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ABSTRACT

Activity concentration of 232Th, 226Ra and 40K in local (Atbra and Rabak)

and imported cement types (Jordanian, Indonesian and Seabulk) has been

measured using a high-resolution y-spectrometry. The average values

obtained for 232Th, 226Ra and 40K activity concentrations in different

cements are lower than the corresponding global values reported in

UNSCEAR publications. The radium-equivalent activity (Raeq) of the

samples was calculated and compared with similar data reported in the

literature. The comparison has revealed that Raeq values obtained fall far

below the criterion limit specified for building materials. The potential

radiological hazard of the different samples was estimated using different

approaches: representative level index, committed effective dose equivalent

via inhalation and annual dose limit. The estimated representative level

index for all the samples is less than unity (the upper limit) confirming that

the associated gamma-radiation level is low. Th was found to be the

major contributor and it generates about 95% of the total committed

effective dose via inhalation for an adult person of age >17 years . The

annual dose limit (due to gamma radiation inside the room and radon

inhalation) falls within 0.19 to 0.3 mSv, which is an order of magnitude

below the limit specified for building materials (1 mSv/y).



PREFACE

As is known cement is the chief and the most important construction

material of the today's civilization. The radioactivity content of cement

varies considerably depending upon the geological characteristics of the

initial raw materials from which the cement is processed. The knowledge

of radioactivity in building materials, cement in particular, and the

associated radiation doses due to inhalation are paramount important for

assessment of radiological hazards to human health. Radioactivity levels in

cements were reported by many authors from different geographical

locations (e.g. Mollah et al., 1986, Croft and Hutchinson, 1999).

In Sudan cement is locally manufactured in Rabak (the White Nile State

in the central part of the country) and in Atbra (The Nile State - Northern

part). However, the domestic production is not enough to meet the ever-

increasing national demands. Thus, cement is imported in huge amounts

from different countries. Presently, there are no standards or guidelines

prescribing the acceptable levels of radioactivity in building materials in

the country as in some industrialized countries (Steger et al., 1992). This

study is aimed at establishing a broad base-line data on activity

concentration of natural series nuclides in local and imported cement types

as well as assessing the potential radiological hazards to man.
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CHAPTER (1)

IONIZING RADIATION

1.1 Historical Background

In 1895 came the first indication that there was a form of energy that couldn't

be detected by our senses. A German physicist, Wilhelm Rontgen, was

studying electrical discharges in a tube containing rarefied gas when he

noticed that, across the room, a screen coated with barium platinocyanide

glowed. He had discovered X-rays. These are now known to be

electromagnetic radiation and are produced when electrons, accelerated by an

electrical potential towards an anode, are suddenly decelerated on impact with

the anode. Some of their kinetic energy is lost as electromagnetic energy, X-

rays. They can pass through materials opaque to ordinaiy light and can expose

photographic emulsion enabling images of bone fractures to be made.

Soon afterwards, a French physicist, Antoine Henri Bequerel, discovered

another interesting phenomenon. He had been investigating the phenomena of

fluorescence and phosphorescence using potassium uranyl sulphate. He

showed in a series of experiments that these crystals continuously emitted a

penetrating radiation without any form of initiation. He showed that the

uranium was responsible. The phenomenon of radioactivity had been

discovered; Bequerel has given his name to the unit of radioactivity; one

Bequerel is equal to one nuclear transformation per second.

Marie Curie took up Bequerel's work. She discovered that another heavy

element, thorium, also emitted radiation. Furthermore, her analysis showed

that some natural materials such as pitchblende (U3C>8) and chalcocite emitted

more radiation than could be accounted for by their content of uranium. This

led to the identification of two other naturally occurring radioactive elements,

namely polonium and radium. Thus, it was shown that ionizing radiation is a

natural feature of man's environment The three main types of ionizing



radiation were soon identified as alpha particles (two protons plus two

neutrons), beta particles (negatively charged electron) and gamma rays

(uncharged energetic electromagnetic radiation). The latter should be

distinguished from X-rays, gamma rays originate in the nucleus of a

radionuclide whereas X-rays result from rearrangement of orbital electrons.

It took until the end of the 19th Century before ionizing radiation and

radioactivity were discovered. In the following few decades it became clear

that man lived in an environment pervaded by ionizing radiation of natural

origin. Uses for radiation and for nuclides that emit ionizing radiation, called

radionuclides, were quickly discovered. The naturally occurring radionuclides,
226Ra for example, found extensive usage in aluminizing dials and in

medicine. X-rays became commonly used in medicine by 1920s. With the

rapid expansion in the use of ionizing radiation and radionuclides came an

awareness that exposure could cause health effects and by the 1930s moves

were being made for regulation and control.

The process of generating energy by nuclear fission was discovered in the

1940s and prompted more interest and concern about radionuclides and

radioactivity. Nuclear fission produces a range of radionuclides, many of

which do not occur naturally, as well as increased amounts of some

radionuclides that do occur naturally like 3H and 14C.

1.2 Radioactivity and Radioactive Decay

The stability of an atom is a result of the balance of the forces within it.

Unstable atom attains stability by disintegrating and emitting ionizing

radiation. This property is termed radioactivity and such an atom is termed a

radionuclide. Radionuclides may emit particle radiation (alpha- and beta

particles) or photon radiation (X-rays, gamma-rays). The activity of a

substance is defined in terms of the number of disintegrations occurring

spontaneously per unit time and its historical unit is the Curie (Ci), which is



equivalent to 3.7x 1010 disintegrations per second. This unit has generally

been superseded by the International System of Units (SI), the Becquerel (Bq),

which essentially represents one disintegration per second.

Individual radionuclides decay randomly. The activity of a large number of

radionuclides of a given radioisotope decays exponentially with time and the

term half-life is used to characterize this decay. The physical half-life of a

radionuclide is the time taken for the activity present and/or number of atoms

to be reduced by one half of its original value and is a constant for any given

radioisotope. Two other concepts are also used: the biological half-life and the

effective half-life. The biological half-life is the amount of time that a given

substance remains within the organism before being excreted. It depends on

body weight and the individual age. An effective half-life combines the

physical and the biological half-life (Andras, 1993).

1.3 Interaction of Radiation with Matter

The study of the interaction of nuclear radiation with matter contains the clues

to the methods of detection of alpha-, beta-and gamma-radiation. The main

process by which a charged particle from a radioactive decay loses energy in

passing through matter is interaction with atomic electrons through the

Coulomb force. Alpha particles lose most of their energy through ionization

and excitation of the atoms in the absorber. Because of their charge (2+) and

their slowness they give up all their energy in short, dense and straight tracks.

When the incident particle is no longer able to ionize, the exhausted particle

attracts two electrons to it and becomes a neutral helium atom.

The interaction of gamma-radiation with matter occurs differently from the

interaction of alpha and beta radiations. Where as charged particles transfer

energy to electrons in atomic orbits by many single processes, y-quanta is

uncharged and creates no direct ionization or excitation of the material



through which it passes. The detection of gamma rays is; therefore, critically

dependent on causing the gamma-ray photon to undergo an interaction that

transfers all or most of its energy to an electron in the absorbing materials.

Because the primary gamma-ray photons are invisible to the detector, it is only

the fast electrons created in gamma-ray interactions that provide any clue to

the nature of the incident gamma-ray. These electrons have a maximum

energy equal to the energy in the same manner as any other fast electrons,

such as a p- particle. Energy loss is, therefore, through ionization and

excitation of atoms within the absorber material and through bremsstrahlung

emission (knoll, 1989). Absorption of gamma-radiation varies exponentially

with absorber thickness.

Where, (Io) is the intensity of incident radiation, (I) is the intensity of

transmitted radiation, (d) is the absorber thickness and (u.) is the absorption

coefficient. Three independent physical processes cause the absorption of

gamma photons: the photoelectric effect, the Compton effect and the creation

of electron - positron pairs. Each process has its own absorption coefficient.

U.T = |Ie + [ic + Up

In the photoelectric effect the y-quantum transfers its total energy to an

orbital electron by collision. The energy of the emitted photoelectron is equal

to the energy of the y-quantum minus the binding energy of the electron. In the

Compton effect the y-quantum transfers only part of its energy to an orbital

electron and the degraded y-quantum is scattered. Collision law describes the

process. The scattering angle is variable, as is the energy of the emitted

electron. Therefore, Compton electron exhibits a continuous energy spectrum.



Pair production results from the behavior of a y-quantum in the electric field

of an atomic nucleus to produce a negatron-positron pair. The process can

happen only if the energy of the quantum is greater than 1.02 MeV (the rest

mass of the two particles). The contribution of the three effects to the total

absorption depends on the energy of y-quantum and upon the atomic number

of the absorber (Keller, 1988; Knoll, 1989).

