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Introduction

In recent years, public and national authorities in many -.

countries have shown a great interest in measuring and p

controlling the natural radioactivity in the environment.

The average dose received from radiations resulting from

the decay of radon gas and its daughters is believed to be ;;

larger than the sum of doses received from all other 4:

natural and man-made sources of radiations.
' '•

- tr

Because of energy crises, compact energy saving houses and

buildings became very common in most countries with very '

cold and/or very warm climates. These houses and buildings

usually have limited ventilation causing considerable

accumulation of radon gas in their environment.

Because of the well-established relationship between lung

cancer and high radon concentration, indoor radon

concentration is today subject to regulations in many

countries.

There are three radon isotopes (zl9Rn, ZZQRn, ZZ2Rn) in (,

nature, resulting from the decay of the well-known three h

naturally occurring radioactive series. Since the element Q

is chemically inert, it has the ability to migrate from
I

its sources without any chemical reactions. ;,

U-
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The half-life of 219Rn is 3.96 s, that of 220Rn is 55.6 s,

and that of 222Rn is 3.82 days. Owing to the short halt-

life of the first two isotopes, only 222Rn can migrate a

significant distance from its source and constitute the

major part of the dose caused by radon gas. According to

this fact, the present work will deal only with 222Rn

isotope .

The climate of the State of Qatar is very warm during the

summer and also for considerable parts of the spring and

autumn. Energy-tight houses and buildings with air

conditioning working day and night for several months are

very common. Consequently, the problem of accumulation of

indoor radon may exist. No measurements of radon

concentration in Qatar have been performed before.

The aim of the present work is to implement a suitable

technique to measure radon concentration in Qatari houses

and buildings. As a first stage, it was found reasonable

to start with a technique to evaluate the short-term

average indoor radon concentration. The activated charcoal

method was chosen to perform this evaluation.

Although many of the building materials used in Qatar are

imported, without controlling the content of natural

radioactivity, the geology of Qatar is known to be free

from a high concentration of radioactive sediments.

Therefore, it is most probable that the concentration of

ii



radon will be low. Consequently, great effort has been put

,, into the present work towards the improvement of the
•*"• |^#

i ••• technique. The improvement is guided towards increasing
. K

; ;«'' the accuracy, as well as the sensitivity, of the method to

decrease its minimum detectable concentration. Using the

improved technique, a limited number of indoor radon

'•<• concentration in some Qatari houses was measured.

iii



Summary

The present work is represented in three chapters. The

first includes a brief survey of radon gas sources, decay

products of its isotope 222Rn, its hazards, and estimation

of risk due to exposure to radiation emitted from the gas

and its decay products.

The second chapter reviews the most important methods for

detecting the gas. All these methods are based on the

detection of alpha and/or gamma radiation emitted during

the decay process. The detections are clarified according

to their active or passive character. The methods reviewed

are: Lucas cells, ionization chambers, two fi'.ter methods,

semiconductor detectors, activated charcoal methods and,

finally, solid state nuclear track detectors with their

different configurations.

The third chapter is the main chapter. It includes

detailed description of the technique used in the present

work, how it improved and was used after improvement to

measure radon concentration in some Qatari houses.

Since no measurements have been made before to measure

radon concentration in Qatar, it was found reasonable to

start with a technique to evaluate the short-term average

indoor radon concentration. The activated charcoal method

IV



was chosen for this purpose. This method is based on

exposing a canister containing a known amount of activated

charcoal for a few days to the environment. During

exposure, the canister will absorb radon gas and humidity.

After exposure, the canister is weighed to estimate the

water gain, and then left for at least three hours to

attain equilibrium between the absorbed radon and its gamma

emitting daughters. After equilibrium, gamma spectrum from

the canister are analyzed by a gamma spectrometer, the

interests of gamma lines from 214Pb and 2 UB, radon daughters

are measured. From these interests, the radon

concentration in pCi/1 can be deduced by using a suitable

calibration factor. This calibration factor depends on the

exposure time of the canister, as well as its water gain.

The present work followed the same procedures and

conditions stated by the United States Environmental

Protection Committee (EPA). Consequently, their

calibration factors were used. Since the calibration

factor depends on the exposure time as well as the water

gain by canister, the EPA presented a curve for an exposure

time equals two days. For other exposure times, the

calibration factor should be adjusted by an adjusting

factor depending on the humidity of the environment.

Values for the adjusting factor are given by three curves

for different humidity ranges.

In the present work, it was found convenient to gather and
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represent all information of the calibration factor and

adjusting factors in only one three dimensional curve. The

curve will represent directly the adjusted calibration

factors for different exposure times and water gain. This

was done by a simple program executed on a personal

computer and it can read directly the adjusted calibration

factor at different exposure conditions.

Although many building materials used in Qatar are imported

without control of their content of natural radioactivity,

the geology of Qatar is known to be free from high

concentration radioactive sediments. Therefore, it is most

probable that the concentration of radon will be low.

Consequently, great efforts have been made to improve the

method, after its adaption, to the needs of the desired

measurements.

The factors which brought improvements to the method can be

summarized as follows:

A - Detector

A detailed study of the characteristics and performance of

a hyper pure germanium and a scintillation gamma

spectrometer was performed. The results indicated that the

scintillation detector is the most suitable for the present

study owing to its high detection efficiency. Its poor

energy resolution is not a matter of concern.

vi



Since the detection efficiency is one of the main factors

effecting the accuracy of measurements, a two detector

system was proposes, constructed and used in the present

work for the first time. By this two detector system the

counting error was decreased by about 20% and the

sensitivity of the method was increased resulting in a

decrease in the minimum detectable concentration of radon

by about 13%.

B - Optimum Exposure Time

The statistical errors in measuring gamma intensities from

a given canister depend on the amount of absorbed radon in

the canister. Consequently, the optimum exposure time to

accumulate the maximum radon was estimated and was found to

be about four days. This estimation was based on the

values of the adjusted calibration factor at different

exposure times and humidity given by the EPA. At the same

time, a simple computer program was constructed and run on

a personal computer to illustrate the dependence of the

minimum detectable level (MDL) of the method on exposure

time at different values of water gain. A series of curves

showing the variation of the MDL in arbitrary units, with

exposure time from one to six days, was plotted at

different water gain ranging from l to 9 grams per

canister. 1
V:

All curves showed that the MDL of the method reached its

vii



:jE lowest value at an exposure time of four days. As the ~i

$..'' water gain increases, the MDL increases.

f
i •

$ In order to get absolute values of the MDL of the ,:

experimental set-up described in the present work, a ;

chamber whose volume is about 96 litres with controlled

1 temperature and humidity was constructed. An environment

with very low radon concentration was created where six :

canisters were exposed for exposure times ranging from one ^

to six days. The water gain was adjusted to be about 2 gm *\

for all canisters. The results obtained from this

experiment will represent the MDL of the experimental set- ;

up at different exposure times. The lowest MDL of the set-

up was found to be of the order of 0.1 pCi/1 when using

only one detector system and 0.06 pCi/1 when using the two w

detector system. These values of the MDL were used to

normalize the series of curves representing the variation

of the MDL in arbitrary units. In this way, the expected

MDL of the present experimental set-up at any exposure time

v and water gain can be found.

At the end of Chapter 3, Doha city is represented. Fifty \^ .

nine bedrooms, at ground and first floor levels, were ^

chosen for this study during autumn 1991. Although the *
:- I
: number of measurements is too small to make significant »..

i

' conclusions, the following remarks could be considered. l

1 - The mean value of the short-term average of radon

viii
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concentration in the studied locations was found to be of

t£. * the order of 0.29 ± 0.11 pCi/1. Only a few canisters have

1 values as high as 0.94 + 0.09 pci/l. This average

' , value is relatively low compared with values of 0.49 pci/l,

0.84 pCi/1 and 1.27 pCi/1 reported in the UK, Ireland and

Denmark, respectively.
t

2 - The average concentration in rooms situated on the

ground floor is about 50% higher than that in rooms

situated on the first floor.

3 - The measured values of radon concentration are

relatively small. This fact justifies the efforts made in

the present work to improve the accuracy as well as the MDL

of the method.

4 - There is satisfactory agreement between the HDL

estimated for the 59 canisters measured and that expected

from the study of the dependence of the HDL on exposure

time.

IX
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how it was improved
intensities of gamma
From these intensities
Protection Agency (EPA)
system was proposed
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some measurements of radon concentration
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CHAPTER 1

RADON AND ITS HAZARDS

i



11 RADON GAS

1
, i Radon is a radioactive gas, first discovered in the early

• i 1900s, during the studies of radioactive elements at the

*"'.." turn of the century, when it was found that gaseous

"emanations" are themselves radioactive.

The gas associated with uranium and radium was called

radon. Radon has come to designate the element with atomic

number 86 in the periodic table(1>. (

1.1.1 RADON ISOTOPES

Radon has three isotopes namely 219Rn, 220Rn and 222Rn which

occur in nature as members of the primordial actinium, £'

thorium and uranium series as shown in Table (l.l). Half-

lives, principal radiation energies and intensities are

also shownc2>.

The first radon isotope is actinon 219Rn, which is a member

of the actinium series which starts with the long-lived >?

radionuclide 235U. The concentration of 235U by weight in •?;

rocks and soils is generally <1% of that of 238u<2). The j|

rareness of 235U, coupled with the short 219Rn half-life W

(4 sec) has generally precluded the direct measurements of -

this isotope in the atmosphere. This fact also leads to &

ignoring z19Rn as a radiation hazard in the atmosphere.



TABLE 1.1

The Primordial Actinium. Thorium and Uranium Series

to

Series Isotope

Actinium 219Rn

Thorium 220Rn

Uranium 222Rn

Historical
Name

Half-life Principal Radiation
Energies and
Intensities

Actinon (An)

Thoron (Tn)

Emanation(Em)
or Niton (Nt)

Alpha Gamma
3

55

3

.96

.60

.82

s

s

d

9.

6.

5.

819 HeV 81%

288

490

100%

100%

.'3*5? MW



The second radon isotope is thoron 220Rn, which is a member p;

of the thorium series. This series has the highest flux

.f. in soil (40 pCi m"2 3"1)<2J due to the equality of the global

/• activities of 238U and 232Th. However, because of 22ORn's J1 ' 4
>-. short half-life (55.6 sec), only a few direct measurements ;?

of 220Rn have been made<2). J

The abundance of 232Th in the earth' s crust is somewhat j'f,

higher than that of 23SU(1>, but there is a greater chance Jf

for 220Rn to decay while still trapped in the ground or in >:'

,/2building materials than for 222Rn because T,/2 of
 220Rn is

much shorter than that of 222Rn.

In consequence, the amount of 220Rn entering the environment

is less than the amount of 32ZRn. Hence, 219Rn and 220Rn L.

constitute no measure hazard in comparison to 222Rn.

Accordingly, most, if not all, work and research was

concentrated on measuring 222Rn concentration, estimating

it's health hazard and on improving related measuring

techniques. Thus, in this work, the emphasis will be on

222Rn.

1.1.2 RADON-222 AND ITS DAUGHTERS £

Radon-222 is the third radon isotope and the longest lived f

one (3.82 day). It's a member of the uranium series. L

Radon-222 has a flux of 0.45 pCi m'z s*1<2) in soil which is ¥••
K>,



about 100 times less than that of 220Rn, but it's relativity

long half-life permits wide distribution in the

atmosphere12*.

Radon-222 is an invisible noble gas, colourless, odourless,

tasteless and a chemically non-reactive radioactive gas

produced by the decay of Ra-226, a member of the uranium

(U-238) series, as shown in Fig. (l.l).

The half-life of 222Rn is 3.82 days, and the half-lives of

its succeeding transformation products vary from fractions

of a second to several years. These transformations

culminate ultimately in the stable isotope 206Pb. The

emission of radiation by radon gas and its transformation

products, and the deposition of the radioactive products in

pulmonary tissues, constitute the hazard of radon

inhalation, where most of the hazard is due to alpha

radiation'31.

