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Abstract

The purpose of this study was to evaluate the level of natural radioactivity ex-
posure to the public in Douala city. A car-borne survey was carried out in Douala, the
largest city in Cameroon to make a detailed distribution map of the absorbed dose rate
in the city, to locate the high natural radiation areas prior to indoor radon, thoron, and
thoron progeny measurements. Gamma-ray dose rates were measured using 3-in x 3-
in Nal(Tl) detector. Activity concentrations of U, #*Th and *°K in soil from Douala
city were determined by two methods: the first, using in-situ gamma spectrometry and
the second, at the laboratory using a Nal(Tl) detector. In addition, the measurements of
indoor radon, thoron and their progeny concentrations have been carried out in Douala
by using RADUET detector and thoron progeny monitor in about 71 dwellings. These
measurements are followed by the determination of the equilibrium factor of thoron and
the evaluation of the dose by external irradiation and by inhalation. The activity con-
centrations with Nal(T1) detector varied from 18 to 47 Bq kg~! for 23*U, 21 to 54 Bq kg~!
for ?*2Th, and 10 to 410 Bq kg~' for “°K with averages of 29, 38, and 202 Bq kg~ ' re-
spectively, for in-situ measurements. They vary between 29-98 Bq kg~ for #8U, 29-92
Bq kg™! for #2Th, and 40 to 79 Bq kg~' for *°K, with averages of 60, 57, and 56 Bq kg™
respectively for soil samples collected at Douala III subdivision and measured in the
laboratory. The results of this current study have been compared with the world mean
values of 35, 30 and 400 Bq kg~' respectively specified by the UNSCEAR. The concen-
trations of radon, thoron and thoron progeny were respectively found to vary from 31
+1t0436 £ 12 Bgm™>,4+7t0246 £5 Bgm >, and 1.5 £ 0.9 to 13.1 + 9.4 Bg m™>.
The arithmetic mean values of radon, thoron and thoron progeny concentrations were
respectively found to be 139 + 47 Bqgm™3, 80 + 52 Bqgm™3, and 4.6 + 2.9 Bg m™>. The
equilibrium factor of thoron varies from 0.01 = 0.01 to 0.83 £ 1.55 with an average value
of 0.11 £ 0.16. A heterogeneous distribution of absorbed dose rates in air was observed
on the dose rate distribution map, and varies from 29 to 86 nGy h~' with an average
of 50 nGy h~!, lower than the world average value of 59 nGy h~!. The total annual ef-
fective dose was evaluated and varied from 0.21 to 0.41 mSv y~! with a mean value of
0.31 mSv y~! for in-situ measurement, however for soil samples, the total annual effec-
tive dose varied from 0.3 to 0.7 mSv y~! with an average value of 0.42 mSv y~!, which
was lower than the worldwide effective dose of 0.5 mSv y~!. The annual effective dose

XV



due to exposure to indoor radon and progeny was found to vary from 0.6 to 9 mSv y~*

with an average value of 2.6 + 0.1 mSv y~! and the effective dose due to the exposure
to thoron and progeny was found to vary from 0.3 to 2.9 mSv y~! with an average value
of 1.0 &= 0.4 mSv y~!. The total inhalation dose of radon and thoron was 3.6 mSv y~%;
which represents 91% of the total annual dose (4 mSv y~ ') received by the population
of Douala. The contribution of thoron and its progeny to the total inhalation dose was
found to vary from 7 to 60% with an average value of 26%. Thus thoron cannot be ne-

glected when assessing radiation doses.
Keywords: Car-borne survey , Nal(Tl) detector , Natural radioactivity, Air absorbed

dose rate, External effective dose, Radon (Rn), Thoron (Tn), Rn-Tn discriminative detec-
tor, Thoron progeny (Tnp), Equilibrium factor, Inhalation dose.
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Résumé

Le but de cette étude était d’évaluer le niveau d’exposition du public a la radioac-
tivité naturelle de la ville de Douala. La mesure de la concentration des radionucléides
primordiaux ?**U, #?Th et *°K dans le sol, par spectrométrie gamma in-situ et de la-
boratoire, la mesure des débits de dose absorbée dans 1'air par la méthode car-borne
survey et la mesure des concentrations du radon, thoron et les filles du thoron dans
les habitations utilisant les détecteurs RADUET et les moniteurs de filles de thoron ont
été effectuées. Ces mesures sont suivies de la dtermination du facteur d’équilibre du
thoron et de I’évaluation de la dose par irradiation externe et par inhalation. Pour la
mesure in-situ les concentrations de U, ?32Th et *K varient respectivement entre 18
-47 ,21-54 et 10 - 400 Bq kg~ ' avec des valeurs moyennes de 29, 38 et 202 Bq kg~ .
Cependant, pour la mesure au laboratoire, les concentrations de ***U, 32Th et K vari-
ent entre 29 - 98, 29 - 92 et 40 - 70 Bq kg~ ! avec des valeurs moyennes de 60, 57 et 56
Bq kg~! respectivement. Les résultats obtenus au cours de cette étude ont été comparés
aux valeurs moyennes mondiales correspondantes données par 'UNSCEAR : 35, 30 et
400 Bq kg~!. Par ailleurs, Les concentrations du radon et du thoron mesurées dans 71
habitations de Douala varient de 31 =1 Bqm 24436 + 12Bqm “etde4 + 7Bqm*a
246 + 5 Bq m? avec des concentrations moyennes de 139 Bq m ™ et 80 Bq m® respec-
tivement. La concentration des filles du thoron varie de 1.5 + 0.9 Bq m™ a 13.1 + 9.4
Bq m~? avec une concentration moyenne de 4.6 + 2.9 Bq m® . Le facteur d’équilibre
du thoron varie de 0.01 £ 0.01 a 0.83 £ 1.55 avec une valeur moyenne de 0.11 + 0.16.
Le débit de dose absorbée dans l'air a 1 metre au-dessus du sol varie de 28 a 86 nGy
h~! avec une valeur moyenne de 50 nGy h™! , inférieure a la moyenne mondiale de 59
nGy h~'. La dose efficace annuelle par irradiation externe a été évalué et varie de 0.21 a
0.41 mSv y~! avec une valeur moyenne de 0.31 mSv y~! pour la mesure in-situ. La dose
annuelle par irradiation externe évaluée a partir des concentrations de ***U, 232Th et °K
dans le sol mesurée au laboratoire varie de 0.3 a 0.7 mSv y~! avec une valeur moyenne
de 0.42 mSv y~*, toutes inférieures a la valeur moyenne mondiale égale a 0.5 mSv y~'.
La dose totale par inhalation du radon et du thoron est de 3.6 mSv y~*; ce qui représente
91% de la dose totale annuelle (4 mSv y~!) reque par la population de Douala. La con-
tribution du thoron la dose par inhalation varie de 7 a 60% avec une moyenne de 26%.
Par conséquent, le thoron ne peut étre négligé dans 1" évaluation de la dose totale par
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inhalation.
Mots-clés : Détecteur Nal (T1), Radioactivité naturelle, Débit de dose absorbée dans

l'air, Dose efficace externe, Radon (Rn), Thoron (Tn), progéniture du thoron (Tnp) Détecteur
RADUET, Facteur d’équilibre, Dose inhalée.
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General Introduction

Natural ionizing radiation originates from various sources. These can affect the hu-
man body via different pathways, causing both external and internal exposure. For
example at high altitude cosmic radiation, and its induced radionuclides cause elevated
effective doses but at sea level the largest contribution is from terrestrial radionuclides
such as radon and thoron. Radon (**?Rn) and thoron (**°Rn) isotopes, from the #8U
and *?Th decay chains respectively, are responsible for approximately the half of the
total annual effective dose from natural sources to an average human [1]. The ***U and
its daughters rather than ?*° Ra and its daughter products are responsible for the major
fraction of the internal dose received by humans from naturally occurring radionuclides.
Even though the concentrations of these radionuclides are widely distributed in nature,
they have been found to depend on the local geological conditions and as a result vary
from place to place [2,3]. This is because the specific levels are related to the type of
rocks from which the soil originates. The damage caused by exposure to a radiation is
determined by the type of radiation, the duration of exposure and the part of the body
that is exposed. The interaction of ionizing radiation with the human body arises from
either external sources or internal contamination which can lead to biological effects [1].
Radiation effects can lead to death of a cell, impairment in the natural functioning of
the cell leading to somatic effects such as cancer and a permanent alteration of the cell
which is transmitted to later generation i.e. genetic effect. Biological effects can also
be considered in terms of stochastic effects and non stochastic effects. Stochastic effects
increase with dose rate [4] while non stochastic effect has a threshold below which there
is no effect. Human exposure to radiation also reduces the immunity of the person ex-

posed [5].
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Exposure due to radon is the most variable and the International Atomic Energy Agency
(IAEA) has been working hand in hand with the World Health Organization (WHO) in
finding means of raising the awareness of radon as a public health and radiation protec-
tion issue and to support the Member States with technical guidance for establishment
and implementation of radon action plans, such a plan is currently under implemen-
tation in Cameroon through technical cooperation with IAEA. Generally, the system of
radiological protection ought to deal much with exposure due to natural sources of ion-
izing radiation more particularly radon [6]. Scientific Committee under United Nations
on the Effects of Atomic Radiation, postulated that exposure to natural sources of radia-
tion constitutes more than 60% of the population radiation dose, whereas 50% is as a re-
sult of inhalation and ingestion of natural radioactive gas radon and its decay products.
It is assessed that exposure to radon through inhalation in closed rooms is the cause of
about 3-14% of all deaths from the cancer of the lung [1,7]. However studies have shown
that data on the thoron since its determination is difficult [8]. Saidou et al [9] reported In-
door radon measurements in the uranium regions of Poli and Lolodorf, Cameroon. This
study showed high indoor radon distribution observed in the uranium regions of Poli
and Lolodorf could stem from the combined effect of ground as floor type and build-
ing materials. Saidou et al [10] reported Radon-thoron discriminative measurements in
the high natural radiation areas of southwestern Cameroon. This showed that 30% of
houses have thoron concentrations above 300 Bq m 2 and the mean contribution of in-
door thoron to the total inhalation was of 47%.

Further, a linkage between cancer of the lung and inhalation of radon and its progeny
has been studied and recent epidemiological evidence suggests that inhalation of radon
and its decay products in domestic environment initiates the cancer of the lung. Shoeib
et Thabayneh [11] noted that inhalation of radon and its progeny also causes skin cancer
and kidney diseases besides lung cancer and that radiological impact commenced by
radionuclides is as a result of radiation exposure of the body by the gamma rays and
irradiation of lung tissues from inhalation of radon and its progeny.

This research thesis is divided into 3 chapters. In chapter 1 we present fundamentals on
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sources of exposure to natural radiation and the theoretical bases necessary for under-
standing the interaction mechanisms of electromagnetic radiation as well as the charged
particles with matter and dosimetric quantities.

Chapter II presents the material and methods used to determine the activity concentra-
tion of 228U, 2Th, ** K, ?*? Rn, *** Rn and the dosimetry of Douala population.

The results obtained on measuring radioactivity in samples of Douala, indoor radon in
dwellings and on the dosimetric impact of the population will be presented in chapter
III. These results will be discussed, as well as the precision and an exhaustive compari-

son of the literature in order to better explain our results.
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CHAPTER [

LITERATURE REVIEW

I.1 Introduction

In the nature, most of atomic nuclei are stable. However, some atoms have unstable
nuclei, which is due to an excess of either protons or neutrons, or both. They are said to
be radioactive and are called radioisotopes or radionuclides. Radioactivity is the natural
property of certain atomic nuclei to emit radiation in a spontaneous way. This emission
of radiation accompanies the phenomenon of radioactive decay, which transforms the
nucleus of the father element (X) into a son nucleus (Y). Thus, the nucleus of a radioac-
tive isotope will be spontaneously transformed into a nucleus of a more stable isotope of
the same element, or else into a nucleus of an isotope of another chemical element. The
decay products consist of particles (alpha or beta) or photons (gamma). Radiation can
be defined as a mode of propagation of energy in space, in the form of electromagnetic
waves or particles. Radiation can only be detected and characterized through their in-
teraction with the material in which they propagate. They may transfer in the medium
that they cross, all or part of their energy during these interactions. Radiation can be
classified according to its mode of interaction with matter in two categories:

— Directly ionizing radiation: they are consisted of charged particles which transfer
directly to matter their energy, by action of the coulombian forces exerting between
them and the atoms of the medium. Energy transfers depend on the masses of mov-
ing particles and it is necessary to distinguish between heavy charged particles (proton,
deuteron, alpha, heavy ions) and electrons.

— Indirectly ionizing radiation: they are electrically neutral and are capable of trans-

ferring a large fraction or all of their energy in a single interaction to charged particles.
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These secondary particles then ionize the medium. Ionization, in this case, is done in
two stages. Electromagnetic radiation (X and ) and neutrons fall into this category, but

their mode of interaction is different [12].

= —
lonizing
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Figure 1: Ionizing Radiations [13]

I.1.1 Alpha radioactivity

Alpha radioactivity concerns heavy nuclei, whose atomic number is greater than
82 [14]. The increase in the charges indeed increases the repulsive forces and causes
the expulsion of a heavy and very stable particle, formed from two protons and two
neutrons, that is to say a nucleus of helium. This phenomenon occurs when the mass M
of the parent nucleus is larger than the sum of the masses of the particle a and the son
nucleus M; .

M > M, + M, (L.1)

This emission is symbolised by the equation:

AX = 40V +4H, +Q (1.2)

The excess energy Q is distributed between the kinetic energy of the ejected « particle
and the energy of the emitter nucleus. The kinetic energy of the ejected particle () is
characteristic of the emitting element and can take only a small number of values very

close to each other (spectrum of lines) [15]. The energy of the emitter nucleus is subjected
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to a recoil movement (recoil energy From the nucleus).
Example : 333U — 34Th + 3 H,
If the parent nucleus Y is produced at an excited energy level, the decay is accompanied
by the emission of a gamma photon.
2X = gY T HH A Q

(L3)
2V = gV

I.1.2 3~ radioactivity

During the 3~ radioactivity, the parent nucleus emits an antineutrino in addition to
the electron. It is admitted that the 5~ electron is created following the transformation
in the nucleus of a neutron made of proton according to the following disintegration
equation:

on = 1p +2ye + (Ve @4

Therefore, this disintegration concerns nuclei whose number of neutrons are relatively
high. Thanks to antineutrino, the principle of conservation of energy is respected; in
addition, its presence makes it possible to explain the continuity of the energy spectrum
of the /3 electrons. The son nucleus has the same number of nucleons as its parent, which

leads to the following decay equation:

AX = 4.V +% e+ 50, (L5)

I.1.3 7 radioactivity

During -decay, a proton nucleus transforms into a neutron, emitting a positron (en-

ergy between some keV and about 2 MeV) and a neutrino following the decay equation:

1P —n+9%e+90, (1.6)
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This reaction concerns nuclei whose number of protons are relatively high. the son
nucleus possesses the same number of nucleons, which leads to the following decay
equation:

4X = ALY + 90+ 90, (L.7)

Example $2P — 325 +° e + 00,

I.1.4 Gamma decay

The v radiations is consists of photons, just like X-rays, but much more energetic. The
photonic spectrum is discreet because it corresponds to the difference in energy between
the levels of the son nucleus; it represents a unique means of identification of each ra-

dioisotope. Most v emissions instantly are as follow:

AX* = 2X + (1.8)

In the case where the emission of the photon is delayed; we are talking about isometric
transition. The son nucleus has along excited period state called a metastable state.
The nucleus, created at an excited level m, returns to its ground state according to the
equation:

Anx 5 AX 4+ hY 1.9)

Technecium 99 is part of those elements. Its metastable excited state, 3 T'c, having a

half-life of 6 hours, decays by emitting photons of either 0.1427, or either 0.0022 and
0.1405 MeV.
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1.2 The radioactive decay laws 8

1.2 The radioactive decay laws

I.2.1 Radioactivity decay

Radioactivity is a spontaneous phenomenon, obeying the laws of statistics. Given, at
a time t, a quantity of radioactive substance containing N atoms, the average number
(dN) of atoms that decay in a time interval (dt) is proportional to the total number N
of atoms, in a ratio of proportionality characteristic of the nature of this radioactive

substance:

dN = —=ANdt (I.10)

The sign (-) indicates that there is a gradual decrease in the number N of radioactive
atoms; A is the radioactive constant of the nuclear species considered. The integration

gives the number of atoms N present at time t:

N(t) = Noe (L.11)

Ny being the number of atoms at time t = 0.

I.2.2 Radioactive period or half-life

The half-life (71, ), or period of radioactive isotope, is the time required for half of
nuclei of this isotope initially present to decay naturally. It is given by the following

relation :

Ty, = 22 (1.12)

where ) is the decay constant charateristic. For each time interval corresponding to

a half-life, the number of nuclei is divided by two (see Figure 2) [16].
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Figure 2: Radioactive decay

I.2.3 Activity

The activity of a radioactive source is the number of decays per unit of time. This
activity is usually defined for a unit mass of radioactive element. It is about specific ac-
tivity. The old unit of measure for radioactivity was Curie (Ci). The Curie was initially
defined as the activity of about one gram of radium, natural element that we have been
found back in soils with the Uranium. The current unit of activity measurement is bec-
querel (Bq) (1 Bq = 1 disintegration per second and 1Ci = 3.7x 10'° Bg) [17]. The activity
is obtained by the temporal derivation of the number of atoms of a given sample:

A(t) = =2 = ANge™™ = AN(t) (1.13)

By the same reasoning, it can be shown that activity follows in the course of time the

same law exponential as the decrease in the number of nuclides [18]:

At) = Age (L14)

[.3 Radioactive series

In the course of disintegration, all radioisotopes disintegrate when following four

emission processes «, 3, 51, 7. The totality of radioactivity belongs to 4 families (also
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1.3 Radioactive series 10

called radioactive series) according to their mass number A. Thus any disintegration of
a nucleus member of family gives birth to a nucleus necessarily belonging to this same
family. Except few light elements such as potassium and rubidium With extremely low
radioactivity, all natural radioactive elements are produced by successive decays « or
B~, from three radioactive elements ***U, U, #*Th. They constitute three different
families, those of radium, actinium and thorium, which contain respectively these three
radioelements. Two radioelements of the same family have mass numbers that differ of a
multiple of four, since disintegration leaves this number unchanged. The mass numbers
have A = 4n + 2 (n integer) for the family of radium *?° Ra, 4n + 3 for that of actinium
22T Ac and 4n for that of 2**Th. There is a fourth family, for which A = 4n + 1, but it is

composed only of artificial radioelements.

I.3.1 Uranium-238 and its decay series

According to Raad et al [19], the products of the decay are called radioactivity series.
This series starts with the **8U isotope, which has a half-life 4.5 x 10'° years as shown in
Figure 3 [20,21]. Since nuclides have very long half-life, this chain is still present today.
The radionuclide ?**U decays into ***Th emitting an alpha-particle, the newly formed
nuclide is also unstable and decays further (Figure 3). Finally, after total of 14 such
steps, emitting 8 alpha particles and 6 Beta particles, accompanied by gamma radiation,
stable lead is formed **° Pb. This series is said to be in secular equilibrium because all
their daughters following ?**U have shorter half-life than the parent nuclide ***U [22].
This decay series includes the ** Ra which has half-lives of 1600 years and chemical
properties clearly different from those of uranium.??® Ra decays into ?* Rn which is an
inert noble gas that not form any chemical bonds and can escape into the atmosphere
and attacks rapidly to aerosols and dust particles in the air deposited. The radiation

emitted at the decay of these products, can cause damage to the deep lungs.
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Figure 3: Uranium-238 decay series

I.3.2 Thorium-232 and its decay series

Natural thorium is 100% #***T'h. The decay series is shown in (Figure 4).
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Figure 4: Thorium-232 decay series
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1.3 Radioactive series 12

Six alpha particles are emitted during ten decay stages. Four nuclides can be mea-
sured easily by gamma spectrometry: #2® Ac, 212 Pb, ?'2 Bi and 2*®T'l. The decay of **?Bi is
branched only 35.94% of decays produce ***T'! by alpha decay. The beta decay branch
produces Po that cannot be measured by gamma spectrometry. If a 27/ measurement
is to be used to estimate the thorium activity, it must be divided by 0.3594 to correct for

the branching [23].

I.3.3 Uranium-235 and its decay series

According to Raad et al [19], it is also known as Actinium series and starts with *°U
and by successive transformations and up in a stable lead Pb. It comprises 0.72% of
natural uranium. Although only a small proportion of the element, its shorter half-life
means that, in terms of radiation emitted, its spectrometric significance is comparable to
238U. The decay series, shown in (Figure 3), involves 12 nuclides in 11 decay stages and
the emission of 7 alpha particles (except a number of minor decay branches). Since its

abundance is very small, its dose is not taken into account in the measurements [23].

U-235

7038210
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3276+ 10%
Th-227

—

—*—]) 18.72d

Ac-227
e
217y

: Ra-223
11.43d
——
Ro-219
3.96s

ﬁ_)

Po-215

| 781ms
—— ‘ Bi-211
‘
2.14m
Ph-211 /

36.1m

Figure 5: Uranium-235 decay series
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Within this series, only ?*U itself can readily be measured, although #"T'h,**®* Ra and
19 Rn can be measured with more difficulty. Even though the uncertainties may be high,
measurement of the daughter nuclides can provide useful support information confirm-

ing the direct ?**U measurement or giving insight into the disruption of the decay series.

1.3.4 Potassium-40

According to Raad et al [19], In 1905, ].J. Thompson discovered the radioactivity in
1K is what makes everybody radioactive, it is present in body tissue. This radionuclide
can be decayed by three general modes:

a. Positron emission.

b. K- electron capture.

c. Beta emission.

In first mode, *°K radionuclide disintegrates directly into the ground state of “°C'a by
then emission of Beta- particle of energy 1321 keV in probability of 88.8% of the decays
and no gamma emission is associated with this type of disintegration [24]. Through the
second mode,*’ Ar by two ways, in the first one,*° K nuclide can be transformed into
stable state (ground state) of *°K disintegrates directly with one jump into ground state
of **Ar with sixteen hundredths of the decays go by electron capture. In the second
way, “*K nuclide can be decayed indirectly into the ground state of ** Ar by two stages.

Firstly, “° K decays into the first excited state of *° Ar.

YK (1.2810°ans)

0.049 MeV CE

-
A
(=
o= ]
=
—_
ra
=

o

E,=1.462 MeV

y = 2Ca
AT

Figure 6: Potassium-40 decay chain

Secondly, the excited nuclide ** Ar, decayed into ground state, accompanied by gamma
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1.4 Bateman Equations 14

radiation of 1460 keV energy in probability of 11% of the *° K" atoms undergo this change.
In the last one (beta emission), a proton will be decayed into positron and *° K changed

into “*Ar with the emission probability of 0.0011%.

I.4 Bateman Equations

The Bateman equations are a mathematical relationship that describes the relative
abundances and activities in a decay chain as a function of time. These govern the time
evolution of all nuclear species in a radioactive chain, with the simplest case being a
parent feeding a single daughter nuclide. H. Bateman [25] developed a general equation
giving the number of atoms of the n'" isotope in the decay chain at time t in terms of the
decay constants of all preceding isotopes in the chain. Typical example is the combined
alpha and 3~ decay processes of **°U series, resulting finally into a stable isotope of lead
(*“7 Pb). Before studying the case of n filiations, let us study the case of 4 bodies A, B, C,
D where A, B, C are radioactive and D is stable, following the disintegration reactions:
A—B—C—D
Consider a sample composed exclusively of Ny nuclei A at t = 0. We get the following

equation system:

dt (1.15)

N4, N, Nc and Np being respectively the number of nuclei present at any time t in
substances A, B, C and D.