1.4 Radiation Quantities and Units
1.4.1 Absorbed dose

As radiation passes through air, it can be measured by counting the number of

ionizing particles it produces. The quantity exposure has been historically

defined as the number of electric charges produced in unit mass of air and

measured in unit Rontgens (R). The international SI unit of exposure is

coulomb per kilogram of air, but this is rarely used in practice.

As radiation penetrates any material, its energy is absorbed and released by

constituent atoms. The absorbed energy per unit mass of material is termed the

absorbed dose. The old unit of absorbed dose was Rad (r), defined as 100 ergs

of energy per gram of material. The SI unit is the Gray (Gy), one gray being

equal to one joule of energy absorbed per kilogram of matter, and equivalent

to 100 rads, the effect of radiation on any material, including biological

material such as tissue, depend on magnitude of the absorbed dose.

1.4.2 Radiation weighting factor

Radiation effects, including harm to tissues, are found to depend not only on

the absorbed dose, but also on the type and energy of the radiation causing the

dose. For radiation protection purposes, these factors are taken into account

by weighting the absorbed dose in tissue by a factor related the effectiveness

of the radiation. The weighting factor (WR) reflects the type and energy of the



radiation incident on the body either the source is incorporated within the

body or radiation emitted by the source present outside the body.

1.4.3 Equivalent dose
The absorbed dose weighted by the radiation weighting factor is termed the

equivalent dose (HT) in tissue or organ (T), and is given by the expression:

Where DT,R is the mean absorbed dose in tissue or organ T due to radiation R.

The unit of equivalent dose is joule per kilogram and is termed the Sievert

(Sv).

1.4.4 Tissue weighting factor and effective dose

For a given equivalent dose, the likelihood of the radiation effect is found also

depending on the tissue or organ irradiated. Therefore, it is appropriate to

define a further quantity, derived from the equivalent dose, to indicate the

combined effect of different doses to different tissues. The factor by which the

equivalent dose in tissue or organ (T) is multiplied is termed the tissue

weighting factor (WT), which represents the relative contribution of that tissue

or organ to total harm or (detriment) resulting from a uniform irradiation to the

whole body. The weighting equivalent dose (a doubly weighting absorbed

dose) is termed the effective dose (E). The effective dose is thus a measure of

a total risk due to any combination of radiation affecting any organ of the

body. Generally, effective dose is what is meant when the term dose is used.

The effective dose is thus the weighted sum of the equivalent dose in all the

tissues or organs of the body and is given by the expression:



Where Hj is equivalent dose absorbed in tissue or organ (T). The effective

dose can also be expressed as the doubly weighting sum of the absorbed dose

in all tissues or organs of the body.

1.4.5 Committed equivalent dose and committed effective dose

Following intake to the body of radioactive material, there is a period in which

the material gives rise to equivalent doses in tissues of a body at varying rates.

The time integral of equivalent doses in the tissues of the body at varying rates

is HT (T), where x is the integration time (in year) following the intake. If it is

not specified it assumed that the value is 50 years for adult and for children the

number of years from age at intake to age 70 years. By extension, the

committed effective dose E (t) to the whole body is similarly defined from the

effective dose. The committed

equivalent dose is defined By:

to+t

HT(t)= jHT(t)dt
to

For a single intake of activity at time to where HT(T) is the relevant equivalent-

dose rate in an organ or tissue T at time t and T is the time period over which

the integration is performed .

1.4.6 Collective equivalent dose and collective effective dose

All the dosimetric quantities already referred to relate to the exposure of an

individual. Further quantities in use relate to exposed groups or population.

These quantities take into account the number of people exposed to a source

by multiplying the average dose to exposed groups due to the source by



number of individuals in the group. It gives the measure of total health

detriment from a given radiation source, and defines as

Where E; is the average effective dose in the population subgroup i and Nj is

the number of individuals in the subgroup. The unit of S is man-Sievert (man-

Sv) (1CRP 60).

1.5 Modalities of Human Radiation Exposure

Man has always been exposed to ionizing radiation from natural and man-

made sources of radiation by two exposure routes, namely external and

internal exposures. From the standpoint of basic radiobiology, it is the

combined dose of radiation energy absorption from both external and internal

exposures that is important.

External exposure involves the absorption of radiation energy emitted from

radiation sources outside the human body. The radiation energy is absorbed

through the body surface to the underlying tissue volume in the field of

exposure. In this case, there is a uniform process of energy distribution, which

is governed by the factors controlling the mechanisms of radiation energy

absorption of the various types of radiation.

Internal exposure involves the entry of radioactive material into the body

system. The various radionuclides gain access into the body through inhalation

and ingestion. In this exposure modality, there is a non-uniform radiation

distribution within the cellular components of tissues and organs.

1.5.1 Exposure to natural radiation sources

The natural radiation sources to which human is exposed include those of



extraterrestrial origin (cosmic ray) and the terrestrial origin (the radioactive

nuclides present in the Earth's crust, in building materials, in the air, water and

foods. These sources cause both external and internal exposures, when the

radionuclides are inhaled or ingested. Some of these exposures are relatively

constant and uniform to all individuals throughout the world, for example the

dose from ingestion in foods of 40K, an element that is homeostatically

controlled in the body, and within the cellular component of tissue and organ.

(UNSCEAR, 88), and from cosmogenic radionuclides that are relatively

homogeneously distributed over the surface of the earth. Other exposures vary

widely depending on location, for instance greater cosmic ray intensity at

higher altitudes and elevated concentrations of uranium and thorium in soils in

localized areas. Natural exposure could be enhanced by human activities and

practices, in particular, the building materials of houses. Design and

ventilation systems strongly influence the indoor levels of radon ( Rn) and

thorn (220Rn) and their decay products, which can contribute significantly to

internal doses through inhalation.

1.5.1.1 Primordial radionuclides
These radionuclides have been present since the Earth's origin and were

produced in the process that occurred when the solar system was formed. This

group of radionuclides is responsible for the majority of radiation exposure of

the vast majority of people. The principal primordial radionuclides are

potassium-40 (half-life 1.28 X109 years), thorium-232 (half-life 1.41X1010

years) and uranium-238 (half-life 4.51X109 years). There are two others of

lesser importance for human exposure: rubidium-87 (half-life 4.7X1010 years)

and uranium-235 (half-life 7.04 XI08 years).

The two isotopes of uranium and the isotope of thorium are at the start of

decay chains of several radionuclides; one radioisotope decays to another and



that to another until a stable isotope is reached. Some members of these decay

chains are important contributors to human exposure. The two decay series

headed by 238U and 232Th are more important for human exposure than the

decay chain headed by 235U. The decay-series of 238U and 232Th decay chains

are shown in Fig. 1.1 and Fig. 1.2.
226Ra is a member of the 238U decay chain. It in turn, decays by alpha

emission to the radioactive noble gas, 222Rn (commonly referred to as radon).

In many areas of the world, exposure to radon is the most important single

contributor to radiation dose. 238U is ubiquitous in terrestrial materials and

may be concentrated in some geological materials. Radon seeps from the

ground into the atmosphere. It disperses out of doors but it can build up in

indoor air. Houses are often under negative pressure and this can exacerbate

the problem by 'sucking' radon out of the ground. The levels of radon in

houses will depend upon the underlying geology. It is not the radon itself that

is important for human exposure but rather some of the short-lived daughter

radionuclides. Epidemiological studies of uranium miners, a class of

individuals that have a defined and generally elevated exposure to radon, have

shown that radon exposure is a cause of lung cancer. Inhalation of radon,

together with daughter products and the subsequent exposure of internal

tissues to radiation is a type of internal exposure.

Other naturally occurring primordial radionuclides also cause internal

exposure. The most widespread and also inescapable internal exposure is

caused by the beta/gamma emitting radionuclide 40K. This is naturally present

in potassium at a fixed proportion of 0.012%. Potassium is essential for

human life and its concentration in body tissues under homeostatic control.

Therefore, exposure from potassium-40 is unavoidable but, as potassium

concentrations vary somewhat with age and the sex of the individual, does

vary accordingly (UNSCEAR, 77).

10



Some radionuclides in the U and Th decay chains emit penetrating

gamma rays and are thus a source of exposure when outside the body. This is

termed external exposure.