All rocks and soil contain uranium and therefore

everyone is continuously exposed to radon and its

progenies. Average soil contains about 1 pCi of radium per

gram and emits about 0.5 pCi of radon per square metre of

surface'3'. If radon-222 formed deep within rocks, then,

it normally has little chance of migrating to the surface

and into the air before it decays. However, when rocks

are fractured the radon gas can escape'4'. In fact, the

I i:
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Fig. (1.1) Principal scheme of the uranium series



presence of radon gas with high concentration has, in

recent years, been observed as a pre-cause of

earthquakes'*'.

1.1.3 SOURCES OF RADON GAS

Radon, present everywhere in the earth's crust, diffuses

easily through permeable soils, eventually escaping into

the atmosphere. There is also the possibility of the

escape of radon gas from the surface of minerals and

particularly those that are used in the construction of

buildings. It is only a hazard when it enters a confined

space where it can accumulate to a significant

concentration. This may occur in houses and buildings,

especially if the structures are built on, or close to,

earth having a high concentration of radon. This is

especially true if houses have routes of entry through

which the gas can pass, or are weather-proofed for energy

conservation*55 and have limited rates of air exchange.

In homes, the predominant source of radon in indoor air is

in the soil beneath structures, building materials, water

used within the home. Utility natural gas can also

contribute'6'9*. Water supplies, for example, containing

high unsupported levels of radon have been found in some

countries such as Maine in the USA<10>.

Certain building materials, however, have high

I!



concentrations of radium and are strong sources of radon.

Some of these materials are granites, Swedish concrete made

with alum shale, and building materials made with wastes

from industrial processes, such as phosphogypsum, phosphate

slag and fly ash(8).

The entry of radon gas into a building is determined by the

structural characteristics of it, and the flow of radon-

containing air into the building. The flow is influenced

by wind, temperature, barometric pressure, soil moisture

and local concentration of radium-226<6'8).

A comprehensive survey of the physical and chemical

properties of radon gasr including the lines of the radon

emission spectrum, was made by Weigelc2>.

1.1.4 RADON CONCENTRATION MEASUREMENT UNITS

It is necessary to give some idea about the units used for

measuring radon concentrations and exposure before writing

about radon hazards.

Radon is measured in units of pico Curies per litre of air

(pCi/1) ; 1 pCi/1 represents an average decay rate of 2.2

radon atoms per minute in a litre of air(10>. In the

International System (SI) of measurements, 1 Curie is

equivalent to 3.7 x 1O10 Becquerel (Bq), where 1 Bq is 1

disintegration per second. Hence 1 pci is equivalent to
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0.037 Bq, and 1 Bq equals 27 pCi. \

Then: l pCi/1 = 37 Bq/m3

For historical reasons, the concentration of radon progeny

is generally expressed as Working Levels (WLs), in which

1 WL is any combination of radon progeny in 1 litre of air,

that ultimately releases 1.3 x 105 Mev of alpha energy

during decay(8). Exposure to l WL for 170 hours<3-8'11'12> in

a month gives 1 Working Level Month (WLM) of exposure.

Because most people spend much more than 170 hours at home

each month, a concentration of 1 WL in a residence results

in exposure much greater than l WLM on a monthly basis.

A concentration of 1 pCi/1 translates to approximately

0.005 WL under usual conditions of equilibrium between

radon and its decay products in a home(8>, and 1 WL of radon

decay products corresponds roughly to the amount of decay

products released by 200 pCi/1 of radon in air<8).

The approximate average concentration in US homes is 1.5

pCi/l<8'13). If one assumes that 70% of time is spent at

home, then the results are an exposure of about 0.02 WLM

(monthly), 0.3 WLM annually and 20 WLM over a lifetime of

70 years.



1.2 RADON HAZARD

' S; The risk of radon may be weighed relative to other sources

of ionizing radiation. In 1987, the National Council on

Radiation Protection and Measurements (NCRP)t6>, estimated

the relative magnitude of ionizing radiation exposure in

the USA, as shown in Fig. (1.2). By this assessment radon

daughters alone account for over half of the total. If

risk is proportional to exposure, radon poses more of a

hazard than medical use, nuclear power plants and

occupational exposure combined'6*. Investigators continue

to attempt to determine at what level of exposure, radon

gas becomes hazardous to the general population045.

1

Radon decays into a series of solid, short-lived radio-

isotopes that are collectively referred to as radon

daughters, radon progeny, or radon decay products. These

decay products become attached to aerosols, water droplets,

dust particles and surfaces. Two of the decay products,

polonium-218 and polonium-214 emit high energy alpha parti-

cles, which are highly effective in damaging tissues. When

these emissions take place within the lung as inhaled radon

progeny decay, the particles attach to the bronchial

equithelium, where they are retained through subsequent

decays. The energy released during these decays, princi-

pally in the form of alpha radiation, produces cellular

damage in pulmonary tissues that leads to lung cancer13'8'10-15'.
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1.2.1 THE ACTION LEVEL

It is the level which gives an indication about the serious

risk which is faced, the "action level" set by the Environ-

mental Protection Agency (EPA) to be 4 pci/l(11-12-16"21). The

agency estimates that 5,000 - 20,000 of the 130,000 total

lung cancer deaths each year in the USA may ultimately be

attributed to radonc3<17>- The EPA estimated that radon

exposures within buildings may explain up to 10% of all

deaths caused by lung cancer(3>. According to the EPA, as

many as 8 million dwellings in the USA may exceed the

guideline of the action level.

Fig. (1.3) shows a logarithmic scale of the lifetime risk

of premature deaths which illustrates that, except for ^

cigarette smoking, radon hazards cause the highest number

of premature deaths in the USA(1S>.

A comparison between radon hazards and that of smoking

cigarettes is given in Fig. (1.4). It shows that the

guideline of radon exposure (4 pCi/1) equals about four •*

times of non-smoker risk of dying froH lung cancer, while y

smoking one packet of cigarettes each day equals exposure r*

to about 16 pCi/1 of radon, which is four times higher than £

the action level. The risk of tHe average indoor radon f

leveL equals the risk of lung cancer for non-smokers. i
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1.2.2 RADON RISK ESTIMATION '

i V

{ Estimates of the risk of death from lung cancer related to t

radon exposure of the general population have been made by ;

several research councils and agencies. Table (1.2) shows ff

the published data of the National Research Council (NRC) •
and the International Commission on Radiological Protection ;•4

R?
(ICRP), as well as that of the EPA. is

It is shown in Table (1.2) that the NRC estimation of lung r*

cancer risk related to radon is about two to three times C-;

the ICRP estimation of the same risk, i.e in the NRC S
if,!,;
••tJ. 1

estimation, exposure to 0.10 WL of radon for five years f;

causes two deaths per year, while that for the same dose

for the same lifetime causes only 0.6 deaths per year in L
•J~.

the ICRP estimation. The EPA estimation is given for only

10 and 70 lifetimes, on the assumption that individuals

spend three-fourths of their time at the indicated exposure

levels*3'.

Exposure to 1 WL of radon gas for 10 years will cause a

number of deaths from lung cancer; the number is 28% in NRC f?( .

estimation, 12% in ICRP estimation and from 44% to 77% in

EPA estimation.

10
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TABLE 1.2

Deaths (%) of Persons Dying from Luna Cancer Related to Radon

Years of
Exposure

From National 1
Research Council 5
(NRC) 10

20

From International l
Commission on 5
Radiological 10
Protection 20
(ICRP)

From Environment 10
Protection Agency 70
(EPA)

Radon Concentration (WL)

0.004 0.02 0.10 0.5 1.0

Number of Deaths

0.01 0.06 0.3 2 3
0.05 0.3 2 7 14
0.1 0.6 3 14 28
0.2 1 6 28 57

0.005 0.02 0.1 0.6 1
0.02 0.1 0.6 3 6
0.05 0.2 1 6 12
0.1 0.5 2 12 23

1-5 6-21 44-77
14-42
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A study was made<8'9) in the USA on the ratio of lifetime 3

risks for lung cancer mortality for life exposure of '

American males and females to radon progeny at constant

rates of annual exposure. It was found that lifetime

exposure to one working level month per year is estimated

to increase the risk of lung cancer death by approximately

1.5 more than the rate for unexposed populations. The

study also showed a slight increase in the risk ratio for ;

the females over the males'8'. /,

The relationship between exposure to radon products and S

dose to target tissues in the respiratory tract is ]•

extremely complex and depends on both biological and non-

biological factors'8'• It is because of differences in the -••

circumstances of exposure in indoor environments that it

cannot be assumed that exposures to 1 WLH in a home lead to

the same dose of alpha radiation to the target cells in the

lung.

Factors influencing the dosimetry of radon decay products

include the physical characteristics of the inhaled air,

the amount of air inhaled, breathing patterns and the ;

biological characteristics of the lung.

I
Unlike radon, the decay products are solid, charged '

k.
particles. While most of the decay products attach to

aerosols immediately after formation, a variable proportion

of the atoms remains unattached and is referred to as the

12



unattached fraction. The unattached decay products appear &

to form aggregates, together with molecules, and other '•

chemical species may form clusters'8'. The fraction of the ;

unattached radon decay products in inhaled air is an ;
•I

important determinant of the dose received by target cells j

at a particular concentration in inhaled air. As the

unattached fraction increases, the dose increases because J

of the efficient depositions of the unattached decay s
A

products in the larger airways. if

The size distribution of particles in the inhaled air also ,

influences the dose to the airways because particles of :

different sizes deposit preferentially in different

generations of airways. The specific mixture of radon

decay products also affects, although to a lesser extent, ^

the doses to target cells.

The deposition of radon decay products within the lung does

not depend simply on the volume of inhaled air each minute;

it varies with flow rates in each airway generation. These

flow rates depend on both tidal volume and breathing v.

frequency. The proportions of oral breathing and of nasal g•

breathing also influence the relationship between exposure

and dose. A substantial proportion of the unattached radon

decay products deposits in the nose with nasal breathing, f-

whereas unattached decay products do not deposit in the |

mouth with oral breathing but rather on the bronchial

epithelium where target cells are located.

13
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Characteristics of lung also influence the relationship s*

f between exposure and dose. The size and branching patterns

• ••• of the airways affect deposition. The rate of mucociliary

•j i clearance and the thickness of the mucous layer in the
i

airways also enter into dose calculations, as does the ""

presumed location of the target cells in the bronchial

E epithelium. The dose increases as the mucociliary clearance

slows and diminishes with increasing thickness of the

mucous layer<22). 7*

t
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CHAPTER 2

RADON DETECTION



2.1 DETECTION TECHNIQUES

The growing importance given in the last thirty years to

natural radiation and particularly to problems related to

radiation protection caused by radon and its daughters, has

given rise to the realization of an enormous variety of

instruments for their measurement'21'.

The problem was addressed by either measuring radon itself

or its daughters1 products. In both cases, two types of

radiation are detected, alpha particles which are emitted

by radon-222 itself with energy 5.48 MeV or by its

daughters like polonium-218 (5.998 MeV) and polonium-214

(7.68 MeV), and/or gamma rays which are emitted by radon

daughters which can be resolved from the complex gamma

spectrum. The gamma lines used are mainly related to

lead-214 (295, 352 keV) and bismuth-214 (609 keV).

Whatever the type of detected radiation, radon measurement

techniques can be divided into two broad categories:

1 - Active Methods

A method is said to be active if a volume of air is sampled

by force through pumps, or other means, and/or power

supplies are used to detect the presence of radon.
"it.

Active methods are particularly useful for short-term

l!



measurements and for detailed investigations of individual

dwellings'24-25'.

2 - Passive Methods

In passive methods, air is sampled by natural diffusion.

Decay particles from radon gas produce structural changes

in matter, and measurement is made subsequently.

Passive diffusion gas sampling devices have a number of P

advantages over active sampling systems. They tend to be

small, light and inexpensive and have no power

requirements'26'. •

These methods present unique characteristics for long-term

integration measurements of radon gas for large-scale

surveys. Passive methods are the most widely used radia-

tion measurement techniques applied to radon detection.

