the Activity of 230U and 25U

contained in IONEX by HPGe will be listed and described with some details. For the sake of
clarity, these steps can be arranged in four categories:

1. Short review on IONEX resin and its preparation with Uranium;

2. Considerations and initial controls;

3. Information gathering (some information will be contained in books (B), nuclear data
web sites (WS), in the reports of the software that controls the operation of the HPGe
[RS) or will have to be estimated by the operator from the spectrum graph (SPG): some
other info may be either decided by the operator or contained in other available
documents (0D); some other will have to be obtained by Monte Carlo computer
simulations (MCS);

4. HPGe count rate measurement:

5. Activity or Activity concentration calculation.

. Short review on IONEX resin and its preparation with Uranium

The IONEX technology is beneficial because it is highly selective for uranium, does not
change the taste or properties of drinking water and is easy to operate. IONEX is a material
from water purification filters used for removing uranium from water and can be
regenerated.

IONEX is a styren-divinylbenzene copolymer with trialkyl-amin-groups. The inscluble
matrix in the form of small beads provides a high surface area. Mean bead size is 0.64 mm.

Radicactive IONEX for WP1 was obtained from Waterworks in the Czech Republic.

Preparation of the IONEX resin (material):

The sample of IONEX contained a large amount of carbonates (sediments from water,
approx 250 g per 1 kg of IONEX), which caused inhomogeneity of the sample and had to
be removed from the sample before y-spectrometry measurement. The sample immersed
in distilled water was placed into the ultrasonic bath. Then, the sample was washed with
distilled water on a sieve (0.3 mm). Most of carbonates were removed. No significant
amount of uranium was detected in the waste water nor in the removed carbonates. The
activity was measured with the liquid scintillation counter. The sediments were
homogenously distributed in the scintillation cocktail (Ready Gel] and waste water was
measured as scintillation cocktail (Ultima Gold). A sample of the treated IONEX was finally
air dried and mixed up.

SAMPLES:

Seven identical PVC containers were filled with equal amounts of the IONEX resin [94.58 (19) g).
The sample of IONEX resin was kept in an 85-ml metal container of 6 cm diameter, 3-cm height
and 1-mm thickness of the bottom. The chemical composition of the container is given in Table.
Bulk density of the active IONEX sample was 0.79 g cmi®. The content of water in IONEX resin
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sample was determined as 10 3. The samples were dried in a desiccator with P20z The elemental
composition of the IONEX is also given in the following Table.

IONEX resin Metal container

Element Abundance % | Element Abundance % Element | Abundance %
C 597 5i 11 Nn 0.05
N 115 Fe 0.24 Ti 0.02
o 12.2 Cu 0.03 Ph 0.01
H 114 Mn 0.53 Al 97.51
5 1.6 Mg .61 Cr 0.02
u 0.5

2. Considerations and initial controls

2.1. From what has been said about the INOEX resin and its capacity to wash out Uranium
atoms from water, it is reasonable to hypothesise that Uranium contained in this resin
is no more in equilibrium with its daughter nuclides. This consideration is important
as it has repercussions on which gamma emissions and hence which radicnuclides

will be available in order to detect the disintegrations of 2251 and 23811,

2.2, 1357 disintegrates by alpha emission to the excited levels of Z1Th which in turn emits
gamma rays that can be detected in order to count the disintegrations of the parent
nuclide [*5U). In Table 1, the most intense gamma energies emitted after the
disintegration of one atom of 35U are reported:

Table 1
ﬂdisirtegmﬁms
counted by the gamma emission of =
Energy (KeV) Photons per 100
disintegrations
109.19 {7) 1.66 [13)
143767 (3) 10.94 (6)
163.356 (3) 5.08 (3)
185.720 {4} 57.0 (3]
202.12 (1) 1.08(2)
205316 (4) 5.02 (3)

The most intense gamma emission takes place at 185.720 KeV, however it is also
known that 22¢Ra (which belongs to the %0 series) emits at 186.211 KeV. Being these
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2.3.

energies so close to each other, the relative counts would pile up in one single peak
Thus, although one does not expect the presence of this radionuclide, it is appropriate
to double-check its absence, once subtracted the blank, directly and by its daughter
nuclides like 224Pb and #14Bi.

1347J disintegrates by alpha emission to 24Th, which unfortunately possesses only two
gamma emissions with a very low emission probability that, hence, cannot be used to
count the disintegration of the parent nuclide. It follows that it is necessary to move
down in the decay chain in order to find out a radionuclide by whose gamma emission
one can extrapolate the disintegration of (¥**U). This method produces the correct
result only if the parent radionuclide (#9U) is in equilibrium with its daughter
nuclides. However it is not necessary that 2*U be in equilibrium with all of its
daughters, it is sufficient that the equilibrium is verified among three radionuclides:
1247, 2Th and #4Pa. Thanks to the rather short half-life of *4Th (24.1 days), one is
justified to reckon that this condition will be fulfilled after waiting for a sufficiently
long amount of time which is about 5 times this half-life. The radionuclide whose
emissions will be measured to find out the activity of [#**U] is 24mPa,

Table 2
Th disintegrations
counted by the gamma emission of =*"Pa

Energy (KeV)

Photons per 100
disintegrations

766,361 (20)

0,323 (4)

1001,026 (18)

0,847 (8)

3. Information gathering

3.1
3.2

3.3.
34,

3.5,

Beginning date and time of the count rate measurement T Contained in (RS).