11



Fig. 1.1: U decay series
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232Fig. 1.2: z^Th decay series
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1.5.1.2 Cosmic radiation

There are two main sources of cosmic radiation: galactic and solar. Outside

the Earth's atmosphere both types of cosmic radiation consist mainly of

protons, together with some helium ions and ions of heavier atoms. Galactic

cosmic rays originate outside our solar system and are possibly produced

during stellar flares and supernova explosions, etc. The other source of

cosmic radiation is the Sun. Low energy particles are emitted continuously by

the Sun but, during solar flares and magnetic disturbances, particles of higher

energy are also emitted.

Cosmic radiation of galactic origin is generally more energetic than that of

solar origin. Energies of galactic cosmic rays usually lie in the range up to

1014MeV. Solar cosmic radiation is usually of lower energy and unlike that

of galactic origin, often has insufficient energy to penetrate the Earth's

magnetic field to any significant extent.

Cosmic radiation can cause exposures by two broad processes. Firstly,

there is a direct effect where the protons interact with constituents of the

atmosphere to produce a variety of sub-atomic particles including neutrons,

protons, muons, pions and kaons. These secondary particles may be

sufficiently energetic to cause further reactions, leading to a cascade. Mainly

the ionizing of secondary particles together with the neutrons causes the dose

from cosmic radiation at the Earth's surface. The second effect of cosmic

radiation is indirect exposure by production of radioisotopes in the Earth's

atmosphere. Such radionuclides are called cosmogenic radionuclides

(UNSCEAR, 93).

A wide range of cosmogenic radionuclides is produced. The most important
*7 1 A. 00

from the point of view of human exposure are tritium, Be, C and .Na. The

most significant of these radionuclides by far is 14C. This is produced by

activation of 14N in the atmosphere by neutrons produced by cosmic rays.

14



The natural annual production rate of !4C in the upper atmosphere is around

1200 TBq to 1400 TBq per year (one Terabequerel is 1012Bq); the natural

specific activity of 14C is 230 Bq kg"1 carbon

1.5.2 Technological Enhancement of Natural Radiation

As a matter of fact, radiation and radioactivity are natural phenomenon. Man

first increased his radiation exposure above the natural background level when

he began cave dwelling and mining and working metals and minerals. Since

then the understanding of technologically enhanced radioactivity and of the

associated exposure pathways has increased to the present state which is

described by (UNSCEAR, 93). Several industrial processes release natural

radionuclides into the environment as wastes or by-products resulting in

significant doses to workers and to populations living in the vicinity of such

non-nuclear industries. Such processes include the mining and processing of

ores containing significant concentrations of natural radionuclides usually of

the 238U or 232Th decay chains. Notables amongst these non-nuclear industries

capable of generating significant collective exposures are the phosphate

processing industries (fertilizers, chemicals), fossil fuel burning, oil and gas

extraction, mining of almost all kinds, ore and heavy mineral processing and

the forest industries. The average annual effective dose for coal miners is 0.2

mSv, while for miners of other non-uranium metals and minerals the average

dose rate is 4.8 mSv. The most remarkable amongst the data for average

annual doses to miners are those for phosphate industries (20 mSv). It should

be in place to recall that when coal is burned, the radionuclides become

concentrated in the residual ash. Table 1.1 shows some typical data (Baxter,

1996). In oil and gas extraction, scales and sludges which are essentially co-

precipitates of calcium and barium carbonates and sulphates which carry high

15



concentrations of Ra with corresponding levels of noble gas Rn and its

products in sludges.

The building industry also provides a vector by which radioactive minerals

can be incorporated into dwellings resulting in enhanced dose rates.

Mineral sands are an important source of titanium and zirconium but the

sands can contain elevated concentrations of Th and/or U, together with

their respective decay products. Disposal of the mildly radioactive wastes can

be a significant problem.

Table 1.1: Typical activity concentration (Bq/kg) of fly-ash compared

with coal (Baxter, 1996)

Coal

Fly-ash

4 0 K

50

265

2 3 8 U

20

200

226Ra

20

240

? 1 0?b

20

930

210Po

20

1700

232T h

20

70

228T h

20

110

228Ra

20

130

1.5.3 Indoor Exposure

The indoor space may be a house apartment, mine, cave, tunnel or any other

closed space with or without ventilation. When the duration of occupancy is

taken into account, indoor exposure becomes even more significant.

Knowledge of radiation levels in building materials is important in the

assessment of population exposure, as most mdividuals spend a large portion

of their time indoors. Information on the radioactivity of building materials is

still' scarce. Based on the results of investigations presented in the UNSCEAR

publications (1977, 1988, 1993), the range of concentrations found in a given

type of corcmonly used building material is vary widely depending on their
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origin. Some materials have been found to deliver high doses to the inhabitant

of dwelling built with them, they include pumice, stone, alum-shale concrete,

lithoid, tuff, granite and tailing from uranium mills, doses are mainly owe to

high concentrations of 40K, 238U and 232Th. Activity concentrations usually

range from slight increase to those of order of magnitude depending on their

origin. Wood and materials used for thermal insulation, used in Sweden, are

low radioactive content, natural plaster and cement are also relatively low,

while granites, bricks and concrete are in the upper part of the range. In some

countries, sampling of many building materials revealed in certain cases

excessive concentration of the above nuclides. However, the average absorbed

dose rate, measured in buildings containing such materials is often much

lower than might be expected from the radioactive content of the materials

considered because usually less active materials are also used in the same

building (UNSCEAR, 82).

In the decay chains of 238U and 232Th, radon (222Rn) and thoron (220Rn) are

the only isotopes of noble gases. This property allows them to emanate from

the walls and to be present in indoor air in much large concentrations than

their precursors. Exposure to the inhaled short-lived decay products of radon

(see Fig.1.1) and thoron ( see Fig.1.2) constitutes the main natural irradiation

of human respiratory tract. The major part is normally caused by radon

daughters rather than by thoron daughters, and by indoor exposure. An

important factor that elevates the dose concentration into the building is the

reduction of ventilation which determines the average concentration of radon

in indoor air at a given emanation rate (from building materials, from

basement floor or from radon rich tap water).

As the indoor concentration of thoron (220Rn) daughters usually low

compared to those of radon (222Rn) daughters, the main emphasis in this

context would be placed on radon. The main contribution to radon indoors is
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from building materials, other sources of significance may be soil under the

building, natural gas and radon rich ground-water, the outdoor radon level

may sometimes be of significance for radon levels indoor depend on the

indoor ventilation. The Ra content of building materials constitutes the

source of the emanation of radon. High radon levels may be found in buildings

with high radium content in the building materials, and the reverse is true.

The radon and thoron decay to isotopes of solid elements (Po, Bi, Pb), the

atoms which attach themselves to the condensation nuclei and dust particles
TOO

present in air. As the result of inhalation of Rn and its daughter products,

the dose in the entire lung is between 20% and 45% higher than the dose in the

other tissues. Moreover, a substantial fraction, 31% of this dose is caused by

alpha-radiation, which expected to have higher relative biological

effectiveness (RBE) than the beta and gamma-radiation, which cause more

than 90% of the dose in the higher tissue (UNSCEAR, 77). Typical worldwide

average doses from natural radiation sources are shown in Table 1.2. Doses

can vary with circumstances such as local geology and altitude; typical

elevated values are also given.
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Table 1.2: Average annual dose to adults from

natural sources of ionizing radiation

Component of exposure

Cosmic rays

Cosmogenic radionuclides

Terrestrial radiation:

External exposure

Internal exposure (excluding radon)

Terrestrial radiation: internal

exposure from radon and decay

products

Inhalation of radon-222

Inhalation of radon-220

Ingestion of radon-222

Total

Annual

Normal levels

380

10

460

230

1200

70

5

2400

Dose (fiSv)

Areas of elevated

exposure

2000

10

4300

600

10000

100

10
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CHAPTER (2)

EXPERIMENTAL METHOD

2.1 Introduction

Gamma-spectrometry has a number of practical advantages: tedious chemical

operations are avoided, the method is simple, non-destructive, allows

simultaneous identification and determination of gamma-emitting

radionuclides in a sample with high sensitivity. The utilisation of spectrometry

in low-level studies has increased over recent years. This is mainly due to the

development of low-background high-purity Ge detectors of high efficiency

and excellent energy resolution (<2 keV) and to on-line microcomputers for

peak search, data reduction and error analysis. Quantitative-spectrometry

depends on careful calibration of detector efficiency over the energy range of

interest and in the same geometry as the sample. Precision and accuracy is

limited by the availability of material (up to 100 g) and counting time (12-48

hours), and by uncertainties in the calibration standards and detector

background. Counting efficiency increases with detector size and with use of

well-type detector crystals(Gordon and John, 1995) or Marinelli beakers.