Both active and passive methods are classified as:

A. Real-time measurement: where sampling and

measurement are performed at the same time and/or '-J

place. i

I
B. No-Real-time measurement: where sampling and •?'

measurement are performed at different times and/or 'Y,

places. Y

16
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I 2.2 RADON PERMEABILITY

i
As already mentioned, the passive monitoring of radon gas

does not require a sampling pump and power supplies; it is

conceptually simpler in principle than active monitoring.

In a passive type device, the plastic track detectors find

wider application and have become the most reliable

procedure for time-integrated, long-term measurements of

radon concentrations. Such detectors, however, record

tracks due to alpha emissions from both radon (222Rn) and

thoron (220Rn) . Hence, for the estimation of 222Rn

concentrations, a membrane is usually used with plastic

track detectors. Differences in the half-lives of 2Z2Rn

(3.82 d) and ZZ0Rn (56 sec), provide a convenient property

for their separation using suitable membranes. The

difference in the decay rates leads to difference in the

mean diffusion distances'27-28'. This means, with the use of

a proper membrane, the time delay in passing through the

membrane will result in the decay of thoron and thus the

I, registered tracks on the detector are primarily due to

radon.

Ideal membranes or barriers should allow 222Rn to pass

without significant reduction in its concentration and

prevent 220Rn from passing through the measuring volume in

any significant amount. Such membranes should also have

the ability of removing radon daughters and any water

I



r.
r

vapour, as humidity plays an important role in radon

daughters plete-out to surfaces and attachment to aerosols.

The most important parameter which determines the suitabil-

ity of a membrane is its permeability constant K (cm2/s)

for radon<29<30). The permeability constant depends on the

membrane material as well as its thickness. The choice of

membrane or barrier depends also on the type of

application. The suitability of the membrane depends on

the value of what is called the discriminating factor (R)

which is equal to the ratio between the concentration with

a membrane to that without a membrane. If the purpose is

to maximize the penetration of radon, for 222Rn measurement,

then the value of the discriminating factor should be close

to one. If, otherwise, the purpose is to reduce radon

permeation, into working areas or dwellings, then the value

of the factor should be approximately zero<30>.

Different methods were used to determine radon

concentration. In some of these methods, solid state

nuclear track detectors, like LR-115 and CR-39 were

used(29i30). A solid state alpha-detector of the diffused

junction"1' (Dj), as well as a surface barrier detector"2'

were also used. In those methods different types of

membranes as well as different membrane thickness were used

with the detectors. A number of membranes have been tested

for their penetration characteristics for radon and their

permeability constant K as well as the discriminating

18
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; .1 factor R were determined'29'305. The examined membranes had
\ '$
' ?' R values ranging from 0.285 to 9.87 x 10'1 for radon(30).
*" ?

Ward et al(33) suggested a value of R >0.9 for radon and
, / <10'2 for thoron as adequate values for discrimination.

2.3 RADON DETECTORS

There are many different methods of radon detection; a

survey of such techniques, together with comparison among

•• — them is given in the literature'2'34-35'.

The following is an overview of some measuring methods for

radon and radon daughters.

2.3.1 LUCAS CELLS (Scintillation cells)

This method, originally developed by Lucas (1957), is one

%* of the oldest and most reliable methods. It consists of a

small glass, plastic or metal flask with one (evacuation

"* j type) or two (flow-through type) valves fixed in the wall

of the flask body. Different sizes, shapes and types of

Lucas cells were used, but the methodology was the same for

all of them.

i- The flask inside is coated with a scintillation material,

usually ZnS(Ag), except for a window usually made of

quartz, glass or plastic, in optical contact with a

19
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iii^ photomultiplier tube. The scintillation cell and photo-

„; •% multiplier tube are covered with a light-tight capc2).

•' ' For grab sampling, vacuum is made in a single valve flask

and subsequently air is sampled by opening the valve in the

environment to be monitored. For continuous measurements,

however, a pump is applied to one valve and air is pumped

into the flask through the second valve (flow-through

type) .

A filter is used in both cases to prevent airborne radon

daughters from entering the flask, thus, only the radon

concentration is measured.

Inside the flask, radon decays and alpha particles emitted

by both radon and its daughters strike the zinc sulphide

giving rise to light pulses, which are converted into

electrical pulses by the photomultiplier and counted with

a scaler(Z3).

; The simplicity and low cost of the system, with the

scintillation cell serving as both the collector and

; detector, encouraged the adaption of the cell for field

;; studies. Lucas cells are widely used because of their

jlf reliability and general availability(2).

{- Sensitivity of the system depends mainly on the length of

the counting period. It improves only slightly by

5: 2 0



increasing the volume of the flask because of the short-

range of the alpha particles in atmospheric pressure'25'.

A large volume (3-litre), high sensitivity scintillation

cell was developed by Cohen (1983)<2), the lower limit of

detection for radon-222 is 0.4 Bq/m3.

2.3.2 IONIZATION CHAMBER

Ionization chambers are usually brass or steel cylinders'25

with a central collecting anode. "Sealed" and "Flow-

through" chambers with sensitive volume of one to several

hundred litres have been constructed for radon-222

measurement. The chambers are usually operated at, or

slightly above, atmospheric pressure.

with both sealed and flow-through chambers, the air to be

measured is filtered prior to entry into the sensitive

volume to remove atmospheric aerosols including the radon

daughter products'2'23'.

Radon concentration is assessed from the ionization current

produced by the radiation emitted by radon and radon

daughters in the chamber.

In the flow-through ionization chambers, the current

produced within the sensitive volume is measured with an

electrometer and recorded by a strip chart. Flow-through

21



. J ionization chambers are essentially field instruments, but

' because of the size required to accurately assess

;; environmental Rn-222 levels, their application has been

- / limited to research programmes.

Present day measurements are performed with "sealed"

ionization chambers, usually after removing electronegative

impurities, oxygen as well as water vapour. The detection

limit of sealed ionization chambers for 222Rn measurement is

basically controlled by the background of the system'2', and

the sensitivity of this method'23' can reach 0.5 Bq/m3.

The sealed ionization chambers are laboratory instruments.

Samples are collected in the field and returned for

laboratory assay.

2.3.3 TWO-FILTER METHOD

The term "two-filter" method has become generic and is used

to describe the estimation of radon concentration for

short-term collections'2'. With this method, air is drawn

through a cylinder for 5 or 10 minutes'23', with a high

efficiency filter at each end of the cylinder. The filter

r removes all the radon daughters from the sampled air,

[Q allowing only radon to enter the cylinder. During the
i'

;':• flight in the cylinder, radon decays, and part of the

f produced daughters (almost 218Po because of the short flight

time) are collected by the second filter. The rest of the

; 22 i
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daughters are diffused through the cylinder walls'

V

£

Immediately after sampling, the second filter is removed

and its total alpha activity is detected, usually by a

scintillator. Radon concentration can be calculated with

an algebraic expression'235 taking into account sampling

time, counting time, flow rate, cylinder length and volume.

Al.=5 INLET

i
FILTEP.

PABTICLE
GENERATOR

DATA
ACQUISITION

SYSTEM

ALPHA PARTICLE
QETECTQR

FILTER PUMP

I

Fig. (2.1) Schematic Diagram of two filter Rn Detector

Fig. (2.1) shows a schematic diagram of a high-sensitivity

Rn-222 detector by the two-filter method. In this method,

air is sampled through the first filter to remove all alpha

emitters except radon, then air is mixed with oil droplets.

These droplets capture radon progeny which build up in the

delay tank for an average time of about an hour as air is

continually drawn through the tank. Without the oil

droplets, the radon progeny would become attached instead

23 •v



: »r-".-.r.-:'.11:.

to the walls of the tank. The progeny will be retained on

a membrane filter while the radon gas is pumped away. By

this means, the radon progeny activity, which is

proportional to the activity, is concentrated*36'.

This detector is very large, employing a 2 m3 delay tank.

The theoretical sensitivity of the detector is 0.45 counts

sec'1 per Bq m"3, and the detection limit is 0.05 Bq/m3<36).

For continuous measurement, two types of systems are gf

common. In the first, the exit filter is actually a f»]

movable filter paper strip upon which the daughter products x

are collected for a specific time period. At the end of f;

the collection period the filter paper tape is v:
.ir ••

automatically moved to an alpha scintillation detector

system for measurement, while the next sample of daughter -,v

products is collected on a fresh piece of filter paper

tape.

The second type of continuous measurement depends upon the

simultaneous collection and measurement of the daughter

products on a stationary exit filter. The face of the exit V.̂

filter is exposed to an alpha scintillation detection % ,

systemc23>. §i

2.3.4 SEMICONDUCTOR DETECTORS

The active part of the semiconductor equipment is a silicon

detector*37-385 for alpha particles. The detector is biased

I 24



by a suitable bias supply producing pulses which are

amplified and then counted.

; f
i £ In this method, the air stream is dried and filtered prior

%. j< to entry into an aluminium chamber containing a teflon

a housed silicon solid state detector. An electrostatic

collection field is applied between the chamber walls and

the detector. The flow rate through the active volume is

kept constant'24' (about 1 litre per minute'2'). The rapid

response of the detection system to changes in radon

* concentration may yield extremely refined environmental

data.

i, Due to their high cost and fragile structure, semiconductor

detectors, are not widely used especially in the field

where they usually require to be fed with power supplies

which are not easily available'24'.

* 2.3.5 ALPHA CARDS

The alpha card system is a passive radon detecting method

consisting of a 4.5 x 5 cm card with a 2.5 cm diameter hole

pierced in its centre'34'. This hole is obturated by a thin

membrane.

1
The detector is left in the field for a period of time

varying between 12 hours and several days. After entering

the volume of detection, the radon decays, and its daughter

\ 25
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,. | products, make an active deposit on the thin membrane. The *?

, v' alpha card is then recovered and read using silicon

j| detectors sensitive to alpha particles only. The card is

•/ inserted between two silicon detectors facing one another, •

to achieve good counting efficiency. The alpha card is a 3,

small, portable, battery operated piece of equipment that

- can be used in the field<34).

2.3.6 ELECTRET DETECTORS f.

The electret detector is a piece of dieletric material that

exhibits an almost permanent electrical charge. This i

' charge produces a strong electrostatic field which collects *

ions of opposite signs causing a decrease in the electret -\

charge. ^

An electret radon monitor is basically made up of a steel

can, on the lower top of which, the electret detector is

; - fixed. At the bottom of the can a small inlet allows the

f radon gas to enter the assembly through a filter. Decaying

S away, radon produces ionizing particles that in turn

V produce ions within the volume of the device. After some ^

• time has elapsed, the surface potential of the electret is

•;; measured by the shutter method which is discussed by |;

|j Kottery<34>. The sensitivity and dynamic range of the ^

I detector depend upon the chamber volume of the device and
- k •
£•••••' the sensitive material thickness. v:
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The electret detector offers several advantages. It is ^

capable of storing information over a relatively long

period of time. It is independent of the humidity in its

environment and it is easy to read. Moreover, recently,

electret detectors could offer an encouraging alternative >

for radon measurement in the case of geophysical

studies'34'.

2.3.7 THERMOLUMINESCEMT DETECTORS (TLD) K

When an ionizing particle travels within a crystal, it

ejects some electrons from their normal position into the ;

conduction band, leaving a hole in the valence band. The

electrons are then trapped into defects of the crystal and

stored there in a very stable position. If, later on, the

crystal is heated, the energy provided to the electrons

allows them to escape from their trap(39). They then re-

combine with the holes in the valence band by means of

radiative process and thus light is emitted. Based upon

this principle, radon is allowed to enter a detection

volume containing TLD.

The responses of the TLD to alpha particles and gamma _.,

radiation are compared for different kinds of TLD f.,

materials. The response ratio of alpha/gamma for the ?

CaSO4 (Tm) type is nearly 1.85 larger than other types'
1".

Fig. (2.2) shows a radon monitor which consists of a DC

27
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Fig. (2.2) TLD passive radon monitor

A. construction of th« main body
1. DC power supply
2. Central electrode
3. Cylindrical case
4. Filter and drier

B. Construction of tbe central electrode
1. Electrode
2. TLD2
3. insulator
4. TLDl
5. Tbe end window
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power supply, a cylindrical outer case which is an ||

electrode made from aluminium, a central electrode ii
r'.

containing TLD, and TLD2, a filter and a dryer
1'10'. TLD2 was '

used as a compensation detector for gamma radiation. •

The electric field is formed in the space between the outer i

case and the central electrode, and the radon in air ? :

diffuses into the space of the monitor. The alpha activity %

from radon daughters causes energy storage in the TLD.

