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Reflectance Enhancement Factor Associated with Coherent

Interference of Light in an Unbacked or Embedded Quarter-Wave

Layer

R. M. A. Azzam

Department of Electrical Engineering, University of New Orleans, New Orleans,
Louisiana 70148, USA.

Received on: 12/1/2017; Accepted on: 28/3/2017

Abstract: If a semi-infinite transparent substrate is replaced by a quarter-wave layer
(QWL) of the same material, which is embedded in the same ambient, the intensity
reflectance is increased by a significant factor. A simple expression is derived for this
reflectance enhancement factor (REF) 7 that results from coherent multiple-beam

interference of monochromatic light within the QWL. The REF 7

decreasing function of the Fresnel intensity reflectance at the ambient-layer interface with
maximum and minimum values of 4 and 1, respectively. The expression for 7 is applicable

is a monotonically

for the p and s linear polarizations, at any angle of incidence and for any wavelength within
the common transparency bandwidth of both layer and ambient. The results are particularly
relevant to light reflection by index-near-one materials and Brewster-angle reflection
polarizers that use high-index, IR-transparent semiconductors such as Ge and Si, in bulk

and pellicle form.

Keywords: Interference, Reflection, Polarization, Thin films.

Introduction

Thin film optics is a well-established field
with many important applications (see, e.g. [1 —
5]). For example, it is well known that the
reflectance of a surface can be deliberately
increased or decreased by exploiting the
coherent interference of light in transparent thin
films.

In this paper, an expression is derived for the
reflectance enhancement factor (REF) that
results when a semi-infinite transparent substrate
is replaced by an unbacked quarter-wave layer
(QWL) of the same material. The functional
expression of the REF, associated with coherent
multiple-beam interference in the QWL, is
independent of incident light polarization (p or
s), wavelength and angle of incidence. The
significance of the REF is demonstrated by two
examples: (a) the reflection of light by index-
near-one (INO) skeletal or porous materials [6]
and (b) Brewster-angle reflection polarizers that
use high-index, IR-transparent semiconductor

materials both in bulk and thin-film (pellicle)
form.

Reflectance Enhancement Factor

The reflection of p- and s-polarized
monochromatic light at the planar interface
between two transparent media (e.g. air and
glass, denoted by 0 and 1) at an angle of
incidence ¢ is governed by the well-known

Fresnel reflection coefficients Y =P [7].
2

If the semi-infinite substrate is truncated to a thin
film of uniform thickness d and the exit medium
below the dashed line in Fig. 1 is the same as the
ambient medium 0, the complex-amplitude
reflection coefficients that account for coherent
multiple reflections within the unbacked layer
are given by [8]:
rO]v (1 - X) —

=_owvr -7 . 1
& (l_rosz)’v 7 W
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FIG. 1. Reflection of p- and s-polarized light at the interface between two transparent media 0 and 1. Reflectance
enhancement due to the coherent interference of light within a truncated slab of thickness d (and exit medium
0) is the subject of this paper. In this figure, the s polarization is normal to the page; i.e., the plane of

incidence.

In Eq. (1), X is a complex periodic function of
film thickness d:

X =exp(—i2nd | Dy), 2)
with a period given by:
D, =(A/2)(n’ —n,’sin” ¢)""*. 3)

In Eq. (3), A is the wavelength of light, while
n, and n, are the refractive indices of the
transparent media of incidence and refraction,
respectively.

For a layer of half-wave optical thickness
[d=Djand X =1from Eq. (2)], destructive
interference leads to zero reflectance, R, =0,
vV = p, s,according to Eq. (1).

On the other hand, the highest reflectance is
achieved with a quarter-wave layer (QWL) of

thickness d=D,/2 and X =-1 [from Eq,

(2)]. Substitution of X =—1in Eq. (1) leads to
the desired expression:

=———V=p,S. 4)

The relation between the intensity reflectance
of a QWL and that of a semi-infinite substrate
(d > o) of the same refractive index is

obtained by squaring both sides of Eq. (4):

sz :—avzpas- (5)

The reflectance enhancement factor (REF) 7
is defined by:

114

n :sz/rmv2 =4/(1+1,7),v=p,s. (6)
For simplicity, the intensity reflectance of the
01 interface for the v polarization is denoted by:

x =17, (7

so that the REF 7 becomes:

n=4/1+x)". (®)

The REF of Eq. (8) is applicable for: (a) the p
and s orthogonal linear polarizations, parallel
and perpendicular to the plane of incidence,
respectively; (b) any angle of incidence ¢ of
external reflection (n, >n,) or partial internal

reflection below the critical angle in the case of
an embedded low-index layer

[n, <n,,¢ <arcsin(n,/n,)]; and (c) any
wavelength of incident light or refractive indices
of the two transparent media.

For a given interface between two transparent
media #,,” <#,," at all angles of incidence [7],
hence from Egs. (7) and (8) one obtains:

N 275 - ()]

Fig. 2 shows a graph of the REF 7 over the
full range of x=ry,> (0<x<1). In Fig. 2, the
maximum value 77 =4 is attained in the limit as
x — 0 and the minimum value =1 in the
limit as x — 1 and the initial and final slopes of
the 77 -versus-x curve in Fig. 2 are —8 and —1,
respectively.

