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The indoor low gamma dose rate exposures due to Egyptian room building materials are as-
sessed by means of three different techniques: experimentally by using a thermoluminescent
dosimeter, theoretically by using the general room model and by the Monte Carlo simulation
through the RESRAD-BUILD software. The present study aims at validating the theoretical
methods so that it can be amply used for measuring the low dose rates usually associated with
the building materials. The measured indoor dose rates were in the range of 55.92 + 14.47 to
86.89 + 16.68 nGyh! depending on the position inside the room as obtained by the
thermoluminescent dosimeter after 5 months' accumulation. Lower dose rates are obtained
near the door and windows while higher dose rates are obtained at the center of the room, and
close to the extended walls. Comparable results of the dose rates at same positions inside the
room are obtained by the RESRAD-BUILD software. The room model is restricted to the
room center and also gives comparable results. The three methods showed comparable results,
which in turn confirm the recommendation of using theoretical ones, with RESRAD-BUILD

software being more accurate.
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INTRODUCTION

Ionizing radiations in the environment origi-
nated from a variety of sources, both natural and artifi-
cial. Measurement of the gamma dose rate in air is es-
sential to identify the background levels, exposure and
the risk to the public [1]. Gamma spectrometers (GS),
thermoluminescent dosimeters (TLD), and portable
survey meters (PSM) are three different techniques
commonly used for monitoring the background
gamma dose rate [2-4].

The GS technique is widely applied by collecting
the samples and measuring the gamma rays emitted, an-
alyzing the obtained spectrum and determining the
radionuclide activity concentrations and then calculat-
ing the dose rate from the well-known Beck formula [5,
6]. In case of the building material, it is difficult to have
a representative sample of the whole room; instead,
mixed samples are used. The represented dose rate in
air is usually estimated at one meter above the floor, as-
suming that the radiation is emitted fromuniformly dis-
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tributed natural radioactivity down to a 5 cm depth; and
that both the U-series, and Th-series are in a state of sec-
ular equilibrium [7]. The TLD technique is widely used
for environmental gamma dose rate monitoring, and
also for dosimetry applications. High sensitivity is re-
quired to detect doses as low as 1 mGy and as high as 1
Gy with good linear and energy response characteristics
[8-10].

A survey of gamma exposure in dwellings can
been performed using TLD [11, 12]. The most com-
monly used TLD materials are LiF doped with Mg,
Cu, or P; Ti, CaF, doped with Dy, and CaSO, doped
with Dy. These TLD can accumulate radiation energy
over exposure time and with the effect of heating, the
absorbed radiation energy is released as a visible light.
The integrated intensity of the emitted light is propor-
tional to the exposure dose. Therefore, the cumulative
gamma dose over a period of time can be estimated
from the measured integrated thermoluminescence in-
tensity. This can be considered more representative
within the time interval with more meanings than the
instant time values measured by PSM or area monitors
(8, 11, 12].
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Several models have been introduced in the last
20 years to predict exposure of the population to the
gamma dose due to natural radioactivity content in
building materials [13-19]. Starting from the activity
concentrations of 228U, 232Th, and #°K in the building
materials, models have been developed to make it pos-
sible to calculate the absorbed dose rate in air due to
gamma radiation. Radioactive equilibrium is the main
assumption for all these models; although, it is well
known that radon and thoron escape from the walls, so
that no real equilibrium in the natural series exists. In
particular, it was evaluated that overestimation by
models reaches up to 20 % in the case of strong radon
exhalation [14, 20, 21]. Also, it was observed that the
effect of changing the position and dimensions of the
room causes low variability of the specific dose rate;
while high variability with wall thickness and density
are obtained [16]. All these effects in addition to the
existence of doors and windows are recognized [ 15].

The RESRAD-BUILD is part of the RESRAD
family of codes, which have been developed at the
Argonne National Laboratory in order to investigate
the likely impact to humans and biota due to radiation
exposures from residual radioactive materials. The
RESRAD-BUILD computer code has been built to
simulate the dose received by an individual who works
or lives in a building contaminated with radioactive
material [22]. The external exposure calculations in
RESRAD-BUILD are based on the dose conversion
factors obtained from the US Federal Guidance Re-
port-12 [23]. These factors are corrected considering
the thicknesses, densities and the finite area of volume
sources. The point-kernel method is used to derive the
area and material factor [24].