After exposure, the TLD is recovered and the emitted light

is measured after heating the TLD material. This process

is usually done in a tiny oven with a very well-controlled

heating rate in a nitrogen atmosphere. The amount of light

emitted by the TLD is collected on the photocathode of a

photomultiplier tube and converted into an electrical

signal(34).

For indoorsc5), the dosimeters are usually placed near the

walls to avoid interference with the day-to-day activities.

While for outdoors, detectors were hung from trees at about

4 m from the soil, protected from rain and dust by a

plastic badge(5).

2.3.8 ACTIVATED CHARCOAL

The absorption of radon gas by activated carbon presents a

simple, inexpensive sampling technique to determine radon

levels in the environment. The method usually employs a

28
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• [' calibrated cylindrical metal canister, sealed at one end, -

,\-L which is packed with coarse activated carbon powder. The

::• open face is exposed to the ambient air containing radon
•• '•}

I / gas. Radon diffuses through the pores of the bed and gets

absorbed on the surface of the carbon granules.

' After a certain exposure period (a few days), the total

amount of radon contained in the canister is determined

using a gamma spectrometer. A calibration factor is then f-

used to directly relate this absorbed amount to the radon ',

level in the air. The calibration factor is computed from

data obtained by conducting controlled laboratory '

experiments in a constant radon level chamber'41-42>.

Activated carbon can be used as a passive radon detection ^

method by depending on a natural air diffusion through the

carbon'435. It can also be used as an active radon detec-

tion method by employing a pump to force sampled air to

diffuse through the active carbon, as shown in Fig. (2.3).

Since the passive activated charcoal method is used in the .„

present work, more details about it will be presented in |> •

Chapter 3. U-

v 2.3.9 SOLID STATE NUCLEAR TRACK DETECTORS (SSNTD) |<

I.
The main application of SSNTDs is for long-term radon

measurements on a large scale. One of the most outstanding

if
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Fig. (2.3) Activated charcoal radon monitor

A: Passive sampling device

B: Active sampling device
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features of these detectors is that one single alpha

particle creates developable radiation damage called a

"track".

Alpha particle tracks were first observed in cellulose

nitrate'25' and cellulose acetate butyrate. Later, investi-

gation showed that other plastics such as bisphenol,

polycarbonate, and allylidiglycal carbonate are sensitive

to alpha particles.

The formation of the latent damage is invisible, but it can

be enlarged to be visible by chemical and/or eletrochemical

etching.

Evaluation of the results can be done by several methods

such as optical microscope, image analyzer and spark

counting.

SSNTDs have several advantages*25' compared to other

methods. The first advantage is that it is typically used

for radon and radon daughters' measurements, at the same

time it is not sensitive to photons. Also, there is no

need for a power supply during sampling. The availability

of different types of SSNTDs makes them easy to use in

several configurations and easy to activate or disactivate

the sampler for different applications. Moreover, they can

be used for a long integrating time up to one year, and can

be stored for a long time after sampling in suitable
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.'|.'{ conditions without affecting the latent damage.

"t̂  Furthermore, SSNTDs are a low cost radon measurement

; method.

SSNTDs are used in different configurations depending on

applications. The following are the most commonly used

£ configurations of the solid state nuclear track detectors:

x - Open Cup (Open can)

It consists of a plastic cup with a SSNTD attached to the

inside bottom'44'. This configuration measures the primary

radon particles originating within the cup and radon

daughters deposited on the walls of the cup<45).

The cup, in this configuration, can also be double-walled

' and filled up with water to avoid the most severe weather

conditions and problems due to water condensation on the

A detector surface. Such a device is called a "thermostated

can".

For underwater measurements, a weight is hung on the open

cup which is inverted'45'. The open cup can also be used to

; measure the radon concentration underground'46' by making a

| deep shallow hole (about 60 cm) in the ground. The open

Q cup is placed, inverted, in the hole which is closed to

J minimize atmospheric perturbations. The depth of the hole

• depends on the purpose of the measurements. After the

exposure time, the detector is read out and the average

';.. 31
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radon concentration is measured.

2 - Membrane Cup

In this configuration, the open end of the cup is covered

with a semi-permeable plastic membrane. J^

The membrane configuration prevents the entrance of radon

daughters, thus, it is called a "radon-only" device.

i
The membrane configuration was used to measure the indoor >«

radon concentration in Kuwait'47'.

J
3 - Filter Cup iv

In the filter cup configuration, the open end of the cup is '

covered with a hydrophobic microporous<48) filter to

discriminate against the non-gaseous radon daughters'4".

Because of its higher sensitivity to radon, the filter

configuration is preferred to the membrane one in all

radon-only applications.

4 - Bare Detector

7'
In this configuration, the detector is mounted flat on a

card to detect not only radon, but all alpha particles ^

which appear in a hemisphere of a radius of approximately !

9 cm {range of Po-212 alpha in air) around the cardC48).

The bare detector which was used in radon surveys in
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France'50', in 1988 by Alain Rannou, consists of a flat

packet of plastic containing a 2.5 x 9 cm piece of alpha

track film. The external size of the dosimeter is

5 x 15 cm. The exposure begins when the film is pulled out

from the packet. All alpha particles from airborne

nuclides, i.e. radon and its daughters, are then recorded

as latent damage which are proportional to radon

concentration.

5 - Plastic Bag Configuration

In this configuration, which was used in the Italian

National Radon Survey"15, the detector holder is formed by

a right-angle prism with a base of 3.5 x 2.6 cm and a

height of 1.15 cm. The two bases of the holder are closed

by two solid state nuclear track detectors, which are kept

together by two covers. An aluminized film is used to

optimize the response of the SSNTD and to protect it from

sunlight as shown in Fig. (2.4).

Fig. (2.4) Plastio bag configuration SSNTD

33
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^ INTRODUCTION %

The Activated Charcoal Method is considered to be one of

the most appropriate techniques to evaluate the average |

radon concentration over a period of a few days. Activated •

charcoal has a large affinity for several gases and vapours

including radon-222; it has an effectively unlimited ;,

capacity of Rn at -78°C(26). Radon is absorbed into the ^

charcoal grains and decays to several products, Fig. (1.1). []

Radon concentration is determined by counting the gamma ray *

emissions of both lead-214 and bismuth-214, as shown in -\

Fig. (3.1). Since all radon progeny have a short half- .\

life, only 3 hours is needed to reach the equilibrium

between radon and radon progeny<52). The charcoal canister

can be calibrated to yield precise results for radon ^

concentration during the exposure period. The activated

charcoal must have low radioactivity content, specifically,

gamma emitters, except for natural potassium-40, and it

must be less than 0.1 pCi/g.

The amount of charcoal in the canisters varies from a few >*
ig.

grams to tens of grams<53'56). In the present work, the f

canisters recommended by the USA Environmental Protection k

Agency (EPA), were used. The canister contains 70 + 1 grams •*•

of activated charcoal in a 225 ml metal can with a 10 cm i

diameter lid; the depth is 2.85 cm. It also consists of a P- •

removable metal screen, pad material attached to the inner
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surface of the lid and a 33 cm strip of pliant vinyl tape.

The charcoal canister used in the present work is shown in

Fig. (3.2).

3.1 THE METHOD

The method is based on exposing an open canister for a

fixed time at a location where radon concentration should

be measured. At the end of the exposure period, the

canister is sealed and kept for a minimum time of 3 hours

to achieve equilibrium. The intensities of gamma lines

emitted from radon daughters are measured and compared to

those obtained from a similar canister exposed to an

environment with known radon concentration. Practically,

the gamma ray intensities measured from the canister

exposed to the known radon concentration environment are

used to deduce a calibration factor (CF). This calibration

factor will be used to estimate the radon concentration at

any location, and is given by<52>:

CF NET CPM
(TJ (E) (RN) (DF)

(3.1)

where:

CF = calibration factor of radon absorption rate

(1/min)
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f
NET CPM* = total counts per minute of the gamma lines in

the region of interest from the canister exposed

to the known environment minus the count per

minute for the background in that time

RN = known radon concentration

Ts = exposure time of the canister in minutes

E = efficiency of the detection system (CPM/pCi)

DF = decay factor and is given by:

DF = exp(-0.693t/T1/2)

where t is the elapsed time from mid-point of

exposure to the time of counting and T1/2 is the

half-life of 222Rn.

In the present work, the same procedures and conditions

stated in the EPA publication are followed'52', and, con-

sequently, their calibration factor was used. Fig. (3.3)

shows the relation between the calibration factor CF for

2 days exposure time as a function of the water gained by

the canister during the 2 days exposure period.

If the exposure time is different from 2 days, the calibra-

tion factor must be adjusted. The adjustment factor (AF)

depends on the humidity of the surrounding air. Fig. (3.4)

shovs the variation of the adjustment factor (AF) as a

function of exposure time at different humidity (low 20%,

medium 50% and high 80%).

The final adjusted calibration factor (CF) is then given

I:
h
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by:

i —
CF = CF x AF for actual exposure time (3.2)

S AF for 2 days exposure time

where:

CF is the calibration factor for 2 days exposure time for

the given water gain.

It should be noted that the values of the calibration

factor stated in Fig. (3.3) are taken from the last EPA

publication'57' (1990) which takes into account the air

movement in the environment surrounding the exposed

canister.

In order to facilitate the presentation of the dependence

of the calibration factor on both the exposure time and

humidity, a graphic program was used on a personal computer

to plot a three dimensional graph to illustrate this

dependence as shown in Fig. (3.5).

The unknown radon concentration in the environment can thus

be estimated by exposing canisters to the environment and

then counting the intensities of gamma lines from radon

daughters. The unknown radon concentration is given by:

Rn = Net CPM (3.3)
(Ts) (E) (CF) (DF)

where:
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j jj Net CPM = total counts per minute of the gamma lines of the

j '-f% region of interest from the canister exposed to the

':'i environment minus the counts per minute of the background

/ •[ at that time.

Ts, E, CF and DF are defined as explained before in

Equation (3.1).

3.2 GAMMA RAY DETECTORS

To detect the gamma lines, two types of detectors were

investigated to determine their suitability for radon

concentration measurements. The detectors are a hyper pure

germanium detector (HPGe) and a scintillation detector with

\ j Nal (Tl) crystal.

3.2.1 HPG* DETECTOR

1
:? The hyper pure germanium detector is a crystal of germanium

,F: processed to form a diode.When operated at reverse bias, a

photon is absorbed by the crystal and electrons and holes

are produced. The electrons and holes are then collected by

an electric field in the germanium material to provide an

V, electrical signal which is proportional to the energy of
iii
; the photonc58).

To reduce thermal noise, operation of germanium detectors
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requires low temperatures*4', typically achieved by liquid

nitrogen cooling.

1

The detector used in the present work was a vertical

configuration Tennelec model CPVD 53-15190 high purity

germanium coaxial detector. It consists of a crystal

whose diameter = 49.9 mm, length = 53.3 mm and active

volume = 100.8 cm3. The crystal has a dead layer about

0.6 M and is kept under high vacuum in a special cryostat.

Radiation enters an aluminium window whose thickness is

about 0.5 mm. Both the dead layer and the window thickness

limit the efficiency of the detector at energies less than

100 keV which is much less than the energies of interest in

the present work. The detector is kept cold by immersion

in liquid nitrogen in a dewar of 30 litres capacity which

holds enough liquid nitrogen to allow approximately 20 days

of operation. The detector is provided with a level

monitor to protect it against accidental warm-ups due to

the lack of liquid nitrogen.

Fig. (3.6) shows a block diagram of the associated

electronics to form the gamma spectrometer. The detector

was supplied by a positive polarity bias of 1400 V through

a high voltage filter. The bias was obtained from a Tc 950

bias supply which can provide a bias voltage of either

positive or negative polarity for any type of detector

requiring bias currents less than 100 A. Two simul-

taneous outputs are available from the Tc 950 unit; one
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output has a range of 0 to 5 kV and was used to bias the

detector, while the other has a range from 0 to 500 V.