According to the resolution of the system previously, obtains:

Na(t) = Noe A4t (I.16)
Ne(t) = AargN, et 4 el Rl (117)
C\V) = AAABY0 | (NI Ac) (s —Ac) T (p—Aa)(hc—Aa) | (Za—Ap)(Ac—Ag) :
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In the case of a filiation at n particles, a general expression of the solution concerning

the n'" radioactive element is:

n

No(t) = No 2

=0 | j#i

n—1
e Nt
m] [T X (L18)

In the case where we consider that sample consists of N nucleus of X, and N} nucleus
from X; at t = 0, then the solution for the elements X,,~; will be the sum of the solutions
for (No(0) = N, Nnzoy(0) = 0) and (N1(0)) = NP, Nys0(0) = 0). In fact, if NY is the

initial quantity of X; at t = 0, the general solution for the n'* element is:

Ny(t) = i [ng i <m)] bl Ai (1.19)

k=0 i=k =0

J#i

The activity of n'" element is given by

n ) n—1

I.5 Secular Equilibrium

According to Abubakar [26], If we consider the case of secular equilibrium where the
activity of the parent does not decrease measurably during many subsequent half-lives
of the daughter nucleus, then a chain of n, subsequent short-lived radionuclides can all
be in secular equilibrium with the initial long-lived parent. The daughter nuclides decay
at the same rate at which they are formed, such that: \; N; = Ay Ny = ... =\, N,,. The
activity of each member of the chain equals that of the parent while the total activity
is n times the activity of the original parent. To illustrate this, consider the first three
stages of the #?Th (i.e.®*Th — ?Ra — *® Ac) and *#U (i.e. #8U — 2%Th — 3™ Rq)
decay series (see figs. 3 and 4 ). In the case of each parent/daughter pair, the half-life
of the parent is much greater than that of the daughter and thus a secular equilibrium

established between each pair. The activity of ***T'h and ?** Pa + 2**™ Pq (the activity will
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be shared between the two nuclides based on their respective branching ratios), will
be equal to that of 23U and activity of **® Ra and ?*® Ac will be equal to that of *2Th.
The total activity will be three times that of the ***U and ?**Th, respectively. Secular
equilibrium occurs if the half-life of the parent nuclide is very long compared to that of

the daughter.

1.6 Sources of exposure

Radiation exposure that reaches the body can be either external or internal. Exter-
nal exposure to radiation causes external irradiation. It stops as soon as the body is no
longer in the path of radiation. When radioactive substances are inside the body, there is
internal exposure. Internal contamination ceases when radioactive substances have dis-
appeared from the body after a longer or shorter time. The removal of the contamination

can be done either by radioactive decay, or by natural elimination, or by treatment.

I.6.1 External exposure

1.6.2 Exposure of cosmic origin

This type of radiation is produced as a result of the continuous interaction of cosmic-
ray particles with nitrogen in the atmosphere. The types of radionuclides produced are
known as cosmogenic radionuclides. Typically, they include: *H, "Be, *C and **Na
as shown in Table 1 [1]. The production of these radionuclides is highest in the upper
stratosphere but some energetic cosmic-rays neutrons and protons which survive in the
lower stratosphere are able to produce the cosmogenic radionuclides as well. The an-
nual average effective dose worldwide at sea level has been estimated to be 320 ;:Sv with
the directly ionizing and indirectly ionising radiation component contributing 270 uSv
and 48 pSv respectively. The dominant component of the cosmic ray field at the ground
level is muons with energies between 1 and 20 GeV [1] and this contribute about 80 % of

the absorbed dose rate in free air from the directly ionizing radiation. The population-

Ph.D. Thesis of Takoukam Soh S.D Laboratory of Nuclear Physics



1.6 Sources of exposure 17

Table 1: Cosmogenic radionuclides [1] (* altitude weighting factors applied at sea level
for directly ionising (1.25) and neutrons (2.5).)

Element Isotope Half-life Decay mode

Hydrogen °H 12.33 a Beta (100%)
Beryllium  "Be 53.29d EC* (100%)
0 Be 1.51x10%a Beta (100%)

Carbon ue 5730 a Beta (100%)
Sodium 2Ng  2602a  EC (100%)
Aluminium 2¢A] 7.41x10%a EC (100%)
Silicon 3284 172 a Beta (100%)
Phosphorus 2P 14.26 d Beta (100%)
B p 25.34d Beta (100%)
Sulphur B9 87.51d Beta (100%)
Chlorine 61 3.01x10°a EC(1.9%),Beta (100%)
Argon 3T Ar 35.04d EC (100%)
39 Ar 269 a Beta (100%)
Kryptor S Kr 2.29x10°a EC (100%)

weighted average absorbed dose rate from the directly ionizing and photon components
of cosmic radiation at sea level is estimated to be 31 (nGy h™') (280Sv y~1) [1]. It is how-
ever more difficult to estimate the neutron radiation component at the sea level because
of the low response of instruments to high energy photons, which is the important com-
ponent of the spectrum. The annual world average of the neutron components contri-
bution to the cosmic radiation is estimated to be 120 ;:Sv. The global value of the annual
collective dose is about 2 x 10° man-Sv and two thirds of the world population that live
at altitude of 0.5 km receive about one half of this dose [1]. Previous UNSCEAR re-
ports on the assessment of the cosmogenic radionuclides have reported annual effective
doses of 12 uSv for *C, 0.15 uSv for 22Na, 0.01 uSv for *H and 0.03 xSv for " Be. These
cosmogenic radionuclides are relatively homogenously distributed on the surface of the

earth [1,27].

1.6.3 Exposure from telluric origin

It originates from gamma emitting radionuclides present in rocks and soils. K
and the gamma-emitting descendants of the ?**U and ***T'h series are the main isotopes

responsible for external terrestrial irradiation of telluric origin of populations [28]. The
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existence of a gaseous chemical element, radon, in the two families of uranium and
thorium contributes to reduce, because of its exhalation of soils and rocks, the telluric
exposure attributable to gamma emitters post-emanation present in both families (Tab
2). The irradiation of telluric origin is on average 60 nGy h™!. It can vary between 10 and
200 nGy h~* depending on the K and gamma emitting radionuclide concentrations of
the 2*8U and *?Th series present in soils. Another cause of rapid variation is due to
the deposition on the ground, in the event of rain, of solid descendants gamma emitter
post-emanation, **Rn in particular. The average annual dose associated with natural
radiation from land-based sources is estimated at 74 ;Sv for an individual staying 20%
of his time outdoors.

Table 2: The global average annual effective dose from natural radiation sources [29].
Note: relative values are given in brackets (%)

Sources of irradiation External (mSv) Internal (mSv) Total
Cosmic rays 0.410(17) 0.410(17)
Cosmogenic radionuclides 0.015(1) 0.015(1)
Natural sources :

O 0.150(6) 0.180(7) 0.330(13)
2381J - series 0.100(4) 1.239(51) 1.339(55)
232Th - series 0.160(7) 0.176(7) 0.336(14)

Total 0.820(34) 1.616(66) 2.436(100)

1.7 Internal exposure

1.7.1 Exposure to Radon

According to Robin Corrigan [30] The main sources of radon in dwellings are rocks
and soil, with secondary contributions from building materials which happen to con-
tain ?* Ra, and water from well. Figure (7) illustrates the main concepts and sequences
of steps associated with the process through which humans receive radiological doses
from radon gas in dwellings. For radon originating from rocks and soil, the main path-

way into the dwellings is through cracks in the foundation and walls. Outdoor levels
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of radon gas may also contribute to residential concentrations through windows or air
exchange systems, though ventilation is generally beneficial in reducing radon exposure
since indoor concentrations are normally higher than outdoors. Once radon enters the
residence, the occupants may be exposed to the gas and its short-lived progeny. Resi-
dential exposure occurs when the occupants are inside their residences, estimated to be
approximately 70% of time for average members of the population [31]. Radon expo-
sures are therefore multiplied by an Occupancy Factor to account for the fraction of time
exposed. The properties that allow radon to accumulate in dwellings(e.g. inert gas, 3.82
d half life) also imply that most radon breathed into the lungs is expelled. However, the
unstable radon progeny are solids with electrostatic charge and may attach to airborne
particulates and aerosols. These may adhere to the surface of the lungs following in-
halation, resulting in a reduced chance of being cleared before decaying. Thus, it is the
progeny, rather than radon itself, which exerts the greatest dose associated with radon
exposure. Therefore, for a given radon concentration, it is important to know what con-
centration of progeny is implied. These proportions are related by the Equilibrium Fac-
tor, F. If an enclosed volume was constantly supplied with radon gas, the concentration
of the short-lived progeny would increase until they are in secular equilibrium. They are
decaying at the same rate that they are created (i.e. the same rate at which the **?Rn is
decaying). In such a scenario, the relative contributions to radioactivity from radon and
from its progeny at steady-state are known based on the type and energy of the emis-
sions from the radionuclides. In practice, the steady-state proportions are different from
the situation described above because radon progeny can be removed from the pool by
means other than decay, which includes attachment of the progeny to walls, floors, or
other surfaces, as well as deposition of unattached progeny. These phenomena reduce
the concentration of radon progeny but not the concentration of radon gas, thereby re-
ducing the equilibrium ratio. The Equilibrium Factor is the ratio of the radon progeny
activity to radon activity in the scenario of interest. For typical homes, the Equilibrium
Factor has been estimated to be approximately 40% by Hopke et al. [32]. Figure 7 indi-

cates an indoor concentration of radon gas and radon progeny with some of the radon
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progeny becoming attached to airborne particles and eventually being inhaled into the

lungs where they may attach to the lining of the lungs.

Positively Charged
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Figure 7: The sources of indoor > Rn (Rn) (a) and ?*° Rn (Tn), lllustration of the behav-
iors of indoor #?2 Rn, ?° Rn and their progenies (b). [33]

1.7.2 Radon and Thoron decay series

There are 39 known isotopes of radon with atomic mass numbers ranging from 193
to 231.
For instance, when some amount of *2 Rn decays to ?'® Po, which is also radioactive

and has half-life of 3.10 minutes [36], half of polonium atoms will decay in 3.10 minutes.
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Thus, #'® Po cannot accumulate, but it will reach an equilibrium amount. Since ?!®Po
half-life is much shorter than the one of **?Rn, this example demonstrates a case of
secular equilibrium. This means that after a period of time, quantity of polonium will
remain constant (will decrease only due to decrease of radon amount). In this case,
polonium production rate is equal to its decay rate. While moving down the decay
chain, it is obvious, that the amount of each next isotope produced, depends on the
activity of its parent. When the half-live of progeny is not short enough, compared to
the parent’s half-life, only transient equilibrium can be achieved. Finally, when the half-
life of the daughter isotope is longer, than the one of the parent, no equilibrium can

occur.

I.8 Gamma-rays interaction with matter

Gamma rays are photons that originate from the nuclei of radioactive atoms undergo-
ing decay. They have no mass and no charge. They are quanta of electromagnetic energy
that travel at the speed of light and can travel long distances in air un-attenuated. When
these photons interact with matter, free electrons are generated and as these electrons are
slowed down by matter, they create charge pairs. The photon detectors use the charge
pairs generated to determine the photon energy by measuring the quantity of charge
produced by these pairs [37]. The knowledge of interactions of gamma rays with detec-
tor scintillation material is essential for the understanding of how the gamma photons
are detected and attenuated in the detectors. Gamma-ray photons interact with matter

in three processes.

1.8.1 Photoelectric Absorption

According to Todsadol [38] In the process of photoelectric absorption, a photon in-
teracts with a bound electron in an absorber material in which the photon is completely
absorbed. Then, an energetic electron called photoelectron is ejected from one of the

electron shells with a kinetic energy given by the incident photon energy (hv) minus the
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binding energy of the electron in its origin shell (£,). For typical gamma-ray energies,
the emission of the photoelectron is likely to originate from the most tightly bound or,
K-shell, of the atom. The binding energies of these K-shell electrons vary from a few
keV for low-Z materials to tens of keV for material with higher atomic number [39]. The

photoelectric absorption process is shown schematically in the diagram below.

(a)
Outgoing electron

Incoming photon

(b)

X-ray

Figure 10: Schematic of the photoelectric absorption process.

As can be seen in Figure 10.a, the outgoing electron is ejected with a kinetic energy

given by [40-43]:

E,- =hd— E, (1.21)

The photoelectron emission also creates a vacancy in a shell of the atom resulting in an
excited state. The de-excitation of the atom can occur by the electron rearrangement
from higher shells to fill in a vacancy leading to the emission of characteristic X-ray
shown in Figure 10.b. Alternatively, the excitation energy can be carried away by the
release of other, less tightly bound electrons known as Auger electrons. The interaction
cross section (7) of the photoelectric process varies in a complex manner with £ and

with the value of Z of the absorber. A single analytic expression cannot describe the
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probability of this process, but an approximation can be given by [39,44,45]:
T= const.g—l (L22)

where the power indices n and m are numbers ranging from 3 to 5 over the gamma-ray
energy region of interest. The photoelectric absorption probability strongly depends on
photon energy and atomic number of an absorber material. The strong Z dependence
indicates that a high-Z material is very effective in the absorption of photons. The strong
dependence on the photon energy is the reason why the photoelectric process is signifi-

cant at low energy of photons, but becomes less dominant at higher energies.

1.8.2 Compton Scattering

The Compton scattering process describes a collision between the incident gamma-
ray photon and weakly bound or free electron in the absorbing material. Instead of giv-
ing up its entire energy, only a portion of the photon energy is transferred to the electron.
The result of this interaction is that the incoming gamma-ray photon is degraded in en-
ergy and deflected from its original direction and an electron known as a recoil electron
is created. From the laws of conservation of total mass-energy and linear momentum,
the energies of the scattered photon and recoil electron are related to the angles at which

they are emitted. Figure 11 shows a schematic of the Compton scattering process.

Scatter photon

E, =hv'

¥

Incoming photon

Recoil electron £

Figure 11: Schematic of the Compton scattering process.

The energy of the scattered gamma-ray v/, is related to its scattering angle ¢ by
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the expression [42,43,46,47]:

" 2]
h = 1+a(l—cos ) (123)
where a = %, moc?=511 Kev represents the rest mass energy of the electron. It then

follows that the kinetic energy of the recoil electron is given by [40,48]:

— r_ a(l—cos ¢
Ee =i = hil = h (29729 ) (1.24)

The energy of the recoil electron can vary from zero (6 = 0) up to a maximum value
(6 = ) depending upon the angle of scatter. The maximum energy of the recoil electron

is given by

— h9
Ee(max) = 1_1_7;2_;2 (125)

The Compton cross section (o) can be described by the Klein-Nishina formula for a

differential solid angle d(? at an angle 6 as [39].

2
do __ 2 1 1+cos? @ 2(1—cos 0)2
aa ZTO <1+a(1—cos 0)) < Cgs ) <1 + (1—|—co:t2 0)[1—?—(2(1—0059)]) (126)

where, 7y is the classical electron radium. The probability of Compton scattering de-
pends strongly on the number of electrons per unit mass of the interacting material. It
also depends on the incoming gamma-ray energy as function of 1/E., [44,48]. Comp-
ton scattering is the dominant interaction process for gamma-ray energies ranging from
0.1 to 10 MeV [42]. At higher energy, another interaction mechanism, known as “pair

production” becomes more significant.

1.8.3 Pair Production

The third significant interaction mechanism of gamma-rays with matter is pair pro-
duction. This process becomes increasingly important when the incident gamma-ray

photon has energy significantly greater than twice the rest mass energy of an electron
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(2moc® = 1.022MeV). This interaction occurs within the Coulomb field of a nucleus
in which the gamma-ray photon is absorbed into the vacuum and is converted into an
electron-positron pair. Since an initial photon energy of at least mc? is required for
the creation of the electron-positron pair, any excess energy (E, — mgc?®) carried in by
the photon above 1.022 MeV is imparted to and shared equally by the positron and the

electron as kinetic energy, given by [39,40,49]:

Ee+ = E- = L(h9 — 2m.c?) (1.27)

After electron and positron pair is created, they can traverse the medium, losing
their kinetic energy by collisions with electrons in the surrounding material through
ionization, excitation and/or bremsstrahlung. Once, the positron slows down, it can
combine with an atomic electron in the surrounding material and subsequently annihi-
late to form two photons, called annihilation photons, each with energies of about m=
0.511 MeV. In order to conserve linear momentum these two photons must be emitted

in opposite direction. The interaction cross section (k) for pair production is related to

511 keV,

2 annihilation photon

511 keV
Incoming photon

Electron

Figure 12: Schematic of the pair production process and annihilation.

the atomic number of the material as approximately proportional to Z* [39,48,49]. The
probability of pair production mechanism depends on the gamma-ray energy above the
threshold (at 1.022MeV = 2mgyc?) and becomes the dominant interaction process for
gamma-ray energies greater than 10 MeV [39,42]. Figure 13 represents the importance

of the three principal gamma-ray interaction processes as a function of y-ray energy and
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the value of Z of the absorber.
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Figure 13: The three gamma-ray interaction processes and their regions of dominance
[39].

1.9 Interactions of heavy charged particles

The heavy charged particles (protons, deuterons, o particles), having the energy of or-
der of a few MeV, are emitted by nuclear reactions, spontaneous radioactive decays or
reactions caused by nucleus bombardment with accelerated particles, or artificially ac-
celerated with cyclotrons (energies of several tens of MeV). A heavy charged particle
that passes through the material looses energy mainly through the ionization and exci-
tation of the atoms. A heavy charged particle can transfer only a small fraction of its
energy during a single electronic collision. His deflection during the collision is negli-
gible. All heavy particles travel essentially along a direct path in matter [50]. Heavy
charged particles (m > me), such as a-particles, protons, or ionized atom cores, interact
primarily through coulombic forces between their own positive charge and the negative
charge of the orbital electrons of the atoms of the absorber material. The direct interac-
tion of these particles with the nuclei (Rutherford diffusion) is possible, but much more
rare and therefore in practice negligible to model their slowing down. The very high
value of stopping power has important consequences: the path of the heavy particles

is, at the same energy, much smaller than that of the electrons and the TEL along the
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trajectory is very high, which gives these particles high biological efficiency [51,52].

I.10 Interactions of light charged particles

Electrons are light particles carrying an elementary electric charge, negative for negatons
and positive for positrons [53]. An electron crossing a material medium loses energy by:
- "Collisions” that is to say Coulomb interactions with the electrons of the atoms of the
Middle crossed, which leads to the ionization or the excitation of these atoms, two cases
of figure can appear: electrons act either with electrons of the atoms constituting the
middle, or either with their nucleus [54]. In the case of an ”electron-electron” interaction,
we will speak of a collision. There exist two types: ionization and excitation; in the case

of an “electron-core” interaction, we will talk about braking radiation.

[.11 Phenomenon of excitation and ionization

These interactions are most likely. The incident electron transfers part of its kinetic en-
ergy to the atomic electron; depending on the value of the quantity of energy trans-
ferred, one or the other of these reactions will take place [55]: Let AE denote the kinetic
energy of the incident electron and W, the electron binding energy of the target atom.
Depending on whether or not AE is sufficient to eject the electron from its orbit, two
phenomena can occur: [53]. If AE > Wy: the electron of the target is ejected from its
orbit with kinetic energy (AE — W), and an ionization of the target atom occurs. The
ejected electron, called the secondary electron, can in turn create other ionizations if its
kinetic energy is sufficient.

If AE < Wi: the transfer of energy AFE cannot produce any ionization but, can carry
the target electron to a higher energy level, with excitation of the target atom.

If AE < Wy this excitation results to a heat dissipation (by increasing the translation

energy, rotation or vibration of the target molecules.
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I.12 Bremsstrahlung

More rarely, incident electrons can interact with the nuclei of the atoms of the sub-
stance being passed through. They are influenced by the coulombic field of the nucleus:
they are then deviated and yield some of their energy to the nucleus. This manifests it-
self as a slowdown or braking. The lost energy is emitted in the form of X-ray radiation,
known as ”braking”. In the literature, the term “bremsstrahlung” (“braking radiation”,
in German) is also used. This phenomenon is important only in the case of electrons of
high energy (greater than 1 MeV) passing through a material made up of heavy atoms

(high atomic number Z) [55].
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1.13 Dosimetry of ionizing radiation

The heterogeneity of the emission of the source of radiation, the characteristics of radi-
ation use, the distances of the source with respect to the different parts of the volume
of the treated products and the structure of the product do not make it possible to ob-
tain an identical dose in all the volume of the product. Hence the need to proceed to
dosimetry [56]. The biological effect obtained during irradiation of living matter with
radiation depends essentially on the nature of the radiation and the energy absorbed by
the irradiated material. Dosimetry have as purpose to determine this absorbed energy.
This determination is essential:

- To estimate the potential danger of diagnostic techniques using in vivo ionizing radia-
tion.

- To predict in radiotherapy, the effects of treatment on tumor tissues and adjacent
healthy tissues.

- To define the norms of individual and collective radioprotection [57].

I1.14 Quantities and dosimetric units

Dosimetric quantities characterize the physical effect of radiation on matter in terms of

transferred energy or energy deposition.
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1.141 Exposure

The exposure applies only to indirectly ionizing radiation and among these only to X
and gamma rays. This amount of exposure is defined by ICRU (International Commis-
sion on Radiation Units and Measurements) as the quotient of charge AQ by mass air

volume Am [57-59]:

Y — AQ (1.28)

The unit is: C' kg~' The old unit used was Roentgen (R), 1R = 2.58.107*C' kg~! where
AQ is the total electrical charge of all the ions of a given sign produced in the air when
all the secondary electrons released by the photons in an air volume of mass Am are
completely stopped by the air. The ions produced by the absorption of the braking

radiation emitted by highy energetic secondary electrons do not enter the charge AQ.

[.14.2 Kerma

Kerma (Kinetic Energy Released in Matter) is used to characterize indirectly ionizing
radiation such as photons and neutrons. It defines the transfer of energy to directly
ionizing charged secondary particles and the sum of the initial kinetic energies of the

charged particles set in motion by the incident radiation in a volume of mass dm.

K=Y % (1.29)

1.14.3 Absorbed dose

The activity of a radioactive source is expressed in Becquerel (Bq) which is also the num-
ber of nuclei that spontaneously transform per second. When radiation interacts with
matter, it transmits energy to it. This transfer is defined by the absorbed dose of which
the unit is gray (Gy) which is also the deposit of 1 ] /Kg. The energy deposited at a point

makes it possible to define the importance of an irradiation. The absorbed dose D, or
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radiation at a point, corresponds to the energy which is deposited (dE) per unit mass
(dm). The absorbed dose is given by the following relation

Dy = 42 (1.30)

dm

The activity of a source is not directly related to the absorbed dose because D,
varies according to the radioelements and therefore the nature of the emitted radiation.
Depending on the type of radiation, it is possible to obtain different biological effects
at equivalent absorbed dose. For example, when a-beams enter the material, they are
braked more rapidly by the v or X radiation. They are therefore more disruptive because
they spread less their energy deposition. To take into account the nature of the radiation

emitted, it is therefore necessary to use an equivalent dose.

1.14.4 Absorbed dose rate

The absorbed dose rate, D, (nGy k') is the quotient of dD by dt, where dD is absorbed
dose increment during the corresponding dt time interval:

Dy = 42 (1.31)

1.14.5 Equivalent dose

Biological detriment to an organ depends not only on the physical average dose received
by the organ but also on the pattern of the dose distribution that results from the radi-
ation type and energy [24]. For the same dose to the organ a or neutron radiation will
cause greater harm compared to -rays or electrons. Effectiveness of the given radia-
tion in inducing health effect is expressed in equivalent dose. Equivalent dose Hy as
per equation 32 [1] is the product of the absorbed dose D and the radiation weighting

factor of the radiation. The radiation weighting factors are related to the particular type
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of radiation and depend on the ionizing capacity and density.

HT = ZR WRDT,R (132)

where Dr p is the absorbed dose in tissue T due to radiation R. In 2007, the ICRP defined
W values that are grouped in the table.