Variations in self-absorption between samples and calibration standards arises

from both variations in bulk density and in mass attenuation coefficients, and

is usually a problem below 100 keV. Bulk density variations can be minimised

by mixing with resin and casting in one of several geometries.

2.2 Instrumentation
The essential parts of any simple electronic counting system used for nuclear

radiation detection are shown in block schematic form in Fig.2.1.
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The general principle behind detection of nuclear radiation is that, whatever

the form of radiation, it gives up some or all of its energy to the medium of the

detector, either by ionising it directly, or by causing the emission of a charged

panicle which in ;.ts turn produces ionisation in the medium. The ionisation

produced is then detected by one of several methods: the charge maybe

collected directly by electrical means as it is in semiconductor detectors or it

may caus^ the emission of photons as in scintillation detectors. (Ivanovich and

Murray, 1992).
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Preamplifier
Main amplifier
and pulse shaper

Pulse discriminator

Fig. 2.1: Block diagram of a typical electronic system used with nuclear

radiation detection
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The spectrometer system used in this study consists of the following:

1. High purity germanium coaxial detector (HPGe),

2. Electronic package system for pulse processing,

3. An IBM compatible high performance computed and simulation (HCS)

microcomputer + Analog to digital converter (ADC) to operate as an multi-

channel analyzer (MCA), data display and storage system,

4. Printer.

2.2.1 Detector

As stated above the detector employed in the current study is a high purity

germanium (HPGe). It is preferred because of its superior performance

(density =5300 kg/m3). Such detector has a high resolution and low noise.

Pure germanium has forbidden band of 0.66 eV. In order to reduce the

conduction due to thermal energy, the detector is cooled under liquid nitrogen

(77 K).

The efficiency of the detector is 12%. The detector efficiency usually found

by a standard procedure defined by International Electronics and Electrical

Engineering (IEEE): To check the detector efficiency, a calibrated source of
60Co is placed exactly 25 cm from the detector, and the count rate is

determined. The count rate is then compared with the count rate, which would

be obtained with 3 x 3-inch Nal (Tl) scintillation detector with the same

source put at 25 cm from the detector. The count rate for the Nal (Tl)

scintillation detector at this geometry is known to be 1.2xlO"3 times the

disintegration rate of the 60Co rate (1332.5 keV photo-peak is used for

comparison). The resolution of the detector: the Full Width at Half Maximum

(FWHM) is 1.8 keV for 1332.5 keV 60Co gamma-line (IAEA, 1989).
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2.2.1.1 Detector configuration

The detector is housed in lead shield with 5-cm thickness. The lower part of

the detector is connected to liquid nitrogen through a rod, which is immersed

in the liquid nitrogen for detector cooling. The detector assembly consists of

three parts:

1. Liquid nitrogen dewar,

2. Cryostat,

3. Preamplifier / electronic package.

The dewar holds 30 liters of liquid nitrogen. The cryostat is a vacuum

package system, which allows the germanium detector element to be at liquid

nitrogen temperature. The preamplifier/electronic package fits directly behind

the cryostat end cap. The liquid nitrogen dewar, cryostat and preamplifier

package fit inside a cylindrical lead shield, with wall thickness of 5 cm. The

shield is on a table, and it consists of a base and four rings with platform and

lead cover. The internal diameter of the rings is 20 cm; the height is 12 cm.

The inside of the cylindrical shield is lined with copper, dural-aluminum and

Perspex glass to reduce the scatter radiation (knoll, 1989).

2.2.2 Electronic package

The electronic package includes a high voltage bias supply, logic to control

the high voltage and various light emitting diodes (LEDs). This logic system

incorporates a circuitry, which prevents the high voltage bias to be applied to

the system unless the detector is at liquid nitrogen temperature. The

temperature-sensing element is a Field Effect Transistor (FET).

2.2.3 The pulse shape

A gamma-ray incident on the detector generates a linear charge pulse, which is

delivered to the preamplifier. The detector is directly connected to the

preamplifier by pulse mode of connection. The pulse carries the energy and

time information. The time constant of the preamplifier is greater than the
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detector collection time and the charge is accumulated in the capacitor. The

rise time of the pulse is determined by detector characteristics, while the decay

time is determined by the external electronics associated with the detector.

The preamplifier matches the detector with the linear amplifier, converts the

charge into voltage pulse an amplifiers lit. The linear amplifier, besides

amplification, it is really a signal processor: it converts the signal form

received from the preamplifier into a form suitable for measurement, it cuts

the signal tail to prevent pile up, and restore the baseline. The amplifier

generates a semi-guassian shaped unipolar pulses with different peaking times.

The amplification linearity must maintain proportionality of voltage pulsing

time of 3 (is. this pulsing time is a function of the detector size. The input

voltage in the mV range, and the output voltage is in the range of 0 - 10 V.

From the amplifier the signal goes into the MCA, which is a HCS

microprocessor adapted by clipping an ADC (Analogue to Digital Converter)

board. The ADC converts the analog voltage into a digital number. In the

MCA these numbers (proportional to pulse heights) are sorted in appropriate

memory channels. After a prescribed time, and after a sufficiently large

number of events are collected, the events are plotted as a histogram of: the

number of pulses versus pulse heights (channel number, or pulse energy if an

energy calibration was performed). This spectrum is registered in a floppy

disk and then analyzed by suitable software.

2.2.4 Data storage and presentation

The collected pulses are analyzed, sorted according to their pulse height in the

MCA and after collection as a spectrum of pulse heights versus the number of

pulses. This data can be stored in a floppy disk, or sent to a stand-by printer.

The software then analyzes the data stored on the floppy disk. The result of

analysis (the activity report) is either stored in a floppy disk or printed on a

.stand-by printer.
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2.3 System Calibration:

To identify and quantify the concentration of the unknown radionuclides, the

system must be calibrated with respect to energy, efficiency and resolution.

The resolution measurement is required for identification of peaks in the peak

search routine. Energy calibration is necessary for sample qualitative analysis.

The efficiency calibration is required for sample quantitative analysis.

2.3.1 Energy calibration:

It is desirable that the pulses from the detector be represented in form

proportional to incident gamma energy, the constant of proportionality is

represented by:

Channel coefficient = incident gamma energy/channel number

Using Amersham mixed radionuclide standard of known energies in the range

of 60 - 1800 keV. The type and the corresponding energy of the radionuclides

that constitute aforementioned standard and the energy calibration curve are

shown in Table 2.1 and Fig. 2.1, respectively. To identify radionuclides by

energy, the channel number axis must be calibrated in energy units, in keV.

This calibration v?as carried out. Energy calibration is important for the

identification of radionuclides by their characteristic emission.

The simplest form is the linear relationship between the two quantities, and

two points are enough to establish such calibration relationship (E]5 Cj), (E2,

C2). Then the linear relationship is:

E = E, + (AE/AC) x (C - d )

Where:

E is ihe unknown, energy of a line whose peak center is at channel (C),

AE is the difference between E2 and Ej,

AC is the difference between C2 and Ci.
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The slope and the intercept of the energy calibration line are determined by

least square fit calculations. The slope and the intercept are checked routinely,

using Amersham Mixed radionuclides Standard. Radionuclides in the

unknown sample are identified with the aid of a radionuclide library present in

the software program.
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Table 2 .1 : Types of radionuclides used for system calibration and their

corresponding gamma energies

Radionuclide
241Am
109Cd

" C o
137Cs
54Mn
65Zn
06Co
60Co

Energy (keV)

59.496

87.981

122.144

661.706

834.883

1115.301

1173.337

1332.571
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Fig 2.2: Energy calibration curve
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2.3.2 Resolution

It defined as the smallest energy separation between two neighboring peaks,

which enable the system to identify them as separate peaks, viz. the ability of

the detector to separate lines of different energies, and is measured in terms of

the full line width at half maximum (FWHM). It depends on the detector

characteristics, the gamma energy, the count rate, and the preamplifier noise,

the cooling and the stability of the system. The resolution was checked

routinely, it was always 2 keV for the 1332 keV 60Co line. It increases

sometimes mainly due to inadequate cooling in the laboratory room during

measurement or inadequate cooling of the detector caused by decline in liquid

nitrogen level in the dewar on which the detector stands.