Both output voltages are continuously adjustable by a front

panel 5-turn direct reading potentiometer.

Pulses from the detector are first fed to a charge

sensitive preamplifier which is located close to the

detector. The main function of the preamplifier is to

integrate the detector current and provide a low impedance

drive to the spectroscopy amplifier. It produces voltage

pulses with peak amplitudes proportional to the total

charge collected by the detector which are also

proportional to the energy absorbed from incident

radiations. The preamplifier has two outputs, one for

energy measurement and the other for timing applications,

and is designed for use with either one or both outputs,

since their circuits are isolated from each other. In the

present work, only energy measurements were needed and

pulses from the energy output of the preamplifier were

amplified by a spectroscopy amplifier model Tc 243.

II

The amplifier has a wide gain range that can be adjusted

through a course and fine gain switches varying from 2.5 to

3000. There is a six-position switch to select the shaping

time constant which ranges from 1 to 24 s. The amplifier

has one unipolar output and one bipolar output. The

unipolar output permits direct coupling to the input of the

analyzer with a minimum amount of interface problems and

40
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thus was used in the present work to feed pulses from the

amplifier to the multichannel analyzer. The bipolar output

is preferable for spectroscopy when operating in an A.c.

output is coupled to a timing single channel analyzer as

will be explained later in Section 3.2.1.

i Pulses from the spectroscopy amplifier were analyzed by a

Nucleus Personal Computer Analyzer (PCA) card model 2000 AT

installed on an IBM compatible personal computer. The PCA

card has a 100 MHz Wilkinson analog to digital converter

(ADC), a single channel analyzer (SCA), a multichannel

sealer (MCS), and a dual-ported memory with 8192 channels.

The dual-ported memory allows one to exit the PCA program

through DOS, without interrupting the analysis and storage

data input to the PCA card.

The ADC converts each pulse amplitude into an equivalent

time interval. A built-in periodic oscillator sends out

clock pulses and the number of such pulses occurring in

this time interval are recorded in a sealer. This digital

information is identified with a certain channel in which j,

the pulse is stored in the magnetic core memory of the

analyzer. Each channel can store up to 224 counts. |
i-

J The conversion gain can be selected from 256 to 8192

channels in binary increments. The data thus stored in

the memory are read out either by an external printer ;

model OKIDATO MICROLIN 182 or a plotter model
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Houston Instrument.

3.2.1.1 spectrometer performance and calibration

A - ENERGY CALIBRATION

In order to measure the energy associated with a spectral

peak, the photo peak position of the spectrum has to be

calibrated using known radiation energies'60'61'. This means

that the proportionality constant between photo peak

position and energy must be determined.

In order to obtain an accurate calibration, the calibration

should be made in the same energy range of the unknown

peakst62-63>.

In the present work, the energy calibration was accurately

performed using standard sources from the French Atomic

Energy Commission, Gif/Yvette, France. The sources used

were 241Am (59.7 keV) , 57Co (122 and 136.4 keV) , 22Na (511 and

1274 keV) , 137Cs (661.6 keV), 54Mn (834.8 keV) and 60Co

(1173.2 and 1332.5 keV). The results are used to obtain

the energy calibration curve shown in Fig. (3.7).

The energy calibration could also be obtained using

a calibration algorithm program on the PCA card. The
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algorithm allows for a minimum of two and a maximum of 15

energy calibration points. The algorithm incorporates a

linear fit between each defined energy point and the

channel numberc60). The results obtained from PCA

calibration and manual calibration were similar.

B - ENERGY RESOLUTION AND COMPTON TO PHOTOPEAK RATIO

(cppr)

The energy resolution as well as the cppr depends on the

quality of the detector as well as the fine tuning of the

associated electronics. One of the main factors affecting

the spectrometer's performance is the fine adjustment of

the spectroscopy amplifier.

J

In the present work, careful adjustment of the pole zero

and shaping time constant of the amplifier was performed to

achieve the best possible energy resolution of the

spectrometer. The pole zero cancellation is important to

eliminate pulse undershot from the unipolar output pulse.

Such undershot will cause excess dead time and inaccurate

pulse height from successive pulses after careful

adjustment of the pole zero. Several gamma spectra for 60Co

lines were performed at different time constants of the

shaping amplifier.

Fig. (3.8) shows the best energy resolution which was
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obtained using a shaping time constant of 8 us. At this

setting, the energy resolution was 1.8 keV for 1332 kev

line of s0Co, while the cppr was found to be 47:1.

C - DETECTOR EFFICIENCY

In order to measure gamma ray intensities, it is essential

to know the efficiency curve for the detector as a function

of energy. This is usually obtained by measuring the

photopeak efficiency at a series of energies using

calibrated sources. For the purpose of this work, no

absolute gamma ray intensities are needed. Since gamma

spectra from the exposed canisters are compared to the

spectrum obtained from a standard canister containing a

known amount of activity, therefore, it is important to

know only the dependence of the detector efficiency on the

detected gamma ray energies, especially in the energy range

of gamma rays from radon daughters. Hence, just a relative

efficiency curve for the detector is adequate. This can be

obtained by using some sources in which the relative

intensities of the gamma rays have been previously

determined accurately'61'.



From the measured spectra photopeak areas of the selected

gamma ray lines are determined. The relative efficiency

for each photopeak is determined employing the relation:

E.= Ai /'i (3'4)

A
11

Where E, is the efficiency at the energy e, relative to that r

at energy en, A; and An are the net areas belonging to the 'J

Ith and nth gamma ray lines respectively. I, and In are

the average intensities of the Ith and nth gamma ray :

respectively.

The relative efficiency curve of the HPGe detector has been ^

obtained by using a standard 1S2Eu source from Isotope

Products Laboratories, California. Energy values of the

gamma lines and their corresponding relative intensities of

152Eu source'641 are shown in Table (3.1) . The gamma spectrum

of 152Eu obtained using the HPGe detector for a source to

detector distance equals 8 cm is shown in Fig. (3.9). The .>

relative efficiency for each energy was calculated using %•

the corresponding net photopeak areas and Equation (3.4). j&

The results are used to obtain the relative efficiency S

curve shown in Fig. (3.10). |

f
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TABLE (3.1^

Enerqies and Relative Intensities of Gamma Ravs of 1S2Eu

Source Energy

152Eu 121.78

244.69

344.27

411.11

443.97

778.90

964.13

1112.11

1212.95

1299.12

1408.01

(keV)

+ 0.0003

± 0.002

± 0.004

± 0.005

± 0.005

+ 0.006

+ 0.009

+ 0.017

± 0.012

+ 0.012

+ 0.014

Relative Intensity

136.2

35.8

127.5

10.7

14.8

61.9

69.2

64.9

67.0

-o n

100. T

± 1.6

+ 0.6

+ 1.9

+ 0.1

+ 0.2

+ 0.8

± 0.9

± 0.9

± 0.8

± 0.1

- 0.3

U
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The detector efficiency curve has been performed using

different source to detector distances (8, 15, 20, 25 cm)

and no clear change has been detected.

3.2.2 SCINTILLATION DETECTOR

Scintillation detectors have higher detection efficiency

than germanium detectors, however, their energy resolution

is much poorer. The basic operation in scintillation

detectors is based on photons interacting with the

scintillator (phosphor), which then emits photons with a

characteristic wave length and decay time depending on the

particular phosphor<58>. One of the most efficient phosphor

used for gamma ray detection is a Nal crystal activated by

Tl. Its high density and the high atomic number of iodine

enable it to achieve a high probability for gamma ray

photoelectric interaction'60'.

Photons from the phospor interact with the photo-multiplier

cathode ejecting electrons which are in turn accelerated

and multiplied in the interdynodes of the photomultiplier

tube. They are finally attracted to the anode of the

phcto-tube where a signal is developed in the anode

circuit, and then transmitted to the other subsequent

electronic equipment. Fig. (3.11) shows a block diagram of

the scintillation spectrometer used in the present work.

The scintillation detector was a BICRON CORP model 3M3
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with a 7.5 cm x 7.5 Nal(Tl) crystal. The photomultiplier

crystal unit was coupled to a photomultiplier base model

ORTEC 266 which provides two coupling/output signals. A

negative linear anode signal with an output impedance about

1.1 Mn and a positive output giving another linear

signal from the tenth dynode with output impedance about

1.1 Mfl. Both outputs give a linear signal proportional to

the energy dissipated in the crystal. The b<ise has a focus

control which can be adjusted by varying the voltage

applied to the focusing electrode of the photomultiplier

which was finely adjusted to obtain the best performance of

the photomultiplier tube. The tube was supplied with a

positive 850 V from an ORTEC 456 3 kV - 10 mA stabilized

high voltage power supply. The power supply has output

voltages ranging from 50 to 3000 V and can deliver currents

up to 10 mA with good regulation and stability.

i
• i

i

The linear output from the 10th dynode of the

photomultiplier base is processed through an ORTEC 113

scintillation preamplifier. This preamplifier has an input

capacity ranging from 0 to 1000 pf. In the present work,

an input capacity of 100 pf was found to be the most

suitable value to obtain the best resolution of the

detector. Output from the preamplifier was then fed to an

ORTEC 571 spectroscopy amplifier which has an input

impedance of approximately 1000 and accepts either

positive or negative input pulses. Six integrate and

differentiate time constants are switch-selectable to
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yj\ provide optimum shaping for resolution and count rate; the §B

selections are 0.5, 1, 2, 3, 6 and 10 us.

•A

\

1 ' The course gain of ORTEC 571 has a six-position selector

switch which selects feedback resistors for gain factors at

20, 50, 100, 200, 500 and 1 K. The fine gain could be

varied from the factor of X0.05 to Xl.5. The unipolar

output of the amplifier is then fed to the MCA similar to

that used in HPGe spectroscopy. 4
•>

The amplitude of output pulses from the spectroscopy

amplifier are proportional to the energy dissipated by the

ionizing radiation in the scintillator and analyzed by the

multichannel analyzer.

3.2.2.1 spectrometer Performance and calibration

Energy calibration, resolution and detector efficiency were

determined in a similar way to that of the hyper pure

germanium spectrometer. The best energy resolution was

found to be 8% at a shaping time = 0.5(1 for the 661.6 keV A

h

gamma line following the decay of 137Cs. For energy cali- fl •

bration shown in Fig. (3.12), the standard sources used

i were 241Am (59.7 keV) , 22Na (511 and 1274 keV), 137Cs

> (661.6 keV) and 60Co (1173.2 and 1332.5 keV) from the French

Atomic Energy Commission, Gif/Yvette, France. For relative k

efficiency determination, the energy and the respective

relative intensities of 133Ba, 60Co and m zEu standard*64* I
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j ,i source from Isotope Products Laboratories, California were

used and their spectra is shown in Figs. (3.13a) and

; (3.13b). The results, together with Table (3.2), are

/ -: used to obtain the relative efficiency curve shown in

«. ,. Fig. (3.14) .

'; 3.2.3 DETECTOR SHIELDING

Both detectors used in the present work were shielded by

special radium free lead blocks from TENNELEC CORPORATION

to minimize the background radiation. The lead blocks

(20 x 10 x 5 cm) were mounted around the detector to

provide a minimum of 5 cm shielding all around the

sensitive part of the detector. Figs. (3.15a) and (3.15b)

show the Nal detector and the HPGe detector surrounded with

lead shielding.

With this type of shielding, the background count was

reduced by about 90% for the hyper pure germanium detector

•»i: and about 80% for the Nal(Tl) scintillation detector.

Figs. (3.16) and (3.17) show the background spectrum taken

using the HPGe detector and the Nal(Tl) scintillation

detector for 60 minutes counting time, with and without

; shielding.

0 3.2.4 DETECTOR CHOICE

In the present work, the energy resolution, as well as the

t 50
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TABLE f 3 . 2 ^

Energies and Relative In tens i t ies of Gamma Rays of 133Ba.