Date and Time to which the Activity or Activity concentration have to be referred T,
(oD).

Real Time of the count rate measurement of the source RT gq. Contained in (RS).

Live Time of the count rate measurement of the source LT, along with its
uncertainty. Contained in (RS).

Background area of each of the significant? peaks of #Pa (for #%0U) and for #1Th
(*25U). That is the counts of the gamma Compton background right under each peak
Contained in [RS).

| Sigmificant s msed to indirsw 3 pesk comesponding w 3 phown of > Pa and 'Th whose probability of

7y is fairly large, so that the cormesponding peak can be easily made out sbove the gamma backzround afier a
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3.6. Source Met area Nygg of each significant peak of 22%=Pa and 231Th along with the
related uncertainty. Net area being the gamma counts contained in each peak once
subtracted of background area. Contained in [RS).

3.7. Live Time of the count rate measurement of the blank LTy along with its uncertainty.
Contained in [RS).

3.8. Background area of the blank corresponding to the peaks of 24mP3 and 2*1Th. That is
the counts of the gamma Compton background right under each peak Contained in
(RS) since #*4mP3 and #*1Th are naturally occurring radionuclides or likelier in (SPG), if
the peaks are too low to be identified by the software.

3.9, Blank net area N, corresponding to the peaks of 24Pa and #1Th along with the
related uncertainty. Net area being the gamma counts contained in each peak once
subtracted of background area. Contained in (RS), since #*mP3 and #'Th are naturally
occurring radionuclides or likelier in (SPG), if the peaks are too low to be identified by
the software.

3.10. Detection efficiency £ of the HPGe for a 234mP3 and *1Th standard source (i.e. arranged
in a precise and reproducible geometry and contained in a matrix of known density
and chemical composition) along with its uncertainty. If the HPGe is calibrated, i.e.
possesses a single photon calibration curve, this information comes along with it
Conversely, were the HPGe spectrometer not calibrated, one may proceed along two
different pathways: determine the efficiency by reading by the HPGe the count rate of
a B4mpa and #31Th source whose activity was previously assessed by an absolute
measurement method; determine the efficiency curve in the energy range from 100
KeV up to 1100 KeV by available and easier to measure radionuclides whose
emissions laid in this energy range, and disposed in a standard geometry and
contained in a known matrix
3.11. Gamma Emission Intensity or Photons per disintegration (I, ) for each of the emission
energy chosen for 239mPg and #31Th, along with its uncertainty. Contained in (WS) [1].
3.12. Half life time T, for 24mPa and 2*1Th along with its uncertainty. Contained in [WS)
[1].
3.13. Mass m of the source along with its uncertainty. Either measured by the operator or
provided with the sample.
3.14. Correction coefficient of self-attenuation ky along with its uncertainty for each of the
emission energy chosen for =P and “°Th. Obtained by efficiency transfer
simulations (ETMA, GESPECOR, GEANT or other Monte Carlo Codes) [MCS). This
coefficient depends on the chemical composition and the density of the sample. If this
information is not provided along with the sample, it becomes necessary for the
operator to either measure the mass attenuation coefficient by the collimated beam
method or estimate it by XCOM.
3.15. Geometrical correction factor kg, that is the coefficient due to possible differences of
the reference geometry to that of the source, along with its uncertainty [ETNA,
GESPECOR, GEANT or other Monte Carlo Codes] (MCS).
3.16. Correction coefficient of coincidence summing k3 along with its uncertainty for each
of the emission energy chosen for #4=Pa and 2*'Th. Obtained by Monte Carlo
simulations (ETNA, GESPECOR, GEANT or other Monte Carlo Codes) [MCS).
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4. Information gathering

4.1, As it was mentioned in the third section of this protocol, it is necessary to collect by
HPGe measurements some information about the blank, that is a sample whose
features are identical to those of the radicactive sample but for the absence of
Uranium. Prepare the uncontaminated IONEX according to the standard geometry to
which one will refer during all the protocol. Due to the possible presence in the IONEX
of grains of different size and the possibility with time that they may sediment in the
container according to their dimensions, it is advisable to homogenise the content by
moving the container back and forth. Should the uncontaminated IONEX not be
available, fill the standard geometry with bidistilled deionised water.

4.2, Place the blank in the detector according to a precise source-detector geometry, which
will have to be replicated with the source.

4.3. Set the Live Time sufficiently long so that the uncertainty on the net Area of the peaks
be not higher than 1%.

4.4, Start to count the gamma photons emitted by the blank

4.5, Before placing the Uranium source (IONEX) in the standard geometry, homogenise its
content.