The aim of the present study is to compare the
three different techniques: experimental using TLD
and theoretical techniques using the general room
model and the Monte Charlo simulation through the
RESRAD-BUILD software. This intercomparison is
aimed at validating the theoretical methods as a rapid
and reliable technique for evaluating the indoor
gamma dose rate exposure due the Egyptian room
building materials.

MATERIALS AND METHODS
Room geometry

The geometrical dimensions of the studied room
are shown in fig. 1. This room has only one window
and one side door. The room dimensions are 250 cm x
x 320 cm x 400 cm. All room walls,; including the
floor and ceiling, had fixed thickness of 20 cm. The
room floor and ceiling are constructed from concrete
while the walls have some parts from concrete and
other parts from red clay bricks. The space containing
the window is completely covered with glass and has
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Figure 1. Study room dimensions and TLD measuring
positions

no building materials. The sequence of the Cartesian
axis is taken from the smallest to the largest dimen-
sion.

Dose conversion factor calculation

The absorbed gamma dose rate, D, due to the
natural radionuclides in building material, in air at the
center of a room with geometrical dimensions x, y, z is
given as [25]

D=qgyAy +qmAm +9x Ak (1

where Ay, A, and Ak are the activity concentrations
of the natural series 8U, 232Th, and 4OK, respectively,
in Bgkg ', and qu, ¢, and g are its dose conversion
factors (nGyh ™' per Bqkg ™).

Taking the dimensions x, y, and z in the sequence
ofincreasing values where x is the smallest and z is the
largest one, the dose rate conversion factor is written
as
q=d+a,x+a,x* +a;x’ +b, y+ @)

+b2y2 +b3y3 +CIZ+C222 +C3Z3
where x, y, and z have to be expressed in centimeters to
obtain ¢ in pGyh ™' (Bqkg™")". The values of 10 fitting
parameters for gy, g, and gx, given with six signifi-
cant digits, are listed in tab. 1.

Table 1. The values of the fitting parameters in the fitting
eq. (2)

Fitting Fitting parameter value [nGyh ' per Bqkg ']
parameter qu s gx
d 690.299 816.252 61.4686
a —0.482268 —0.603099 —0.0477798

a 1.00018 x 10| 1.20942 x 107 | 9.0054 x 10°°
as  |-7.41711 x 107 -8.76598 x 1077 | -5.8282 x 10°®
by 0.553443 0.764372 0.0750573
by -1.10782 x 10°-1.559157 x 10°|-1.57251 x 10°*
bs 7.45542 x 1077 | 1.12854 x 10° | 1.10926 x 107’
c 0.169166 0.241437 0.0127244

(&)

-1.87233 x 107

27921 x 107

-1.09355 x 10°°

C3

9.79737 x 107

1.40905 x 1077

5.25216 x 107
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Table 2. Average content and specific activity of 3y,

22Th, and “’K using ICP-MS [26]

Sample type - Specific actzi;;ities [qug’l]40
U Th K
Red clay brick| 32.59+0.37 |34.28 +0.45|316.19 +2.63
Concrete 32.35+0.49 |2534+0.12289.40£2.36
Average 32.47+0.17 |29.81 +6.32302.80 + 18.94

Building material radioactivity
concentration

The building material of the whole room is not
homogenous. Therefore, it is impossible to measure
the radioactivity concentrations of a sample which
represents the building material. In the current study,
most building materials of the studiedy room were
concrete and red clay bricks. The average radioactivity
concentration of these two components is the best rep-
resentative for the building material radioactivity as
shown in tab. 2.

Dose rate in air vs. the
position in the room

The variability of the dose rate in air ata I m
height by moving from the center of the room towards
the walls can be estimated based on Markkanen's room
model and assumptions. The calculated dose rate de-
creases with increasing the distance from the longer
walls; up to a distance of 1 m. The increase from the
center falls within 9.3 % and 17.3 % at 0.5 m. The
room model is applied to the room shown in fig. 1. The
variation of the dose rate in air, in relation to the posi-
tion in the room is then determined. It is proved that
there is a significant variation corresponding to build-
ing composition (18 %) i. e., the number of windows
and doors, position inside the room (17 %) and density
of the building materials (up to 32 %) [15].