Table 3: Recommended radiation weighting factors from ICRP [60]

particule Energie (E) Wg (E en MeV)
Xety All energy 1
<1Mev | 25+182¢ "
n 1to50Mev | 5+ 17¢ "6
> 50 Mev | 2.5+ 3.25¢ "%
A fragments of fission | All energy 20
e~ All energy 1
p All energy 2

The equivalent dose rate (Hy) is the equivalent dose based on the exposure time

(Svyr1h).

I.14.6 Effective dose

Various organs and tissues in the body differ in their response to radiation. For the
same equivalent dose the detriments from the exposure of different organs or tissues
are different. Equivalent dose in each tissue or organ is multiplied by a tissue weighting
factor W and the sum of these products over the whole body is the effective dose, given
by following equation [1].

E=% WrHr=> Wp> s WgDrpr (I.33)

The effective equivalent dose rate (E) is also the effective dose based on the exposure
time (Sv yr—!).
Table 4 lists the tissue weighting factors for tissues and organs of the human body.

These factors were obtained from a reference population of equal numbers of men and
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Table 4: Tissue weighting factors according to ICRP [60],(¥) Remaining tissues:
Adrenals, extrathoracic region, gall bladder, heart, kidneys, lymphatic nodes, muscle,
oral mucosa, pancreas, prostate (man), small intestine, spleen, thymus, uterus/cervix
(woman)

Tissue Tissue weighting factor X Wp
Wr

Bone-marrow (red), colon, lung, stomach, 0.12 0.72

breast, remaining tissues(*)

Gonads 0.08 0.08

Bladder, Oesophagus, Liver, Thyroid 0.04 0.16

Bone surface, Brain, Salivary glands, Skin 0.01 0.04
Total 1.00

women ranging in age. Because of the normalization of all tissue weighting factor values
is unity, the effective dose equals an uniform equivalent dose over the whole body [61,

62]. The SI unit of effective dose is also the Sievert (Sv).

I.15 Natural radioactivity in the world

According to Elijah [64], There are several studies that have been carried out to access
the dangers of human exposure to radiations from naturally occurring radionuclides in
the environment. In Cyprus, a survey was carried out to determine activity concentra-
tion levels and associated dose rates from the naturally occurring radionuclides ***Th,
280 and *°K in the various geological formations by means of high-resolution gamma
ray spectrometry. From the measured spectra, activity concentration were found to be
22T} (range from 1.0 x 1072 t0 39.8 Bq kg™'), **3U (from 1.0 x 1072 t0 39.3 Bq kg~ ') and
WK (from 4.0 x 1072 to 565.8 Bq kg~'). Gamma absorbed dose rates in air were calculated
to be in the range of 1.1 x 107? to 51.3 nGy h~! with an overall mean of 8.7 nGy h~! which
was below the world average of 60 nGy h~'. Effective dose rates equivalent to popula-
tion were calculated to be between 1.3 x 1072 and 62.9 uSv 3! with a mean of 10.7 uSv
y~! [65]. In Nigeria exposure to workers and villagers in and around some quarry sites
in Ogun state was done using radiation detection methods. The results obtained from

the study show that annual exposure rate was found to be 49.1 uSv y~! which is below
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the world average of 70 uSv y~!, but recommended that workers at quarry sites should
always put on masks to reduce the amount of radioactive inhalation [66]. A study on
the activity concentration and the gamma absorbed dose of the primordial naturally oc-
curring radionuclides was done for sand samples collected from the Baoji Weihe sands
park, China using gamma-ray spectrometry. The natural radioactivity concentration of
sand ranged from 10.2 to 38.3 Bq kg~ for **° Ra, 27.0 to 48.8 Bq kg~ " for ***Th and 635.8
to 1,126.7 Bq kg~! for **K with mean value of 22.1, 39.0 and 859.1 Bq kg~ ! respectively.
The radium equivalent activity values of all sand samples were lower than the limit
of 370 Bq kg~—!. The mean outdoor air absorbed dose rate was 69.6 nGy h~! and the
corresponding outdoor effective dose rate was 0.085 mSv y~* [67]. A study on the distri-
bution of natural radionuclides concentrations in sediment samples in Didim and Izmin
Bayin Turkey has been done. The results showed that the concentrations of activity in
the sediment samples were 9+0.6 Bq kg~! to 12+0.7 Bq kg~ ',7+0.4 Bq kg~* to 16£1.0
Bq kg=1,64+0.3 Bq kg~ to 16+£1.0 Bq kg~! and 250+13 Bq kg~ to 665433 Bq kg~ [68]
for 22 Ra,*®U,*>Th and ** K, respectively which were in the same order as international
levels. In Kenya, various studies have been done to asses the level of human exposure to
ionizing radiation. Study on natural radioactivity in some building materials in Kenya
and the contribution to the indoor external doses has been done. Typical activity con-
centration encountered was in the range of; 50 to 1500 Bq kg~ for “°K, 5 to 200 Bq kg~!
for 2?6 Ra; and 5 to 300 Bq kg~! for 32Th [69]. The concentration levels of ?%U, 232Th
and *K in Mombasa, Malindi and Gazi along the coast was measured and found that
Mombasa had the highest of 22.8+1.8 Bq kg~ for ?**U, 26.2+1.7 Bq kg~ for ***Th and
479.8424.2 Bq kg~! for K. The effective dose rate in Mombasa was found to have a
mean of 0.1240.01 mSv y~! [70].

I.15.1 Natural radioactivity in Cameroon

Ngachin et al. [71] presented a study on external exposure to construction materials

used in Cameroon. This study revealed that all the materials examined could be used
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as building materials according to the criteria of the Organisation for Economic Cooper-
ation and Development [72] . Saidou et al. [73] reported measurements of radioactivity
and an evaluation of the total dose in the Poli uranium region in northern Cameroon.
Most of the estimated total dose was attributed to radon consumption and high levels
of 29 Po and 2" Pb in vegetables and food products consumed by local populations. In
addition, soil samples collected at Awanda, Bikoué and Ngombas in the southwestern
region of Cameroon by Ele Abiama et al. [74] revealed high concentrations of 2*U, #?Th
and “°K at some points; this proves that the areas studied have a very high level of ra-
dioactivity. In the same region, Beyala Ateba et al. [75] measured the concentration of
uranium in the rocks and soils collected at the sites where a radiometric anomaly was
detected during an investigation. The analysis, carried out by gamma spectrometry in
the laboratory using a Germanium detector, showed a high uranium content in the soil
and rock samples and that the areas studied have uranium mining potential. A study on
the Determination of ** Ra, **Th, “*K, 23U and ***U activity concentration and public
dose assessment in soil samples from bauxite core deposits in Western Cameroon has
been done, the results show that the radiological safe parameters were relatively higher

than the recommended safe limits of UNSCEAR, Nguelem et al. [76].

[.16 Conclusion

This chapter has shown the different pathways of human exposure in nature to ion-
izing radiation, and the mechanisms of interaction of its radiation with matter. Its radi-
ation destroys irradiated cells according to their nature. Thus, the dosimetric quantities
to evaluate the effects of its radiation on the health of the human beings were also dis-

cussed.
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CHAPTER II

MATERIAL AND METHODS

II.1 Introduction

In this chapter, the geographical location and the geology of the study area, the mate-
rials used as well as the methods used for sampling, sample preparation and measure-
ments are discussed. Also, the dose and radiological risk assessments are discussed in

this section.

II.2 Description of the study area
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Figure 17: Map of Douala.

Douala is a coastal city, the economic capital of Cameroon, the main business
center and the largest city of the country; with approximately 4 million inhabitants. It
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is the chief town of the Littoral Region and the Wouri Division. Located on the edge
of the Atlantic Ocean, at the bottom of the Gulf of Guinea, at the mouth of the Wouri
River, Douala has the largest port in the Cameroon and one of the most important in
Central Africa. The annual rainfall ranges between 3000 and 5000 mm, and the annual
average temperature is 26°C' [77]. The geology of the region consists of sedimentary

rocks, mainly, tertiary and quaternary sediments [78].

II.3 In-situ measurement of natural radioactivity

II1.3.1 Generality on in-situ gamma spectrometry

G.BALEA [79] reported in its article entitled Theory of in-situ gamma-ray spectrom-
etry that, the technique of in-situ spectrometry had its origins during the time of atmo-
spheric nuclear weapons testing where it was found to provide quick, reliable informa-
tion on the components of the outdoor environment. It provided a means to separate
natural background from man-made sources and gave quantitative results. Over the
years, it has been employed by various groups for assessing radiation sources in the
environment not only via ground based detectors, but with aircraft systems as well. It
proved particularly useful following the Chernobyl accident and was employed by a
number of European laboratories. It should prove adaptable to site assessments in the
current era of environmental rescue.

Kevin M et al [80] reported: The power in the technique of in-situ spectrometry lies in
the fact that a detector placed over a ground surface measures gamma radiation from
sources over an area of several hundred square meters. As an example of the effective
ground area being measured by a detector at 1 m above the ground. Figure 18 shows the
relative contribution to the fluence from different rings of ground area about the detec-
tor for a typical source of fallout *"C's (gamma energy of 662 keV) in the environment.
The “field of view” for the detector would be larger for higher energy sources and for

sources closer to the soil surface. In contrast, a soil sample would represent an area of
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but a few tens or hundreds of square centimeters. In practice, an effective characteriza-
tion of a site would involve in-situ spectrometry in conjunction with soil sampling. As
part of an overall program, in-situ spectrometry provides a means to assess the degree
of contamination in areas during the course of operations in the field, thus guiding the
investigator on where to collect samples. It can also substantially reduce the number of
samples that need to be collected and subsequently analyzed. Some of the limitations of
in-situ spectrometry need to be pointed out from the start. Due to the nature of radiation
transport through matter (the soil and air), it is for the most part limited to the measure-
ment of gamma and, to some extent, x-ray emitters. Even so, the attenuation properties
of soil are such that buried sources are not likely to be detected with measurements

performed above ground.

— I
DISTANCE (m)

>10m-15%

Figure 18: Contribution to total 662 keV primary flux at 1 m above ground for a typical
137C's source distribution [80].

I1.3.2 Basic Calibration Parameters

For sample analysis in the laboratory, calibrations are generally performed with so-
lutions in the same counting geometry or spicked matrices such as soil and vegetation.
In principle, one could calibrate a Ge, Nal(T1) detector for field use with very large (ap-
proaching an infinite half-space) calibrated areas as well. In practice, a far more conve-
nient and flexible approach is to calculate the flux distribution on the detector for a given
source geometry, to determine the detector response with calibrated point sources and

then perform an integration [80]. The fundamental quantities used for in-situ spectrom-

Ph.D. Thesis of Takoukam Soh S.D Laboratory of Nuclear Physics



I1.3 In-situ measurement of natural radioactivity 40

etry include full absorption peak count rate (N), fluence rate (®), and source activity (A).
In practice, one would like a single factor to convert from the measured peak count rate
in a spectrum to the source activity level in the soil or the dose rate in air. This factor can

be calculated from three separately determined terms as follows [81]:

2
[

Mo
o]

(IL1)

|
gz

where Ny /A is the full absorption peak count rate at some energy E, from a gamma
transition for a particular isotope per unit activity of that isotope in the soil, Ny/® is the
full absorption peak count rate per unit fluence rate for a plane parallel beam of pho-
tons at energy E, that is normal to the detector face, N¢/N, is the correction factor for the
detector response at energy E, to account for the fact that the fluence from an extended
source in the environment will not be normal to the detector face but rather distributed
across some range in angles and ®/A is the fluence rate at energy E, from unscattered
photons arriving at the detector due to a gamma transition for a particular isotope per
unit activity of that isotope in the soil. The term N,/® is purely detector dependent
while the term N;/N, is dependent on both the detector characteristics and the source
geometry. These two terms will be covered in the following chapter on detector calibra-
tion. The terms ®/A is not dependent on the detector characteristics but rather on the

source distribution in the soil.

I1.3.3 Measuring device

The measuring device of natural radioactivity in environment by in-situ measurement

is showed in figure below.
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Figure 19: In-situ measurement of natural radioactivity in environment using 3” x 3”

Nal (TI) detector .
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Figure 20: In-situ Measurement points (39) of gamma-ray pulse height distribution using

a Nal(T1) scintillation spectrometer
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II.4 Car-borne survey and methodology of the activity cal-

culation of U, ??Th and “°K

I1.4.1 Car-borne survey

A car-borne survey was carried out using a mobile vehicle moving at a speed of
approximatively 40 km h~!, in which was positioned a measuring system consisting
of a sodium iodide detector 3-in x 3-in Nal(Tl), a global positioning system (GPS) to
record coordinates at each measuring point, a computer to analyze gamma-ray spectra
(EMF-211, EMF Japan Co, Japan). Absorbed dose rate measurements inside the vehi-
cle were performed every 30 seconds along the way and corrected by multiplying with
a shielding factor with the aim of representing the unshielded external dose rate. The
shielding factor (Figure 36) was evaluated in order to be able to convert the values mea-
sured inside the vehicle to ambient dose rate outside of the car, and was estimated by
making measurements inside and outside the vehicle at 10 measurement points and
correcting them with count rates inside. The absorbed dose rates in air were calculated
using a dose rate conversion factor based on the correlation of dose rate (nGy h™') and
total count rate (cpm) from 0 to 1023 channels in the gamma-ray pulse height distribu-
tion [82,83]. Commonly, the gamma-ray pulse height distribution is obtained by 15 min
measurements at each point. Measurements of gamma-ray pulse height distributions
were carried out at 1m above the ground surface at 39 measurement points in Douala
City. The gamma-ray pulse height distributions were unfolded using a 22 x 22 response
matrix for the estimation of absorbed dose rate in air [84,85]. The dose rate conversion
factor of the scintillation spectrometer used in the present survey was determined to
be 1.7510*nGy h™! cpm™'. Figure 34 gives the relationship between absorbed dose rate
(nGy h~') which was calculated by software using the response matrix method and total
count rates outside the vehicle. Absorbed dose rate in air (D,,;) 1m above the ground

surface at each measurement point can be estimated by the following equation [86]:
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Doyt = 2D;, X 1.62 x 0.00175 (IL.2)

where (D;,,) is the count rate inside the car (cps) obtained by the measurements for
30 seconds. Since the dose rate conversion factor was given as a dose rate (nGy h™') for
counts per minute (cpm), it is necessary to double D, in order to convert into the counts
per minute.
Following in-situ measurements, external effective dose in Douala was assessed using

the following equation [87]:

Eewt(mSv/y) = F. X [Qin X R+ Qout) X 320, Ay x (KCF); x t (IL.3)

where, E is the external effective dose (mSv y~!), D,,is the absorbed dose rate in air
(nGy h™!), DCF is the dose conversion factor from the dose rate to the external effective
dose for adults (0.748 £ 0.007Sv Gy ') [88] t is 8766 h, Q;,, and Q,,; are indoor (0.6) and
outdoor (0.4) occupancy factor respectively. R (1.11) is the ratio of indoor and outdoor

dose rate (figure 39b).

11.4.2 Activity concentrations of **U, %?’Th and “*K and their contri-

bution to the air absorbed dose rate

The evaluation of activity concentrations and the contribution of #8U, ?32T'h and ** K
to the absorbed dose rate in air were obtained by measuring the spectra of gamma-
ray pulse height distributions and using a 22 x 22 response matrix conceived by Mi-
nato [85,89]. The gamma-ray pulse height distribution obtained by measurements was
converted to the energy bin spectrum of incident gamma-ray which is a distribution of
gamma-ray flux density to each energy bin. The energy ranges from 0 to 3.2 MeV, en-
ergies above 3.2 MeV were not included for evaluation because the maximum value of
the gamma-ray energy from natural radionuclides is 2.615Mev emitted by 2T (***Th-

series). The gamma-ray lines utilized for natural radionuclides are: 1.464 MeV for 'K,
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1.768 MeV and 2.205 MeV for 24 Bi (*3®U-series) and also 2.615 MeV for 28T (332Th-
series). The 22 x 22 matrix for the 3-in x 3-in Nal(Tl) scintillator for an isotropic field
was calculated using the Monte Carlo code, SPHERIX [90,91]. The gamma-ray flux den-
sity and dose rate per unit solid angle are considered almost isotropic in the natural
environment [92]. The calculation of gamma-ray flux densities per unit activity con-
centrations of »8U-series, 2**Th-series and “’K are necessary, in order to evaluate each
activity concentrations of natural radionuclides from an energy bin spectrum. This cal-
culation assumed that a semi-infinite volume source was formed in the ground [85]. The
primary and scattered gamma-ray flux density per unit activity concentrations could
be calculated using one-dimensional Monte Carlo gamma transport code, MONAR-
1ZA /G2 [93,94]. A total of a million histories were traced for each natural radionuclide.
The nuclear data of gamma-ray energies and disintegration rates used the reported val-
ues by Beck [95] and Beck et al. [81] for this Monte Carlo simulation. The activity con-
centration of each natural radionuclide was evaluated by a successive approximation
which used a 3 x 3 matrix determined by Minato [85] to the values of energy bins for
281 -series, 232T h-series and “° K. The statistical errors for absorbed dose rates in air and
activity concentrations for *° K, ® U-series and ***T'h-series obtained using this software
depend on the integral air kerma (nGy h™!) at each measurement point [90], and these

were evaluated in this study as 2%, 2%, 68% and 45%, respectively.

II.5 Natural radioactivity measurements in the soil sam-

ples

II.5.1 Soil sampling and conditioning

The measurement of natural radioactivity in the environmental samples is carried
out first of all by a sampling of soil samples and this sampling must obey the represen-
tativity of the samples so that the measurement is precise. After sampling, packaging is

necessary regardless of the measurement technique.
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Figure 21: Location of sampling point (20) pulse

I.5.2 Soil sampling

Before taking soil samples, it is necessary to start with the identification of the sam-
pling point. Then we define a square of 1 m side on a surface void of plant cover. A
dibbler was used to collect at each peak of the square a thickness of 0-5 cm of soil, the 04
layers of soil collected constitute a sample of about 1000 g dry mass also varying from
one sampling site to another. The procedure described allows for representative sample
from those collected in the whole square and also ensures a uniform average distribu-
tion of radionuclides at the sampling point. During the sampling, the elements having
a size greater than 2 cm, the plant roots and the plastics are eliminated. All the samples
taken from the square of 1 m are introduced into a plastic bag, labeled and hermetically

sealed.

II.5.3 Conditioning

The samples collected were dried in an oven at a temperature of 70°C for a period
of 48 hours and then grounded into fine particles. Plastic boxes of 500cm® of volume
(Marinelli Beaker) were partially filled in order to leave the space for gaseous releases

(radon). The mass of soil sample finally used was about 1 kg. All the boxes were subse-
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quently sealed to prevent any escape of radon. The boxes were stored for a minimum of

one month in order to reach the secular balance between radium-226 and its daughters.

Figure 22: Sample preparation for direct gamma spectrometry.

II.6 Radioactivity measurements by y-spectrometry

II.6.1 Fundamentals of y-spectrometry

The development of y-spectrometry began with the development of nuclear science
and technology to meet the needs for control, characterization and analysis of radioac-
tive materials. This measurement technique exploits a fundamental property observed
by most unstable nuclei: the emission of radiation consecutive to the process of nuclear
disintegration. It is therefore called “non-destructive” because it allows to respect the
integrity of the object to be analyzed. The interest of y-spectrometry has been increasing
for years, so far as the metrological and applications point of view. This growth was
made possible thanks to a better understanding of the process of interaction of photons

with matter and especially thanks to the appearance of semiconductor detectors in the
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1960. 7- spectrometry then became a powerful tool to study disintegration schemes with
which measurement uncertainties of the order of 107° (in relative terms) can be reached.
It is used today in very various sectors (Dating, Climatology, Astrophysics, Medicine)

and in almost all stages of the nuclear fuel cycle.

I1.6.2 Measuring device

According to Gasser [96], In y-spectrometry, a measurement chain consists of a detec-
tor, a preamplifier, an amplifier, an analog to digital converter, an electronic acquisition
system and an analysis software.

By means of a high voltage delivered to the detector, a quantity of electric charges pro-
portional to the energy deposited by the photon in the crystal is collected. The charge
carriers are collected using a charge preamplifier whose functions are the conversion of
the charge into electrical voltage and a first amplification. Signal shaping and a second
amplification are performed by the amplifier.

The amplitude of the pulse analyzer is performed by a multi-channel analyzer. The
choice of the number of channels necessary for acquisition depends on the resolution of
the detector and the energy range. For a Nal detector (T1), a resolution in energy gen-
erally requires a coding on 10-bit, or 1024 channel to cover a range of energy between 0
and 3 MeV. A PC of acquisition, associated with an analyzer, records the energy of the
event by incrementing the corresponding channel. A spectrum is thus collected then

analysed by GENIE 2000 software.
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Figure 23: Typical gamma-ray spectrometry system.
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II.7 Analysis of y-lines

I1.7.1 Generalities on v-lines

According to Saidou [97] The direct measurement of ***U by ~-spectrometry at the
49.5 keV (0.084%) line is very difficult because of the low emission probability and the
self-absorption effect. However, if it is in secular equilibrium with its daughters, U
can be determined by the 63.3 keV (4.5%) line and the doublet 92.6 keV (92.4 + 92.8
keV, 2.6 + 2.6%) of *Th and 766.4 keV (0.21%) and 1001.0 keV (0.83%) lines of 4™ Pq
[98]. The fact that ?*T'h and #**™ Pq are short-lived radionuclides (T1 4, = 24.1d for BATH
and Ty, = 1.17min for > Pa) is a great advantage because the secular equilibrium is
reached about six months. after sampling for ?**Th in relation to ***U and ten minutes
for 234 Pq compared to #*Th. However, the 766.4 keV line of ?*™ Pq is of low emission
probability and may interfere with line 768.3 keV (4.8%) of #**Bi. In environmental
samples, the 1001.0 keV line, although less affected by the autoabsorption effect, has a
low emission probability which, combined with the low efficiency of HPGe detectors
at high energies, gives rise to significant uncertainties [99,100]. The 92.6 keV doublet
of 4TI coincides with the 93 keV line of the Xk photon of thorium and the 93.3 keV
line of #°U (4.5%). So, for samples with a high uranium and thorium content, the 93
keV line does not give an accurate indication of the activity of **5U. 63.3 keV line of
4T interferes with 63.9 keV line (0.255%) of 2*2T'h, 63.9 keV (0.023%) of 23!T'h and 62.9
keV (0.018%) of ?**Th. In natural environmental samples, these different interferences
at 63.3 keV line can be neglected [99]. The method generally used to measure directly
consists in using its only 186.2 keV exploitable line (3.53%). However, this line interferes
with 186.05 keV (0.009%) of 2*°T'h, 186.15 keV (1.76%) of ** Pa and 185.7keV (57.2%) of
2350 [101]. Because of the low branching ratio of *** Pa and the low emission probability
of the #“T'h line, the first two contributions can be neglected. The main interference is
2350 which has other exploitable lines at 143.7 keV (10.9%), 163.3 keV (5%) and 205.3 keV

(5%). Since **U activity in most soil samples is low, 2*°U is best determined by alpha

Ph.D. Thesis of Takoukam Soh S.D Laboratory of Nuclear Physics



I1.7 Analysis of y-lines 49

spectrometry [102,103]. The activity of ?* Ra can be deduced from the 186 keV multiplet
after subtracting the U contribution. Alternatively, the ** Ra can be determined from
the emission of its daughters by avoiding the emanation of ** Rn [103]. For ***T'h, the
only line potentially exploitable at 59 keV (0.15%) is of low intensity and strongly subject
to the self-absorption effect in environmental samples. Therefore, it must be determined

by the emissions of his daughters ?*® Ac, ' Pb or 22 Bi.

Table 5: Main lines used in the present work(blue) in y-spectrometry for the measure-
ment of the activity of natural radionuclides.