Two examples are given in the next section
that illustrate the significance of the REF.
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FIG. 2. Reflectance enhancement factor [Eq. (8)] due to coherent interference of light in a QWL is plotted as

a function of the intensity reflectance of the ambient-layer interface

Reflection by Index-Near-One
Materials and Bulk-versus-Pellicle
Brewster-Angle Reflection Polarizers

Except near grazing incidence, the reflection
of light by a skeletal or porous index-near-one
(INO) material [6] is very weak. For example,
the intensity reflectance of s-polarized light at
the interface between air and a bulk INO

material with » = 1.1 at 60° angle of incidence is

only 7> =0.02288. On the other hand, if the
theoretically semi-infinite INO substrate is
replaced by a QWL of the same refractive index
(n = 1.1), the intensity reflectance is boosted by a
significant factor of 77, =3.911 or nearly 6 dB.

As another example, consider the simplest
method for generating linearly polarized light by
reflection at the Brewster angle (BA)
¢y =arctan(n);n=n,/n, of an air-dielectric
plane boundary. At the BA, the p polarization is
suppressed on reflection (I’OIP =0) and the

reflected light is s polarized. The intensity
reflectance for the s polarization at the BA is
given by:

_ 2
=Tow .

Fo? =c0s2(2¢5) = (n2 =12 /(2 +1)2.  (10)

For an efficient BA polarizer, the s
reflectance of Eq. (10) should be as high as
possible. This is feasible only with high-index,
IR-transparent semiconductors [9, 10] such as Si
and Ge with n =3.4 and 4, respectively.

For bulk Ge BA reflection polarizer (n = 4),
Eq. (10) gives ry,>=0.7785, which may be

considered sufficiently high. However, the s
reflectance of the Ge substrate at the BA

(75.964°) can be enhanced by replacing bulk

Ge by an unbacked Ge pellicle of QWL
thickness. (At the BA, a transparent layer or
parallel slab of any thickness is, of course, non-
reflecting for the p polarization.) Substitution of

o> =0.7785 in Eq. (6) gives a REF for the s
polarization ofn, =1.2645. Therefore, the
enhanced s reflectance of the QWL Ge pellicle
BA polarizer is 77s”01s2 =1.2645x0.7785
=10.9844. This 20.6% increase in efficiency of
the BA polarizer is clearly traceable to coherent

multiple-beam interference of s-polarized light
within the Ge QWL.

115
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Conclusion

In this communication, a reflectance
enhancement factor n [Eq. (8)] is introduced to

quantify the role of coherent multiple-beam
interference in augmenting the intensity
reflectance of an unbacked or embedded QWL,
when compared to the intensity reflectance of a
semi-infinite substrate of the same material as
the QWL. The result is valid for the p or s linear
polarizations, at any angle of incidence or

R. M. A. Azzam

wavelength within the common transparency
spectral range of the media of incidence and
refraction. The results are particularly relevant to
light reflection by index-near-one (INO)
materials and  Brewster-angle  reflection
polarizers that use high-index, IR-transparent
semiconductors, such as Ge and Si, in bulk and
pellicle form.
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Abstract: The activity concentrations of some artificial and natural radionuclides in some
soil samples from high agricultural area, in North West Jordan “Bani-Kananah District”,
were measured by using gamma ray spectrometry. The activity concentrations of *’Cs
(Cesium), **K (Potassium), >**U (Uranium) and ***Th (Thorium) were measured in 38 soil
samples which were collected from agricultural area. The radiation hazard indices of soil
samples were also calculated. The results showed that the average values of either
radionuclides activity concentrations or radiation hazard indices of all soil samples under
study were in the internationally allowable and lower range. From the accumulated spectra,
the activity concentrations were determined in (Bg/kg) to be on the average of 22.7 + 15.2
for 2*Th, 20.4 + 9.8 for 2**U, 160 + 76 for *°K and 4.6 + 5.0 for '*’Cs. The mean value of
the radium equivalent activity index (Raeq) was found to be 65.0 + 27.8 Bq/kg, while the
average value of the total absorbed dose (D) was 30.5 + 13.1 nGy/h. In addition, the
average value of the annual effective dose was 37.4 = 16.0 uSv/y. The calculated values of
external and internal radiation hazard indices (H.x and H;,) were lower than unity. Results
therefore emphasize that the radionuclide activity found in the surveyed area is nominal
and does not pose any potential health hazard to the general public. This work can be added
to other works on Jordan environment in order to establish baseline data for levels of
radioactivity.

Keywords: Gamma ray spectrometry, Radionuclides, Hazard indices, Soil.

PACS number: 29.30.Kv

Introduction

Environmental  radioactivity = and  the
correlated gamma radiation exposure appear at
different levels in each area in the world [1].
Therefore, estimating a baseline level of gamma
radiation is behind the extended surveys taken
worldwide. In addition, the evaluation of
radiation dose distribution is important for
assessing the health risk to the general public
and serves as a reference in environmental
radioactivity [2], especially for humans that
maybe exposed to irradiation by contamination
of the food chain which happens as a deposition
of radionuclides from contaminated soil,

sediment or water on the plant leaves and root
uptake [3].