Using RESRAD-BUILD software implies that,
the receptors positions inside the study room and the
room dimensions should be determined. The selected
positions which are the same positions of measure-
ments as shown in fig. 1 and the model realization for
the room are shown in fig. 2.

The absorbed gamma dose
rate measurement using TLD

Commercial LiF: Mg, Ti (TLD-700) chip
thermoluminescent phosphors from Harshaw are used
to measure the absorbed dose rate inside the study
room with five thermoluminescent chips stacked for
five months in each position. The dosimeters are high
sensitivity tissue equivalent ones. The TLD batch ho-
mogeneity (maximum deviation measurements from

Figure 2. Room model in RESRAD-BUILD

minimum to maximum for the same irradiation dose)
was less than 5 %, with reproducibility of 3 %.

The dosimetric properties such as dose calibra-
tion factor (linearity of response), fig. 3, and fading
characteristics (2 % over five months) of the used TLD
are determined. The irradiation of the used TLD is per-
formed by using 37 x 102 Bq of a well calibrated Cs'3’
source — model GB150, manufactured by Atomic En-
ergy of Canada in 1970. This source is available at
Egypt's National Institute of Standards (NIS). The ir-
radiation dose rate was 936 uGy/h at the time of the
TLD irradiation. Reading of the used TLD phosphors
is achieved by using the Harshaw — 3500 TLD-reader
(Thermo Scientific USA) available in NIS. The read
out temperature range was from 50-300 °C at 2 °Cs™!
of the heating rate.

Different sensitivity corrections and back-
ground subtraction for TL-700 chips are considered
for these sensitive environmental measurements due
to the long measuring time and the ambient factors
(temperature, humidity and UV light). The average
temperature at the time of measurements was 24 °C
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Figure 3. The TLD-700 calibration curve
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and the mean relative humidity was less than 30 %.
Also, all used phosphors are stored in good dark plas-
tic envelopes which are prepared for such environ-
mental measurements.

Thermoluminescence measurements are per-
formed at specific points inside the room as indicated
in fig. 1. Twenty annealed dosimeters were used and
divided into four groups, each of 5 stacked phosphors
being fixed at each position for five months. Taking
into account the thermal fading during this long period
of measurements, the obtained results are corrected
against the thermal fading.

RESULTS AND DISCUSSION

The study room dimensions and the dose rate
conversion factors are shown in tab. 3.

The measured and calculated absorbed dose rate
at the selected positions inside the studied room and
the corresponding annual effective dose rates, E, cal-
culated according to the following formula [1], are
shown in tab. 4.

E(Svy ' )=D(Gyh')-8760hy ' -0.8-0.7 SvGy '
®)

The calculated dose rates and the corresponding
effective dose by the analytical room model are com-
parable and acting within the range of the measured
values by the TLD technique. The large uncertainty in
the TLD measurements is expected due to the small
environmental dose rate.

As a consequence, the value of the indoor absorbed
dose rate at the center of the room s 72.12nGyh ™! is con-
sistent with the world average value (70 nGyh™") [27,
28]. The percentage variation in the absorbed dose rate
due to the position is up to about 20 %. The effective dose
rates et all points are below the permissible dose rate.

Table 3. Dose conversion factor of the study room

Dose rate conversion factors
[nGyh’1 per qug’l]
qu qth gk
250 x 320 x 400 0.753 0.907 0.069

Room dimensions [cm]

Table 4. The measured and calculated absorbed dose rate
and effective dose

Dose rate D [nGyh ']
Position Rg{sj%ﬁ;)_ TLD 512?13
Py (125, 100, 200) 71.58 86.89+16.68| 72.12
Py (0, 100, 200) 68.95 85.44 £ 15.04 -
P, (250, 100, 200) 62.21 59.11 £ 14.95 -
P5 (125,100, 0) 61.99 55.92 + 14.47 -
Average 65.09£7.37|71.84+16.60 | 72.12

The obtained results of the effective dose rate by
the RESRAD-Build code depends on the building ma-
terial radioactivity concentrations, the position inside
the room (receptor) and the room air ventilation rate.
The used ventilation rate for the above results is 4 h™!
which is the common natural ventilation for most
buildings. This means the use of this code is restricted
to the previous determination of the ventilation rate.
The room model is able to calculate the dose rate at the
center of the room only while the other points can be
predicted based on its distance from the large wall and
the position with respect to the room door and win-
dows [15].