4.6. Determine the mass of the source.

4.7. Place the source in the detector according to the precise source-detector geometry
that was used during the blank measurement.

4.8, Set the Live Time sufficiently long so that the uncertainty on the net Area of the peaks
be not higher than 1%.

4.9, Before starting the true counting of the gamma photons emitted by the source, it is
necessary to perform several counting and compare them with each other in order to
find out whether the equilibrium between Z#0 and its daughter nuclide 234Th has
been reached. It is possible to compare the experimental curve with that obtained by
the Bateman differential equations.

4.10. If the equilibrium between 2**U and **Th is established, start the counting of the
gamma photons emitted by the source.

5. Information gathering

With the information gathered of section 3 and the count rate measurements of section 4,
it is now possible to compute the activity and the activity concentration along with their
uncertainty.

5.1, The formula for the Activity is reported here together with the legend explaining the

meaning of the symbaols:
1 ‘.}.\':'E N.'n't' . ¥
4- oo, T T FlTae = Torgday b B (8T nbny b kybhy
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* &= Detector Efficiency

*  Iy="Gamma Emission Intensity

*  Nygp = Source Net Area

*  Nyp = Blank Net Area

s LToq =Source Live Time

+ LTy = Blank Live Time

*  RT.y = Source Real Time

*  Tgr = Date to which the Activity has to be referred

*  Thgg = Beginning Date of the Source Measurement

o /, = Half Life

*  ky = Coefficient of self-attenuation

+ k- = Geometrical correction factor

* k5 = Coincidence summing coefficient

* F, = Coefficient that brings back or forward in time the value of the activity referring it to
the instant Ty

* F, =allows for the decay of the radionuclide during the measurement.
The explicit form of the two factors F; and F: depends in general on the evolution with

time of the system of radionuclides and hence has to be evaluated case by case. Only if

the evolution of the system is a simple exponential [ ME)=No exp(-if] or N{E]l= No[I-
=ln 22 T”_Tﬂiil

exp(-At]] ). the two factors F1 and F2 become e "z and 20% .o

B&400 :1I|.i [ —IBLEIRT o]

Bedd by

respectively.
We stress again that both of these terms are valid only if there is equilibrium between the
parent nudide and its daughter, i.e. if the evolution is a simple exponential. On the contrary, if
the radicactive processes are more complicated because the equilibrium has not been reached
yet, more complicated terms have to be used, which, in general, will have to be calculated
specifically for each case.

5.2. As to the relative uncertainty related to the activity, it will contain several components
due to the propagation of the relative uncertainty of all the quantities contained in the
formula above. These components will be listed here:

u(ﬂ}l; = u(&) relative uncertainty of the activity due to the refative uncertainty of the
efficiency £
“(ﬂ]‘h,. =u(ly) relative uncertainty of the activity due to the relative uncertainty of the
gamma emission intensity (value provided by reference [LNHB])
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u[ﬂ}lp1 = ; “m ——u(ti,2) t1;z relative uncertainty of the activity due to the relative
uncertainty qfl:lﬂ contained in Fy

u(d}|g, = :2 Bt — Lyy2) tyyp relgtive uncertainty of the activity due to the relative

uncertainty of t1,2 contained in Fz

(Nea - W{lT,q)

Mg Nyp] =

—Xanlyr,
u( ﬂ}| - il Ty
[lr,. LTy Nyea -

LTsa - LTy, -Lru
w(Nw)

Nnp e —
[l

relgtive uncertainty of the octivity due to the
relative uncertainty of LT gg . LTh . Nygn - NNb

u(A)|y » w(A)g o w(A)|g = ulky), ulks) . ulks) relative uncertainty of the
activity due to the relative
uncertainty of K, Kz and Kz

The whole activity’s relative uncertainty is just the square root of quadratic sum of the
components of uncertainty:

u(d) = ||E:qu"‘{-|‘lfl'| s

where the index j indicates the | ™ com ponent of the uncerainty.
The explicit form of the activity's uncertainty is:

2
@@l? + (u@l,) + (u@lr)’ +
_ + (u@lg)’ +
u(d) = 2 2 2 2
+ (w@)g,,)” + (@lg,) + (wdly,,) + (@@A@ly,) +
+ (wAl) + (@) + (@)
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5.3. Formulas to calculate the dedsion threshold and the Minimum Detectable Activity
({Detection Limit).

. B _ _i&urng
Decision Threshold - L. =233 Tty
. L _ R S|
Detection Limit: Ly = 4.65 ez mt,

where Nyg_ppg are the background counts of the source.

Relative uncertinty of L.

u(Lf)=J{uuc>lm,,}’ + (@Ll)® + (ulL)lm)? +(u(m|;,]2

Relative uncertainty of L;

T
uly) = (@) + @EID? + @ldlm.) +(uoly)
where the components both for L. and L; are

U(LT,q) uig) (Myq) uil,)
w(Leja)lyy,, =S - wllesa)l, =S¢ - wllepd)l, =S » ulLee)l, =<
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