Natural radionuclides are present mostly in
soils since the foundation of earth; they are
entering the human body during the food chain
by the plant roots such as potassium radioisotope
“K [4]. The main potential hazard of the natural
radioactive series (uranium, thorium and
actinium) is from external exposure; they enter
in many building materials or by direct exposure
to soil [5]. Artificial radionuclides, “'Cs in
particular, are released to the atmosphere from
various sources such as medical waste, nuclear
accidents like Chernobyl and Fukushima and
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nuclear weapons testing in the 1950s and1960s
[5]. Since "*’Cs has a long half life time (30.2 y),
it is a significant health pose when the level of
internal exposure of human increases due to the
intake of contaminated food stuff after the
migration of radiocesium into soil [6].

Previous radioactivity studies assessed the
natural and artificial radionuclides in soil
samples around the world. However, the number
of studies made on countries in the Mideast
remains somewhat limited by comparison. In
Jordan, several studies on soil radioactivity
measurements in selected regions have been
performed [5, 7-11]; among them, Ahmad et al.,
1997 [7] have measured the concentration levels
of indoor radon in a number of randomly
selected houses and natural radioactivity in soil
in different areas of Jordan using CR-39 based
dosimeters. Al-Hamarneh et al., 2003 [8] studied
surface and core soil samples from different
regions of Jordan. They measured the
concentration of artificial radionuclides ("*’Cs).
The estimation of the annual effective dose
equivalent due to *’Cs was more than 200 pSv.
Al-Jundi, 2002 [9] has found that the
concentration values of “’K and *’Th obtained
from old phosphate mine of Russaifa city are
normal compared to other worldwide standards
in other countries, but the concentrations of 2*U
are much higher than the worldwide range.
Abusuni, et al., 2008 [10] studied the activity
concentrations of **U, ?*Th and “K in soil
cores of Araba Valley. The mean concentrations
of these radioactive nuclei were below than in
other populated areas and the mean activity
concentrations were decreased with depth. More
recently, Abu Haija, 2012 [11] studied the
natural radionuclide activity concentration in soil
of Tafila city. The activities of the collected
samples were below the world average activity
rates. Ababneh et al., 2012 [5] studied the
vertical distribution of both natural and
anthropogenic radionuclides in heavy rainfall
areas (Ras Muneef region). They found that
B7Cs has two types of depth profile depending
on land wuse; Gaussian distribution and
exponential distribution.

The United Nations Scientific Committee on
the Effects of Atomic Radiation (UNSCEAR)
report [1] does not provide data concerning these
radionuclides in Jordan. So, establishing a
baseline for natural and artificial radioactivity is
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becoming essential to develop future guidelines
in the country and the region for radiological
protection of the population.  Further
investigations on the level of these radionuclides
in the area, as no such study has been carried
out, along with previous existing studies will
contribute to establishing such a baseline level.

The natural and artificial radionuclides may
transport to the human body through the food
chain; i.e., mainly through the soil. Thus, in this
work, the area of high agricultural use in the
northwestern corner of Jordan, “Bani-Kananah
District”, was selected to investigate its
radioactive  content,  calculating  radium
equivalent and examining the internal and
external hazard indices. The area was chosen to
be undisturbed away from the street, cultivated,
uniform and inclusive of all regions in the area.

Materials and Methods
Sampling Area and Sample Collection

The area of the study lies within Bani-
Kananah District in the northwestern corner of
Jordan which covers an area of about 250 km’
(Fig. 1). The area of agricultural use in Bani-
Kananah District is 200 km® which is 80% of the
total area. The area was chosen for this study
because of the amount of rainfall and the type of
soil making it suitable for agricultural use. The
major crops grown are olives and pomegranate.

A total of 38 surface soil samples were
collected from different sections at 0-10 cm
depth level all over; (i.e., one sample for every
section). The longitude and latitude for every
sample position were taken using GPS. The
samples were collected from agricultural,
uniform, undisturbed and cultivated regions in
the described area, packed in plastic bags and
assembled in the laboratory. Then, the samples
were oven dried for at least 2 hr at 100°C until a
constant weight is reached and sieved through
0.05 mm mesh to remove stones, pebbles and
other impurities. Samples were then weighed and
transferred to standard 100 ml cylindrical cups of
2 cm radius and 6 cm height. Thereafter, the
samples were stored for at least 5 weeks before
conducting gamma spectrometric analysis to
ensure that secular equilibrium between **U and
*Th and their respective daughters was reached.
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FIG. 1. Location map of the soil samples.

Activity Concentration Measurements

The radioactivity of the soil samples was
measured using a low level counting system
(gamma ray spectrometer) consisting of a high —
purity germanium (HPGe) detector (GC2519)
described elsewhere [12]. The detector has an
active volume of 105.7 cnr’, a relative efficiency
of 25% at 1.33 MeV of “Co gamma ray peak
and a resolution of 1.9 keV at the same energy
peak (Canberra, USA). To reduce background
radiation, the detector is shielded by a 10 cm
thick lead cylinder. A reference standard source
(MGS-5, Canberra, USA) was used for energy
and efficiency calibration, which emits gamma
rays of 60-1461 keV. The standard sample
consists of the radionuclides: '**Eu, *’Co, '“Sn,
B7Cs, **Mn, ©Zn and “’K (Table 1). The detector
signal was taken to the PC supplied with an

MCA (Multi Channel Analyzer, model DSA-
1000). Analysis of data was done using Genie
2000 software (Canberra, USA), containing peak
search and nuclide identification modules. The
prepared cups (samples) were placed on the
detector end cap at a distance of 1 cm. Each
sample was counted for 24 h to obtain good
statistics with dead time smaller than 10% and
quality control tests were performed using
reference samples obtained from [AEA (IAEA-
375 soil and IAEA-315 marine sediment) in the
same geometry as the measured samples. Under
identical conditions, empty cup measurements
were also carried out to determine the
background counts, which were later subtracted
from the measured spectrum of each sample to
get the net activities of the radionuclides. Fig. 2
shows the gamma ray spectrum for one of the
soil samples.
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TABLE 1. Data for radionuclides contained in standard sample used for energy and efficiency

of calibration (MGS-5).