2380 series  P4Th  63.3(4.5) 92.6(5.4)
2Wmpy,  765(021)  1001(0.7)
2R, 186(3.3)
Nipy  242(743)  2952(19.2) 351.8(37.2)
24B;  609.3(46.6) 1120.3(15.1) 1764(15.9)
20ph  46.5(4.1)
227} series  228A¢  3383(11.4)  911.6(27.7)  969.1(16.6) 940.3(44.3)
22p),  2385(43.6)  300.1(3.23)
N2p; 7272(67) 1620.6(1.5)
W7 510.8(21.6) 583(86.3)  860.4(12.5) 2614.7(100)
Others 0F 1460.8(10.7)

I1.7.2 Counting statistics

The contents (N) of the observed « lines are numbers resulting from a counting experi-
ment, which are partially superimposed on a high background. This produces an uncer-
tainty of the result which can seriously degrade the precision with which the net peak
counts is measured. Counting statistics is applied to estimate this uncertainty which
is expressed by the standard deviation of the result. For any counting experiment the

result (N) of which is governed by a Poisson distribution, the standard deviation is:

o=vN (IL4)

The above equation expresses the fact that a repetition of a counting experiment
would in about 2/3 of the cases give a result in the range of N +o0. For the analysis

of a peak without background this is sufficient. But to subtract a background, the Pois-
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son distribution should be approximated by a Gaussian distribution. This can be done

without large errors for numbers of counts (N) greater than about 10 [104]:

Nnet - Ntot - NBG (HS)

0 = \0%1 + 0% = VNeot — N (IL6)
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Figure 24: Net Area Determination [105]

The background according to the profile type is:

-For a linear profil

B =2 (B + B,) (IL.7)
-For a staircase profil
N i
B=3 (— oY yj) (IL8)
i=1 Jj=1

where, - B is the value of the background, N the number of channels of the region of
interest, n the number of channels taken into account on the left and right of the region of
interest to calculate the background, B; and B, the sum of the contents of the n channels

on the left and on the right, y; value of the channel j.
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I1.8 Detector calibration

The calibration serves to connect the results delivered by the chain with the certified

values corresponding to the standard and / or the reference materials.

I1.8.1 Energy calibration

According to Saidou et al [106], in many routine applications, the expected energy
lines in the spectrum are known in advance and can be easily identified. On the other
hand, in other applications one can meet spectra whose peaks are not identifiable. In
such cases, the energy calibration of the detector is essential. Accurate calibration re-
quires a multi-line standard source or several standard sources with £, energies that are

not far from those to be measured in the spectrum.
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Figure 25: Energy calibration curve.

Given the problems of non-linearity that may exist in some channels of the detector,
it is useful to have several standard sources to better take them into consideration. The

energy calibration can be adjusted by a 2"¢ degree polynomial [107]:

E(x) = a1 + asx + azx? (IL.9)
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where x is a detector channel and E is its corresponding energy. The parameters a;,

as and a3 depend on the fit of the points (E, x).

I1.8.2 Efficiency calibration

The traditional approach for full energy peak (FEP) efficiency determination involves
measurement of test sources and calculating efficiencies for given geometry and energy

as:

£ — N (11.10)

L= 1t
i~ APt

where N is FEP net count, t is counting live time, A is source activity and P, probabil-
ity of emission of the particular gamma line. Experimental efficiency curves for each
detector in the Laboratory had been constructed for “standard geometries”. These in-
clude for liquid samples Marinelli beakers of several sizes and plastic bottles filled into
defined heights (density 1 g cm ™) and for solid samples (soil) pressed pellets, Marinelli
beakers (different sizes and density 1.5 and 2.0 g em™® ) and a standard filter geome-
try. Efficiencies for these geometries had been measured using calibrated solution (or a
solid calibration source prepared using calibrated solution mixed with a solid matrix) of
gamma emitters mixture over a wide range of energies.
24— Eg.:;nx.p ......

—— Polynomial Fit of Sheet1 Eff_fit
Polynomial Fit of Sheet1 Eff_exp
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Figure 26: Efficiency calibration curve.
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The energy efficiency calculation for each radionuclide of the reference material makes

it possible to establish the equation efficiency curve:

loge = a(log E)? + b(log E)? + c(log E) + d (IL.11)

Note: The sample is conditioned in a geometry identical to that of the standard or

the reference material. Corrections must be made in case the geometry is different.

I1.9 Decision thresholds, detection limits and Minimum

Detectable Activity

The detection capabilities associated with measuring and analysing radioactivity lev-
els vary according to the instrumentation and analytical techniques used [108]. For a
low-level counting system, it is necessary to determine the detection limit above which
counts are statistically significant of the measurement. The concept of a decision limit
(or critical level) and detection limit was established by Currie in 1968 [109,110]. The
critical level L, can be defined as a decision level above which the net counts present

represent some detected activity, with a certain degree of confidence.

L¢ Ip

Detectable. unquantifiable : Quantifiable

Figure 27: Diagram showing the Critical Limit L~ and the detection limit L.

Mathematically, the critical level can be given by [109] :

Lo =k, X 0y (IL.12)

where £k, is the expansion factor corresponding to the 1 — a confidence level of the prob-

ability law.
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0y is the standard deviation of the number of counts when a blank sample is measured

to determine the background level.

The limit of detection (Lp) according to NF T90-210-2012: is the smallest true value
of the measurand which is associated with the statistical test and hypothesis (made for
the Critical Limit) by the following characteristics: If in reality the true value is equal
to or exceeds the detection limit, the probability of wrongly not rejecting the hypothesis
(error of the second kind) shall be at most (error of the second kind) shall be at most
equal to a given value 3. According to ISO 11929-3: [111] of July 2000, the detection limit
specifies the minimum contribution of the sample that can be detected, with a given
probability of error. This value is directly related to the measurement conditions (count
in the region of interest, duration of the measurement) and must be established for each

spectrum [112]. The L is defined by:

Lp=Lc+ kﬁ X Op (1113)

where kj is the expansion factor corresponding to the 1 — 3 confidence level of the
probability distribution.
op is the standard deviation corresponding to the net area of the peak considered when
this area is equal to Lp. The experimenter determines in advance the degree of confi-
dence at which the decision will be made to accept the peak as truly present. It chooses
two levels of confidence 1 —a and 1 — 3 which are in general of 95% with the correspond-
ing quantiles k, = kz= 1.645. In practice oy, op are of the same order of magnitude; for

that, we fix k, = ks =k, this which simplifies the expression. We obtain :

Lp=2Lc (IL.14)

Thus, the decision threshold (L) and the detection limit (L) can be expressed in Bq L™!

and By kg™*, respectively.
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It is possible to adapt the counting time to obtain depending on the background of the
device, the desired detection limit for high counting rates. If BDF is the counting rate of
the background, ¢zpp is its counting time, t is a counting time of the sample and ¢ the

detection efficiency, the detection limit is given by:

D — Visor (IL15)

The smallest measurable activity that can be detected using y-ray counting with a certain
degree of confidence is called MDA [113]. This value can be determined for de-ionized

water filled in Marinelli beaker, and can be calculated by the following equation:

MDA = j—;t (I1.16)

where L, is the detection limit (the level of true net counts that, if present, will be
detected with a given probability); v is the emission probability per disintegration of the
selected gamma-ray line; ¢ is the absolute efficiency of the corresponding gamma line;
and t is the live time of the spectrum. MDA is calculated in term of activity (Becquerel),
which depends on the y-ray energies of the sample and the counting efficiency of the

detector [113].

II.10 Methodology for determining Activity concentrations
and uncertainties of >°U, ?>*Th and “°K in soil sam-

ples

I1.10.1 Concentrations of >*U, 2°Th and “°K

The activity of a radioelement is proportional to the number of events in the total

absorption peak. This activity is defined by the international standard (International
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Organization for Standardization) N'T ISO 18589-3 of [114] which includes several parts,
including the measurement of y-emitting radionuclides in the soils. This activity is ex-
pressed in Becquerel per kg and is defined according to the equation:

- g (I1.17)

tgX PpxepxmxK

with nx,g): number of net coups the total absorption peak,

tq: counting time expressed in seconds,

Pg: Emission probability of radionuclide of interest,

ep: detection efficiency for a given energy E,

m: is the sample mass,

K :The correction factor and K = K. K5.K3. K. K5

K, is the correction factor for the nuclide decay from the time the sample was collected

to the start of the measurement given as:

K1 = exp (—hlj%l—&) (I1.18)
2

where At is the elapsed time from the sample that was taken to the beginning of the
measurement and (77 ;) is the radionuclide half life.

K, is the correction factor for the nuclide decay during counting period given as:

il
Ky = # (1 — exp (—I;TQ;’“)) (IL.19)

where ¢, is the real time of the sample spectrum collection in seconds.

K3 is the correction factor for a self-attenuation in the measured sample compared with
the calibration sample. The self-attenuation factor K3 is defined as the ratio of the full
energy peak efficiency ¢ (i, E) for a sample with the linear attenuation coefficient 1 and

the full energy peak efficiency ¢ (ji,f, ) for a sample with the linear attenuation . :

Ky = £l (I1.20)
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Evidently, if the matrix of both the calibration sample and the measured sample is the
same, then K3 =1.

If more than one photon is absorbed by the detector during a pulse sampling cycle, the
sum of the energies of two (or more) is recorded in the spectrum instead of two (or
more) different signals. Any full-energy photon that is summed with another pulse is
not recorded in the single photon peak and represents a loss of counts or efficiency. This
loss is count rate dependent.

K, is the correction factor for pulses loss due to random summing;:

Ky = exp(—2RT) (IL.21)

where 7 is the resolution time of the measurement system and R is the mean count
rate. For low count rates this correction factor could be taken as 1. K is the coincidence
correction factor for those nuclides decaying through a cascade of successive photon
emission. If the nuclide has no cascade of gamma-rays then K5 =1.

The absolute uncertainty on the activity is defined as follows:

ony g\ 2 oty )2 opy\ 2
R ORI

If a radionuclide possessing several lines does not interfere with another radioelement,

m

n <U_E)2 b(e2)? 4 () (I1.22)

the result of the calculation of the activity corresponds then to a weighted average on its

lines:
St G
A s= A (I1.23)
n 0.1247;
with
oa= |5= (IL.24)
TA
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II.11 Radium equivalent and uncertainty

The term R,., has been used to define the activity of a radionuclide having a biologi-
cal effect equivalent to 1 mg of * Ra. In practice, radium sources are often measured in
milligrams rather than millicuries [115] because the “curie” has been defined according
to the activity of 1g of radium. R,., has for 40 years [116-119] been able to assess radi-
ological risks due to radioactivity in environmental materials. The R,., concept is also
used to assess the radiological risks of environmental components [120,121].
According to Beretka [117], the natural radioactivity of building materials is generally
determined from the families of ??° Ra and 2*?T'h, as well as from *°K. It has been ob-
served that 98.5% [122] of the radiological effects of elements of the uranium series (***U)
are due to *?° Ra and its descendants. For this reason, the construction of the precursors
between ?**U and **° Ra can be neglected. The radiation dose is defined by taking into
account the measured activity of the radionuclide and the dose rate conversion mod-
els [120].

The Krisiuk model [116] predicts that a concentration of ** Ra activity of 370 Bq kg~!
(1Ci g~ ') evenly distributed in a material, gives an annual dose of 1.5 mGy [123,124] at
a distance 1 m of this material.

Krisiuk considers a house as a cavity with walls of infinite thickness to obtain a formula
that combines the dose rate inside with the content of radioactivity of building materials.

So the R, is given by the following equation:
Ra., = S8 AR, + 353 Ary + 2% A (IL.25)

In this equation, the activity of ?*° Ra (370Bg kg™ "), %*Th (259 Bg kg~') and **K (4810
Bg kg~') represent the same effective dose of ~y radiation.

Uncertainty is given by the following equation:

2 _ 2 370\2 , 2 370 \2 9
Hhaey = Wan, T (35)" 1, + (555) " 1, (I1.26)
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It is also necessary to evaluate the internal and external risks specific to man that are due
to the contribution of radionuclides emitting y-radiation present in building materials.
The effective radiation dose limit for building materials established by the UNSCEAR

report [1] is 1 mSv y .

I1.12 External and Internal hazard index

The hazard index were defined by a model [116, 125,126] taking into account the
maximum activity of R, (370 Bg kg~ ').The external hazard index (H.,) is used to eval-
uate the danger of natural gamma radiation and its purpose is to restrict the radiation
dose to permissible dose equivalent limit of 1 mSv y~! and is defined by the equation
below [127]:

ARa A A
He, = 4e 4 41k 4 4K <] (IL.27)

The respiratory organs are threatened because of the decrease of *?° Ra in *** Rn and
its descendants. The maximum allowable activity for **° Ra is therefore reduced by half,
ie 185 Bg kg~ .

Similarly The internal hazard index (H,,), is definied as [123]:

Apa | A A
Hin = 155 + 355 + 1810 = 1 (I1.28)

where Ag,, Ar, and Ak are the activity concentrations Bg kg~' of **° Ra, ***Th and
K respectively. For construction materials to be considered safe for construction of
dwellings, the value of this index must be less than unity in order to keep the radiation

hazard insignifiant.
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I1.13 Estimation of absorbed dose rate in air and external
effective dose

The external terrestrial gamma-radiation absorbed dose rates in air at a height of
about 1 m above the ground are calculated by using the conversion factor 0.0417 (nGy /h)
(Bq/kg)™! for K, 0.462 (nGy/h)(Bq/kg)~" for ?**U and 0.604 (nGy/h)(Bq/kg)! for
23271 [1]. Assuming that, 37C's, °Sr and the **°U decay series can be neglected as they

contribute very little to the total dose from the environmental background [128-130]:

D(nGy/h) = 0.462Ay + 0.604 Az, + 0.0417 Ak (I1.29)

where Ay, Ar, and Ag are the mean activity concentrations of 83U, ?32T'h and *K,
respectively in (Bq kg~ '). In the estimation of external effective dose, the conversion
coefficient and occupancy factor must be taken into account. In the present work, a
conversion factor of 0.7 Sv Gy~! and occupancy factors Q have been used to convert
the absorbed rate to human effective dose equivalent with an outdoor @),,; and indoor
Qin occupancy of 40% and 60% respectively. However, since the materials used in the
construction of most these buildings also contain radionuclides, R (1.11) is the ratio of
indoor and outdoor dose rate. It should be noted that the dwellings were built mainly
using locally made soil bricks. A; are average activity concentrations of ***U, 232Th and
WEK. (KCF); are corresponding air kerma conversion factors given previously. The

external effective dose is determined as follows [131]:

Eent(mSv/y) = Fo X [Qin X R+ Qout] X S0 Ai x (KCF); x t (11.30)

II.14 Radon, thoron and thoron progeny measurements

Radon is a rare gas that is chemically inert. The main natural isotopes being radon

(***Rn, T2 = 3.8d), thoron (**Rn, T}/, = 55.6s) and actinon (*'?Rn, T}, = 3.98s) re-
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spectively from the isotope decay chains: #*3U, #?T'h and ?*U. These radioactive gases
decay by alpha transition to produce aerosol-forming solid descendants in the air that

are radioactive isotopes of lead, polonium, and bismuth.

I1.14.1 E-PERM Electret Ion Chambers (EICs)

Figure 28: Electret Ion Chambers (EICs) (left) and electret voltage reader (right).

An electret instrument includes a measurement chamber to which air from the
room diffuses through a filter that removes radon daughters. The chamber walls are
electrically conductive. The chamber contains an electret, an electrostatically charged
sheet of Teflon. The electret is positively charged on the surface that is facing the cham-
ber. The opposite side is negatively charged and is connected to the walls of the chamber.
Alpha particles from the decay of radon and daughters ionize the air in the chamber.
Electrons freed at the ionization moves in the electric field towards the surface of the
electret while the positive ions move toward the walls. The electrostatic charge becomes
reduced and the potential can be measure by a voltmeter. If a chamber with screw cap is
used the electret is an integrating method that can for example be used to measure only

during daytime. The electret method has to be corrected for gamma radiation.

I1.14.2 Raduet detector

To determine radon and thoron concentrations, passive integrated radon-thoron dis-
criminative detector developed at the National Institute of Radiological Sciences (NIRS)

in Japan (Commercially Raduet) were used. These detectors have two diffusion cham-
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bers with different ventilation rates and each chamber contains a CR-39 chip 10 x 10mm?
in size (RADUET, Radosys Ltd., Hungary, Fig.29) [132] which was used to detect the al-

pha particles emitted from radon and thoron as well as their progeny.
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Figure 29: Schematic drawings of the passive type radon and thoron discriminative
detector (RADUET) (Tokonami et al [132]).

The low diffusion rate chamber is made of electron conductive plastic with an inner
volume of 30 ¢m®. The high diffusion rate chamber is also made of the same material,
but it has six holes in the wall and has electroconductive sponge covering the holes
to prevent radon and thoron progeny, and aerosols from infiltrating inside. While one
chamber measures radon only, the other chamber detects radon and thoron combined.
Thoron concentration is then determined by substracting the result of one detector from
the other. The difference in track density between the two CR-39 chips makes it possible
to estimate radon and thoron concentrations separately. After the exposure, the CR-39
plates were chemically etched for 24 h in a 6 M NaOH solution at 60°C, and alpha tracks

were counted with an optical microscope [133].

I1.14.3 Thoron progeny monitors

The thoron progeny monitors also used CR-39 mounted on a stainless stell plate and
covered with a thin sheet of absorbed [134,135]. The prototype of a thoron progeny
monitor was developed by Zhuo and lida [136]. The CR-39 pieces are covered with
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an aluminium-vaporised Mylar Im of 71 mm of air equivalent thickness. The thickness
of the Mylar Im allows the detection of only the 8.8 MeV alpha particles emitted from
212 Po (thoron progeny). According to Janik et al [137], the lower limit of detection (LLD)
is calculated on the basis of an ISO Guideline, these LLD depends on the concentration
of both gases and on the exposure period. For example, when a radon concentration of
15Bq m~? and a thoron concentration of 15 Bq m ™ are given with a measurement period

3

of 90 days, the detection limits are estimated to be 5 Bq m~—3and 7 Bq m™, respectively.

While detection limit of thoron progeny concentration is 0.005 Bq m 2.

Pabypropylene film

|
Stamless steel plate

Figure 30: Thoron progeny monitor and Schematic drawings of the passive type thoron
progeny monitor (Kudo et al [138]).

I1.15 2*2Rn Activity concentrations and uncertainty

I1.15.1 Radon concentrations using E-PERM Electret Ion Chambers

The evaluation of the radon concentration using the measurements taken in the field

is obtained first by determining the calibration factor of the detector (type E-perm):

CF = A+ B4E (I1.31)

expressed in V/pCi.j.07'. T and F being initial and final voltages of the electret expressed

in V while A and B are constants given by the manufacturer [139].
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The concentration of radon in the air is given by:

Cr, = (&7p — BG) féor (C7f) (IL32)
Ch,, (*9) = 3=Cr, (Bq/m?) (I1.33)

D is the duration of the exposure (days), BG is the background due to the ambient

alt
corr

dose expressed in radon equivalent concentration (pCi I 1), is the correction factor
taking into account of the dwelling altitude (alt) above sea level. The fitting parameters

A and B are given by the manufacturer A =0.02383 and B = 0.0000112.

feorr = 0.996 + 0.00016 o alt(m) (11.34)

EICs are sensitive to background gamma radiation. The equivalent radon signal in pic-
oCuries per liter (pCi [~!) per unit background radiation in micro-roentgens per hour
(uR h~') is determined by the manufacturer depending on the type of EIC. This is specic
to the chamber and not to the electret used in the chamber. This parameter is 0.12 for L
chambers [139]. This value must be multiplied by the gamma radiation level at the site
(in xR A1) and the product (in equivalent pCi [~!) subtracted from the apparent radon

concentration. The gamma radiation level at the site was 0.12uSv ' =11 uR A~

BG = [0.12 x (PCi.l17Y) / (uR/h)] x 11uR/h (IL.35)

The minimum voltage before exposing the EIC is fixed at 200 V. The accuracy of
measurements is ensured by using reference electrets for quality control checking be-
fore each set of electret readings using the Electret Voltage Reader. The voltage of the
reference chamber when provided by the manufacturer is (248 +1) V. This voltage is
supposed to decrease less than 1 V each year and should not be used for many years.
Three sources of uncertainty were identified:

eUncertainty on the active volume and electret thickness of the EIC estimated at 5%;
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eUncertainty related to the initial and final readings of the electret estimated at 1.4 V;
eUncertainty on the gamma external radiation estimated between 0.1 and 0.2 pC'i I™'.

eUncertainty on the temperature, humidity, and ventilation system was neglected.

w(Cr,) =/ Fi + E5 + E3 (I1.36)

where E,, E, and Es are 5%, 1.4 V et 0.1-0.2 p(C'i /1 respectively.

I1.15.2 Radon and thoron concentrations using Raduet detector

The average radon (Cg,) and thoron (Cr,,) concentration are calculated using the fol-

lowing formulae [141]:

— 7 JTn _ 7 fTn
(CRH) - (dL B b) t~(fRnl~an12—'72fRn2an1) B (dH b) t~(fRn1~an12—'71fRn2an1) (II'37)

= (dr, = b) wy — (dg — b) .wo

with w; = 222 and w, = {221 where € = fru1.frue — frn2frn1

_ _ 7 f nl i J— b f n2
(CTH) - (dH b) t-(fRnl-anlz_fRanTnl) (dL b> t'(fRnl'fT"I;_fRMfT"l) (H38)

— (di — B) ws — (dg — b) -y

with ws = % and wy = fﬁ’f
where d;, and dy were alpha track densities for low and high air-exchange rate cham-
ber in tracks per square centimetre (track cm~=2) respectively. b is track density due to
background in (track cm™?) . t sampling duration (h). frn1 and fr,1 , were calibration
factor for ?2Rn, ° Rn in a low air-exchange rate chamber in (tracks em™2h=1)/(Bgm™?),
respectively. fr,2 and fr,2 were calibration factor for **? Rn, ?*° Rn in a high air-exchange
rate chamber in (tracks cm™2h=1)/(Bgm™3).

According to ISO/IEC Guide 98-3, the standard uncertainty of (Cg,) is calculated as

given in formula following;:
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7 2 (7 2 ()2 2 (% o
o (O = wi (u? (d_L)2+ u? (b)) — 2w1w22i 2(b) + w3 (v? (d) + u? (b)) (1139)
+ (dp — b)"u? (w1) + (—du + )" u? (ws)

with

u? (wy) = # {(5 - fRanRn1)2 WP (frn2) + fino® (Frnt) + i1 finat® (Fan2) + frnafinat? (anl)}
(I1.40)

and

u’ (wg) = # {(5 + fRnlan2)2 u’ (frm) + f’%nQUQ (frn2) + f%mf:/%muQ (frn1) + f]%nlffl%nIUQ (anz)}
(I1.41)

the standard uncertainty of (Cr,) is calculated as give in formula following:

W (O = w? (u? (di{);— u? (b)) — 2w3w42j 2(()) +w? (v? (dr) +u? (D)) (11.42)
+ (dg — b)"u? (w3) + (—dr +b)" u? (wy)

with

u? (w3) = # {(5 - fRnlan1)2 u? (fRnl) + ff‘zm“Q (anQ) + f}%mf%muQ (fan) + f}%mf}%anQ (me)}
(I1.43)

and

u® (wy) = # {(5 + fanan1)2 U (frn2) + [inot? (fra1) + [onaSTnot® (frn1) + o [t (anz)}
(I1.44)

where the uncertainty of the exposure time is neglected.
The calculation of the characteristic limits (ISO 11929) requires the calculation of @ <C‘ Rn)
and @ (@m) i.e. the standard uncertainty of Cg, and C7, as a function of their true

value, calculated as given in following formulae respectively:
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_1/2
s (0) = [ 100 1 B) 2 ) 443 6 0 12 )
U Rn ) — 2 of 52 w24 11 —2b) wa4C2 _
Lt Yo Con ot 2 (4, 4 (—dlyg + ) ()
(I1.45)
_1/2
ooy [ )+ () =2 @) 02 (02 ) o 3)
B ( Tn) B (d%dgdﬁr#)w%ézn(Qdeg)wﬁé%" u? (w3) + (—dp, + 1_3)2 u? (wy)
' (I1.46)

The decision threshold C},, and C7,, are obtained from the formulae of ws, wy and
(Cra) for Cry, = 0,1 (d;, = 0), Cry = 0 and @ (dy = 0) (see ISO 11929).

we obtain:

. ) wiu? (b) — 2wiweu® (b) + w3 (u® (dur) +u? (b))
Crn = k1-0.0(0) = ki_q (dg—zdeJrEQ)w% 5 N2, 2
+ 2 u? (wy) + (—dg +0)" u? (ws)
(IL.47)
,1/2
. i wiu? (b) — 2wgwgu? (b) + wi (u? (dg) + u? (b))
Crn = k1-at(0) = ki_q (42 ~2Bdp+5") w3 N2 o
e (w3) + (—di +b)" u? (wy)
(IL48)

a = 0.05 with k;_, = 1.65 often chosen by default.