2.3.3 Efficiency calibration:

To quantify the radionuclide activity concentration the efficiency must be

known exactly. The intrinsic efficiency is defined, as the ratio of the counts

read by the instrument (R) to the number of photons incident on the detector
(N).

s e = R / N

The absolute efficiency (sa) is defined as the ratio of the count rate (R) to the

gamma emission rate (No) from the sample (Knoll). The absolute efficiency sa

is :

ea = R /N 0

Detector efficiency depends on the gamma energy, the geometrical factors:

sample-detector distance, the material configuration around the detector, on

the detector and the analytical expression used for efficiency calculation (the

expression that has been used for curves fitting of the experimental efficiency
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data). A generally accepted simple expression for the efficiency as a function

of energy is an exponential function (IAEA, 1989).

Ln s E = Ai + A2 Ln E

Where,

s e - is the efficiency;

Aj, A2 - are the fit parameters;

E - is the gamma energy in keV of the line.

This expression is adequate for the detection efficiency of gamma-energies in

the range 200 - 2000 keV Fig. 2.3. Below 200 keV a polynomial expression is

used:

-g n (Al+A2xE+A3xExE)
b e — AU

The efficiency calibration curve was checked routinely using an Amersham

Mixed Radionuclide Standard. The efficiency calibration curve is depicted in

Fig. 2.3.
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Fig 2.3: Efficiency calibration curve
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2.4 Background

All radiation-measuring systems record some background signals due natural

radioactivity from the Earth material, cosmic rays and structural materials in

the system. This background differs from one place to another: it depends on

the type of the detector, size, type of shield used for the detector and the

material used in shielding. Also the background may increase due to the

interaction of the primary gamma radiation with the structural, and shielding

material around the detector. To reduce these effects the lead shield is

internally lined with low atomic number material to reduce the scatter of soft

gamma rays. Copper, dural-aluminum, and prespex glass cylindrical sheets are

used for such purpose. The measurement of the background is important since

it affects the detection limit and the accuracy of measurements. If there is no

artificial sources near by, the background of the detector system, is mainly due

to natural background radioactivity: uranium and thorium daughters, and

potassium-40. The shield reduces the background level considerably. The

presence of any samples in the counting room, during counting affects the

spectrum of the sample being counted, by increasing the background and the

appearance of lines from these samples. So it is advisable to take away all

other samples present in the counting room. The background was routinely

measured in order to check the presence of any contamination.

2.5 Minimum Detectable Concentration (MDC)

Detection limits is a term used to express the detection capability of a

measurement system under certain conditions. An estimate for the lowest

amount of activity of a specific gamma-emitting radionuclide that can be

detected at the time of measurement can be calculated from different

expressions (IAEA, 1989).
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When a sample is introduced into the gamma measurements, the term usually

associated with detection is the minimum detectable concentration (MDC)

which can be expressed by:

4.66 S
MDC = b-

ep rw

Where,

Sb is the estimated standard error of the net count rate;

8 is the counting efficiency of the specific nuclide's energy;

P Y is the absolute transition probability by y-decay through

Selected energy (branching ratio);

W is the mass of the sample.

As can be seen from the above equation, the factors that tend to influence the

detection limits are the counting efficiency, the quantity of sample (mass or

volume), the counting time associated with Sb, and the background. In order to

obtain low detection limits the efficiency should be high, the sample should be

as large as practicable, the counting time should be as long as practicable, and

the background should be as low as attainable. The efficiency is strongly

influenced by the sample geometry and tends to decrease as the sample height

(distance away from the detector) increases. Therefore, an optimum sample

size and geometry must be used to obtain low detection limits.

The background of a measurement system is usually kept as low as

possible. However, the number and type of radionuclides in a gamma

spectrum can influence the level of background in the Compton continuum

region. Consequently, the detection limits for radionuclides with lower

energies (i.e. energies in the Compton continuum region) will be higher. The

concentration of potassium in samples has a direct influence on the detection
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limits for many radionuclides because of the Compton scattering caused by
40K (IAEA, 1989). Because of this dependence of both the continuum and

interfering photopeaks on other radionuclide activities present in the sample,

minimum detection limits for particular radionuclides are difficult to define

from first principles in natural series gamma spectrometry.

2.6 Material and Methods
2.6.1 Sample collection

A total of 25 cement samples representing 5 different types used in Sudan

were collected from the local market. Two of them manufactured locally

(Atbra and Rabak) and the other three imported are Seabulk, Jordanian and

Indonesian.

2.6.2 Sample measurement

Activity of 226Ra, 232Th and 40K in cement samples was measured using a high-

resolution y-spectrometry equipped with high-purity germanium detector

(HPGe). Samples were sealed in a 500 ml Marinelli beakers with plastic
000

covers and set aside to allow gaseous Rn (half-life, 3.8 days) and its short-

lived decay products (2I4Pb & 2HBi) to reach equilibrium with the long-lived
226Ra precursor in the sample. At the end of the ingrowth period, the samples

were counted for 8 hours. Sample spectra were analyzed using GANAAS

software package (provided by IAEA). 226Ra was determined by means of its

progeny photopeaks: 214Bi (609 keV) and 214Pb (352 keV). 232Th was analyzed

through its progeny photopeak 228Ac (911 keV) The activity of 40K was

measured directly through its 1461keV gamma line.

For quality control purpose, the IAEA intercomparison samples (Grass-1

and why powder) were used to check the consistency of the system throughout

the measurement period. The results together with their uncertainties are

shown in Tables 3. 2.and 3.3.
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Table 2.2: Comparison between measured and certified activity

concentration (Bq/kg) of 134Cs, 137Cs and 40K in grassl sample

Nuclide

n 7 Cs
134Cs

Measured

value

11400

598

406

Half-life corrected

certified value

11795

597

432

Absolute error %

3.34

0.17

6.02

Table 2.3: Comparison between measured and certified activity

concentration (Bq/kg) of 134Cs, I37Cs and 40K in whey sample

Nuclide

U7Cs
U4Cs

Measured

value

3166.6

138.32

1601.8

Half-life corrected

certified value

3242

162

1575

Absolute error %

2.33

14.62

1.70
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CHAPTER (3)

RESULTS AND DISCUSSION

Tables 3.1-5 show the activity concentration of 226Ra ,232Th, 40K in local

(Atbra and Rabak) and imported cement types (Jordanian Indonesian and

Seabulk). Statistical summary (mean and range) of activity concentration of
226Ra, 232Th and 40K in the different samples are presented in Table 3.6 and as

a histogram in Fig. 3.1. Close examination of the results revealed insignificant

variation in radioactivity content of different cements analyzed. The average

values obtained for 226Ra, 232Th and 40K activity concentrations are low when

compared with world-average values of 50, 50 and 500 Bq/kg, respectively

(UNESCER 1993).

3.1 Ra-equivalent activity (Raeq)

The radionuclides content of building materials has been reported in several

publications (e.g. Alam et al., 1999; Sciocchetti etal., 1983; Malanca etal.,

1995; El-Tahawy and Higgy, 1995). In comparing the radioactivity of

materials that contain 226Ra, 232Th and 40K a common index termed radium-

equivalent activity is required to obtain the total activity and is also used to

assess the gamma-radiation hazards. Since 98% of the radiological effects of

the uranium series are produced by radium and its daughter products, the

contribution from the U and the other Ra precursors is usually ignored, so

that the Raeq of a sample can be expressed as:

Raeq = CRa+(10/7) CTh+(l 0/130) Ck

Where C is the specific activity in Bq/kg. This equation is based on the

assumption that 10 Bq/kg of 226Ra, 7 Bq/kg of 232Th and 130 Bq/kg of 40K

produce the same y -radiation dose rate. The radium equivalent for the 25
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samples of the five types calculated using the above relationship are presented

in Tables 3.1-5.

The mean and the range of the radium equivalent activities are shown in

Table 3.6. On the average, Raeq concentration was found to be 46.9 Bq/kg for

Atbra, 50.5 Bq/kg for Rabak, 44.8 Bq/kg for Seabulk, 62.7 Bq/kg for

Jordanian and 41.9 Bq/kg for Indonesian cement. Upon comparing the results,

it is seen that there are no significant variations in Raeq values of different

cement samples analyzed. The highest value of Raeq was met with Jordanian

and the lowest with Indonesian cement.

However, all the values obtained here for radium equivalent activity fall far

below the criterion limit, as the use of materials whose radium-equivalent

activity concentration exceeds 370 Bq/kg is discouraged (Beretka and

Mathew, 1985). Comparative study of Raeq concentrations with similar data

from some other countries as calculated on the basis of the above formula are

presented in Table 3.7. It is apparent that the Raeq of cements originating from

different regions shows considerable variations, which are likely to be related

to the type of the raw material used in cement manufacture. This fact is

important from the point of view of selecting suitable materials for use in

building and construction, especially those, which exhibit large variations in

their activities. The comparison also indicates that the average values of Raeq

obtained in the present work are comparable to those reported from the UK

and Norway and very much lower relative to those from Germany, Sweden,

Bangladesh and Malaysia.