Nuclide | Energy (keV) | Activity (Bq) | Count rate (C/s)
60.0 26
SSEy 86.5 2330 722
105.3 503
5 122.1 4920
Co 136.5 5750 604
113 255.1 202
Sn 391.7 9600 6230
B7Cs 661.6 2220 1880
*Mn 834.8 7520 7520
57n 1115.5 10800 5490
K 1460.8 798 85
3 1536
=
=
g 3
S 1024 4 t'q
: =
2 7
£ 2
Z
N PR
500 1000 1500 2000

Energy (keV)

FIG. 2. The gamma ray spectrum for one of the soil samples (S 9).

The determination of *’Cs and *’K measured
activity concentrations for the collected samples
from Bani-Kananah District is based upon the
detection of their gamma lines (gamma yields) of
662 keV (0.85) and 1461 (0.11) keV,
respectively. For **Th radionuclide, the activity
was determined using gamma line of 911 keV
(0.29) of its daughter ***Ac. The determination of
28U activity concentration was based on the
detection of gamma rays emitted using weighted
mean activity concentration of its first daughter
“%Th of 63.3 keV (0.048).

The minimum detectable activities of
(MDAs) for ’Cs, “K, **U and ***Th were 0.18,
8.4, 4.5 and 0.7 Bg/kg, respectively. The MDAs
were calculated using the following equation:

2.71 + 4.65VB
& X Py Xxm

MDA = (1)
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where B is the true mean of the blank, P, is the
gamma yield of the nuclide at given energy, € is
the efficiency of the detector at the peak and m is
the mass of the sample.

Calculation of Radiation Hazard Indices

The radium equivalent activity index (Ra.q) in
Bg/kg represents the specific activity levels of
materials containing different concentrations of
*6Ra (***U), **Th and “K, taking into account
the hazards of radiation correlated with each
component. It can be calculated according to the
following equation [1]:

Ragq = Cra + 1.423 Cr, + 0.077 Ck )
where Cr,, Cmn and Cg are the activity
concentrations of ***Ra (**U), *’Th and *K,

respectively. The above equation is based on the
estimate that 1 Bg/kg of **°Ra (**U), 0.7 Bg/kg
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of **Th and 13 Bg/kg of *’K produce the same
gamma ray dose rate.

The total absorbed dose rate (D) at 1 m above
the ground surface due to gamma radiation in air
has been calculated by assuming uniform
distribution of the natural radionuclides **°Ra
(**U), **Th and *K using the following
equation [1]:

D(nGy/h) = 0.429Cg, + 0.662Cr;, + 0.0427Cx
3)
To estimate the annual effective dose rate
(Defr), the conversion coefficient from absorbed
dose in air to effective dose is 0.7 Sv/Gy and an
outdoor occupancy factor of (0.2) is used. The
annual effective doses are calculated from the
following equation [1]:

Deff (uSv/y) = D(nGy/h) x 8760(h/y) x 0.2 x
0.7(Sv/Gy) x 107 4)

The external and internal hazard indices (Hex
and Hj,), respectively, are widely used and
defined as follows [1]:

Hex = Cro/370 + C1/259 +C1/4810 %)
Hi, = Cro/185 + C13/259 + C,/4810 (6)

The values of these indices must be less than
unity for the radiation hazard to be negligible.

Results and Discussion

The activity concentrations of the
radionuclides "*’Cs, “K, ***Th and **U detected
in soil samples were reported in Table 2 which
shows low level activity concentrations. All
concentrations were reported as Bg/kg dry
weight. Based on Table 2, the activity
concentration values ranged from 5.7 to 32.1
with an average (£SD) of 22.7 + 15.2 for **Th,
12.2 to 34.6 with an average (£SD) of 20.4 + 9.8
for 2*U, 62.0 to 240.2 with an average (+SD) of
160 + 76 for **K and 1.5 to 12.4 with an average
(=SD) of 4.6 = 5.0 for "'Cs.

The world-wide average concentration values
of the natural radionuclides 2*U, ***Th and *’K
are 40, 40 and 370 Bqg/kg, respectively [1]. Our
data in general agree well and are lower than
international reported limits. The artificial source
B7Cs in the samples can be considered as being
due to nuclear weapons, bomb tests and
accidents. The *’Cs concentration is attributed to
global fallout.

The correlation between *Th and *’K shown
in Fig. 3 is linear, which is in agreement with
other studies [5,9], while there is no theoretical
basis for this calculation.

250
% y=2.3756x + 106.69
=
= 200
w4
S
S 150
2
£ 100
T +
<
S ¢
50

5 10 15

Concentartion of 22Th (Bq/'kg)

20 25 30 35

FIG. 3. Plot of the correlation between the activity concentrations of 2**Th and *’K for all samples.
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TABLE 2. Locations and activity concentrations of *** U, ***Th, *’K and"’ Cs in Bg/kg in the
studied soil samples.