The detection limit, Uﬁn and Uﬁn , are calculted as given in following formulae (see

ISO 11929):
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-1

Cpp =0 P (w? (de) +u? (b)) -2 2.(B) + w3 (u? (dig) + u? (b
Cﬁnchn‘i‘kl_ﬁ. w1(u(L) U()) wlwgu() wz(U(H) u())

(d§{2de+b2)w§+i?n(2dH2b)w2+é§n 2 (wn) + (—di + 5>2 u (1)
(I1.49)
2.2 (T\ 2 (7 2 (2 2 (p
Tl = Crtbs |, (0) = 2wgwqu? (b) + wi (u? (dr) +u? (b)) (IL50)

(20N 2 () 4 (= +T)* 2 )

2
wi

The detection limit can be calculated by solving formulae of <éTn) and U*Rn for 5#
or, more simply, by iteration with a starting approximation C" =2 x C" in terms of the

right side of following formulae. One obtains C" with ky_o = ky_ g =k

. 26*n+k2 (2dH—25)w2u2(w1)
Chy=— S - (IL51)

2
_gous(wy)
1=k

—k —2b w. u2 wa
Q'CTnJrk,z{ (2df, 21’)24 ( 3)}

w1

—#
Cryp = PTI (I.52)

wig

Values a=£=0.05 and therefore k,_, = k;_g =1.65 are often chosen by default.

II.16 Radon and Thoron progeny concentrations

The concentrations of progeny are determined through Equilibrium Equivalent Radon
and Thoron Concentration ( EERC and EETC ). EERC was calculated by following equa-
tion:

EERC = Fr x Chg, (IL.53)

where Cf, is concentration of radon calculated using track density from Raduet
detector and Fy equilibrium factor for radon (0.4). However EETC was measured by

thoron progeny monitors [136], these monitors also used CR-39 mounted on a stainless
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stell plate and covered with a thin sheet of absorbed [134].

II.17 Equilibrium Factor

ICRU [142] reported that, because radon progeny in the air can be removed by de-
position on surfaces and ventilation, the activity concentrations of the short-lived radon
progeny in the air are not in equilibrium with that of the radon gas. This is quantified
by the equilibrium factor, F, which is a measure of the degree of disequilibrium between
the radon gas and its progeny. The inhaled decay products and not radon gas deliver
the majority of the alpha particle dose to the bronchial airways. Thus, the equilibrium
factor is of dosimetric importance because it is used to estimate the progeny activity
concentration in air when measurements of radon and not progeny are made.

The equilibrium factors for radon, thoron and their progeny were then simply calculated

by using the following expressions [143]:

Fy, = EERC (IL.54)
Fr, = EELC (IL55)

where EERC and EETC are the equilibrium equivalent concentration (Bg m™?) of

radon and thoron.

I1.18 Total inhalation dose assessment

The total inhalation dose due to exposure to indoor radon, thoron and their progeny

has been calculated using the relation given by UNSCEAR [144]:

Ern(mSv/y) = (017 + 9 x Fgr) X Crp X t X Fyee x 107° (IL.56)
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Ern,(mSv/y) = (0.11 x Cpy, +40 x EETC) x t X F,ee x 1076 (IL.57)

where F}, is the equilibrium factor for radon. Cg, and Cr,, are respectively radon and
thoron concentrations in Bq m™®. EETC is the equilibrium equivalent thoron concen-
tration. The quantities 0.17 and 9 are dose conversion factors for radon and its progeny
concentrations, respectively, while 0.11 and 40 are the dose conversion factors for thoron
and its progeny concentrations in nSv respectively [144]. The exposure time t was 8766
h, and the indoor occupancy factor (F,..) was assumed to be 0.6. The multiplication

factor 107 is used to convert nSv into mSv.

I1.19 Risk assessment

The cancer and hereditary risks due to low doses without threshold dose known as
stochastic effect were estimated using the ICRP cancer risk assessment methodology
[60,63]. In its 1990 recommendations, risks from radiation induced cancers were de-
rived from observations of people exposed to high doses using a dose and dose rate
effectiveness factor (DDREF). Risk estimates based on the observations of people ex-
posed to low doses has associated large uncertainties and therefore will contribute to
quantitative risks estimates [63]. The lifetime risks of fatal cancer recommended in the
1990 recommendations by the ICRP are 5 x 1072 Sv for the members of the public and
4 x 1072Sv~! for occupationally exposed workers [63].

In its latest recommendations of 2007, the Commission has retained its fundamental
hypothesis for the induction of stochastic effects of linearity of dose and effect without
threshold and a dose and dose-rate effectiveness factor (DDREF) of 2 to derive the nomi-
nal risk coefficients for low doses and low dose rates. In its latest recommendations, the
system of regulations for radiological protection based on the 1990 recommendations
has not changed [60].

However, a new set of nominal risk coefficient has been derived to be used for the es-
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timation of fatal cancer as well as hereditary effects. The recommended nominal risk
coefficients in its 2007 recommendations are given in table 6. The new nominal risk co-
efficients were derived based upon data on cancer incidence weighted for lethality and
life impairment whereas the 1990 values were based upon fatal cancer risk weighted for
non-fatal cancer, relative life years lost for fatal cancers and life impairment for non-fatal
cancer. However the combined detriment from stochastic effects in the new values has

remained unchanged at around 5%Sv~" [60].

Table 6: Detriment-adjusted nominal risk coefficients for stochastic effects after exposure
to radiation at low dose rate (10~2) [60]

Exposed Cancer Heritable effects Total detriment
Population 2007 1990 2007 1990 2007 1990
Whole 55 60 02 13 57 73
Adult 41 48 01 08 42 56

The risk of exposure to low doses and dose rates of radiation to members of the pub-
lic in Douala were estimated as using the 2007 recommended risk coefficients [60] and
an assumed 70 years lifetime of continuous exposure of the population to low level ra-

diation.

Fatality cancer risk = total annual effective dose (Sv) x cancer nominal risk factor.

Hereditary effect = total annual effective dose (S5v) x hereditary nominal effect factor.

I[1.20 Conclusion

The purpose of this chapter, was to present the material used for natural radioactiv-
ity measurements, as well as the methodology used to determine the concentration of
the following primordial radionuclides: ***U, #**T'h and *°K then, concentration of the

radon gas (*** Rn and **° Rn) and their progeny.
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CHAPTER III

RESULTS AND DISCUSSION

I11.1 Introduction

The concentrations of the primordial radionuclides were calculated in the soil sam-
ples and, indoor radon and thoron were measured in the dwellings of the Douala city. In
this part of the work, the results obtained will be presented, discussed and compared to
other works on the one hand and, at their different corresponding global average values

on the other hand.

III.2 Measurement of natural radioactivity by in-situ gamma

spectrometry

I11.2.1 In-situ activity concentrations of 2**U, ?*Th and "’ K and their

contribution to air absorbed dose rate

According to Table 7, Activity concentrations for primordial radionuclides range be-
tween 18-47 Bq kg~!,21-54 Bq kg~! and 110-410 Bq kg~! for the 233U series, 23*T'h series
and " K respectively, with corresponding average values of 29 Bq kg~', 38 Bq kg~ and
202 Bq kg~!. For U and ?*2Th, 7/39 and 32/39 measurement points have respectively
activity concentrations higher than the world average value [1]. For *°K, 1/39 measure-
ment point has activity concentrations higher than the world average.

By comparing the average in-situ activity concentrations of ?**U, #?Th and “°K in
Douala with the average values in other areas of Cameroon and other countries as

shown in Table 9, it should be noted that the mean activity concentration of ?**U is
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Table 7: In-situ Activity concentrations and the contributions of “°K ,?8U and *?T'h to

air absorbed dose rates in Douala using the car-borne survey method.

Point Latitude Longitude

Absorbed Contribution

Activity concentra-

dose rate  to the dose tions
in air rate (%) (Bqkg™)
N E (Ile 40K 238U 232Th 40K 238U 232Th

h=1)
Douala N4.05883 E9.701882 50+1 12 28 60 146+3 3342  48+2
Douala N4.060352E9.703057 5041 23 25 53 29246 3142 4442
Douala N4.062082E9.701685 5941 27 33 40 386+8 45+3 3642
Douala N4.06649 E9.703935 3241 34 24 40 290+6 1841 2141
Douala N4.070663E9.696892 4541 36 23 41 41048 2543 3042
Douala N4.048405E9.690173 3241 23 23 53 185+4 18+1  27+1
Douala N4.045582E9.689423 41+1 17 28 54 187+4 2942 3742
Douala N4.043308E9.685862 2941 15 28 57 110+2 20+1  28+1
Douala N4.041148E9.685378 3941 12 30 58 12943 3042 3942
Douala N4.029897E9.68979 4541 16 26 59 1844+4 2842 4442
Douala N4.026803E9.690527 3641 14 26 60 130+3 2442  36+2
Douala N4.024398E9.693795 5241 13 30 58 177+4 3943  51+3
Douala N4.019988E9.701103 40+1 20 26 55 21044 264+2 3742
Douala N4.016748E9.706783 3341 16 29 55 14643 2542 3242
Douala N4.05417 E9.734857 4841 16 25 58 208+4 3142 4742
Douala N4.057508E9.729035 4141 23 26 51 246+5 2742 3542
Douala N4.064372E9.715773 4941 15 29 56 20044 3643 4742
Douala N4.071107E9.718553 3641 23 26 52 208+4 2242 3142
Douala N4.081412E9.728038 3141 16 29 56 131+3 2342 30+2
Douala N4.080985E9.747512 3741 13 27 60 12442 2642 38+2
Douala N4.084458E9.755105 4441 13 29 59 1434+3 3042 4242
Douala N4.086427E9.767235 46+1 23 21 56 286+6 2542 4442
Douala N4.079912E9.772208 3241 15 28 57 130+3 18+1  32+2
Douala N4.073662E9.753895 3541 13 28 59 12543 2542 3642
Douala N4.065873E9.759602 3341 16 27 57 13943 2342 3242
Douala N4.056127E9.765598 4341 15 25 61 167+3 2742 4442
Douala N4.053658E9.761817 5241 15 25 61 20144 334+2 5443
Douala N4.042078E9.761412 4241 16 24 59 176+4 2542 4242
Douala N4.032633E9.766025 4241 22 25 53 23745 2642 3742
Douala N4.03475 E9.778138 4941 15 25 60 194+4 3142 50+3
Douala N4.026533E9.791902 4441 16 25 60 184+4 2842 4542
Douala N4.00135 E9.804472 4041 22 24 54 223+4 2442 3642
Douala N4.049702E9.738715 5041 24 25 51 31246 314+2 4342
Douala N4.048875E9.740258 48+1 16 25 59 20044 304+2 4742
Douala N4.047623E9.728583 3141 20 27 54 1554+3 20+1 28+1
Douala N4.04285 E9.705237 4341 20 44 36 23145 4743 26+1
Douala N4.043018E9.702948 4741 29 33 39 35947 3943 3142
Douala N4.043115E9.696225 4441 17 35 48 197+4 3943  36+2
Douala N4.017505E9.715673 40+1 12 36 52 127+3  37+3  36+2
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higher than the average value measured in other areas of Cameroon such as Bakassi
and Poli, and lower than those measured in Lolodorf and Douala quarries. The same
comparison can be made with those measured in Lagos state in Nigeria, in Itagunmodi
and Canakkale in Turkey, and in Kerala in India. For ?**T'h, the average activity concen-
tration found out in the present study is higher than those of Bakassi and Poli, and lower
than those measured at Douala-quarriers and Lolodorf. This value is also higher than
those of Itagunmodi and Lagos State and lower than that of Kerala. The average value
of “K is higher than that is obtained in Bakassi and less than the average values found
at Douala-quarriers, Lolodorf and Poli. Compared to other studies in the world, this
value is higher than that of Canakkale, lower than those of Lagos state, [tagunmodi and
Kerala. Figure 31 shows a weak correlation between thorium and uranium (correlation

coefficient =0.09).
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Figure 31: Correlation between ***T'h and ?**U activity concentrations.

The contributions of ?**U, ?*?T'h and “°K to the absorbed dose rates in air range re-
spectively between 21-44%, 36-61% and 12-36% with the average values of 27%, 54%
and 19% respectively. The highest contributions of ***U, #Th and *°K to the absorbed
dose rate were respectively found at Akwa (44%) (IN4.04285, E9.705237), Beedi (61%)
(N4.053658, E9.761817) and SCDP (36%) (IN4.06649, E9.703935) while the lowest contri-
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butions were found at Makepe (36%) (IN4.04285, E9.705237) and Akwa (12%) (IN4.017505,
E9.715673) for #?Th and “°K respectively.

ITII.3 Natural radioactivity measurement in soil samples

by gamma spectrometry

I11.3.1 Activity Concentrations of ?**U, **T'h and *°K in Soil Samples
Activity concentrations of natural radionuclides ***U, #*T'h and *°K in 20 soil samples
using gamma spectrometry in laboratory are listed in Table 8.

Table 8: Activity concentrations of natural radionuclides ?**U, ?**Th and *°K in 20 soil
samples using gamma spectrometry in laboratory.

Absorbed Annual ef-

Location Activity concentra-  doserate fective
tion (Bq kg™') dose

Sample Latitude Longitude **K  2¥U  2Th (nGyh™') (mSvy™))
code
STN-16-39 04°01'640709°44'424” 40+8 88+17 82+18 92413 0.6+0.1
STN-16-40 04°01'625709°44’510” 41+9 52+10 53+£12 5849 0.4+0.1
STN-16-41 04°01'642709°44’345” 43+9 66+13 64+14 72410 0.5+0.1
STN-16-42 04°01'395709°44'284” 53+11 39+08 37+8 4346 0.3£0(=< 0.1)
STN-16-43 04°01'342709°44'240” 42+9 52+10 48+11 5548 0.4+0.1
STN-16-44 04°01'136709°44'239” 77416 29+06 29+6 3445 0.2+0 (<0.1)
STN-16-45 04°00'995709°44'766” 44+9 65+13 68+15 73+11 0.5+0.1
STN-16-46  04°00'907709°44’810” 47+10 69+14 69+15 76+11 0.5+0.1
STN-16-47 04°00'835709°44’746” 60+13 39+08 36+8  43+6 0.3+£0 (=<0.1)
STN-16-48 04°00'769709°44’619” 59+13 52+10 54+12 5949 0.4+0.1
STN-16-49 04°00'822709°44’595” 62+13 43+08 42+9 4847 0.3£0 (<0.1)
STN-16-50 04°00'861709°44’702” 43+9 56+11 58+13 6349 0.4+0.1
STN-16-51 04°01'047709°44’320” 51+11 58+11 51+11 60+8 0.4+0.1
STN-16-52  04°01'016709°44°089” 64+13 62+12 54+12 6549 0.4+0.1
STN-16-53  04°01'258709°44'046” 74+16 61+12 55+12 6549 0.4+0.1
STN-16-54 04°01'302709°44°055” 67+14 40+08 38+8  45+6 0.3£0 (<0.1)
STN-16-55 04°01'433709°44°016” 79+17 66+£13 62+14 72410 0.5+0.1
STN-16-56 04°01'421709°43'763” 68+14 82+16 74+16 86+12 0.6+0.1
STN-16-57 04°01'371709°43’740” 52+11 81+16 79+17 88413 0.6+0.1
STN-16-58 04°01'188709°43'941” 46+£10 96+£19 92420 102+15 0.7+0.1

They range respectively between 29-96 Bq kg~', 29-92 Bq kg~' and 40-79 Bq kg~!
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with respective average values of 60 Bq kg~', 57 Bq kg~' and 56 Bq kg~'. The world
average values of *8U, #2T'h and “°K in the earths crust are 35, 30 and 400 Bq kg *,
respectively [1]. It appears that average values of **U and ?**T'h are higher than the
corresponding world average activity concentrations. Figure 32 shows a good correla-
tion between thorium and uranium in soil samples (correlation coefficient =0.97). The
highest 2®U and ?¥2T'h activity concentrations were found at Brazzaville (96 Bq kg™")
and Dakar for “*K (79 Bq kg~'). The lowest activity concentrations of ***U and *?T'h
were found at Bilongue (29 Bq kg~') and Oyack for K (40 Bq kg~'). The results of
activity concentrations of natural radionuclides in soil samples taken from Douala III at
different locations and in other parts of the world are displayed in Table 9. It clearly
appears that activity concentrations of U and ?*?T'h were higher than those of other
areas in Cameroon (Bakassi, Poli and Douala-quarries) except Lolodorf and other coun-

tries (Lagos state, Itagunmodi, Canakkale).
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Figure 32: Correlation between #**Th and #**U activity concentrations.

III.4 Radiological Hazard Indices

Following The calculated R,., values for all soil samples and in-situ measurement

points presented in Table (10), it may be seen that Raeq oscillates between 69 and 126
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Table 9: Comparison of activity concentrations of ***U, ?**Th and *°K in soil samples from Douala littoral region following labora-

tory and in-situ measurements with values from other areas around the world.

Country Activity (Bq kg™) References
238U 232Th 40K
Nigeria Lagos state 1.20-55.30 (23) 2.18-60.33 (23) 44.74-489.96 (204) Ojo and Gbadegesin. [145]
Itagunmodi 18.5-90.3 (55) 12.5-52.4(26)  200.5-901.2 (501)  Augustine Kolapo et al. [146]
Turkey Canakkale 14.9-118 (42) 18.7-146(53) 197.1-1033.4 (54)  S.Turhan et al. [147]
India Kerala 25-1269 42-2374 22-964 Hosoda et al. [148]
Cameroon Poli 12-57 (24) 15-58(28) 112-1124 (506) Saidou et al. [131]
Bakassi 17-23 (19) 27-38(32) 93-138 (110) Saidou et al. [149]
Lolodorf 60-270 (130) 100-700(390)  370-1530 (850) Saidou et al. [131]
Douala (quarries) 11.8-146.7 (40) 8-102.9(43) 54-928 (342) Ghuembou et al [150]
Douala In-situ  18-47 (29) 21-54(38) 110-410 (202) Present work
Labo  29-96 (60) 29-92(57) 40-79 (56) Present work
World 16-110 (35) 11-64 (30) 140-850 (400) Unscear [1]
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with an average of 98 Bq kg™ !, between 76 and 231 with an average of 146 Bq kg~" for
in-situ measurement and laboratory measurement respectively. It is observed that the
values of R,., were less than the acceptable safe limit of 370 Bq kg ' [29]. In addition,
the calculated values of hazard index for in-situ measurement points were ranged from
0.2 to 0.3 with an average value of 0.3 and from 0.2 to 0.5 with an average value of 0.3 for
external (H.,) and internal (H;,) respectively as mentioned in table (10). However for
the soil samples, the hazard index were ranged from 0.2 to 0.6 with an average value of
0.4 and from 0.3 to 0.9 with an average value of 0.6 for external (H.,) and internal (H;,)

respectively (table 10). These values are lower than the agreed value of unity.

Table 10: Radium Equivalent (R,.,) and Hazard index ( H., and H;,) (Bq kg™ ').

In-Situ measurement Laboratory measurement
Raeq Hex Hin Raeq Hex Hin
113 0.3 0.4 209 0.6 0.8
116 0.3 0.4 131 0.4 0.5
126 0.3 0.5 161 0.4 0.6
70 0.2 0.2 96 0.3 0.4
99 0.3 0.3 124 0.3 0.5
71 0.2 0.2 76 0.2 0.3
96 0.3 0.3 166 0.4 0.6
69 0.2 0.2 171 0.5 0.6
96 0.3 0.3 95 0.3 0.4
105 0.3 0.4 134 0.4 0.5
85 0.2 0.3 108 0.3 0.4
126 0.3 0.4 142 0.4 0.5
95 0.3 0.3 136 0.4 0.5
82 0.2 0.3 144 0.4 0.6
114 0.3 0.4 146 0.4 0.6
96 0.3 0.3 100 0.3 0.4
119 0.3 0.4 161 0.4 0.6
82 0.2 0.3 193 0.5 0.7
76 0.2 0.3 198 0.5 0.8
90 0.2 0.3 231 0.6 0.9
101 0.3 0.4

110 0.3 0.4

74 0.2 0.2

86 0.2 0.3

79 0.2 0.3

103 0.3 0.4

126 0.3 0.4
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99 0.3 0.3

97 0.3 0.3

117 0.3 0.4

107 0.3 0.4

93 0.3 0.3

117 0.3 0.4

113 0.3 0.4

72 0.2 0.2

102 0.3 0.4

111 0.3 0.4

106 0.3 0.4

98 0.3 0.4
Min-Max 69-126  0.2-03  0.2-0.5 76-231  0.2-0.6  0.3-0.9
Moyenne 98 0.3 0.3 146 0.4 0.6
Médiane 99 0.3 0.3 143 0.4 0.5

III.5 Indoor radon and equilibrum factor of thoron
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Figure 33: Location of the study area.

Radon measurements were made using E-perm detectors, Raduet detectors and
Thoron progeny monitors in more than 100 dwellings in Douala. These measurements

took place in three phases where the first two used the detectors of types E-perm and
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last, detectors of types Raduets and monitors progeny of thoron.

III.5.1 Radon concentration measured with E-perm detector
After three months of exposure, the table below gives us the results of radon concen-
trations in the first and second phase of measurements.

Table 11: Indoor activity concentration of radon in dwellings of Douala using E-perm
detector.

Statistics Radon Concentration (Bq m™)
Rainy season ~ Dry season

Minimum 91 15
Maximum 8204 1901
Arithmetic Mean (AM) 2989 423
Standard deviation (SD) 1864 444
Geometric Mean (GM) 2292 243
Geometric standard deviation(GSD) 24 3.08
Median 2753 251

The activity concentration of radon in the first phase of measurement was found
to vary between 91 to 8204 Bq m®, with an average value of 2989 Bq m™* which is
ten time that given by ICRP (300 Bg m™~*). However, in second phase of measurement
radon concentration was found to range between 15 to 1901 Bg m™~* with an average
value of 423 Bq m™—3, value slightly above the reference value limit. Sorimachi et al [151]
reported, it is known that radon measurement with electret monitors may be affected
by environmental parameters, e.g., temperature, relative humidity (RH), elevation, the
presence of ions in the room, air drafts, gamma radiation, thoron in the air, and external
dust. However for the continuation of the work we used the RADUET detectors as far

as to have the best results.

I11.5.2 Indoor radon and thoron concentration mesured with Raduet

detector

Table 12 summaries the results obtained for radon and thoron in 71 dwellings of

Douala.. The measured values of radon and thoron concentrations vary from 31 + 1 to
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436 + 12 Bq m~? with an arithmetic mean of 139 4+ 47 Bq m? and from 4 + 7 Bq m~3 to
246 + 5 Bq m ™ with an arithmetic mean of 80 + 52 Bq m™?, respectively.The geometric
mean of Cg, and Cr, result 118 Bq m~* and 62 Bq m ™ respectively, which are lower
than the international indoor geometric mean of 45 Bq m~3 [144]. According to Curguz
et al [152], the geometric means of radon depends on building materials. In our study,
the indoor geometric mean radon is different from other parts of the world because the

building material of dwellings in Douala is hardly comparable..