3.2 Representative level index value (Iyr)

It is another radiation hazards index primarily used to estimate the level of y -

radiation associated with different concentrations of some specified

radionuclides and can be expressed as follows (NEA-OECD, 1979)
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Iyr= (1/150) CRa+(l/100) CTh+(l/1500) CK

Where C is the respective activity concentration in Bq/kg. The representative

level index values, as estimated using the above formula for all the samples

are shown in Tables 3.1-5. The mean and range of the respective activity

concentrations are listed in Table 3.6. The average values found were 0.34

Bq/kg (Atbra), 0.36 Bq/kg (Rabak), 0.32 Bq/kg (Seabulk), 0.45 Bq/kg

(Jordanian) and 0.3 Bq/kg (Indonesian). It should be in place to note that all

Iyr values observed fall within a very narrow range and are less than unity, the

upper limit for the representative level. This would tend to confirm that the

samples under investigation exhibit very low gamma-radiation level. In

general, the representative index values vary in accordance with the Raeq

values and the comparison with data from different geographical regions is

shown in Table 3.7.

3.3 Committed effective dose equivalent (Deff)

The committed effective dose equivalent (juSv/g) for the different cement

types due to intake of Th, Ra and K by an adult person of age above 17

years based on the measured activities were estimated using the following

relation:

Deff (Sv/g) = Activity (Bq/g) x committed dose per intake (Sv/Bq)

The committed effective dose per unit intake factors via inhalation for the

nuclides concerned for an adult individual of age >17 were taken from the

Basic Safety Series (IAEA, 1996) and shown in Table 3.8.The absorption

category on which the calculation of committed dose per unit intake based, is

fast (F) for 40K and moderate (M) for both 226Ra and 232Th.

Tables 3.9-13 show the calculated Deff (uSv/g) for the five samples . The mean

effective dose and the percentage contribution to the total Deff from the
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various nuclides are listed in Table 3.14. The principal contributor is Th

which amounts to 95% of the total committed effective dose. It is difficult to

argue what this amount of dose level would mean since there is no global

acceptable value for the consumption of such kinds of materials. Nevertheless,

it will contribute to the internal radiation exposure to the workers who would

be involved in handling of cement through inhalation.

3.4 Annual dose limit
In the literature a number of criterion formulae have been derived over the

years to assess the indoor radiation dose rate due to exposure to gamma-

radiation from the natural radionuclides contained in the building materials.

The merits of these have been reviewed by the OECD's Nuclear Energy

Agency (OECD, 1979). Karpov and Krisiuk (1980) have proposed a relation

for the activity concentrations that limits the annual gamma dose rate inside a

room owing to the building material to about 1 mSv based on the formula

(CRa/370 +CTh/260 +CK/4810) < 1

Where, C denotes the respective specific activity in Bq/kg. This widely used

criterion formula has been completed by a term to account for the additional

radiation burden due to inhalation of radon and its decay products (Steger et

al. 1992), to obtain the criterion for building materials that are acceptable for

construction of inhabited buildings:

(CRa/740 (1 + 0.1 8 p d) + CTh/520 +CK/9620) < 1

Where s denotes the fraction for radon from walls, p is the mass density

(kg/m3) and d the thickness (m) of the walls. The Austrian Standard ONORM

S5200 (Steger et al, 1992) has adopted the values 0.1, 2000 kg/m3 and 0.3 m

to be used for 8, p and d, respectively, if unknown. Using these values and

calculating the sum of three ratios, it was found that the dose rate for all the
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samples fall within a narrow range from 0.19 to 0.30 mSv/y with an overall

mean of 0.23, which is far under the criterion limit.
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Table 3.1

Specific activity of 232Th, 226Ra and 40K, radium equivalent activity (Raeq)

and the representative level index (Iyr) in Atbra cement (Bq/kg)

Sample

no.

1

2

3

4

5

232T h

7.61

7.51

25.64

8.10

17.21

226 Ra

7.18

11.14

30.29

6.61

27.71

4 0 K

77.70

82.70

24.30

82.81

268.51

Raeq

24.03

28.20

85.01

24.55

72.95

Iyr

0.18

0.20

0.62

0.18

0.54

Mean

Std

Min

Max

13.21

8.07

7.51

25.64

16.59

11.50

6.61

30.29

107.20

93.49

24.30

268.51

46.95

29.59

24.03

85.01

0.34

0.21

0.18

0.62
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Table 3.2

Specific activity of 232Th, 226Ra and 40K, radium equivalent activity (Raeq)

and the representative level index (Iyr) in Rabak cement (Bq/kg)

Sample

no.

1

2

3

4

5

2 3 2 T h

13.15

14.10

13.70

13.78

13.00

226 Ra

23.92

23.50

24.68

23.70

24.19

4 0 K

93.10

89.65

98.77

92.91

85.27

Raeq

49.87

50.50

51.85

50.53

49.27

0.35

0.36

0.37

0.36

0.35

Mean

Std

Min

Max

13.54

0.46

13.00

14.10

23.99

0.46

23.5

24.68

91.94

4.970

85.27

98.77

50.40

0.96

49.27

51.85

0.36

0.01

0.35

0.37
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Table 3.3

Specific activity of 232Th, 226Ra and 40K, radium equivalent activity (Raeq)

and the representative level index (Iyr) in Seabulk cement (Bq/kg)

Sample

no.

1

2

3

4

5

232T h

7.65

21.29

17.50

7.15

7.74

226 Ra

13.55

27.84

28.73

13.32

14.13

4 0 K

68.00

169.30

137.22

74.13

56.60

Raeq

29.73

71.23

64.29

29.24

29.54

Iy r

0.21

0.51

0.46

0.21

0.21

Mean

Std

Min

Max

12.27

6.65

7.15

21.29

19.51

8.02

13.32

28.73

101.05

49.39

56.6

169.3

44.81

21.09

29.24

71.23

0.32

0.15

0.21

0.51
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Table 3.4

Specific activity of ZJZTh, 226Ra and 40K, radium equivalent activity (Raeq)

and the representative level index (Iyr) in Jordanian cement (Bq/kg)

Sample

no.

1

2

3

4

5

232Th

16.00

9.21

24.15

15.04

19.40

226 Ra

30.36

13.43

27.21

30.22

28.30

4 0 K

222

111

136

166

202

Raeq

70.29

35.20

72.10

64.47

71.51

0.51

0.26

0.51

0.46

0.52

Mean

Std

Min

Max

16.76

5.53

9.21

24.15

25.90

7.10

13.43

30.36

167.3

45.59

111

222

62.71

15.68

35.20

72.10

0.45

0.11

0.26

0.52
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Table 3.5
232™, 226r» j 40-,Specific activity of Th, Ra and K, radium equivalent activity (Raeq)

and the representative level index (Iyr) in Indonesian cement (Bq/kg)

Sample

no.

1

2

3

4

5

232T h

10.80

10.00

10.65

10.12

11.61

226 Ra

16.94

20.64

20.45

19.79

21.01

4 0 K

99.29

87.17

91.10

79.12

96.05

Raeq

40.01

41.63

42.67

40.33

44.98

V

0.29

0.30

0.30

0.29

0.32

Mean

Std

Min

Max

10.64

0.64

10.00

11.61

19.77

1.64

16.94

21.01

90.55

7.89

79.12

99.29

41.92

2.01

40.01

44.98

0.30

0.01

0.29

0.32
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Table 3.6

atistical summary (Mean and range) of specific activities of Th, Ra and

K, Radium equivalent activity (Raeq) and the representative level index (IYr)

j/kg for Local and imported cement types used in Sudan (sample number is 5

om each type)

Cement
type

Atbra

Rabak

Seabulk

Jordanian

Indonesian

232T h

13.21±8.06
(7.51-25.64)

13.55±0.46
(13.00-14.10)

12.27+6.65
(7.15-21.29)

16.76±5.52
(9.21-24.15)

10.64+0.64
(10.00-11.60)

226Ra

16.59±11.50
(6.61-30.29)

23.99+0.46
(23.50-24.68)

19.51±8.02
(13.32-28.75)

25.90±7.10
(13.43-30.36)

19.77+1.64
(16.94-21.01)

4 0 K

107.20+93.49
(24.30-268.51)

91.94+4.97
(85.27-98.70)

101.05±49.39
(56.60-169.30)

167.30+45.59
(111-222)

90.55±7.89
(79.12-99.29)