60Co and 152Eu

Source Energy Relative Intensity

133Ba

60,CO

152Eu

276.404 ± 0.007

356.014 + 0.009

1173.23 + 0.015

1332.51 + 0.018

121.78 ± 0.0003

244.69 ± 0.002

344.27 ± 0.004

778.90 ± 0.006

964.13 + 0,009

11.3

100.0

100

100

136.2

35.8

127.5

61.9

69.2

± 0.2

± 0.3

+ 1.6

+ 0.6

± 1-9

+ 0.8

+ 0.9

f:

% •
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detection efficiency for about a 100 cc hyper pure

germanium and a «100 cc hyper pure germanium and a «330 cc

Nal (Tl) scintillation detectors were studied. Germanium

detectors have much better energy resolution but poorer

detection efficiency compared to Nal(Tl) detectors. The

choice between the two types of detectors will depend on

the specific objective of the measurements. Germanium

detectors are usually preferred when separation between

photopeaks in the spectrum is highly needed. Figs. (3.18)

and (3.19) show a typical gamma spectrum from radon

daughters obtained when using the hyper pure germanium and

scintillation detectors used in the present work. The

spectra were measured by using a standard canister<52) from

the Environmental Protection Agency (EPA), containing a

known activity of 226Ra in equilibrium with its daughters;

the activity of the standard canister equals 20.5 nCi. The

accumulation time, as well as the geometrical factors, were

kept constant.

In the present work, the same procedure stated in the EPA

publication*52'57' to detect gamma rays from radon

daughters was followed. According to this publication, a

region of interest covering gamma lines of energies 295,

352 and 609 keV was chosen. These gamma lines are well

separated in both the spectra obtained by the hyper pure

germanium and scintillation detectors - see Figs. (3.18)

and (3.19) respectively. In this particular case, the

advantage of high energy resolution of the hyper pure
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germanium detector will not be needed. The detector with

higher efficiency will be the most suitable detector for

the present case.

From the spectra represented in Figs. (3.18) and (3.19),

the net counts per minute, under the selected energy-

region, was found to be about 3.5 times higher for

scintillation spectrum than that for hyper pure germanium

spectrum. Consequently, all measurement of gamma spectra

from radon daughters in the present work was done by the

Nal(Tl) scintillation detector.

3.3 METHOD IMPROVEMENT

In the present work, efforts have been made to improve the

accuracy of measuremnt as well as decreasing the minimum

dectable radon concentration level. According to Equation

(3.3) it is clear that the NET CPM represents the most

important source of error in this method. The counting

error is given by(525:

Counting error = 2 (NET CPM + 2 Background CPM)1/z (3.5)
NET CPM

53



From this equation,one can conclude that:

The counting error decreases rapidly by increasing the NET

CPM as well as decreasing the background CPM. For a given

radon concentration, the NET CPM obtained from an

erradiated canister can be increased by:

(a) Increasing the detection efficiency.

(b) Increasing the exposure time to an optimum value.

In fact, increasing the exposure time will increase the

amount of absorbed radon in the canister and hence improve

the counting statistics. However, this improvement will

reach an optimum value due to the negative effects caused

by the decay of the absorbed radon, as well as the increase

of the water gained by the canister.

The background CPM limits the minimum detectable activity

(MDA)<52) which can be detected from any exposed canister.

The MDA is given by:

MDA (CPM) = 3 (Background count)1/Z (3.6)
Background counting time (min)

From the MDA, the minimum detectable level (MDL) for radon

concentration can be estimated. The MDL is given by:

MDL = MDA
(Ts) (E) (CF) (DF) (3.7)
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From this equation, it is clear that the MDL of the method

can be decreased by:

(a) Decreasing the background counts CPM.

(b) Increasing the detection efficiency.

(c) Choosing an optimum value for Ts.

As stated in Section 3.2.3, the background CPM was reduced

to a minimum by protecting the detectors with suitable lead

shields.

3.3.1 DETECTION SYSTEM EFFICIENCY

The efficiency of the counting system was increased by

using two 7.5 cm x 7.5 cm Nal (Tl) scintillation detectors

instead of the commonly used one detector system'65"67. The

two detectors were mounted in such a way that their axis

lay on the same line in the vertical plane. The distance

separating the two detectors is about 3 cm to enable the

charcoal canister to be placed just touching both

detectors. Both detectors were carefully shielded by

special lead blocks as shown in Fig. (3.20).

Fig. (3.21) shows the block diagram of the experimental

set-up. It is designed to allow accurate and fast

adjustments of two single channel analyzers (SCA), coupled
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Fig. (3.20) The experimental set-up of the two
scintillation detectors shielded by lead
blocks
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to two sealers, to read directly the gross counts under the

selected region of interest of each detector. The sum of

the two gross counts is also read simultaneously by a third

sealer.

The set-up consists of two scintillation detectors with

their power supplies, preamplifiers and spectroscopy

amplifiers, exactly the same as the ones used for the

detector as explained before in Section 3.2.2.

Pulses from the unipolar output of each amplifier can be

analyzed by a multichannel analyzer after passing through

an ORTEC 426 linear gate. The enable input of the linear

gate receives orders from the positive output pulses

generated by the SCA connected to the bipolar output of the

same amplifier.

The SCAs used in the present work were ORTEC 551 timing

SCA. Each SCA performs the dual function of the single

channel pulse height analysis and timing signal derivation.

Each SCA was operated in its normal mode in which both the

lower and upper level can be controlled independently. The

lower and upper levels of each SCA were carefully adjusted

to select the desired region of interest by observing the

gated spectrum on the MCA. The gated spectrum should be

counting only the desired region of interest from the whole

spectrum.
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Positive output pulses generated from the two SCAs were

also fed to two inputs of an ORTEC 418A universal

coincidence circuit adjusted to act as an OR circuit. This

adjustment was simply made by selecting the number of

inputs necessary to satisfy a coincidence requirement by

only one input. In this way, the coincidence will deliver

an output pulse each time it receives a pulse from either

of the two SCAs. The sealer connected to its output will

read the sum of the total counts, selects by the two SCAs.

The efficiency of the two detectors was estimated using a

standard canister placed between the two detectors in the

same geometrical condition used to measure the activity

from normal exposed canisters. The efficiency of each

detector for gamma lines emitted from 222Rn is given by:

E(DX) = Total CPM (DJ - BKG CPM (DJ (3.8)
Activity of Standard Canister (pci)

where:

total CPM(DX) = total counts per minute detected by

detector number X

BKG CPM(DX) = background count/min detected by

detector number X.

The efficiency of the counting system with two detectors

will be:
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E(D,+D2) = (Total CPM D, + total CPMD3) - (BKG D, + BKG D7)
Activity of Standard canister (pCi)

(3.9)

Table (3.3) shows the mean values of several measurements

taken to estimate EtD,), E(D2), and E(D^+D2) , as well as the

background count and counting errors for each case. Since

the MDL depends on (BKG CPM) v z (for constant exposure
E

time), Table (3.3) also includes the values for

(BKG CPM)XIZ to show the effect of the detection
E

efficiency on MDL.

From the experimental results we can conclude the

following:

1 - Although the two detectors are identical, the

efficiency of Detector (D.) was found to be greater than

that of Detector ( D?) . This is due to the asymetric

geometrical construction of the canister; its active part

is placed near to its bottom. Hence, Detector No 1 sees

the canister through a bigger solid angle.

2 - Using the two detector system will increase the back-

ground by a factor of about 80%, while the efficiency of

the system will be increased by a factor of about 55% only.

However, the counting error is decreased by about 19.5%.

The MDL was also decreased by 13% when using the two

detector system even without considering the effect of the

optimum exposure time. By using symetric canisters, with
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TABLE (3.3)

Experimental Results of the Counting System

Detector

D,+D2

Efficiency

0.329±0.004

0.186+0.001

0.510+0.004

Background
Count

936+36

789±27

1697+50

Counting
Error

0.92%

1.23%

0.74%

(BKG CPM>1/2

E

93

151
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their active parts touching both detectors, the two

detectors will see the canister through equal solid angles

and the efficiency of the system will be doubled. In this

case,the statistical errors and the MDL will be decreased

considerably.

3.3.2 OPTIMUM EXPOSURE TIME

The effect of exposure time on both the counting accuracy

and the MDL was studied in two ways.

The first way was to estimate the optimum exposure time to

accumulate maximum activity in a canister exposed to an

environment with a given radon concentration. It was

assumed here that both the amount of water gained by the

canister and the time interval between the end of the

exposure and the counting start are constant. From

Equation (3.3), the NET CPM from the accumulated activity

in a canister is given by:

NET CPM = (Rn) (E) (Ts) (DF) (CF) (3.10)

For constant Rn and E, the NET CPM will be proportional to

the product (Ts.DF.CF).

It is evident that an increase in the exposure time will

increase the amount of radon absorped in the canister and,

consequently, increase the NET CPM. However, as the
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exposure time increases, the absorbed radon will decay,

leading to a decrease in both the decay factor (DF) and the

calibration factor (CF) as shown in Figs. (3.22) and

(3.23). •

From this relationship, it is clear that as the exposure

time (Ts) increases, the product (TS.DF.CF.) will pass by

a maximum value at which the NET CPM will be maximum also.

Fig. (3.24) shows the relationship between Ts and the

product (TS.DF.CF.). The results give an optimum exposure <

time of about four days. At this optimum exposure time,

the NET CPM from the accumulated activity in the canister

will reach its maximum value leading to a minimum

statistical counting error and a minimum detectable level

for the method. It should be noted that the optimum >

exposure time of four days obtained in the present work is

deduced by using the experimental value of CF illustrated

in Fig. (3.5). If the dependence of CF on exposure time

changes, then the optimum exposure time will change.

However, as long as the adjusting factor causes a decrease

in the calibration factor at higher exposure time, there *

will always be an optimum exposure time. }

The second way was done by studying the effect of exposure g

time on the MDL of the method. This was done by calculating jf

the expected MDL of the system used in the present work at ^

different exposure times and water gains. Calculations

were made by using a simple computer program especially
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written (Appendix 1) for this purpose. The program was run ''

on a personal computer after feeding it with values of CF

at different exposure times for different water gain taken

from Fig. (3.5). The results are shown in Fig. (3.25) |7;

which shows that the minimum detectable level (MDL) reaches 3

its minimum value at optimum exposure time of four days.

'•j

3.4 EXPERIMENTAL VERIFICATION OF MDL AT

DIFFERENT EXPOSURE TIME * \

The MDL at different exposure time was verified by i

constructing a chamber in which low radon concen-

tration can be created. Both the temperature and

humidity inside the chamber can be controlled to simulate u

conditions similar to the expected environmental conditions

inside houses. Fig. (3.26) shows the constructed chamber

whose total volume is about 96 litres. It is constructed

from transparent sheets of plexyglass whose thickness is

big enough (6 mm) to isolate the chamber from the radon gas

existing outside the chamber. The chamber parts were glued „,.

together using chloroform and then sealed by a commercial >) •

silicon sealant. The chamber has dimensions of 60 cm §*

length, 40 cm height and 40 cm depth. A 220 volt, 60 watt, 3

electric lamp was used to increase the temperature of the ^

chamber while a water container (10 x 10 x 3 0 cm) was used k

to humidify the air inside the chamber. A digital

thermometer, hygrometer model IEC 6F22 from EBRO was used

to measure both the temperature and the relative humidity.
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A drawer (5 x 20 x 3 5 cm) was constructed inside the ^

chamber to contain up to 6 charcoal canisters at the same

horizontal level. An atmosphere of minimum radon

concentration was created in the chamber by passing a

stream of nitrogen gas in the chamber. The nitrogen gas y

was first dried by passing through a Zeolite container and

then through an activated charcoal container to absorb any I

radon gas possibly existing in the gas. Since the pressure

inside the chamber was a little bit hiqher than the g'

pressure outside, no radon gas can enter the chamber from *•

the outer atmosphere.