Table 12: The ranges, arithmetic mean, geometric mean and median of the indoor radon,
thoron and progeny:levels and the equilibrium factor of thoron..

Min Max AM + SD GM(GSD) Median
Radon (Bq m~?) 31+1 436 + 12 139 4+ 47 118(1.3) 139
Thoron (Bq m ™) 4+7 246 +5 80 + 52 62(2.1) 71
FTn 0.01+0.01 083+155 0.11+0.16 0.07(9.90) 0.07
(EETC) (Bqm™) 1.54+09 13.1+94 46+29 39(1.8) 3.6
(EERC) (Bq m~) 1241 174 + 5 51 + 21 47(1.6) 55

Less than 2% of dwellings among those surveyed had radon concentration higher
than the permissible level of 300 Bq m™? [153]. 32% and 34% of dwellings have re-
spectively radon concentrations below 100 Bq m~ [154], and 148 Bq m~* [155]. Only

32% of dwellings have radon concentrations below 200 Bq m™*

, as recommended by EU
countries [156]. In the uranium-bearing region of Lolodorf and Poli, Saidou et al. [9]
measured radon concentrations using electret ionization chambers in a range between
24-4390 Bq m* for Lolodorf, and 29-2240 Bq m ™ for Poli with arithmetic means of 687
Bq m~3 and 294 Bq m? respectively. These values are higher than the corresponding
values reported in the present study. Figure 34 shows the radon concentrations plotted
against thoron concentrations, but they do not correlate each other. In Cameroon, there
are not yet reference levels for radon indoors. However, the national radon action plan
is being elaborated..

Similar studies were carried out worldwide. Results of the radon and thoron activity

concentrations, the EERC and the EETC in several countries are summarized in Table

13. Prasad et al [157] reported a study of radiation exposure due to radon, thoron and
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Figure 34: Scatter plots of radon-thoron concentration.

progeny in the indoor environment of Yamuna and tons valleys of Garhwal Himalaya.
Visnuprasad et al [159] reported the contribution of thoron and progeny towards in-
halation dose in a thorium abundant beach environment in Kerala, India.Gierl et al. [160]
performed a similar study on thoron and thoron progeny measurements in German clay
houses.

The results show that gas concentrations range between 20 and 160 Bq m ™ for radon
and between 10 and 90 Bq m~? for thoron 20 cm from the wall. This study showed
that increased thoron gas concentrations as well as thoron progeny concentrations can
be found in houses built of unfired clay. The traditional Chinese residential dwelling
is constructed with loam bricks or mud walls (so called raw-soil building) for which
Shang et al. [161] determined the radon and thoron concentrations (Table 13). The value
of equilibrium factor of indoor thoron for concrete and brick houses is higher (0.020-
0.038) than in soil-structure houses (0.004-0.007). These results point to high thoron
concentrations in Chinese traditional residential dwellings constructed with loam bricks
or soil wall. Indoor thoron contributes 13-57% to the total inhalation dose. The radon
and thoron concentrations in Douala investigated within our study are compared to the
above worldwide results. General radon concentrations are greater than the associated

thoron levels based upon numerous studies (see Table 13).

Ph.D. Thesis of Takoukam Soh S.D Laboratory of Nuclear Physics



II1.5 Indoor radon and equilibrum factor of thoron

83

T T 2|7 T T 16T T 1|5 LA L | T T T T T T
N=71
%4 (a) 149 b 7 N=63
(b)
20 124
204
) 18 )
£ £ 104
E >
2 15 £ 7 8 8
5 k]
[} 5] 6 6
o o 64 I
10 5
E e V)
z z 4] i
5
54 ) 2 2
1 ) % % 1 1
0 Z 2 0 VT
L) L) L) L) L L] L) L) L) L L) Ll L) L) \J A
0-50 51-100 101-150 151-200 201-450 020 2140 4160 6180 81-100 101-120 121-140 141-160 161-180 181-200 201-220
Radon concentration (Bq m®) Thoron concentration (Bq m*)
T T 2l7 T T 204 ! — 29 — T T T T T
254 (c) N=71 (A 7 N=61
254 E
2 20
» 20
g 18 5 204 ]
g s
2 15 E
|3 5 17 1
[ .
a o 1"
10 2
£ € 104 7 4
Z =3
z 7
5 6
5 5 |
% s
1 2 % %
0 ' ' ' ! = ! = 0 T Y T T T T T
0-20 21-40 41-60 61-80 81-180 02 214 416 618 8110 10,112 121-14
EERC (Bqm®) EETC (Bqm®)

Figure 35: Frequency distribution of radon and its progeny (a and c), thoron and its
progeny (b and d) in the dwellings of Douala.

From Figure 35(a) we can see that the highest frequencies of the Cg, results are in

intervals lower than 150 Bq m™.

3

It should be mentioned that one of the surveyed

dwellings appears to have annual Cg, higher than 400 Bq m™*. In all dwellings C'p,

was lower than 300 Bq m ™ as well as in Figure 35(b).

II1.5.3 Indoor radon and thoron progeny concentration

The equilibrium equivalent radon concentration (EERC) and equilibrium equivalent
thoron concentration (EETC) have been found to vary from 12 to 174 Bq m~* with an
arithmetic mean of 51 &+ 21 Bq m™* and from 1.5 + 0.9 to 13.1 + 9.4 with an arithmetic

mean of 4.6 + 2.9 Bq m?, respectively. The geometric mean of EERC and EETC are
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respectively 47 Bq m~3 and 4 Bq m® with the geometric standard deviation (GSD) of

1.6 and 1.8 respectively. The frequency distribution of the radon, thoron and progeny

concentrations in the 71 dwellings of the investigated area are shown in figure 35.
Results of the radon, thoron activity concentrations, the EERC, and the EETC in

several countries are summarized in Table 13.

II1.5.4 Equilibrium factor of thoron

The average equilibrium factor for thoron was calculated from the measurements of
the AM of 0.1 £ 0.1 (Table 12). This mean value is higher than the value (0.02) given by
UNSCEAR [144]. The distribution of equilibrium factor for thoron is shown in Figure
36. About 20% of the dwellings have Fr, values less than or equal to 0.02. Harley et
al. [162] reported an equilibrium factor of 0.04 & 0.01 for indoor thoron using a large
database obtained by a long-term measurement of thoron and its progeny. However,
Hosoda et al [163] presented widely ranged EETCs from 0.008 to 0.07 obtained by the
recent measurements in several countries. These results vary because the equilibrium
factor depends largely on the environment conditions such as hours, humidity, time,

place and modes of ventilation etc. [164, 165].

Number of dwellings

FTn

Figure 36: Frequency distribution of the equilibrium factor between thoron and its
progeny.
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Table 13: Results of measurements of the radon, thoron activity concentration, the EERC and the EETC.
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CRn (Bq m™?) CTn (Bqm™) EERC (Bq m™?) EETC (Bqm™) Referende
Country/area Range(AM) GM Range(AM) GM Range(AM) GM Range(AM) GM
South Africa E\;iit ?9-;1?;7()1 32) - - - - - - - [166]
India Himalaya 4.2-174.3(37.6) 24.3 1-108.2(24.6) 18.3 1.6-76.1(17.4) 13.2 0.1-3.6(0.9) 0.7 [157]
Canada Ottawa 8-1525(110) 74 5-924(56) 19 - - - - [158]
India Kerala 7.8-89(24.2) 21.6 3.7-129(36.7) 28.1 1.9-31.5(10.9) 9.50 0.1-11.4(1.6) 1.1 [159]
German 20-160 - 10-90 - - - 2-10 - [160]
Chinese 11.6-427(72.4) 575 LLD-1,860(318) 162 - - LLD-158(3.8) - [161]
Poli 46-143(82) 24-238(94) 4-9(6.4)
Cameroon Lolodorf  27-937(97) - 6-700(160) - - - 0.4-36(10.3) - [167]
Betare oya 88-282(133) 4-383(92) 0.6-19(6)
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III.6 Dose calculations to the public

I11.6.1 In-situ measurements

III.6.2 Shielding factor and dose rate conversion factor

The relationship between count rates inside and outside the car is shown in figure 37,
and the shielding factor and standard uncertainty [168] were found to be 1.62 and 0.03,
respectively. However the shielding factor is influenced by the type of car, number of

passengers and detector position inside the car.
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Figure 37: Correlation between count rates outside and inside the car. This regression
formula was used as the shielding factor of the car body.

Figure 38 shows the correlation between absorbed dose rates in air (nGy h™') calcu-
lated using the 22 x 22 response matrix method and count rate outside the car (cps) (that
is corrected count rate inside the car). The dose conversion factor and uncertainty were
found to be 0.00175 nGy h™! cps~! and 0.01, respectively. Thus the absorbed dose rate
in air D,,, outside the car 1 m above the ground surface at each measuring point can be

estimated using the following equation [86]:

Doyt = 2D;, x 1.62 x 0.00175 (III.1)
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where D;,, is count rate inside the car (cps) obtained by measurements for 30 seconds.
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Figure 38: Correlation between absorbed dose rate in air which was calculated by soft-
ware using the response matrix method and total count rate observed outside the car.
This regression formula was used as the dose rate conversion factor.

II1.6.3 Air absorbed dose rate distribution in Douala city and effective

external dose

Figure 39 show the survey route in Douala. The highest air absorbed dose rates
(86 nGy h™') were observed at Ndogbong (N4.058778, E9.74635) (see figure 40). The
absorbed dose rates in this study range between 28-86 nGy h~! with the average value
of 50 nGy h™! (figure 41a).

According to UNSCEAR [1] at worldwide level, gamma dose rates in air range be-
tween 24-160 nGy h~! and the average is 59 nGy h™!, higher than the average value
obtained within the framework of this study. However at Ndogbong, Aeroport, Ndog-
passi III, Bepanda Omnisports, and Brazzaville, air absorbed dose rates are higher than
the worldwide average value. The town of Kerala in India recorded large values of the
absorbed dose rate, up to 2100 nGy h™!, observed near the rare earth mining [82]. In
Tokyo, air absorbed dose rates range from 18 to 76 nGy h~! with an average value of
49 nGy h™' [169], and from 11 to 554 nGy h~' with an average value of 50 nGy h™! in

Turkey [147], which is practically lower than the corresponding worldwide value.
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Figure 39: Survey route in Douala. This map was also drawn using QGIS (Background:
Openstreet map).
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Figure 40: Distribution map of absorbed dose rate (nGy h~') in Douala city.
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Figure 41: Histogram of absorbed dose rate in air obtained by car-borne survey in
Douala (a), correlation between outdoor and indoor dose rate (b).

I11.6.4 Absorbed dose rates and Annual effective dose rate in soil sam-
ples

The external terrestrial gamma radiation absorbed dose rates range between 34 and
102 nGy h™', with an average value of 65 nGy h~!, which is higher than the world
average value of 59 nGy h™! [1]. According to Table 2, absorbed dose rates at 13 over 20
measurement points were higher than the world average value (59 nGy h™'). External
effective dose of 8 over 20 measurement points is higher than the worldwide average
value. Table 2 shows that all measurement points have absorbed dose rate lower than
the worldwide average value. External effective dose varies from 0.3-0.7 mSv y~! with
an average value of 0.42 mSv y~!, which is lower than the worldwide average value
(0.5 mSv y~!). The highest effective dose was found at Brazzaville (0.7 mSv y~!) and
Opyack (0.6 mSv y~'). The average value of the effective amount obtained in this study
compared to other inhabited areas of Cameroun (Poli and Lolordorf) is low, and high in

Bakassi [149].
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II1.7 Inhalation dose

III.7.1 E-perm detector

The total inhalation dose of first survey range between 2 and 163 mSv y~! with an

average value of 59 + 40 mSv y~*

, which is higher than the recommended action level
of between 3-10 mSv y~! [170]. However for the 2" survey the total inhalation dose
varied from 0.3 to 38 mSv y~! with a mean value of 8 + 9 mSv y~!, which is slightly

higher than the recommended action level.

Table 14: Range, mean and geometry indoor radon to total inhalation dose received by
the general public

Statistics Inhalation Dose (mSv y ')
Rainy season Dry season
Minimum 2 0.3
Maximum 163 38
Arithmetic Mean (AM) 59 8
Standard deviation (SD) 40 9
Geometric Mean (GM) 45 5
Geometric standard deviation(GSD) 2 3
Median 55 5

II1.7.2 Raduet detector

The annual effective dose from exposure to radon and its progeny in the study area
has been found to vary from 0.6 to 9 mSv y~! with an average of 2.6 &= 0.1 mSv y~ ..
Similarly, the annual effective dose due to thoron and its progeny has been found to
vary from 0.3 to 2.9 mSv y~! with an average of 1.0 + 0.4 mSv y~'. Figure 42 show the
distribution of inhalation dose due to radon, thoron and their progeny.

The mean contribution of radon and its progeny to the total inhalation dose is
75% while that of thoron and its progeny is 26%. The arithmetic mean values of total

inhalation dose due to radon, thoron and their progeny in dwellings of the study area

was found to be 3.64 mSv y~!. This inhalation dose received by the general public in
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Figure 42: Box plot of inhalation dose of radon, thoron and their progeny.

the study area is lower than the reference level of 10 mSv y ! given by the Interna-
tional Commission on Radiological Protection [153]. Table 15 summarizes the contribu-
tions of radon, thoron, radon progeny and thoron progeny to the total inhalation dose
range between 3-7%, 0.1-4%, 37-93% and 7-59% respectively. We have ascertained that
the highest contribution to the inhalation dose of 70% stems from radon progeny and
the corresponding least contribution of 1% belongs to thoron. However, thoron and its
progeny contribute a significant fraction of 26% to the total inhalation dose. It suggests
that thoron and its progeny cannot be neglected when assessing radiation dose as it was
belieced in the past.

Indoor radon, thoron and progeny measurements in Douala city are continuing the
work done in several regions of Cameroon, namely the uranium and thorium bearing
regions of Poli and Lolodorf, and the gold mining areas of Betare-Oya [167]. About 400
RADUET detectors were deployed in dwellings. The results obtained showed a sig-
nificant contribution of thoron and its progeny to the total inhalation dose. It varies
from 12 to 67%, 3 to 80% and from 7 to 70% in the above study areas respectively. The

corresponding average values are 49, 53 and 31% respectively.
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Table 15: Ranges, mean and contribution of indoor radon, thoron and progeny to total
inhalation dose received by the public.

Radionuclides Range Mean inhalation Total Range Mean
mSvy™') dose(mSvy ') (mSvy!) contribution (%) contribution (%)

Radon 0.05-0.65 0.19 3-7 5

Thoron 0.002 - 0.14 0.05 3.64 0.1-4 1

Radon Progeny  0.59 - 8.25 243 37-93 70

Thoron progeny  0.30 - 2.75 0.97 7-59 25

II1.8 Total Dose

The total dose, as shown in the figure 43, includes the following components: ex-
ternal irradiation and inhalation (**?Rn + ?*°Rn). Total dose was of 4.01 mSv y~* for
the Douala region and it is about 2 times that of the global average value (2.4 mSv y~')
defined by UNSCEAR. In the Poli region [97], the total dose received by the popula-
tion was 5.2 mSv y~!. The estimated annual effective dose of gamma radiation from the
soil and radon inhalation received by the public of Aldama, Chihuahua, Mexico was
3.83 mSv y~! [171]. In Kerala (Inde) the average dose received by population is over
15 mSv y~! from gamma radiation [172]. Compared to the different doses observed
throughout the world, Douala city remains until now acceptable despite the fact that its

average total dose is above the global value.
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Figure 43: Total Dose of different areas.
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IT1.9 Radiological risk

The appraisal of risk covered the exposure pathway considered in this study. Table
(16) shows the average annual effective dose from soils, radon and the estimated risk
components. The risk of exposure of low doses and dose rates of radiation was esti-

mated using the 2007 recommended risk coefficients [60].

Table 16: Estimated risk components for the various exposure pathways studied.

Average annual Fatality cancer

Exposure pathway effective dose risk to population H:rreigfiz; ;effet
rate (mSvy~ ')  per year (%) pery ?

Ex.ternal irradiation in 0.42 0.002 0.008

soil sample

In situ measurement 0.31 0.002 0.006

indoor radon measured

with E-perm detector 33:5 0.18 0.67

indoor radon measured 364 0.02 0.073

with Raduet detector

The average fatality cancer risk of external irradiation in soil samples, In-situ mea-
surement, and indoor radon measured with E-perm detector and indoor radon mea-
sured with raduet was 0.002%, 0.002%, 0.18% and 0.02% respectively. In addition, hered-
itary effect of various exposure pathways respectively are 0.008%, 0.006%, 0.67% and
0.073%. The results show that there are no significant health risk due to exposure to nat-

ural radiation from external sources, to radon, thoron measured with Raduet detector.

II1.10 Conclusion

This chapter shows results and discussion made on the study. ?**U, #*Th and *°K
concentrations were measured to assess radiation dose to the public due to natural ra-
dioactivity. In addition, indoor **?* Rn and **° Rn measurements were also made to eval-
uate radiation dose due to inhalation in Douala City. The total average effective doses
due to natural radioactivity and inhalation are 0.37 and 3.64 mSv respectively, and 4.01

mSv in total. In general, radiation doses have shown no significant health risk due to
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exposure to natural radioactivity, radon, thoron and their progeny in the study area.
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General Conclusion

The present work focused on the study of public exposure to natural radioactivity in
Douala city. This study made it possible to quantify natural radioactive elements such
as: 238U, ?2Th and *° K by two methods, and to measure concentrations of radon, thoron
and their progeny, and to assess radiation dose to the public due to natural radioac-
tive elements, and to inhalation of radon and thoron in Douala city, Cameroon. The
tirst called in-situ measurement was to determine the concentrations of radionuclides
present on the site, the second method was to take soil samples and then analyze them
in the laboratory to have the concentrations of natural radionuclides. In addition, the
measurement of radon, thoron and their progeny in dwellings was made using E-perm
detectors for radon and two types of nuclear track detectors for radon, thoron and their
progeny for three months measurements. For in-situ measurements the mean values of
the specific activities were 29 Bq kg~ (18 to 47) for ?**U, 38 Bq kg~' (21 to 54) for ***Th
and 202 Bq kg~ (10 to 40) for *° K. However, in soil samples collected and analyzed in
the laboratory, the average activity values of ***U, #*?Th and “°K were 60 Bq kg~' (29 to
98),57 Bq kg~ (29 t0 92), and 56 Bq kg~ (40 to 79) respectively. The results in this study
are related to concentrations [1]. The arithmetic mean radon and thoron concentrations
in 71 dwellings are respectively 139 Bq m~* and 80 Bq m 3. Those for EERC and EETC

are respectively 51 and 4.6 Bq m™>.

The mean equilibrium factor for thoron is 0.1 +
0.1. The radium equivalent activity (Raeq), the external and internal hazard index were
calculated to estimate the risk of exposure to natural radioactivity. The mean value of

Raeq was 98 Bq kg~' and 146 Bq kg~ for in-situ measurements and soil samples respec-
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tively, which are less than the accepted safety limit value of 370 Bq kg~!. The calculated
values of external hazard index and internal hazard index for in-situ measurement vary
from 0.2 to 0.3 and 0.2 to 0.5 respectively, with the same average value of 0.3. The aver-
age value (Hex and Hin) obtained from both methods of measurement was below limit
of unity Radiation protection quantities. The absorbed dose rates and annual effective
doses were calculated using the formulas given in the UNSCEAR report. The minimum
and maximum values obtained for absorbed dose rates in air are 28 nGy h~! and 86
nGy h~! for in-situ measurements respectively. whereas for soil samples analyzed in the
laboratory, the absorbed dose rate varies from 34 to 102 nGy h~' with an average value
of 65 nGy h~!, which is higher than the world average value of 59 nGy h~'. The mean
total dose (in-situ + laboratory) was 0.37 mSv y " for external exposure and this value is
below the global mean value (0.5 mSv y~!), it can be concluded that the population of
Douala city is not significantly exposed to natural radiation. The mean effective doses
due to inhalation were found to be 2.6 mSv y~! for radon and its progeny, 1.0 mSv y~!
for thoron and its progeny, and 3.6 mSv y ! in total (arithmetic mean) which represents
91% of the total dose (4.01mSv y~ ). In general, radiation doses have shown no signif-
icant health risk due to exposure to radon, thoron and their progeny in the study area.
Moreover, thoron and its progeny have been found to contribute about 26% to the total
inhalation dose. This justifies that thoron and its progeny cannot be neglected when as-
sessing radiation doses as it was believed in the past. It will seriously contribute to the
radiological protection of the public against harmful effects of natural radiation. In view
of the results obtained in this study when compared to other regions of the world, the
dosimetry situation of Douala remains until now acceptable. In addition, given an insuf-
ficient quantity of dosimeter for a population of about 4 million and the high contribu-
tion of radon in the total dose, it is necessary to extend radon measurements throughout
the city and others areas of Cameroon for within the framework of the national radon

plan under implementation in Cameroon.
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Perspectives and recommendations

— Extending the measurement of the concentration of primordial radionuclides (**U,
?2Th and *K) in the soil samples.
— Extending the measurement of the concentration of radon, thoron and their associated
progeny in all littoral region.
—Taking into account radon and thoron exposure in the house construction plan.
—Undertake an epidemiological study on lung’s cancer due to radon, thoron and asso-
ciated progeny.
—Putting in place regulations on exposure to radon, thoron and associated progeny.
—Drawing up a radiological map of Cameroon and then define a reference value for

radon, thoron and associated progeny at the national level.
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Appendix

Gamma spectrum of soil samples measured with Nal de-

tector in laboratory
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Figure 47: STN-16-55
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Figure 48: STN-16-58
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Abstract — A car-borne survey was carried out in Douala, the largest city in Cameroon to make a
detailed distribution map of the absorbed dose rate in the city, to locate the high natural radiation areas
useful later to carry out indoor radon, thoron, and thoron progeny measurements. Gamma-ray dose rates
were measured using 3-in x 3-in NaI(TI) detector. Activity concentrations of >**U, ***Th and *°K in soil
from Douala city were determined by two methods: the first, using in situ gamma spectrometry and the
second, at the laboratory using a Nal(T1) detector. A heterogeneous distribution of absorbed dose rates in
air was observed on the dose rate distribution map, and varies from 29 to 86 nGy h™' with an average of
50nGy h™', lower than the world average value of 59 nGy h™'. The activity concentrations with Nal(T1)
detector varied from 18 to 47 Bqkg ™' for »**U, 21 to 54 Bq kg~ ' for ***Th, and 10 to 410 Bq kg™~ for *°K
with averages of 29, 38, and 202 Bqkg ' respectively, for in situ measurements. They vary between
29-98 Bqkg ! for 2**U, 29-92 Bq kg ' for **Th, and 40 to 79 Bq kg ' for *°K, with averages of 60, 57,
and 56 Bq kg~ respectively for soil samples collected at Douala III subdivision. The highest value of the
annual effective dose for in sifu measurements by car was observed at Ndogbong and was found to be
0.7mSv y ', higher than the world average value of 0.5mSv y .

Keywords: car-borne survey / Nal(TI) detector / natural radioactivity / air absorbed dose rate / external effective dose

1 Introduction

Exposure to natural radiation sources varies substantially
from one area to another and even locally (UNSCEAR, 1982).
Gamma radiation from natural radionuclides such as 28U, 2**Th
and *°K is the main source of external exposure. There are three
sources of environmental radioactivity: terrestrial, manmade and
cosmic. The most significant terrestrial radionuclides include the
uranium and thorium decay series, potassium and rubidium
(EPA, 2009). The terrestrial component is due to the radioactive
nuclides that are present in air, soil, rocks, water and building
materials whose amounts vary significantly depending on the
geological and geographical features of the regions. Cosmic
radiation from space contributes to the background changes
chiefly through elevation and latitude (UNSCEAR, 2000).