Ra e q

46.90+29.60
(24.03-85.01)

50.4010.96
(49.27-51.85)

44.81±21.10
(29.24-71.23)

62.71±15.68
(35.20-72.10)

41.92±2.01
(40.01-44.98)

V

0.34±0.22
(0.18-0.62)

0.36±0.01
(0.35-0.37)

0.32±0.15
(0.21-0.51)

0.45±0.11
(0.26-0.52)

0.30+0.01
(0.29-0.32)
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Table 3.f

of the radium equivatem activity (Ra^ and

level index value (IYr) obtained in this study with measurements from

different countries (Alam et al., 1999)

Country

Current work

Rabak

Atbra

seabulk

Jordanian

Indonesian

Bangladesh

Malaysia

China

USA

UK

Norway

Finland

Sweden

Germany

Australia

Raeq

(Bq/kg)

50.4

46.9

44.81

62.7

41.9

384

181

120

83.8

60.0

74.2

99.6

140

206

114

V
(Bq/kg)

0.36

0.34

0.32

0.45

0.30

2.46

1.27

0.84

0.51

0.43

0.54

0.71

1.00

1.51

0.90
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Table 3.8
Committed effective dose per unit intake factors via inhalation

(Sv/Bq) for an adult individual of age >17 a)

Nuclide

232T h

226 Ra

4 0 K

Committed effective dose per unit
intake factors via inhalation

2.3 xlO"4

7.8 xlO"6

2.1 xlO"9

Table 3.9
Committed effective dose equivalent, Deff (|a.Sv/g), with its mean, standard

deviation, range values due to intake of 232Th, 226 Ra and 40K
by an adult individual of age >17 a for Atbra cement type

Sample
no.
1

2

3

4

5

Defi<
232Th)

1.75

1.73

5.89

1.86

3.96

»eff(226Ra)

0.06

0.09

0.02

0.05

0.21

XIO'4

1.63

1.74

5.10

1.74

5.64

Mean

Std

Min

Max

3.04

3.71

1.73

5.89

0.13

0.09

0.05

0.02

2.25

1.96

5.10

5.64
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Table 3.10
Committed effective dose equivalent, Deff (|uSv/g), with its mean, standard

deviation, range due to intake of 232Th,226 Ra and 40K by
an adult individual of age >17 a for Rabak cement

Sample no.

1

2

3

4

5

3.02

3.24

3.15

3.17

2.99

Deff{226Ra)

0.19

0.18

0.19

0.18

0.19

DeflTK)
X10 4

1.96

1.89

2.07

1.95

1.79

Mean

Std

Min

Max

3.12

0.11

2.99

3.24

0.19

0.004

0.19

0.19

1.93

1.04

1.79

2.07
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Table 3.11
Committed effective dose equivalent, Deff (|uSv/g), with its mean, standard

deviation, range due to intake of 32Th, 226 Ra and 40K by
an adult individual of age >17 a for Seabulk cement

Sample no.

1

2

3

4

5

Deff(
232Th)

1.76

4.89

4.03

1.65

1.78

Deff{
226Ra)

0.11

0.21

0.22

0.10

0.11

Deff{
40K)

X104

1.43

3.56

2.89

1.56

1.18

Mean

Std

Min

Max

2.82

1.53

1.65

4.89

0.15

0.063

0.10

0.22

2.12

1.04

1.18

3.56
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Table 3.12
Committed effective dose equivalent, Deff (|uSv/g), with its mean, standard

deviation, range due to intake of 232Th, 226Ra and 40K by an
adult individual of age >17 a for Jordanian cement

Sample no.

1

2

3

4

5

Deff<232Th)

3.68

2.12

5.56

3.46

4.46

De f f(
2 2 6Ra)

0.12

0.11

0.21

0.24

0.22

Deff(4°K)

X104

4.66

2.33

2.86

3.48

4.23

Mean

Std

Min

Max

3.85

1.27

2.12

4.46

0.20

0.23

0.11

0.24

3.51

9.57

2.33

4.66
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Table 3.13
Committed effective dose equivalent, Deff ((LtSv/g), with its mean, standard

deviation, range due to intake of 232Th,226 Ra and 40K by an
adult individual of age >17 a for Indonesian cement

Sample no

1

2

3

4

5

Def f(
232Th)

2.48

2.3

2.45

2.33

2.67

Deff(
226Ra)

0.13

0.16

0.12

0.11

0.12

Deff(
40K)

X10"4

2.09

1.83

1.91

1.66

2.02

Mean

Std

Min

Max

2.45

0.11

2.3

2.67

0.15

0.001

0.13

0.16

1.904

0.12

1.66

2.09
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Table 3.14
Mean committed effective dose equivalent, Deff, (jiSv/g) from local (Atbra
and Rabak) and imported (Seabulk, Jordanian and Indonesian) cement
types due to inhalation of 226Ra,232Th and 40K by an adult individual of
age above 17 years and percentage contribution to the total Deff from
various radionuclides

Cement
Type

Atbra

Rabak
Seabulk

Jordanian

Indonesian

Deff
( 232 Th)

3.04

3.12
2.82
3,85

2.45

Deff
(226Ra)

0.13

0.19
0.15
0.20

0.15

Deff(
40K)

X 1 0 4

2.25

1.93
2.12
3.51

1.90

TOTAL
Deff

3.17

3.30
2.97
4.06

2.60

% contribution to the
total Deff

232 rp.

95.9

94.3
94.8
95.0

94.1

2 2 6Ra

4.1

5.7
5.1
5.0

5.9

4 0 K

0.01

0.01
0.01
0.01

0.01
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Fig 3.1: Specific activities of 232Th,226Ra and 40K (Bq/kg) for
local and imported cement types used in Sudan
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CHAPTER (4)

CONCLUSION

Based on the assessment of potential radiological hazards as inferred from the

calculations of representative level index and the annual dose limit, the

investigated cement samples fall within the category of accepted building

materials and safe to use for construction of inhabited buildings.

A further comprehensive survey taking into account the rate of radon

exhalation from the building materials and its contribution to indoor exposure

is needed.
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Abstract — Activity concentration of "2Th, 226Ra and '"'K in local (Atbra and Rabak) and imported cement types (Jordanian,
Indonesian and Seabulk) has been measured using high-resolution -y-spectromelry. The average values obtained for 2MTh, 22r'Ra
and 40K activity concentrations in different cements arc lower than the corresponding global values reported in UNSCEAR
publications. The radium-equivalent activity (Rac<1) of the samples was calculated and compared with similar data reported in
Ilie literature. The comparison has revealed that Racq values obtained fall far below the criterion limit specified for building
materials. The potential radiological hazard of the different samples was estimated using different approaches: representative
level index and annual dose limit (dose due to gamma radiation inside the room and inhalation of radon). The estimated representa-
tive level index for all the samples is less than unity (the upper limit) indicating that the associated gamma radiation level is
low. The annual dose limit falls within 0.19 to 0.30 mSv, which is an order of magnitude below the criterion limit specified for
building materials in the literature.

INTRODUCTION

As is known, cement is the most important construc-
tion material of today's civilisation. The radioactivity
content of cement varies considerably depending upon
the geological characteristics of the initial raw materials
from which the cement is processed. The knowledge of
radioactivity in building materials, cement in particular,
and the associated radiation doses due to inhalation are
of paramount importance for assessment of radiological
hazards to human health. Radioactivity levels in
cements were reported by many authors from different
geographical locations'1>2).

In Sudan cement is locally manufactured in Rabak
(the White Nile State in the central part of the country)
and in Atbra (The Nile State-—Northern part). How-
ever, domestic production is not enough to meet the
ever-increasing national demand. Thus, cement is
imported in huge amounts from different countries.
Presently, there are no standards or guidelines prescrib-
ing the acceptable levels of radioactivity in building
materials in the country as in some industrialised
countries'35. This study is aimed at establishing broad
base-line data on activity concentration of natural series
nuclides in local and imported cement types as well as
assessing the potential radiological hazards to man.

SAMPLE COLLECTION

A total of 25 cement samples representing 5 different
types used in Sudan were collected from the local

Contact author E-mail:adam_sain@lioimail.com

market. Two of them manufactured locally (Atbra and
Rabak) and the other three, Seabulk, Jordanian and
Indonesian, are imported.