CONCLUSION

The general dimensional room model can be
used as a rapid calculation method to predict the
gamma dose rate at the center of dwelling rooms. The
calculated values are close to those obtained by mea-
surements for long exposure time (about five months)
by using the conventional TLD-700. Regarding other
points inside the room, the room model can also pre-
dict the reading based on its distance from the large
wall and how close this point is to the room windows
and door. The RESRAD-Build code is a successful
simulation code for determining the average dose at
any position inside the room on the assumption that,
the radioactivity concentration in the building material
is known and the room dimensions are fixed. More-
over, radon emanation can be involved and the ventila-
tion rate can be controlled to obtain the full dose or
dose rate for various room dimensions. The experi-
mental work of the present study proved that radiation
safety assessment in dwellings can be reliably and rap-
idly predicted utilizing the RESRAD-Build code even
before construction, assuming the building material
related properties are known.
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Encajen CAJIAMA, Xana A. COJMMAH

OLIEHA JAYMHE TAMA JO3E Y EITMIIATCKUM 3I'PAJAMA
INOMORY TEOPETCKUX U EKCIIEPUMEHTAJ/IHUX TEXHUKA

M3narama HUCKUM jauMHama raMa J1o3a y 3aTBOPEHHMM IPOCTOpUMaA, yclef, rpabeBHHCKHX
MaTepHjaia Koju ce ynorpebdibaBajy y Erunty, onemeHo je TOMOhy TpH TEXHUKE: €KCIEPUMEHTATHO —
Kopuirthe’heM TepMOIYMUHHCIICHIIU]je TEPMOIYMUHNACIEHTHUX JO3UMETapa, TECOPETCKH — KOpHUIThemheM
ommrer mopiena code n Monte Kapno cumynarnujom — nomohy RESRAD-BUILD nporpamckor nakera.
Osa cryauja MMa 3a b J1a IOTBP/IM TEOPETCKE METOJIE KAKO OM ce MOTIIe KOPUCTUTH 38 MEPEH:E HUCKUX
[l03a Koje ce 0OUYHO NMOBE3Y]jy ca rpabeBUHCKUM MaTepI/I] anom. Mismepene jaunHe yHyTpaliihe 1o3e Ouie cy
y omcery o 55.92 + 14.47 no 86.89 + 16.68 nGyh™!, y 3aBucHoCTH O mONmOXaja yHyTap HpOCTOpI/I]e
NOOMjEHUX TEPMOTYMUHUCLEHIIMjOM TEPMOIYMUHHUCIIEHTHOT I03CUMETPA HAKOH 5 MECELM aKyMyanuje.
Huxe jaunne fo3e gobujene cy y OJu3MHU BpaTa U Ipo30pa, oK ce Behe jaunHe no3e qobujajy y UeHTpY
npocropuje 1 61M3y NPOIIMPEHUX 3UA0BA. YTOpE[UBE pe3ylTaTe jauuHe o3¢ Ha MCTUM IOJIOXKajuMa
yaytap npocropuje aaje RESRAD-BUILD mporpamcku makeT. Mofes mpocTopuje je orpaHddeH Ha
HeHTap cobe 1 1aje Takobe ynopeguse pesyartarte. Tpu MeTofe nokasane cy ynopeuBe pe3ynrare, To je
HOTBPAMIIO NMPENOPYKY fla ce KOpHUcTe TeopeTcku Mojenu, npu yemy je RESRAD-BUILD codrsep 6uo
TauHU]U.

Kmwyune peuu: jauuna 0ose, ezutiaiticku zpabesuncku maitiepujan, mooea cooe, RESRAD-BUILD
ipozpam, TLD oosumeitiap