*Corresponding author: saidous2002@yahoo.fr

Although background radiation is present everywhere, radionu-
clide concentrations and distributions are not constant (EPA,
2009). For ages, humans have been exposed to radionuclides that
occur naturally in the environment. It is therefore important to
measure the activity concentrations of radionuclides in the living
environment.

There have been many surveys to measure natural
radioactivity and to estimate corresponding radiation dose
to the public in Cameroon. According to Guembou et al.
(2017), absorbed dose rates and annual effective dose due to
radioactivity in sand used as building material in Douala,
were normal and within the recommended limits. Also,
Saidou et al. (2015a, 2015b) reported no significant radiological
risk to population living in the oil-bearing Bakassi peninsula,
in the uranium-bearing regions of Poli and Lolodorf. The
average total radiation dose and external radiation dose
were respectively 5.9 and 0.6mSv y ' for Poli, 7.6 and
0.7mSvy ' for Lolodorf, and 22.3 and 0.3 mSvy ' for Bakassi.
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Fig. 1. Correlation between count rates outside and inside the car.
This regression formula was used as the shielding factor of the car
body.

In this study, a car-borne survey was carried out to establish
the dose rate distribution map, to assess the annual external
dose and to perform natural radioactivity measurements in soil
from Douala, the largest city in Cameroon. Gamma ray
spectrometry based on Nal(Tl) detector was also used in the
laboratory to determine activity concentrations of **U, **Th
and *°K in soil.

2 Material and methods

2.1 Survey area

Douala is a coastal city, the economic capital of Cameroon,
the main business center and the largest city of the country;
with approximately 4 million inhabitants. It is the chief town of
the Littoral Region and the Wouri Division. Located on the
edge of the Atlantic Ocean, at the bottom of the Gulf of Guinea,
at the mouth of the Wouri River, Douala has the largest port in
the Cameroon and one of the most important in Central Africa.
The annual rainfall ranges between 3000 and 5000 mm, and the
annual average temperature is 26°C (Olivry, 1986). The
geology of the region consists of sedimentary rocks, mainly,
tertiary and quaternary sediments (Ndontchueng et al., 2014).

2.2 Car-borne survey

A car-borne survey was carried out using a mobile
vehicle moving at a speed of approximatively 40km h™', in
which was positioned a measuring system consisting of a
sodium iodide detector 3-in x 3-in Nal(Tl), a global
positioning system (GPS) to record coordinates at each
measuring point, and a computer to analyze gamma-ray
spectra (EMF-211, EMF Japan Co, Japan). Absorbed dose
rate measurements inside the vehicle were performed every
30 seconds along the way and corrected by multiplying with
a shielding factor with the aim of representing the

so] D=00018N__ 4

Absorbed dose rate In alr (nGy h™')
-
(=]

Id

T
25000 30000

Total count rate (cpm )

Fig. 2. Correlation between absorbed dose rate in air which was
calculated by software using the response matrix method and total
count rate observed outside the car. This regression formula was used
as the dose rate conversion factor.

unshielded external dose rate. The shielding factor
(Fig. 1) was evaluated in order to be able to convert the
values measured inside the vehicle to ambient dose rate
outside of the car, and was estimated by making measure-
ments inside and outside the vehicle at 10 measurement
points and correcting them with count rates inside. The
absorbed dose rates in air were calculated using a dose rate
conversion factor based on the correlation of dose rate (nGy h ™)
and total count rate (cpm) from 0 to 1023 channels in the
gamma-ray pulse height distribution (Hosoda et al., 2015,
2016). Commonly, the gamma-ray pulse height distribution is
obtained by 15min measurements at each point. Measure-
ments of gamma-ray pulse height distributions were carried
out at 1 m above the ground surface at 39 measurement points
in Douala City. The gamma-ray pulse height distributions
were unfolded using a 22 x 22 response matrix for the
estimation of absorbed dose rate in air (Minato and Kawano,
1970; Minato, 2001). The dose rate conversion factor of the
scintillation spectrometer used in the present survey was
determined to be 1.75 x 10> nGy h™'.cpm™ Frgure 2 gives
the relationship between absorbed dose rate (nGy h™') which
was calculated by software using the response matrix method
and total count rates outside the vehicle. Absorbed dose rate
in air (D,,) 1m above the ground surface at each
measurement point can be estimated by the following
equation (Tan et al., 2017):

Do = 2Dy, x (1.62) x 0.00175, (1)

where (D;,,) is the count rate inside the car (cps) obtained by the
measurements for 30 seconds. Since the dose rate conversion
factor was given as a dose rate (nGy h™") for counts per minute
(cpm), it is necessary to double D;, in order to convert into the
counts per minute.
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Following in situ measurements, external effective dose in
Douala was assessed using the following equation (Inoue et al.,
2017):

E=D,: x DCF x T x (Q;,, x R+0Q,,) x 10°° (2)

where E is the external effective dose (mSv yfl), D,,; is the
absorbed dose rate in air (nGyh™'), DCF is the dose
conversion factor from the dose rate to the external effective
dose for adults (0.748+0.007SvGy ') (Moriuchi et al.,
1990), T is 8766h, and Q;, and Q,,, are indoor (0.6) and
outdoor (0.4) occupancy factor respectively. R (1.11) is the
ratio of indoor and outdoor dose rate.

2.3 Activity concentrations of 238U, 2*2Th and “°K and
their contribution to the air absorbed dose rate

The evaluation of activity concentrations and the
contribution of >*%U, 2*>Th and *°K to the absorbed dose
rate in air were obtained by measuring the spectra of
gamma-ray pulse height distributions and using a 22 x 22
response matrix conceived by Minato (1978, 2001). The
gamma-ray pulse height distribution obtained by measure-
ments was converted to the energy bin spectrum of incident
gamma-ray which is a distribution of gamma-ray flux
density to each energy bin. The energy ranges from 0 to
3.2MeV, energies above 3.2MeV were not included for
evaluation because the maximum value of the gamma-ray
energy from natural radionuclides is 2.615 Mev emitted by
208T] (**?Th-series). The gamma-ray lines utilized for
natural radionuclides are: 1.464 MeV for 40K, 1.768 MeV
and 2.205MeV for 2'*Bi (**®U-series), and also 2.615 MeV
for 2°5T1 (**?Th-series). The 22 x 22 matrix for the 3-in x
3-in Nal(T1) scintillator for an isotropic field was calculated
using the Monte Carlo code, SPHERIX (Matsuda et al.,
1982; Minato, 2012). The gamma-ray flux density and dose
rate per unit solid angle are considered almost isotropic in
the natural environment (Minato, 1971). The calculation of
gamma—ray flux densities per unit activity concentrations of

38U-series, 2>*Th-series and *°K are necessary, in order to

evaluate each activity concentrations of natural radio-
nuclides from an energy bin spectrum. This calculation
assumed that a semi-infinite volume source was formed in
the ground (Minato, 2001). The primary and scattered
gamma-ray flux density per unit activity concentrations
could be calculated using one-dimensional Monte Carlo
gamma transport code, MONARIZA/G2 (Minato, 1977,
1980). A total of a million histories were traced for each
natural radionuclide. The nuclear data of gamma-ray
energies and disintegration rates used the reported values
by Beck (1972) and Beck et al. (1972) for this Monte Carlo
simulation. The activity concentration of each natural
radionuclide was evaluated by a successive approximation
which used a 3 x 3 matrix, determined by Minato (2001), to
the values of energy bins for **U-series, ***Th-series and
0K, The statistical errors for absorbed dose rates in air and
activity concentrations for *°K, 2**U-series and ***Th-series
obtained using this software depend on the integral air
kerma (nGy h™ ") at each measurement point (Matsuda et al.,
2002), and these were evaluated in this study as 2%, 2%,
6—8% and 4-5%, respectively.

2.4 Sampling and sample preparation

For radioactivity measurements in soil, twenty soil samples
from a depth of 0-5cm, weighing about 1kg each were
collected at Douala III, pulverized and then dried at a
temperature of 70 °C for 48 hours to remove moisture. Samples
were then transferred to Marinelli containers of 500 cm®, each
hermetically sealed and stored for more than 40 days to bring
222Rn and its short-lived daughter products into equilibrium
with *?°Ra (Ravisankar et al., 2011).

2.5 Radioactivity measurements in laboratory

2381, 22Th and *°K activity concentrations in soil samples
were measured using a gamma ray spectrometer. The samples
were placed in a shielded gamma ray spectrometry unit for a
counting time of 10°seconds. Radioactivity measurements
were carried out using a Nal(Tl) detector of 7.6 cm x 7.6 cm
size and a resolution of 7.5% at 661.6keV with a
1024 channels multichannel analyzer. The detector was
calibrated using the standard gamma ray source of '*’Cs with
known peak at 661.6keV, '’Eu with known peaks at
1089.7keV, and 1408.1 keV and ®°Co with known peaks at
1173.2keV and 1332.5keV. The efficiency calibration curve
for Nal(T1) detector was obtained using standards containing
40K (1460.8 keV), *"Cs (661.6keV), *°*T1 (2614.4keV) and
228Ac (940.1 keV). Gamma-ray lines of 2'*Bi were used to
determine ***U activity concentrations after reaching secular
equilibrium between ***Rn and its daughter products *'*Bi and
21%pb. Gamma-ray lines of >** Ac were considered to determine
activity concentrations of **Th.

The spectral analysis was performed using Genie-2000.
Activity concentrations of natural radionuclides in samples
were computed using the following equation (IAEA, 1989):

Q. R— 3)
tely (Ey)e(Ey)M
where Np is the number of counts in a given peak area
corrected for background peaks of a peak at energy E, (£, the
detection efficiency at energy E, t. is the counting lifetime,
I,(E,) is the number of gamma rays per disintegration of this
nuclide at energy F, and M the mass in kg of the sample.

2.6 Estimation of absorbed dose rate in air
and external effective dose

The external terrestrial gamma-radiation absorbed dose
rates in air at a height of about 1 m above the ground are
calculated by using the conversion factor 0.0417 (nGgf hh
(Bqkg ")~ ! for K, 0.462 (nGy h ")(Bqkg ") ~! for **U and
0.604 (nGy h*‘)(qu%*l)*‘ for 2*Th (UNSCEAR, 2000).
Assuming that, >’Cs, *°Sr and the **°U decay series can be
neglected as they contribute very little to the total dose from
the environmental background (Kocher and Sjoreen, 1985;
Jacob et al., 1986; Leung et al., 1990):

D(nGyh™') = 0.4624y + 0.60447;, +0.04174x,  (4)

where Ay, A7y and A are the mean activity concentrations of
238U, #32Th and *°K, respectively in (Bqkg ™).
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Fig. 3. Correlation between outdoor and indoor dose obtained by car-
borne survey in Douala rate.

In the estimation of external effective dose, the conversion
coefficient and occupancy factor must be taken into account. In
the present work, a conversion factor of 0.7SvGy ' and
occupancy factors O have been used to convert the absorbed
rate to human effective dose equivalent with an outdoor and
indoor occupancy of 40% and 60% respectively. However,
since the materials used in the construction of most these
buildings also contain radionuclides, R (1.11) is the ratio of
indoor and outdoor dose rate (Fig. 3). It should be noted that
the dwellings were built mainly using locallgf made soil bricks.
A; are average activity concentrations of ***U, **Th and *°K.
(KCF); are corresponding air kerma conversion factors given
previously. The external effective dose is determined as
follows (Saidou et al., 2015b):

3
Eext(msvy_]) = FC X [Qin X R+Q0ut]ZAi(KCF)i x L.

i=1
(5)

3 Results and discussion

3.1 Shielding factor and dose rate conversion factor

The relationship between count rates inside and outside the
car is shown in Figure 1, and the shielding factor and standard
uncertainty (JCGM 100, 2008) were found to be 1.62 and 0.03,
respectively. However, the shielding factor is influenced by the
type of car, number of passengers and detector position inside
the car.

Figure 2 shows the correlation between absorbed dose rates
in air (nGy h™") calculated using the 22 x 22 response matrix
method and count rate outside the car (cps) (that is corrected
count rate inside the car). The dose conversion factor and
uncertainty were found to be 0.00175nGy h™' cps ™' and 0.01,
respectively (Fig. 2). Thus, the absorbed dose rate in air (D,,,,,)
outside the car 1 m above the ground surface at each measuring

point can be estimated using the following equation (Tan et al.,
2017):

Dow = 2D x 1.62 x 0.00175, (6)

where (D;,) is count rate inside the car (cps) obtained by
measurements for 30 seconds.

3.2 Air absorbed dose rate distribution in Douala city
and effective external dose

Figure 4 shows the survey route and Figures 5 and 6
show the measurement points of gamma-ray pulse height
distribution of Douala. The highest air absorbed dose rates
(86nGy h™') were observed at Ndogbong (N4.058778,
E9.74635). The absorbed dose rates in this study range between
28-86 nGy h™' with the average value of 50nGy h~' (Fig. 7).
According to UNSCEAR (2000) at worldwide level, gamma
dose rates in air range between 24—160 nGy h™ ' and the average
is 59nGy h™", higher than the average value obtained within the
framework of this study. However at Ndogbong, Aeroport,
Ndogpassi III, Bepanda Omnisports, and Brazzaville, air
absorbed dose rates are higher than the worldwide average
value. The town of Kerala in India recorded large values of the
absorbed dose rate, up to 2100 nGy h™', observed near the rare
earth mining (Hosoda et al., 2015). In Tokyo, air absorbed dose
rates range from 18 to 76nGy h™' with an average value of
49nGyh ™' (Inoue ez al., 2015), and from 9 to 554 nGy h™~ ! with
an average value of 50 nGy h™" in Turkey (Turhan ez al., 2012),
which is practically lower than the corresponding worldwide
value.

3.3 Effective dose assessment

The external annual effective dose ranged from 0.21 to
0.41 mSv y~ ' with a mean value of 0.31 mSv y ', less than the
worldwide average value of 0.5mSv y ' (UNSCEAR, 2000).
In the Gold Mining Areas of Betare-Oya, Eastern-Cameroon,
the mean value of effective dose is 0.33mSv y~' (0.17—
0.60mSv y~ ') (Ngoa et al., 2017) and in Tokyo, before the
Fukushima Daiichi Nuclear Power plant Accident, the
arithmetic annual effective dose was 0.32mSv y~ ' (0.26—
0.40mSv y ") (Inoue et al., 2015), which are practically lower
than the corresponding worldwide value.

3.4 In situ activity concentrations of 238U, 232Th and
40K and their contribution to air absorbed dose rate

According to Table 1, activity concentrations for primordial
radionuclides range between 18-47Bq kgfl, 21-54 Bq k§*l
and 110-410Bqkg ' for the ***U series, **Th series and *’K
respectively, with corresponding average values of 29 Bqkg ™',
38Bqkg 'and202 Bqkg '. For***Uand ***Th 7/39 and 32/39
measurement points have respectively activity concentrations
higher than the world average value (UNSCEAR, 2000).
For *°K, 1/39 measurement point has activity concentrations
higher than the world average. By comparing the average in
situ activity concentrations of 2>*U, >**Th and *°K in Douala
with the average values in other areas of Cameroon and other
countries as shown in Table 3, it should be noted that the
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mean activity concentration of 2**U is higher than the
average value measured in other areas of Cameroon such as
Bakassi and Poli, and lower than those measured in Lolodorf
and Douala quarries. The same comparison can be made
with those measured in Lagos state in Nigeria, in Itagunmodi
and Canakkale in Turkey, and in Kerala in India. For 232T,
the average activity concentration found out in the present
study is higher than those of Bakassi and Poli, and lower than
those measured at Douala-quarriers and Lolodorf. This
value is also higher than those of Itagunmodi and Lagos
State and lower than that of Kerala. The average value of *’K
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Table 1. In situ activity concentrations and the contributions of “°K, 2**U and %**Th to air absorbed dose rates in Douala using the car-borne

survey method.

Point Latitude Longitude Absorbed dose Contribution to the dose Activity concentrations
rate in air rate (%) (Bqkg™h

N E (nGy h™") o 238(5 2327 o0 2385 2321
Douala N4.05883 E9.701882 50+1 12 28 60 146=3 33£2 48+2
Douala N4.060352 E9.703057 50+1 23 25 53 292+6 312 44£2
Douala N4.062082 E9.701685 59+1 27 33 40 386+8 45+3 36+2
Douala N4.06649 E9.703935 32+1 34 24 40 290+6 18+1 21+1
Douala N4.070663 E9.696892 45+1 36 23 41 410+8 25+3 30+2
Douala N4.048405 E9.690173 32+1 23 23 53 185+4 18+1 27+1
Douala N4.045582 E9.689423 41+1 17 28 54 187+4 29+2 37=+2
Douala N4.043308 E9.685862 29+1 15 28 57 110+£2 20+1 28+1
Douala N4.041148 E9.685378 39+1 12 30 58 129+3 30+2 39+2
Douala N4.029897 E9.68979 45+1 16 26 59 184+4 28+2 442
Douala N4.026803 E9.690527 361 14 26 60 130+3 2442 36+2
Douala N4.024398 E9.693795 52+1 13 30 58 177+4 3943 51+£3
Douala N4.019988 E9.701103 40+1 20 26 55 210+4 26+2 372
Douala N4.016748 E9.706783 33+1 16 29 55 146+3 2542 32+£2
Douala N4.05417 E9.734857 48+1 16 25 58 208+4 31+£2 47+2
Douala N4.057508 E9.729035 41+1 23 26 51 246+5 27+2 3542
Douala N4.064372 E9.715773 49+1 15 29 56 200+4 36+3 47+2
Douala N4.071107 E9.718553 361 23 26 52 208 +4 22+2 31+2
Douala N4.081412 E9.728038 31+1 16 29 56 131+3 2342 30+2
Douala N4.080985 E9.747512 37+1 13 27 60 124+£2 2642 38+2
Douala N4.084458 E9.755105 44+1 13 29 59 143+3 30+2 4242
Douala N4.086427 E9.767235 46+1 23 21 56 286+6 2542 44+2
Douala N4.079912 E9.772208 32+1 15 28 57 130+3 18+1 322
Douala N4.073662 E9.753895 35+1 13 28 59 125+3 25£2 362
Douala N4.065873 E9.759602 33+1 16 27 57 139+3 2342 3242
Douala N4.056127 E9.765598 43+1 15 25 61 167+3 27+£2 44£2
Douala N4.053658 E9.761817 52+1 15 25 61 201+4 3342 54+3
Douala N4.042078 E9.761412 42+1 16 24 59 1764 25+2 42+2
Douala N4.032633 E9.766025 42+1 22 25 53 237+5 26+2 37+2
Douala N4.03475 E9.778138 49+1 15 25 60 194+4 31+2 50+3
Douala N4.026533 E9.791902 44+1 16 25 60 184+4 2842 45+2
Douala N4.00135 E9.804472 40+1 22 24 54 223+4 24+£2 36+2
Douala N4.049702 E9.738715 50+1 24 25 51 312+6 3142 43+2
Douala N4.048875 E9.740258 48+1 16 25 59 200+4 302 47£2
Douala N4.047623 E9.728583 31+1 20 27 54 155+3 20+1 28+1
Douala N4.04285 E9.705237 43+1 20 44 36 23145 47+3 26+1
Douala N4.043018 E9.702948 47+1 29 33 39 359+7 3943 3142
Douala N4.043115 E9.696225 44+1 17 35 48 197+4 3943 36+2
Douala N4.017505 E9.715673 40+1 12 36 52 127+3 37+3 362

is higher than that is obtained in Bakassi and less than the
average values found at Douala-quarriers, Lolodorf and
Poli. Compared to other studies in the world, this value is
higher than that of Canakkale, lower than those of Lagos
state, Itagunmodi and Kerala. Figure 8 shows a weak
correlation between thorium and uranium (correlation
coefficient =0.09).

The contributions of ***U, **Th and *°K to the absorbed
dose rates in air range respectively between 21-44%, 36-61%
and 12-36% with the average values of 27%, 54% and 19%
respectively. The highest contributions of 2**U, **Th and *°K
to the absorbed dose rate were respectively found at Akwa
(44%) (N4.04285, E9.705237), Beedi (61%) (N4.053658,
E9.761817) and SCDP (36%) (N4.06649, E9.703935) while
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Table 2. Activity concentrations of **U, *’Th and “°K in soil, air absorbed dose rates and annual effective dose following radioactivity

measurements at the laboratory.

Location Activity concentration Absorbed dose rate Annual effective
(Bqkg™ dose

Sample code Latitude Longitude 0K B8y B2 (nGy h™) (mSv y™ "
STN-16-39 04°01°640” 09°44°424” 40+8 88+17 82+18 92+13 0.6+0.1
STN-16-40 04°01°625” 09°44°510” 41+9 52+10 53+12 58+9 0.4+0.1
STN-16-41 04°01°642” 09°44°345” 43+9 66+13 64+14 72+10 0.5+0.1
STN-16-42 04°01°395” 09°44°284” 53+11 39+08 37+8 43+6 0.3+0 (<0.1)
STN-16-43 04°01°342” 09°44°240” 42+9 52+10 48+11 55+8 0.4+0.1
STN-16-44 04°01°136” 09°44°239” 77+16 29+06 29+6 34+5 0.2+0 (<0.1)
STN-16-45 04°00°995” 09°44°766” 44+9 65+13 68+15 73+11 0.5+0.1
STN-16-46 04°00°907” 09°44°810” 47+10 69+ 14 69+15 76+11 0.5+0.1
STN-16-47 04°00°835” 09°44°746” 60+13 39+08 36+8 43+6 0.3+0 (<0.1)
STN-16-48 04°00°769” 09°44°619” 59+13 52410 54412 59+9 0.4+0.1
STN-16-49 04°00°822” 09°44°595” 62+13 43+08 42+9 48+7 0.3+0 (<0.1)
STN-16-50 04°00°861” 09°44°702” 43+9 56+11 58+13 63+9 0.4+0.1
STN-16-51 04°01°047” 09°44°320” 51+11 58+11 51+11 60+8 0.4+0.1
STN-16-52 04°01°016” 09°44°089” 64+13 62+12 54+12 65+9 0.4+0.1
STN-16-53 04°01°258” 09°44°046” 74+16 61+12 55+12 65+9 0.4+0.1
STN-16-54 04°01°302” 09°44°055” 67+14 40+08 38+8 45+6 0.3+0 (<0.1)
STN-16-55 04°01°433” 09°44°016” 79+17 66+13 62+14 72+10 0.5+0.1
STN-16-56 04°01°421” 09°43°763” 68+ 14 82+16 74+16 86+12 0.6+0.1
STN-16-57 04°01°371” 09°43°740” 52+11 1£16 79+17 88+13 0.6+0.1
STN-16-58 04°01°188” 09°43°941” 46+10 96+19 92420 102+15 0.7+0.1

the lowest contributions were found at Makepe (36%)
(N4.04285, E9.705237) and Akwa (12%) (N4.017505,
E9.715673) for 2*Th and *“°K respectively.

3.5 Activity concentrations of 238U, 232Th and “°K
in soil following laboratory measurements

Activity concentrations of natural radionuclides 2**U,
#32Th and “°K in 20 soil samples using gamma spectrometry in
laboratory are listed in Table 2. They range respectively

between 29-96 Bqkg ', 20-92 Bqkg ', and 40-79 Bqkg '
with respective average values of 60 Bq k%”, 57Bqkg ' and
56 Bqkg'. The world average values of ~>*U, ***Th and *°K
in the earth’s crust are 35, 30 and 400 Bqkg ™', respectively
(UNSCEAR, 2000). It appears that average values of B8y
and >**Th are higher than the corresponding world average
activity concentrations. Figure 9 shows a good correlation
between thorium and uranium in soil samples (correlation
coefficient =0.97). The highest **U and 2*’Th activity
concentrations were found at Brazzaville (96 Bqkg™"), and
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Table 3. Comparison of activity concentrations of 2**U, >**Th and *’K in soil samples from Douala littoral region following laboratory and in

situ measurements with values from other areas around the world.