3.4.1 CHOICE OF HATER GAIN

Since the aim of this present experiment is to study the ^

MDL at environmental conditions similar to those existing

in Qatari houses, it was important to choose a value for

water gain nearly equal to the expected value of water gain

in Qatari houses. In order to estimate an average value

for water gain in Qatari houses, seven canisters were

distributed in various houses in Doha during May 1991. The „

water gain for each canister was measured at different time !> •

intervales for a period of 9 days. The results of these j&

measurements are shown in Fig. (3.27). The results show M

the following: K

1 - The water gain in any given canister may increase or

decrease during the exposure. This can be explained by the
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fact that when relative humidity decreases during exposure, j*:

the canister may lose water.

2 - Some canisters lose water after the first day of

exposure. This fact indicates that these canisters have -f

absorbed moisture during packing and shipment. For this

reason, all canisters used in the present work were

dehumidified by heating in a vacuum oven model GALLENKAMP

for 2 4 hours at 100°C before use. 3

r 1 •

3 - For most canisters, the water gain during exposure

fluctuates between 1 and 3 grains in each canister with an

average value of the order of 2 grams.

3.4.2 THE EXPERIMENT v-

Before starting the experiment, a constant flow of nitrogen

gas was allowed to pass inside the chamber for 3 hours

after reaching the equilibrium. Six canisters, at a rate

of one canister per day, were introduced in the canisters'

drawer of the chamber. At the beginning of the sixth day,

a suitable amount of water was introduced in the water ^,

container inside the chamber to obtain a water gain of the ^

order of 2 grams in all canisters. y-

3.4.3 THE RESULTS &

At the end of exposure time (6 days), the six canisters
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were weighed to determine the amount of water gained during

the experiment. The water gain was found to vary between

1.85 and 2.28 g in any canister. This value lies in the

same range of water gain observed in canisters exposed in

Doha houses during the month of May.

After reaching the equilibrium between radon and its

daughters (3 hours), the gamma activity from each canister

in the energy range of interest was counted using both the

one and two detector systems explained before.

Since the atmosphere at which the canisters were exposed is

nearly free from radon, the values for radon concentration

deduced from experimental measurements will represent an

upper limit for the concentration. This upper limit equals

the MDL of the experimental set-up used in the present

work.

Fig. (3.2S) shows the experimental values of the MDL of the

system used in the present work at water gain of the order

of 2 g. It is clear that the lowest values of the MDL for

both detection systems are at exposure time of 4 days. The

minimum detectable level was found to be 0.098 pci/l at

exposure time = 4 days for Detector D, with efficiency =

0.33, while for the detection system using two detectors

D, + D2 with efficiency = 0.512, the MDL is decreased by

about 40% to reach a value of 0.059 pCi/1 for an optimum

exposure time of 4 days.
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Using the experimental values of the detection efficiency

and background of the detectors used in the present work,

a set of curves were plotted for the MDL of the

experimental set-up as a function of water gain for

different exposure times. These curves are represented in

Fig. (3.29), when using only one detector, and in Fig.

(3.30), when using two detectors. It is clear that the MDL

of the method increases drastically if the exposure time is

limited to only one day.

3.5 MEASUREMENTS OF RADON CONCENTRATION IN

SOME HOUSES IN THE CITY OF DOHA

Doha is the capital of the State of Qatar. Qatar is a

small peninsula with an area of 11,437 square kilometres

located on the eastern coast of the Arabian peninsula.

Fig. (3.31) shows a map of Qatar. Doha is the largest city

in the country. It is a coastal city with an approximate

area of 121 square kilometres. The city is quiet and not

crowded, with wide streets. People in Qatar prefer to live

in villas generally built on large areas of land about

1,000 square metres. Adequate space is left between

adjacent buildings. These villas are mostly 2-storey

buildings. Each villa has enough land for a garden which

gives the city a pure and clean atmosphere. There are

relatively few high apartment buildings and these are
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usually limited to 6-10 floors. Most of the building

materials, like cement, concrete blocks, steel, etc. are

locally manufactured. Some people import marble from

abroad to decorate their houses which are widely seen in

the city and on the outskirts.

The weather is hot and mostly humid in summer which is the

longest season of the year; people use air conditioning

(a.c) systems in their homes. These a.c systems are either

window-type, one or two in each room, split unit a.c with

one in each room, or central for all the rooms. The first

type is the most commonly used in Qatari houses. The

window-type a.c is a small unit which can be installed in

any room in the house.

Autumn, winter and spring are short seasons. During these

seasons the weather is mild, with little rain in winter.

The weather in autumn is fair and air conditioning is

rarely used. Temperatures range from 13°c to 25°C and

relative humidity ranges from 42 to 85%.

3.S.I RADON SURVEY

As the present study is considered to be the first phase

covering the country in a survey, bedrooms in villas were

chosen for the following reasons.
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1 - Bedrooms are closed for most of the day, unlike other

rooms in the home, thus there is a good chance of the room

collecting and keeping the radon gas. Results obtained

will show an average value of radon concentration during a

short period in rooms expected to have the highest

concentration in houses.

2 - Bedrooms are situated on the ground or first floors

and, therefore, comparison can be made of rooms near and

away from the ground.

3 - Bedrooms are usually out of the reach of children who

might be curious and disturb the survey apparatus.

4 - Bedrooms have the highest occupancy time which makes

the study meaningful.

sixty canisters were distributed on 24 October 1991 in

groups at a rate of approximately five canisters a day, and

were returned to the laboratory after the exposure period.

The period of distribution ended on 11 November 1991. The

survey was limited to villas as they are the most commonly

used. Thirty two canisters were placed in rooms on the

ground floor while 28 were placed on the first floor: all

villas included in the survey were using window-type a.c

units. JL
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Before the start of this distribution process, all the

canisters were dried by heating in vacuum (as mentioned

before) and their weight was measured. A label on each

canister included the following information: I
'A

a - the canister number

b - the canister weight before exposure (Wl)

c - the canister weight after exposure (W2)

d - the date and time of the start of the exposure (Tl)

e - the date and time of the end of the exposure (T2)

f - the level of the room where the canister was placed !

The difference between the ending and starting time of

exposure (Tl - T2) is the exposure time Ts, measured in -•

minutes.

The difference in weight after and before exposure

(W2 - Wl) is the water gain of the canister.

3.5.2 SURVEY PARAMETERS

The different parameters needed for determining radon *,••

concentration were determined for each exposed canister. !f

Analysis of the measurements concerning the exposure time I

(Ts) , the time interval (T,) and the water gain was ,-

performed. The statistical distribution of the parameters :

are as follows.
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Exposure Time (Ts)

Efforts were made to expose all the canisters for exactly

4 days (5,760 mins). However, some participants did not :

follow instructions exactly. For example, one canister was >J>-.

returned to the laboratory without any confirmed

information, so it was discarded. Fortunately, only a few

canisters were exposed for a period different from 4 days.

Fig. (3.32) shows a histogram illustrating the number of -

canisters exposed at different exposure times. It is clear

from Fig. (3.32) that 42 canisters were exposed for 4 days,

the optimum exposure time, and about 4 canisters were far

away from that. This number constitutes about 7% of the

total number of canisters.

Tim* Interval (T,)

The period between the end of exposure and the time of

counting Tf affects the accuracy of measurement. In fact,

after reaching the equilibrium (3 hours) the activity from

the canister decays and consequently the gross counts from

the canister decrease. However, this decrease is -.-

compensated by introducing the decay factor when estimating .

the radon concentration, but the statistical counting error I
t

will increase.

In order to illustrate the effect of increasing Tf on the

accuracy of measurements, a canister was exposed to a
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closed chamber of volume 40 litres containing a 63 ,uci of s

226Ra source for a period of two days. The activity from

the canister was measured after different values of T,

ranging from three hours to three weeks. The results

indicated that the radon concentration is constant within *A

the error for all measurements. However, the error

increases to 12% if the measurement was done after one day,

3 0% if the measurement was done after two days, and 4 5% of

the measurement was done after three days from the end of ?•

exposure. '.-/

The increase in counting error reached the value of 2100% i

when the measurement was done after three weeks of the end

of exposure.

In the present survey, the time interval between the end of

exposure and the time of measurements was more difficult to

control. Some canisters were returned to the laboratory as

late as three days after the end of exposure. However, 44

canisters out of the 59 were counted between three to six

hours after the end of exposure. Fig. (3.33) shows a ^

histogram to illustrate the number of canisters analyzed at v

different times from the end of exposure. v

Water Gain

The water gain in the exposed canisters was found to range .

from 2 to 9 grams. Only one canister was found to have a
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high water gain of about 13.2 grams. Fig. (3.34) shows a

histogram showing the number of canisters with different

water gain for all exposed canisters. It can be seen what

the majority of canisters have water gain ranging between

2 and 6 grams. This value represents the average water

gain during autumn. It is somewhat higher than the

estimated average water gain measured during the month of

May when bedrooms are air conditioned.

Fig. (3.3 5a) and (3.3 5b) show similar histograms for water

gain in canisters exposed in bedrooms on the first and

ground floors respectively. Although the distribution is

somewhat different in the two cases, from the statistical

point of view, however, no conclusion can be obtained due

to the limited number of canisters in each case.

3.5.3 GAMMA RAY SPECTRUM FROM EXPOSED CANISTERS

The gamma ray spectra from the 59 exposed canisters were

analyzed during an accumulation time of 10 minutes for each

spectrum using the two scintillation detector system

explained before with a total efficiency of 0.512 + 0.004

CPM/pCi. During the analysis time of all canisters (about

17 days), the efficiency of the system was checked every

day and found to vary by 0.007%. This indicates that the

stability of the detection system was very satisfactory.

Fig. (3.36) shows a typical gamma spectrum obtained from
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one of the exposed canisters using only one detector. A •

similar spectrum is also obtained simultaneously from the

second detector. A region of interest (ROI) over the

correct energy range was carefully set for each spectrum by ,;

using the MCA and the linear gate, as explained before.

The total counts in the ROI in the two spectra were added

together through the OR circuit and counted by sealer. 1

>'
3.5.4 RADON CONCENTRATION AND THE MDL

The radon concentration from the 59 canisters was estimated

using Equation (3.3) or by using a PCA Radon II software

program from Nucleus. This program works in conjunction

with the personal computer multi-channel analyzer used in

the present work. It will run on any IBM compatible ^

personal computer containing at least 256 K memory. The

program utilizes the values of the system background,

detection efficiency, water gain, time interval, Net Count

(CPM), and exposure time to produce a final report which

gives the radon concentration in pci/l. However, the

program accepts exposure time in integer days. For

canisters having an exposure time greater or smaller than

four integer days, a manual calculation was performed. ...