MEASUREMENTS

Activity of 226Ra, 232Th and 40K in cement samples
was measured using a high-resolution 7 spectrometer
equipped with a high purity germanium detector
(HPGe). The detector was calibrated with respect to
energy, efficiency and resolution using an Amersham
Mixed Radionuclide Standard. Samples were sealed in
500 ml Marinelli beakers with plastic covers and set
aside to allow gaseous 222Rn (half-life, 3.8 days) and
its short-lived decay products (214Pb and 2MBi) to reach
equilibrium with the long-lived 226Ra precursor in the
sample. At the end of the ingrowth period the samples
were counted for 8 h. Sample spectra were analysed
using the GANAAS software package (provided by
IAEA). 226Ra was determined by means of its progeny
photopeaks: 214Bi (609 keV) and 2I4Pb (352 keV). 232Th
was analysed through its progeny photopeaks: 228Ac
(911 keV) and 208Tl (583 keV). The activity of 40K was
measured directly through its 1461 keV. Locally pre-
pared Meri standard (rock samples from high back-
ground area of Meri in the Nuba Mountains, Western
Sudan, analysed using different techniques in Germany
and Vienna by our staff members during their IAEA
fellowship tenure) together with the IAEA inter-
comparison samples were used as quality control
samples throughout the measurement period to check
the consistency of the system.
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RESULT AND DISCUSSION

A statistical summary (mean and range) of activity
concentrations of 226Ra, 232Th and 40K in the different
samples is presented in Table 1. Close examination of
the results revealed no significant variation in radio-
activity content of the different cements analysed. The
average values obtained for 226Ra, 232Th and 40K activity
concentrations are low when compared with world aver-
age values of 50, 50 and 500 Bq.kg"1, respectively(4).

Ra equivalent activity (Racq)

Tlie radionuclide content of building mnlerinls has
been reported in several publications'5 S). In comparing
the radioactivity of materials that contain Ra, Th and K
a common index termed radium-equivalent activity is
required to obtain the total activity and is also used to
assess the gamma radiation hazards. Since 98% of the
radiological effects of the uranium series are produced
by radium and its daughter products, the contribution
from the 238U and the other 22<5Ra precursors is usually
ignored, so that the Racq of a sample can be expressed
as:

Raeq - CRa+(10/7) CTh + (10/130) Ck

where C is the specific activity in Bq.kg"1. This
equation is based on the assumption that 10 Bq.kg""1 of
226Ra, 7 Bq.kg-1 of 232Th and 130 Bq.kg-1 of 40K pro-
duce the same y radiation dose rale. The mean and the
range ol" radium equivalent ol" the total activity of the
samples calculated on the basis of the aforementioned
relationship are shown in Table 1. On average, Racq

concentration was found to be 46.9 Bq.kg-' for Atbra,
50.5 Bq.kg-' for Rabak, 44.8 Bq.kg-' forSeabulk, 62.7
Bq.kg"1 for Jordanian and 41.9 Bq.kg"1 for Indonesian
cement. Upon comparing the results, it is seen that there
are no significant variations in Racq values of different
cement samples analysed. The highest value of Racq was
seen with Jordanian and the lowest with Indonesian

cement. However, all the values obtained here for rad-
ium equivalent activity fall far below the criterion limit,
as the use of materials whose radium-equivalent activity
concentration exceeds 370 Bq.kg"1 is discouraged(9). A
comparative study of Raeq concentrations with similar
data from some other countries calculated on the basis
of the above formula are presented in Table 2. It is
apparent that the Raeq of cements originating from dif-
ferent regions shows considerable variations, which are
likely related to the type of raw materials used in cement
manufacture. This fact is important from the point of
view of selecting suitable materials for use in building
and construction, especially those which have large
variations in their activities. The comparison also indi-
cates that the average values of Racq obtained in the
present work are comparable to those reported from the
UK and Norway, and very much lower relative to those
from Germany, Sweden, Bangladesh and Malaysia.

and I.Table 2. Comparison of Racq

this study with measurements from different
(Alam et al, 1999).

yr (Bq/kg) obtained in
countries

Country Racg

Current work
Rabak
Atbra
Jordan
Indonesia

Bangladesh
Malaysia
China
USA
UK
Norway
Finland
Sweden
Germany
Australia

50.4
46.9
62.7
41.9
384
181
120

83.8
60.0
74.2
99.6
140
206
114

0.36
0.34
0.45
0.30
2.46
1.27
0.84
0.51
0.43
0.54
0.71
1.00
1.51
0.90

Table 1. Mean (and range) of specific activities of 2J2Th, 22r>Ra and 40K, radium equivalent activity (Racq) and representative
level index (IY1.) values for local and imported cement types used in Sudan.

Cement
type

Atbra

Rabak

Seabulk

Jordanian

Indonesian

Sample
no

5

5

5

5

s

?.MTh

(Bq/kg)

13.2 ± 8.1
(7.5-25.6)

13.6 ± 0 . 5
(13.0-14.1)

12.3 ± 6.7
(7.2-21.3)

16.8 ± 5.5
(9.2-24.2)

10.6 ± 0.6
(10-11.6)

:2f>Ra
(Bq/kg)

16.6 ± 11.5
(6.6-30.3)

24.0 ± 0.5
(23.5-24.7)

19.5 ± 8.0
(13.3-28.7)

25.9 ± 7.1
(13.4-30.4)

19.8 ± 1.6
(16.9-21.0)

(Bq/kg)

107.2 ± 93.5
(24.3-268.5)

91.9 ±4 .9
(85.3-98.7)

101.1 ±49.3
(56.6-169.3)

176.3 ± 45.6
(111-222)

90.6 ± 7.9
(79.1-99.3)

Raec|

. (Bq/kg)

46.9 ± 29.6
(24.0-85.0)

50.4 ± 1.0
(49.3-51.9)

44.8 ±21.1
(29.2-71.2)

62.7 ±15.7
(35.2-72.1)

41.9 ± 2.0
(40.0-45.0)

K
(Bq/kg)

0.3 ± 0.2
(0.2-0.6)

0.4 ± 0
(0.4-0.4)

0.34 ± 0.2
(0.2-0.5)

0.5 ±0.1
(0.3-0.5)

0.3 ± 0.01
(0.3-0.3)



RADIOACTIVITY IN CEMENT IN SUDAN

Representative level index value (Iyr)

This is another radiation hazards index primarily used
to estimate the level of 7 radiation associated with dif-
ferent concentrations of some specified radionuclides
and can be expressed as follows001:

I,r = (1/150) CRa + (1/100) CTh + (1/1500) CK

where C is the respective activity concentration in
Bq.kg~!. The representative level Index values, as esti-
mated using the above formula for the samples, are
listed in Table 1. The average values found were 0.34
Bq.kg-' (Atbra), 0.36 Bq.kg"1 (Rabak), 0.32 Bq.kg-'
(Seabulk), 0.45 Bq.kg"' (Jordanian), and 0.3 Bq.kg"1

(Indonesian). It should be noted that all the I7r values
observed fall within a very narrow range and are less
than unity, the upper limit for the representative level.
This would tend to confirm that the samples under
investigation exhibit a very low gamma radiation level.
In general, the representative index values vary in
accordance with the Raeq values and the comparison
with data from different geographical regions is shown
in Table 2.

Annual dose limit

In the literature a number of criterion formulae have
been derived over the years to assess the indoor
radiation dose rate due to exposure to gamma radiation
from the natural radionuclides contained in building
materials. The merits of these have been reviewed by
the OECD's Nuclear Energy Agency'10). Karpov and
Krisiuk(ll) have proposed a relation for the activity con-

centrations that limits the annual gamma dose rate inside
a room owing to the building material to about 1 mSv
based on the formula

(CRa/370 + CTh/260 + CK/4810) =s 1

where.C denotes the respective specific activity in
Bq.kg"1. This widely used criterion formula has been
completed by a term to account for the additional
radiation burn due to inhalation of radon and its decay
products(3), to obtain the criterion for building
materials that are acceptable for construction of
inhabited buildings:

(CRa/740 (1 + 0.1 e p d) + Cn/520 + CK/9620) ^ 1 "

where e denotes the fraction for radon from walls, p is
the mass density (kg.rrT3) and d the thickness (m) of
the walls. The Austrian Standard ONORM S5200<3) has
adopted the values 0.1, 2000 kg.m~3 and 0.3 m to be
used for e, p and d, respectively, if unknown. Using
these values and calculating the sum of three ratios, it
was found that the dose rate for all the samples falls
within a narrow range from 0.19 to 0.30 mSv.y"1 with
an overall mean of 0.23, which is far below the cri-
terion limit.

CONCLUSIONS

Based on the assessment of potential radiological haz-
ards as inferred from the calculations of representative
level index and the annual dose limit, the investigated
cement samples fall within the category of accepted
building materials and are safe to use for the construc-
tion of inhabited buildings.
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