Position Height above 13 'CS YK *Th U
sea level (m)

S1  (32°44'02"N, 35°46' 32" E) 360 5.0£0.4 200.8£16.0 24.1+2.3 17.0+£2.8
S2  (32°43"43"N, 35°47' 52" E) 368 22403  153.1£13.6 26.6+2.7 20.6+3.0
S3 (32°43"38"N, 35°48' 42" E) 367 4.140.3 185.7£152 19.9+2.2 29.7+4.2
S4 (32°43'39"N, 35°49' 11" E) 344 11.3+0.7 118.2+12.2 15.2+2.0 34.6+2.2
S5 (32°42'53"N, 35°49' 52" E) 395 1.5£0.4 184.1£15.0 24.1+1.9 14.2£2.9
S6  (32°42'37"N, 35°52'21"E) 410 2.1+0.2  184.2+15.0 25.242.4 21.143.1
S7  (32°40"45" N, 35°52'35" E) 438 2.6£0.4 211.9£16.5 28.9+2.4 20.3£3.0
S8 (32°38'59"N, 35°51'11"E) 502 5.4+0.4 240.2+18.0 22.2+2.2 25.2+3.6
S9  (32°38'57"N, 35°53"10" E) 475 25404  177.7414.7 29.842.4 18.7+2.8
S10 (32°37'13"N, 35°53' 05" E) 515 2.840.3 189.3£15.3 30.5+2.5 27.0£3.6
S11  (32°37'31"N, 35°52'41"E) 493 6.5£0.5 212.3£16.6 14.6+2.1 18.7+£3.0
S12° (32°37'37"N, 35°51'26" E) 497 49+0.5 179.6£15.0 25.4+2.3 27.5£3.9
S13 (32°38'07"N, 35°51'50" E) 520 4.140.4 206.0£16.1 22.842.3 19.842.8
S14 (32°40'29"N, 35°51'27"E) 482 6.3£0.6  151.1£13.3 17.942.0 22.7+3.3
S15 (32°42'26"N, 35°49'48"E) 304 49+0.5 112.7411.8 11.5+1.9 15.6+£2.7
S16  (32°41'30"N, 35°49'37"E) 423 2.540.3 148.9+£13.9 31.4+2.5 16.5£2.7
S17 (32°38'27"N, 35°50' 03" E) 569 3.5£0.4 201.8+16.0 27.5+2.4 25.3£3.6
S18 (32°39'37"N, 35°48' 54" E) 483 4.540.3 155.6+13.7 12.5¢1.9 20.743.1
S19 (32°40"10"N, 35°49' 22" E) 516 45403 137.8+13.0 29.3+2.4 17.9+2.8
S20 (32°39'21"N, 35°47' 24" E) 493 22404 164.1+142 28.7£2.4 22.543.2
S21 (32°39'59"N, 35°46'41"E) 458 7.6£0.5 141.513.1 21.6+2.2 21.5£3.1
S22 (32°41'06"N, 35°50" 10" E) 440 8.0+0.6 113.4+12.0 21.4+2.2 16.0+2.6
S23 (32°43"15"N, 35°48' 11" E) 201 6.9+0.5 112.0+£11.8 8.8£1.9 12.8+2.1
S24 (32°42'41"N, 35°44' 10" E) 355 2.9+0.4 164.0+14.2 28.1£5.5 16.7+3.8
S25 (32°42'14"N, 35°45' 16" E) 393 2.540.4 1919154 29.4+2.5 15.942.5
S26 (32°41'12"N, 35°46' 56" E) 442 4.4+0.5 125.1£12.6 32.0+2.5 22.743.3
S27 (32°41'21"N, 35°46' 13" E) 415 5.8£0.5 144.5£13.2 28.7+2.5 20.3£2.9
S28 (32°40'47"N, 35°46'47"E) 450 49+0.4 156.0£13.8 32.1+2.6 18.8+2.9
S29 (32°40'08"N, 35°48'38"E) 481 5.740.5 163.6+14.1 16.8+1.7 18.9+2.8
S30 (32°39'38"N, 35°45'20"E) 468 59+0.4 62.0£10.0 6.5£1.7 14.8+2.4
S31 (32°39'04"N, 35°44' 23" E) 421 12.4+0.7 165.6+14.3 21.9+2.2 22.6+3.2
S32 (32°38"59"N, 35°39'40" E) 328 1.8£0.4 197.3£15.8 25.4+2.4 12.3£2.2
S33 (32°38'08"N, 35°38'28"E) 199 2.540.4 191.0£15.5 19.6+2.2 12.242.1
S34  (32°39'20"N, 35°50'23"E) 537 3.4£0.5 177.5£14.7 30.3+2.5 24.8£3.5
S35 (32°41'20"N, 35°48' 16" E) 218 1.740.4  152.5+13.7 29.4+2.4 23.5£3.5
S36  (32°39'27"N, 35°41' 01" E) 180 2.1+0.4 118.2+12.1 9.8+1.9 19.843.0
S37 (32°40"35"N, 35°39'59"E) -50 49+0.5 88.5+11.2 57419 21.9+£3.2
S38 (32°40'23"N, 35°44' 53" E) 425 6.4+£0.5 123.0+£12.3 26.7+2.3 23.7£3.4