Country Activity concentration (Bqkg ™) References
238() 2327 a0
Nigeria Lagos state 1.20-55.30(23)  2.18-60.33(23) 44.74-489.96(204) Ojo and Gbadegesin (2015)
Itagunmodi 18.5-90.3(55) 12.5-52.4(26) 200.5-901.2(501) Ademola et al. (2014)
Turkey Canakkale 14.9-118(42) 18.7-146(53) 197.1-1033.4(54) Turhan ef al. (2012)
India Kerala 25-1269 42-2374 22-964 Hosoda et al. (2015)
Cameroon  Poli 12-57(24) 15-58(28) 112-1124(506) Saidou et al. (2015b)
Bakassi 17-23(19) 27-38(32) 93-138(110) Saidou et al. (2015b)
Lolodorf 60-270(130) 100-700(390) 370-1530(850) Saidou et al. (2015b)
Douala (quarries) 11.8-146.7(40) 8-102.9(43) 54-928(342) Guembou et al. (2017)
In situ 18-47(29) 21-54(38) 110-410(202) Present work
Douala Labo 29-96(60) 29-92(57) 40-79(56)

( ): mean values.

Dakar for *°K (79Bqkg™') and the lowest activity
concentrations of **U and **’Th were found at Bilongue
(29 Bqkg™") and Oyack for “°K (40 Bqkg™'). The results of
activity concentrations of natural radionuclides in soil
samples taken from Douala III at different locations and in
other parts of the world are displayed in Table 3. It clearly
appears that activity concentrations of >**U and ***Th were
higher than those of other areas in Cameroon (Bakassi, Poli
and Douala-quarries), except Lolodorf and other countries
(Lagos state, Itagunmodi, Canakkale).

The external terrestrial gamma radiation absorbed dose
rates range between 34 and 102 nGy h™", with an average value
of 65nGy h™', which is higher than the world average value of
59nGyh ™' (UNSCEAR, 2000). According to Table 2, absorbed
dose rates at 13 over 20 measurement points were higher than the
world average value (59 nGy h™"). External effective dose of 8
over 20 measurement points is higher than the worldwide
average value. The highest effective dose was found at
Brazzaville (0.7 mSv y ') and Oyack (0.6 mSv y ™ '). However,
for in situ measurements, Table 1 shows that all measurement
points have absorbed dose rate lower than the worldwide average
value. External effective dose varies from 0.3-0.7 mSvy ' with
an average value of 0.42mSv y ', which is lower than the
worldwide average value (0.5mSv y '). The average value of
the effective amount obtained in this study compared to other
inhabited areas of Cameroun (Poli and Lolordorf) is low, and
high in Bakassi (Saidou ef al., 2015b).

4 Conclusion

The car-borne survey using Nal(T1) scintillation spectrom-
eter was carried out in Douala, the largest city of Cameroon to
make the detailed distribution map of absorbed dose rate in air.
Activity concentrations of ***U, #*’Th and “°K were also
determined using in sifu gamma spectrometry. They range
respectively between 1847 Bqkg ™', 21-54 Bq kg ™" and 110
410Bqkg ™" with respective average values of 29 Bqkg ™',
38 Bqkg ' and 202 Bqkg'. Mean activity concentrations of
238U and “°K are lower than the world average values

(UNSCEAR, 2000) while the mean activity concentration of
*32Th is higher than the correspondin(g world average value.
The contributions of 23U, 222Th and *°K to the absorbed dose
rates in air range respectively between 21-44%, 36-61% and
12-36% with the average values of 27%, 54% and 19%. The
average activity concentrations of natural radionuclides ***U,
22Th and *K in the soil were found to be 60Bq kg™ ',
57Bq kg~ ' and 56 Bq kg~ ' respectively. The total average
effective dose is 0.37mSv y  which is lower than the
worldwide average value (0.5mSv y~'). Finally, it can be
concluded that the population of Douala city is not
significantly exposed to natural radiation.
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ABSTRACT ARTICLE HISTORY
Radon, thoron and associated progeny measurements have been Received 31 December 2018
carried out in 71 dwellings of Douala city, Cameroon. The radon- Accepted 13 July 2019

thoron discriminative detectors (RADUET) were used to estimate

the radon and thoron concentration, while thoron progeny Equilibri . )
. A X X quilibrium factor; inhalation

monitors measured equilibrium equivalent thoron concentration dose; ionogenic radiation

(EETC). Radon, thoron and thoron progeny concentrations vary exposure; radio ecology;

from 31+ 110 436+12 Bqm™=,4+7 to 246 +5 Bqm™—, and 1.5+ radon; thoron; Rn—Tn

0.9 to 13.1+9.4 Bq m™>. The mean value of the equilibrium factor discriminative detector

for thoron is estimated at 0.11 £ 0.16. The annual effective dose

due to exposure to indoor radon and progeny ranges from 0.6 to

9 mSv a~' with an average value of 2.6 0.1 mSv a™'. The effective

dose due to the exposure to thoron and progeny vary from 0.3 to

29mSva' with an average value of 1.0+04mSva'. The

contribution of thoron and its progeny to the total inhalation

dose ranges from 7 to 60 % with an average value of 26 %; thus

their contributions should not be neglected in the inhalation dose

assessment.

KEYWORDS

1. Introduction

It is well known that about 50 % of the total dose received by the public comes from
airbone radon and its short-lived daughter products [1]. Radon has been identified as
the second leading cause of lung cancer after tobacco smoking [2,3]. Radon and thoron
are produced in the ground by the decay of 2*U and #*Th, respectively. Radon (**?Rn)
with a half-life of 3825 days tends to be concentrated in enclosed spaces such as caves,
underground mines and dwellings [4]. Many studies have shown that radon and thoron
are present in dwellings almost everywhere [1,5-14]. Nevertheless, the contribution of
indoor 22°Rn and its progeny is generally negligible, compared to those of ?>?Rn and its
progeny, because of the short half-life of **°Rn (T}, = 565). The ventilation condition of
the residential dwellings is one of the factors which decide the indoor #*?Rn and *?°Rn con-
centrations [15]. Being an inert gas, the radon can easily diffuse out of the soil surface into
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the air in an indoor environment, it can be trapped in poorly ventilated houses, and so its
concentration can build up to higher levels. The type of house, wind speed, building
materials, humidity, pressure and temperature [16] also decide the radon concentration
in an environment. In Karunagappallly Taluk, India, the exposure to thoron may contribute
significantly to the inhalation dose, due to the presence of thorium-rich monazite sand
[17]. Saidou et al. [18] reported indoor radon measurements in the uranium regions of
Poli and Lolodorf, Cameroon. Radon concentrations in Poli and Lolodorf range between
29 and 2240 Bq m~>, and 24 and 4390 Bq m™3, respectively. Their arithmetic and geo-
metric means are 294 Bq m~> and 200 Bq m~ for the uranium region of Poli, 687 Bq
m~> and 318 Bq m~ for the uranium region of Lolodorf, respectively.

The study [18] showed that high indoor residential radon distributions observed in the
uranium regions of Poli and Lolodorf could stem from the combined effect of ground and
floor type and building material. Saidou et al. [19] reported radon-thoron discriminative
measurements in the high natural radiation areas of southwestern Cameroon. It resulted
that 30 % of houses have thoron concentrations above 300 Bq m~, and the mean contri-
bution of indoor thoron to the total inhalation was of 47 %. Takoukam et al. [20] studied
natural radioactivity measurements and external dose estimation by car-borne survey in
Douala city, Cameroon. They found that the population of Douala city is not significantly
exposed to natural radiation from external sources.

The aim of this work is to measure simultaneously the activity concentrations of indoor
radon, thoron and thoron progeny, and then to estimate the radiation doses due to inha-
lation of radon, thoron and their progeny. Thus indoor radon and thoron concentrations
were measured in 71 dwellings in Douala city using passive type radon-thoron detectors
for long-term measurements. Thoron progeny concentrations were also measured with
deposition detectors placed with the radon-thoron detectors.

2. Material and methods
2.1. Study area

Douala basin is one of the coastal sedimentary basins with basement made up of granite
and gneiss in Cameroon, and covers an area of 19,000 km? of which 7000 km? are emer-
ging (Figure 1). Geological regions containing surface granite and gneiss formations are
prone to exhibit elevated radon concentrations [21]. Douala is the main business centre
and the largest city of the country; with approximately 4 million inhabitants. The Douala
basin extends under the waters of the Gulf of Guinea by a 25 km wide continental platform
and is made up of two sub-basins. The Douala sub-basin is limited on the north by the
volcanic line of Cameroon and on the south by the Nyong River, and the Kribi-Campo
sub-basin is located between the Nyong River in the north and the Ntem River in the
south [22]. Douala city lies between the northern latitude of 4°02" and the eastern longi-
tude of 9°40’; the average altitude is 13 m. The annual rainfall ranges between 3000 and
5000 mm, and the annual average air temperature is 26 °C [23].

2.2. Methodology

To determine radon and thoron concentrations, passive integrated radon-thoron discrimi-
native detector developed at the National Institute of Radiological Sciences (NIRS) in Japan
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Figure 1. Location of the study area.

(commercially RADUET) were used. These detectors have two diffusion chambers with
different ventilation rates and each chamber contains a CR-39 chip 10 x 10 mm? in size
(RADUET, Radosys Ltd., Hungary, Figure 2) [24] for detecting the alpha particles emitted
from radon and thoron as well as their progeny. The low diffusion rate chamber is
made of electron conductive plastic with an inner volume of 30 cm®. The high diffusion
rate chamber made of the same material has six holes in the wall, electro-conductive
sponges covering the holes to prevent radon and thoron progeny, and aerosols from
infiltrating inside. While one chamber measures radon only, the other chamber combines
radon and thoron detection. Thoron concentration is then determined by substracting the
result of one detector from the other. The difference in track density between the two CR-
39 chips makes it possible to estimate radon and thoron concentrations separately. After
the exposure, the CR-39 plates were chemically etched for 24 h in a 6 M NaOH solution at
60 °C, and alpha tracks were counted with an optical microscope [26].

The average radon (Cg,) and thoron (Cr,) concentrations are calculated using the fol-
lowing formulaes [27]:

— = frn2 A frm

Con=1(d, — b —(dy — b 1
n = (d, )T X (fan1 X frn2 — fan2 X fm1) (dh )t X (fan1 X frma — fan2 X fim1) M

- T fRnl T fRnZ

Cm=(dy—0b) —(d, —b) . (2
i i t X (fan1 X fra — fanz X frn1) ‘ t X (fan1 X fi2 — fanz X frn1)

where d; and dy are alpha track densities for low and high air-exchange rate chamber in
tracks per square centimetre (track cm™), respectively. b is track density due to back-
ground in (track cm™), t is sampling duration (h), fz,; and fr,; are calibration factors for
222Rn, ?Rn in a low air-exchange rate chamber in (tracks cm™2h™")/(Bqm™),
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Figure 2. Overview of the radon-thoron discrimination detector (RADUET) [24].

respectively. fa,, and fr,, are calibration factors for 22Rn, 22°Rn in a high air-exchange rate
chamber in (tracks cm™ h™")/(Bq m™).

The thoron progeny monitors also use CR-39 chips mounted on a stainless steel plate
and covered with a thin absorption sheet [28,29]. Zhuo and lida [30] developed the pro-
totype of a thoron progeny monitor (Figure 3). The CR-39 pieces are covered with an alu-
minium-vaporised Mylar film of 71 mm of air equivalent thickness. The thickness of the
Mylar film allows the detection of only the 8.8 MeV alpha particles emitted from *'?Po
(thoron progeny). According to Janik et al. [31], the lower limit of detection (LLD) calcu-
lated based on an ISO Guideline depends on the concentration of both gases and on
the exposure period. For example, when a radon concentration of 15Bgqm™ and a
thoron concentration of 15Bq m™ are given with a measurement period of 90 days,
the detection limits are estimated to be 5 and 7 Bq m™, respectively. While detection
limit of thoron progeny concentration is 5 mBg m™>.

With simultaneous measurements of thoron and its progeny concentrations, the equi-
librium factor for thoron Fy, can be determined as

EETC
CTn '

3)

Fm =

where Cy, is the thoron gas concentration and EETC refers to equilibrium equivalent
thoron concentration.
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In this study, each RADUET detector was paired with a thoron progeny monitor for
a minimum of 3 months. All detectors were hung at a height of 1-2 m above the
ground level using hard wire and at least 20 cm away from any of the wall surfaces
in bed- or living rooms of the dwellings. Main building materials of houses in Douala
city are either wood or sand and cement. Most of houses consist of bricks made with
sand and cement, and cemented floors. RADUET detector and thoron progeny
monitor were placed only in cemented houses with no storey and no basement.
The equilibrium equivalent progeny concentrations for radon were calculated using
equation:

EERC = FR X CRnr (4)

where Cg, and Fg are the concentration and the equilibrium factor of radon (Fzp = 0.4)
[1], respectively. However, Fz depends on the environmental conditions [32].

2.3. Total inhalation dose assessment

The total inhalation dose due to exposure to indoor radon, thoron and their progeny has
been calculated using the relation given by UNSCEAR [1]:

Ern(MmSva™") = (0.17 4+ 9Fg) X Cgp X T X Foee x 1078 (5)
Ern(mSva™") = (0.11 x Cr, + 40 x EETC) x T X Foee X 1076, (6)

where Fp is the equilibrium factor for radon, Cg, and Cy, are measured radon and thoron
concentrations in Bq m~, respectively, EETC is the equilibrium equivalent thoron concen-
tration. The quantities 0.17 and 9 are dose conversion factors for radon and its progeny
concentrations, while 0.11 and 40 are the dose conversion factors for thoron and its
progeny concentrations in nSv, respectively [1]. The exposure time T was 8760 h, and
the indoor occupancy factor (Fo.) was assumed to be 0.6. The multiplication factor 107°
is used to convert nSv into mSv.
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3. Results and discussion

Table 1 summaries the results obtained for radon and thoron in 71 dwellings of Douala.
The measured values of radon and thoron concentrations vary from 31+ 1 to 436+
12 Bq m~ with an AM of 139 + 47 Bq m~>, and from 4 +7 to 246 + 5 Bq m~> with an AM
of 80 +52Bgm™, respectively. The geometric means of Cg, and Cy, result to 118 and
62 Bq m~>, respectively, which are lower than the international indoor geometric mean
of 45 Bq m=3 1. According to Curguz et al. [32], the geometric mean of radon depends
on building materials. In our study, the indoor geometric mean of radon is different
from other parts of the world because the building material of dwellings in Douala is
hardly comparable.

Less than 2 % of dwellings among those surveyed had radon concentration higher than
the permissible level of 300 Bq m™ [33]. 32 % and 34 % of dwellings have respectively
radon concentrations below 100 Bq m™ [3] and 148 Bq m™ [34]. Only 32 % of dwellings
have radon concentrations below 200 Bq m™ as recommended by EU countries [35]. In
the uranium-bearing region of Lolodorf and Poli, Saidou et al. [18] measured radon con-
centrations using electrical ionization chambers in a range between 24 and 4390 Bq m™>
for Lolodorf, and 29 and 2240 Bq m~> for Poli with AMs of 687 and 294 Bq m™>, respectively.
These values are higher than the corresponding values reported in the present study.
Figure 4 shows the radon concentrations plotted against thoron concentrations, but they
do not correlate each other. In Cameroon, there are not yet reference levels for radon
indoors. However, the national radon action plan is being elaborated.

Similar studies were carried out worldwide. Results of the radon and thoron activity
concentrations, the EERC and the EETC in several countries are summarized in Table 2.
Prasad et al. [36] reported a study of radiation exposure due to radon, thoron and
progeny in the indoor environment of Yamuna and Tons valleys of Garhwal Himalaya. Sim-
ultaneous measurements of radon and thoron using a passive integrating radon-thoron
discriminative detector were performed in 93 houses of Ottawa in Canada [12]. Visnupra-
sad et al. [37] reported the contribution of thoron and progeny towards inhalation dose in
a thorium abundant beach environment in Kerala, India. Gierl et al. [38] performed a similar
study on thoron and thoron progeny measurements in German clay houses. The results
show that gas concentrations range between 20 and 160Bqm™ for radon and
between 10 and 90 Bq m™ for thoron 20 cm from the wall. This study showed that
increased thoron gas concentrations as well as thoron progeny concentrations can
occur in houses built of unfired clay. The traditional Chinese residential dwelling is con-
structed with loam bricks or mud walls (so-called raw-soil building) for which Shang
et al. [9] determined the radon and thoron concentrations (Table 2). The value of the

Table 1. The ranges, arithmetic mean, geometric mean and median of the indoor radon, thoron and
progeny: levels and the equilibrium factor of thoron.

Min Max AM + SD? GM(GSD)? Median
Rn concentration (Bq m™) 311 436+ 12 13947 118(1.3) 139
Tn concentration (Bq m=) 4+7 246 +5 80+ 52 62(2.1) 71
FTn 0.01+£0.01 0.83+1.55 0.11+0.16 0.07(9.90) 0.07
TnP (EETC) (Bq m~3) 1.5+£09 13.1+£94 46+29 3.9(1.8) 3.6
RnP (EERC) (Bq m_3) 12+1 1745 51+21 47(1.6) 55

#AM: arithmetic mean; SD: standard deviation; GM: geometric mean; GSD: geometric standard deviation.
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Table 2. Results of measurements of the radon, thoron activity concentration, the EERC and the EETC.

Country/area Can Bqm™) Crn Bqm™) EERC Bqm™) EETC(BaM™)  Reference
Range (AM) GM  Range (AM) GM Range (AM) GM Range (AM) GM
South Africa West 28-465(132) - - - - - - - [21]
East 8-98(37)
India Himalaya  4-174(38) 24 1-108(25) 18 1.6-76.1(17.4) 13.2 0.1-3.6(0.9) 0.7 [36]
Canada Ottawa 8-1525(110) 74 5-924(56) 19 - - - - [12]
India Kerala 8-89(24) 22 4-129(37) 28 1.9-31.5(10.9) 9.50 0.1-11.4(1.6) 1.1 [37]
German 20-160 - 10-90 - - - 2-10 - [38]
Chinese 12-427(72) 58 LLD-1,860(318) 162 - - LLD-15.8(3.8) - [9]
Cameroon  Poli 46-143(82) - 24-238(94) - - - 4-9(6.4) - [39]
Lolodorf 27-937(97) 6-700(160) 0.4-36(10.3)
Betare-Oya 88-282(133) 4-383(92) 0.6-19(6)

equilibrium factor of indoor thoron for concrete and brick houses is higher (0.020-0.038)
than in soil-structure houses (0.004-0.007). These results point to high thoron concen-
trations in Chinese traditional residential dwellings constructed with loam bricks or soil
wall. Indoor thoron contributes 13-57 % to the total inhalation dose. The radon and
thoron concentrations in Douala investigated within our study appear in comparable
ranges to the worldwide results. General radon concentrations are greater than the associ-
ated thoron levels based upon the numerous studies (Table 2).

From Figure 5(a) we can notice that the highest frequencies of the Cg, results are in
intervals lower than 150 Bq m™. Only one of the surveyed dwellings has Cg, higher
than 400 Bq m~. In all dwellings, Cr, was lower than 300 Bq m™ (Figure 5(b)). The equili-
brium equivalent radon concentration (EERC) and equilibrium equivalent thoron
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Figure 5. Frequency distribution of radon and its progeny (a,c), thoron and its progeny (b,d) in the
dwellings of Douala.

concentration (EETC) vary from 12 to 174 Bqg m~> and from 1.5+0.9 to 13.1+94 Bgm™
with the respective arithmetic and geometric means (Table 1). Figure 5(b,d) presents
the frequency distributions of the radon, thoron and progeny concentrations from the
71 dwellings of the investigated area in Douala.

The average equilibrium factor for thoron was calculated from the measurements to the
AM of 0.1 £ 0.1 (Table 1). This mean value is higher than the value (0.02) given by UNSCEAR
[1]. The distribution of equilibrium factor for thoron is shown in Figure 6. About 20 % of the
dwellings have Fr, values less than or equal to 0.02. Harley et al. [40] reported an EETC of
0.04 +0.01 for indoor thoron using a large database obtained by a long-term measure-
ment of thoron and its progeny. However, Hosoda et al. [26] presented widely ranged
EETCs from 0.008 to 0.07 obtained by the recent measurements in several countries.
These results vary because the equilibrium factor depends largely on the environment
conditions such as hours, humidity, time, place and modes of ventilation, etc. [8,41].

The annual effective dose due to exposure to radon and its progeny in the study area
vary from 0.6 to 9 mSv a~' with an average value of 2.6 + 0.1 mSv a'. Similarly, the annual
effective dose due to thoron and its progeny range from 0.3 to 29 mSva~' with an
average of 1.0+ 0.4 mSva . Figure 7 shows the distribution of inhalation dose due to
radon, thoron and their progeny. The mean contribution of radon and its progeny to
the total inhalation dose is 75 % while that of thoron and its progeny is 26 %. The AM
values of total inhalation dose due to radon, thoron and their progeny in dwellings of
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the study area was found to be 3.64 mSv a™". This inhalation dose received by the public in
the study area is lower than the reference level of 10 mSv a™' given by the International
Commission on Radiological Protection (ICRP) [33]. Table 3 summarizes the contributions
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Table 3. Ranges, mean and contribution of indoor radon, thoron and progeny to total inhalation dose
received by the public.

Range Mean inhalation dose Total Range contribution Mean contribution
Radionuclide (mSva™) (mSva™) (mSva™) (%) (%)
Radon 0.05-0.65 0.19 3.64 3-7 5
Thoron 0.002-0.14 0.05 0.1-4 1
Radon progeny 0.59-8.25 243 37-93 70
Thoron progeny 0.30-2.75 0.97 7-59 25

of radon, thoron, radon progeny and thoron progeny to the total inhalation dose range
between 3 and 7 %, 0.1 and 4 %, 37 and 93 %, and 7 and 59 %, respectively. We have ascer-
tained that the highest contribution to the inhalation dose of 70 % stems from radon
progeny, and the corresponding least contribution of 1 % belongs to thoron. However,
thoron and its progeny contribute a significant fraction of 26 % to the total inhalation
dose. It suggests that thoron and its progeny cannot be neglected when assessing radi-
ation dose as it was believed in the past.

Indoor radon, thoron and progeny measurements in Douala city are continuing the
work done in several regions of Cameroon, namely the uranium and thorium bearing
regions of Poli and Lolodorf and the gold mining areas of Betare-Oya [39]. About 400
RADUET detectors were deployed in dwellings. The results obtained showed a significant
contribution of thoron and its progeny to the total inhalation dose. It varies from 12 to
67 %, 3 to 80 % and from 7 to 70 %, respectively, in the above study areas. The correspond-
ing average values are 49, 53 and 31 %, respectively.

4. Conclusion

In this study, we analysed the radon, thoron and progeny concentrations to assess radi-
ation dose to the public due to inhalation of radon and thoron in Douala city, Cameroon.
Two types of nuclear track detectors were used for three-month measurements. From
these, AM radon and thoron concentrations in 71 dwellings were estimated to be 139
and 80 Bq m™>, respectively. The AMs for EERC and EETC are 51 and 4.6 Bq m™, respect-
ively. The mean equilibrium factor for thoron is 0.1 + 0.1. The mean effective doses due
to inhalation were found to be 2.6 mSva™' for radon and its progeny, 1.0 mSva™' for
thoron and its progeny, and 3.6 mSva™' in total (AM). Generally, radiation doses have
shown no increased health risk due to exposure to radon, thoron and their progeny in
the study area compared to the reference level. Moreover, we obtained that thoron and
its progeny contribute about 26 % to the total inhalation dose. This justifies that thoron
and its progeny has to be considered when assessing radiation doses. There is a technical
cooperation project between Cameroon and the International Atomic Energy Agency
(IAEA) running from 2018 to 2019 on ‘Establishing a national radon plan for controlling
public exposure due to radon indoors’. Reference levels for radon will be defined and
the national radon action plan adopted by 2019. Radon and radon-risk mapping will be
extended in the whole country.
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