Tables (3.4) and (3.5) show the results obtained from

analyzing the 59 exposed canisters. Table (3.4) includes *

results from bedrooms located on the ground floor while ^

Table (3.5) includes results for those situated on the
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TABLE (3.4) The results obtained from analyzing the 32 exposed canisters located on the
ground floor bedrooms in Doha city

No

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Exposure
Time
(Ts) min

5775

5858

5640

5615

6060

5760

5760

5760

5760

5760

5760

5760

5760

5760

Interval
Time
(T̂ ) min

1755

1690

3230

215

750

207

223

235

183

1705

227

268

268

365

Water
Gain
(wg)
grains

4.17

2.32

6.84

4.22

5.48

2.76

3.34

3.38

5.42

6.08

3.01

3.44J

2.50

4.89

Cali-
bration
Factor
(CF)
XlO"3

81

77

52

59

59

76

74

74

54

53

75

74

77

55

Decay
Factor
(DF),
XlO2

55.30

56.00

46.82

68.40

62.20

69.90

67.70

67.80

68.00

67.80

67.70

67.30

67.30

66.50

Counting
Error
%

40

40

50

34

25

38

24

22

52

64

28

38

10

46

Radon
Concentration
pCi/1

0.32 ± 0.13

Minimum
Detectable
Level
(MDL)
pCi/1

0.092

0.23 ± 0.09 1 0.096

0.34 ± 0.17

0.30 ± 0.10

0.46 ± 0.11

0.20 ± 0.08

0.21 ± 0.05

0.177

0.109

0.118

0.080

0.082

0.38 ± 0.08 || 0.082

0.20 ± 0.10 1 0.110

0.22 ± 0.14 I 0.140

0.29 ± 0.08 (1 0.086

0.22+0.08 0.086
1

0.94 + 0.09 || 0.083

0.24 ± 0.11 I 0.115
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TABLE (3.5) The results obtained from analyzing the 28 exposed canisters located on the
first floor bedrooms in Doha city

No

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Exposure
Time
(Ts) min

5745

5745

5745

5730

5850

5572

5579

5568

5660

5750

5760

5760

5740

5760

Interval
Time
(T,.) man

270

285

297

1795

1720

3243

3263

3284

187

180

192

246

186

246

Water
Gain
(wg)
grains

4.24

5.35

3.30

2.80

2.72

4.17

5.39

7.93

5.60

3.18

7.75

3.91

4.10

2.62

Cali-
bration
Factor
(CF)
XlO"3

57

54

74

75

76

56

57

52

55

75

53

72

57

76

Decay
Factor
<DF)
XlO"2

67.40

67.30

67.20

55.70

55.80

46.90

46.88

46.71

68.50

68.10

68.00

67.50

68.00

67.50

Counting
Error
%

41

48

33

41

28

154

59

75

35

21

48

34

45

40

1
Radon
Concentrat ion
pci/l

0.26 ± 0.11

0.23 ± 0.11

0.25 ± 0.08

0.24 ± 0.10

0.34 + 0.10

0.10 ± 0.15

0.26 ± 0.15

0.23 ± 0.17

0.31 ± 0.11

0.38 ± 0.08

0.25 + 0.12

0.24 ± 0.08

0.22 + 0.10 1

0.19+0.08 I

Minimum
Detectable
Level
(MDL)
pCi/1

0.120

0.116

0.085

0.100

0.097

0.165

0.160

| 0.180

0.110

0.080

0.120

0.084

0. 104

0.078
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first floor. The tables summarize the values of 11 the

factors used in the estimation of the radon concentration,

as well as the estimated values of Rn in pCi/1. The last

column shows the minimum detectable level in each case.

From the results tabulated in Tables (3.4) and (3.5), one

can conclude the following.

1 - The short-term average of radon concentration in the

dwellings studied is rather low. Fig. (3.37) shows a histo-

gram illustrating the number of canisters having different

radon concentrations. The majority of canisters gave radon

concentration ranging between 0.1 and 0.4 pCi/1, with

average mean value of 0.29 + 0.11 pCi/1. Only a few

canisters have a higher concentration of up to 0.94 +

0.09 pCi/1. The average mean value of the radon concentra-

tion obtained from the Doha environment is considered low

compared with the values of 0.49 pCi/1, 0.84 pCi/1 and

1.27 pCi/1, reported by other authors in the UK(68\ the

Republic of Ireland'6'5 and Denmark<70), respectively.

2 - Although the number of cases studied in the present

work is small to deduce conclusions, the average valaue of

radon concentration on the ground floor seems to be a

little higher than that on the first floor. Figs. (3.38a)

and (3.38b) shows histograms illustrating the number of

canisters of different radon concentration on the first and

ground floors, respectively. Canisters with high values of

radon concentration are only present on the ground floor.
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The average value of radon concentration on the first floor &

was found to be about 0.23 + 0.11 pCi/1, while that for the

ground floor was found to be about 0.33 + 0.11 pCi/1. This

result is to be expected since radon concentration is

normally higher on lower elevations, near the soil.

3 - The estimated values of radon concentration are only

a few times higher than the minimum detectable level of the
4,

method. Fig. (3.39) shows the values of the radon f

concentrations obtained and the MDL of the method for each * j

case. In some cases, the error in the estimated values

approaches the MDL. This fact supports the importance of

the study made in Section 3.4 to improve the accuracy of

the method and decrease its minimum detectable level (MDL) .

4 - Fig. (3.40) shows the minimum detectable level

estimated for the 59 canisters studied as a function of

water gain. The solid curve shows the expected behaviour

of the MDL of the method at an exposure time of four days,

as explained in Section 3.4.3. Although the estimated MDL

are higher than those expected, the agreement between the

£•
two results can be considered satisfactory. This is mainly ?'

due to the fact that the expected values of the MDL I*

represent ideal conditions in which the exposure time is U

fixed to four days, and the time between the end of ?-

exposure and the counting start is fixed to three hours. js

In the present case, although the majority of the canisters

were exposed to the radon environment for four days, and »-,,>
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only a few canisters deviated by a few hours from this

exposure time, the deviation from the three hours interval

between the end of exposure and the counting start is

rather important. The increase in this interval time will

increase the decay factor (DF) and hence increase the MDL.

80



REFERENCES

1. David Bodansky, Maurice A. Robkin and David R. Stadle.

"Indoor Radon and its Hazards". Uiversity of

Washington Press, (1987).

2. National Council on Radiation Protection and

Measurement (NCRP) Report, No 97 (1988).

3. William R. Hendee and Theodore C. Doege; Seminars in <'

Nuclear Medicine 18 No 1 (1988) 3-9.

4. Kenneths. Krane. "Introductory Nuclear Physics". John

Wiley and Sons, (1987).

v

5. A.S. Paschoa, R.R. Pinho and D.H.C. Binns. "Proceeding

of the International Workshop on Radon Monitoring in

Radioprotection". Italy (1989) 381-396.

6. Blaine L. Hart, Fred A. Meltler and Naomi H. Harley;

Radiology, 172 No 2 (1989) 593-599.

7. Victor E. Archer; Archives of Environmental Health, *
V

42 No 2 (1987) 87-91. j.

8. Jonathon M. Samet; Journal of the National Cancer 4

Institute, 81 No 10 (1989) 745-757.

81



9. Richard J. Jackson, John H. Diliberti, P.J. Landrigan,

G. Nathenson, H.L. Needleman, A.K. Brown, R.A. Etzel,

H. Falk, R. W. Miller and W. Rogan; Pediatrics,

83 NO 5 (1989) 799-802.

10. J.P. Mclaughlin. "Proceeding of the International

Workshop on Radon Monitoring in Radioprotection".

Italy (1989) 51-69.

11. Marjorie Sun; Sciences, 239 No 4837 (1988) 250.

12. Jay H. Lubin and Mitchell H. Gail; American Journal of

Epidemiology, 131 No 3 (1990) 552-566.

13. Richard A. Kerr; Science News, 240, 29 April (1988), .v

606-608.

14. Donald E. Barber; Post-graduate Medicine, 87 No 4

(1990) 201-202.

15. R. Monastersky; U.S. News and World Report, 15 January .»

(1988), 39. ;?'

16. R. Monasterksky; Science News, 21 November (1987), î
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APPENDIX 1

c THis program for Cal. min. detectable value of Radon in pCi/1
Dimension RMD(50)
Open(3,fi]e='rmda')
DO 10 It= 10,180,10
BGC=100.*It
BGCS=SQRT(BGC)
RMD(It)=3*(BGCS/It)

10 continue
write(3,100)

lOOForma^x/MDA'.Sx.'BGTime'.lx/Ts'.lx/W.Gain'^x.'CF'^x/DF',
*4x,'MDA')
Do20Itt=10,20,10
Do 30 ITs =1,2
DE=0.31
Do40IWG = l,2
CALL CFR(IWG,ITs,CF)
t=(ITS*24*60)/2+180
Th=5501
DF=(0.693*t)/Th
DF=EXP(-DF)
TIts=FLOAT(TTs)
RM=TITs*DE*CF*DF
RMDA=RMD(Itt)/RM
write(3,60)RMD(Itt),Itt,ITs,IWG)CF,DF,RMDA

60 format(F6.3,2x,I3,2x,I2,2x,I2,2x,F6.4,2x,F6.4,2x,F6.4)
40 continue
30 continue
20 continue

close(2)
stop
end
SUBROUTINE CFR(IWG,ITs,CF)
IF(IWG.NE.1.OR.IWG.GT. 1)GO TO 31
CR=0.12

31 If(IWG.NE.2. RO IWG.GT.2)GO to 32
CR=0.115

32 If(IWG.NE.3 OR IWG.GT.3.)Go to 33
CR=0.110

33 If(IWG.NE.4 OR IWG.GT.4)GO to 34
CR=0.105

34 If(IWG.NE.5 OR IWG.GT.5)go to 35
CR=0.102



35 If(IWG.NE.6 OR IWG.GT.6)go to 36
CR =0.097

36 If(IWG.NE.7 OR IWG.GT.7)go to 37
CR =0.094

37 If(IWG.NE.8 OR IWG.GT.8)GO to 38
CR =0.090

38 IF(IWG.NE.9 OR IWG.GT.9)G0 tO 39
CR =0.086

39 If(IWG.GT.l.OR.IWG.EQ.l)GOTO 51
GO TO 60

51 IF(IWG.NE.4.OR.IWG.GT.4)GOTO 80
GO TO 70

60 AF2D =0.127
IF(ITs.NE.l)GOTO61
AF=0.15

61 If(ITs.NE.2)Go to 62
AF=0.127

62 IF(ITs.NE.3)GO TO 63
AF=0.108

63 IF(ITs.NE.4)GO TO 64
AF=0.09

64 IF(ITs.NE.5)GO TO 65
AF=0.077

65 IF(ITs.EQ.6)AF=0.065
GO TO 1000

70 AF2D=0.127
IF(ITs.NE.l)GOTO71
AF=0.154

71 IF(ITs.NE.2)Go TO 72
AF=0.127

72 IF(ITs.NE.3)GO TO 73
AF=0.105

73 IF(ITs.NE.4)GO TO 74
AF=0.087

74 IF(ITs.NE.5)GO TO 75
AF=0.072

75 IF(ITs.EQ.6)AF=0.060
GO TO 1000

80 AF2D=0.094
IF(ITs.NE.l)GOTO81
AF=0.127

81 IF(ITs.NE.2)GO TO 82 f
AF=0.094 s

82 IF(ITs.NE.3)GO TO 83 % .
AF=0.070



* • _

83 IF(ITs.NE.4)GOTO84
AF =0.051

84 IF(ITS.NE.5)GOTO 85
AF =0.037

85 IF(ITs.EQ.6)AF=0.028
GO TO 1000

1000 CF=CR*(AF/AF2D)
RETURN
END
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r- j j j . rrr ^ ^

LUI o



JI JjUil j*». J jji\J\

(Y > i O^JJ I J Y \ i ^L^J] ) jji\J\

J-.U-

IjjJI o l j jJLi . Jb>JI IJi* ^ iLLw i_si»w« oL-LJ j l jj>_j .JJJ *l_JaJj

JJJU . f U ijuaJ J^aJ Ol> j J^> jUJI j-5"jJ - k - j i * ^ L J ^ .-JuJI

UH jl>"VI iJU J^^JLI Jj'VI ̂ JU o U L

• j ^^A^



- r -

• U l

J i j

J-UII ̂ *JJ ̂ wilj i j ^ Jk*

V - J , j i t i-Uj j_}J l>ilj-i«l (hi j lu ( j j JL».LW.̂ ,,>U > LJI j!>«

XJLJIO^J IHLL



- i -

i J L J I J.rt i l l JjJJ <>L> • S-ljJJI »if l v—JVI ^ L.U Sjyi

aJwi-J ̂ 1 iL .UI ^ ^ * J I JS* ̂  ^ 1 rLkJI o- VJU ^yLiir

A Uail ,̂

lJ ,y

,>. JT Jit A-LJ oSLJI j-5>AJ lyAl JJ.1

• Ul i j - i j *ili*JI

*-LJ jSUl >$>U ̂ A l oi-l if oUxi l . j * Ji* o

l JJ.1 ali^j , ^osJll .111 ^ JSJ rU i*oi JU* LJb *J i*-*



~ J J J I ^ l.tM.n.xlI * 111 <L*S> 3iL^jj LJ'IJ

L_LJI .JU

- "\

Jic JJL^II >J* J 44AM&JI C/lj-^^L A - L J jSUI >T>dJ

* HI i—ij oLJUil

iLLJI OIXJJIJJI f L ^ i - L i>jJl 4JJJU JJLL« J-»

jVl JJJJL l|.rt>. ĵ SLJ ol^pil *JU o
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