MIN. 1.5 62.0 5.7 12.2

MAX. 12.4 240.2 32.1 34.6

AVERAGE 4.6 160 22.7 20.4

SD 2.5 38 7.6 4.9

From Table 3, the radium equivalent activity (D) in the study area ranged between 13.21 and
index (Ra,) in the soil samples ranges from  39.65 nGy/h with an average value of 30.5 +
28.77 to 84.93 Bg/kg with a mean value of 65.0 13.1 nGy/h, which is lower than the range of
+ 27.8 Bg/kg, which is less than the safe limit  values given in UNSCEAR (2000) {57(24-160)
(370 Bg/kg) recommended by the Organization  nGy/h}.
for Economic Cooperation and Development
(OECD) (1979) [13]. The total absorbed dose
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TABLE 3. External hazard indices (H.x), internal hazard indices (H;,), radium equivalent (R,), total
absorbed dose (D) and annual effective dose (AEDE) in the studied soil samples.

Sample Hex H;, Ra.  (Bg/kg) D (nGy/h)  Degr (uSv/y)
S1 0.18 0.23 66.76 31.65 38.84
S2 0.19 0.25 70.19 32.81 40.27
S3 0.20 0.28 72.27 33.64 41.28
S4 0.18 0.27 65.37 29.82 36.59
S5 0.17 0.21 62.64 29.73 36.49
S6 0.19 0.25 71.14 33.43 41.02
S7 0.21  0.27 77.69 36.68 45.01
S8 0.20 0.27 75.24 35.52 43.60
S9 0.20 0.25 74.74 35.15 43.14
S10 0.23  0.30 84.93 39.65 48.66
S11 0.15 0.20 55.82 26.57 32.60
S12 0.21  0.28 77.47 36.10 44.30
S13 0.18 0.24 68.06 32.18 39.49
S14 0.16 0.22 59.76 27.87 34.20
S15 0.11 0.15 40.59 18.99 23.30
S16 0.20 0.24 72.65 34.09 41.83
S17 0.22 0.28 79.92 37.46 45.98
S18 0.14 0.19 50.42 23.63 29.00
S19 0.19 0.24 70.15 32.81 40.26
S20 0.21  0.27 75.93 35.48 43.54
S21 0.17 0.23 63.08 29.40 36.08
S22 0.15 0.19 55.18 25.76 31.62
S23 0.09 0.13 33.90 15.97 19.60
S24 0.19 0.23 69.31 32.62 40.03
S25 0.20 0.24 72.46 34.29 42.08
S26 0.21  0.27 77.82 36.11 44.32
S27 0.20 0.25 72.27 33.74 41.40
S28 0.21 0.26 76.44 35.81 43.95
S29 0.15 0.20 55.35 26.04 31.95
S30 0.08 0.12 28.77 13.21 16.21
S31 0.18 0.24 66.46 31.08 38.14
S32 0.17 0.21 63.59 30.33 37.22
S33 0.15 0.18 54.75 26.19 32.14
S34 0.22 0.29 81.53 38.08 46.74
S35 0.21  0.27 77.08 35.90 44.06
S36 0.12 0.17 42.80 19.89 24.40
S37 0.10 0.16 36.83 16.84 20.67
S38 0.19 0.26 71.12 32.94 40.43

MIN. 0.08 0.12 28.77 13.21 16.21

MAX. 0.23  0.30 84.93 39.65 48.66

AVERAGE 0.18 0.23 65.0 30.5 37.4
SD 0.04 0.04 13.9 6.53 8.01

The annual effective dose in this study area
ranged from 16.21 to 48.66 uSv/y with an
average value of 37.4 + 16.0 uSv/y. It’s clear
that the average value of the annual effective
dose (0.037 mSv/y) is lower than the worldwide
average value for outdoor effective dose of 0.07
mSv/y, reported by UNSCEAR (2000) [1].

The calculated values of H. for the soil
samples studied ranged from 0.08 to 0.23 with
an average value of 0.18 £ 0.08. In addition, the
calculated values of H;, ranged from 0.12 to 0.30
with an average value of 0.23 = 0.08. Since these
values are lower than unity, the soil in the study
area is safe and can be used for agriculture
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without posing any radiological threat to the
population.
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The activity concentrations and dose rates of
natural radionuclides of soil samples in different
regions around the world are shown in Table 4.

TABLE 4. Summary of activity concentrations and dose rates of natural radioisotopes in soil

samples in some of the world regions.

Dose rate

Region / Country U *Th YK (nGy/h) Reference
Karak, Jordan 228.9 27.2 410.2 - [7]
Amman, Jordan 56.4 28.8 501.3 - [7]
Russifa, Jordan 48.3-523.2  8.7-27.1 44-344 97.50 9]
Northern Jordan 49.9 26.7 291.1 51.5 [14]
Tafila, Jordan 22.03 27.91 285.02 40.12 [11]
Ras Muneef, Jordan 10-73.2 5.8-30.8  108.8-325.6 44.2 [5]
Zarga, Jordan 41.3 Low 390.8 34.66 [15]
Syria 19 24 336 - [16]
Istanbul, Turkey 21 37 342 65 [17]
Pakistan 37 18 320 22 [18]
Bushehr, Iran 12-75 8-33 108-520 30.56 [19]
Cyprus 25 20 360 56 [20]
Greece 49 51 840 84 [20]
Spain 42 17 285 30 [19]
Russia - 33 470 76 [20]
United States 35 35 370 47 [20]
Worldwide Average 40 40 370 57 [20]

Present study 20.4 22.7 160.6 30.46
Conclusions

The activity concentrations of *'Cs,*’k, **U
and **Th in soil samples collected from north
west Jordan (Bani-Kananah) have clearly shown
the existence of low level activity. The
calculated average radium equivalent activity
index (Rag), the mean external (Hc) and internal

hazard indices (H;,), the total absorbed dose rate
and the annual effective dose in this study show
that the radioactivity of radionuclides found in
the surveyed area is below the world activity
values. It is nominal and does not pose any
potential health hazard to the general public.
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Abstract: This paper presents a multielement analysis of fifteen Ayyubid-Mamluk glazed
pottery sherds for determining the chemical composition in order to study their provenance.
The tested fragments in this work belong to the historical site of Udhruh in southern
Jordan. The chemical analysis for samples has been carried out by using Synchrotron
Radiation X-ray Fluorescence Spectrometry (SR-XRF) technique. The semi-quantitative
analysis of the elements Fe, Cu, Zn, Br, Rb, Sr, Y, Zr, Nb, Mo, Pd, Ag, Cd and Pb has been
applied to the samples using SR-XRF technique. The data were analyzed by using Principal
Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) in order to define
groups of different glazed pottery sherds by obtaining information about their similarity
and clustering. The results provide persuasive evidence that the Udhruh pottery fragments

have at least three different sources of provenance.
Keywords: SR-XRF, Semi-quantitative, Udhruh, Ayyubid-Mamluk pottery, PCA.

Introduction

The application of interdisciplinary analytical
methods to archaeology is well established to
date. The employment of various chemical,
geological and physical analytical techniques in
order to study archaeological artefacts (e.g.
ceramics, mortars, slags, marbles ... etc.) is also
a common practice nowadays. The chemical,
mineralogical and structural characterization of
ancient pottery can shed light on the provenance
of raw materials used for ceramic production and
determine the technological processes related to
pottery manufacture. During the last years,
several studies have been carried out concerning
the analysis of archaeological ceramics
employing various techniques. Most studies deal
with the determination of chemical composition.
The identification of specific chemical elements

in high concentration could be related to the
geological profile of the region of study and thus
one can distinguish between local potteries and
imported ones [1, 2]. Therefore, one of the most
important questions asked by archaeologists can
be answered. The question is related to the
provenance of the excavated objects, since any
ancient item could have been produced locally at
the place where it was found or transported to
the site from a location where it was originally
manufactured [3].

Analysis of cultural objects by X-Ray
Fluorescence (XRF) spectroscopy is the most
widely used technique due to a number of
favorable analytical characteristics. It is a multi-
element, non-destructive and high sensitivity
technique. In addition, it is applicable to a wide
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range of samples (solids, liquids and gases).
These features have made the XRF a very
popular analytical technique in several
archacometric studies [4,5]. Regarding the
possibility of getting quantitative analysis in
archacometric applications, when using the
energy  dispersive  detector for  X-ray
spectroscopy, the problems arising from the
limited detector sensitivity to detect low Z
elements and the irregular shape or the non-
homogeneous composition of the sample have
generated a widespread opinion that only semi-
quantitative analyses are possible in XRF
applications to archacometry such as glass and
ceramic samples. The problem of quantitative
XRF analysis does not arise normally from the
irregular shape of the tested object, but because
of the impossibility of evaluating the auto
absorption correction due to matrix low Z (<11)
elements which in most cases cannot be detected
by standard solid-state detectors [6, 7].

Semi-quantitative analytical procedures [8]
are becoming more and more popular among
researchers and using such procedures makes the
question of the accuracy of results more
profound. The accuracy of any analytical
procedure depends to a great extent on the
spectral resolution, counting statistics, matrix
correction and analytical procedure, which are
especially optimized to provide fast analysis of
alloy composition [9]. The energy and intensity
results of the XRF spectra are not only in
accordance with a given element, but also with
its abundance in the tested sample(s) [10].

According to the analyzing capability, the
Synchrotron Radiation X-ray Fluorescence
Spectrometry  (SR-XRF) has gained an
increasing interest in the field of elemental
analysis. Several works showing the advent of
technique based on XRF can be found in
literature during the past decade [11, 12].

In the present study, two multivariate
statistical methods, Principal Component
Analysis (PCA) and Hierarchical Cluster

Analysis (HCA) have been applied to ancient
Ayyubid-Mamluk glazed pottery from Udhruh
historical site in southern Jordan. Similar
technique, experimental conditions and statistical
methods were provided for Karak Castle site
[13]. The main goal was to determine similarities
and correlation between the selected samples
based on their elemental composition. The
extracted information will help to know more
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about the provenance sources of Ayyubid-
Mamluk ceramic in Udhruh historical site. The
samples were kindly borrowed from the
Department of Archaeology at Al-Hussein bin
Talal University.

Site, Samples and Methodology
Udhruh Historical Site

Udhruh is located at the eastern foot of the
Al-Shara mountain series to the east of the well-
known historical site of Petra, (30° 19' 40" N,
35° 35' 55" E), as shown in Fig. 1. The site
draws its importance from its strategic location
on the crossroads of the ancient trade routes in
addition to the fact that water was always
available to the site from its domestic, perennial
springs. Udhruh is referred to, in historical
literature and sources, as early as the second
century A.D. Ptolemy, in the second century
A.D, mentioned Udhruh only as a town in
Arabia Petraca [14-18]. The site appears more
often in Byzantine and Early Islamic sources and
documents, where, for example, the Byzantine
tax document known as the Beersheba Edict lists
Udhruh among the towns of PalestinaTertia as
does Stephan of Byzantium. Udhruh is also
thought to be the Augustopolis mentioned by
George of Cyprus and Hierocles [14], [19- 21].
This belief also is supported by data, which have
been recently revealed from the Petra Papyri
[22]. Two bishops from Augustopolis have been
mentioned attending two church councils in the
region during the 5™ and 6™ centuries AD [23,
24]. Udhruh was also often mentioned in early
Islamic sources, as the town’s inhabitants agreed
to pay the poll tax to Prophet Muhammad in
A.D. 630 [14, 25].

The major archaeological remain at Udhruh is
the Roman fortress, but there are other
significant monuments referred to other times.
Outside the curtain wall of the fortress and about
20 m south of the south-western corner tower, a
Byzantine church was built to serve a
community who lived within the fortress at the
time. An Ottoman fort was constructed, against
the northern side of the curtain wall of the
Roman fortress, since the site might have been a
station on the pilgrimage route [26].

Samples under Investigation

Fifteen pottery samples have been
investigated and reported in this work. The
macroscopic description of these samples is
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presented in Table 1. The name of the sample,
the hypothesized types, the characterizations of
the ceramic, core fabric and color are given in
the table. The sherds have been found in the
Udhruh archaeological site (Fig. 1). These
ceramic samples were found during an

archaeological excavation campaign in 2008 and
2009 by the Department of Archaeology at Al-
Hussein bin Talal University in cooperation with
the Department of Antiquities, Ministry of
Tourism and Antiquities, Jordan.

TABLE 1. The description of ceramic pottery samples (Udhruh site).

Sample (Characterizations of the ceramic object) Photo (camera)
Name Object Type - Glaze color*, interior/ exterior.
(Object) - Core fabric types and color*
HE E R
- Glazed bowl (wheelthrown).
- Lead glazed color = (5G 5/4) /
Udhruh 1 Plain-body  undecorated.
- Medium- hard, friable, dense fabric. Fire
pink (SYR 8/6).
Udhruh 2 Body - Glazed bowl (wheelthrown).
- Lead glazed color = (7.5G 6/6), (10GY
4/3) / (2.5GY 4/4).
- Medium-hard, dense fabric with regular
voids (10Y 8/2).
Udhruh 3 Body - Glazed bowl (wheelthrown).
- Lead glazed color = (2.5GY 8/10).
- Comments: Thin mottled glaze with
regular intrusions and speckling.
- Medium-hard, friable, dense fabric with
regular voids (2.5YR 7/8).
Udhruh 4 Plain-body - Glazed bowl (wheelthrown).
- Lead glazed color = (2.5G 8/12) /
undecorated.
- Medium-hard, friable, dense fabric with
regular voids (5YR 7/6).
Udhruh 5 Plain-body - Glazed bowl (wheelthrown).
- Lead glazed color = (5Y 4/6).
- Hard, dense fabric with small voids (5YR
7/6).
Udhruh 6  Plain-body - Glazed bowl (wheelthrown). ERER
(thin) - Lead glazed color = (7.5Y 5/6).
- Medium, dense fabric with regular voids
(10Y 8/6).
Udhruh 7 Plain-body - Glazed bowl (wheelthrown). . l . l

- Lead glazed color = (5 GY 4/4).
- Medium, friable, dense fabric (2.5YR

7/8).
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Sample
Name
(Object)

Object Type

(Characterizations of the ceramic object)
- Glaze color®, interior/ exterior.
- Core fabric types and color*

Photo (camera)

Udhruh 8

Udhruh 9

Udhruh 10

Udhruh 11

Udhruh 12

Udhruh 13

Udhruh 14

Udhruh 15

Plain-body

Plain-body

Plain-body

Plain-body

Plain-body

Body

Rim

- Glazed bowl (wheelthrown).

- Lead glazed color = (7.5 YR 5/6).

- Medium, dense fabric with regular voids
(10YR 8/6).

- Glazed bowl (wheelthrown).

- Lead glazed color = (2.5Y 8/10), (5YR
2/4) decorated lines/ undecorated.

- Hard, dense fabric (2.5YR 3/4).

- Glazed bowl (wheelthrown).

- Lead glazed color = (2.5Y 6/6), (2.5YR
2/4) decorated lines.

- Medium-hard, friable, dense fabric with
regular voids (2.5YR 6/8).

- Glazed bowl (wheelthrown).

- Lead glazed color = (SYR 2/6), (2.5YR
5/8) / undecorated.

- Medium, friable, dense fabric with regular
voids (5YR 3/4).

- Glazed bowl (wheelthrown).

- Lead glazed color = (5G 4/6).

- Medium, dense fabric with regular small
voids. Fire pink-orange (2.5YR 7/10).

- Blue under turquoise bowl (wheelthrown).
- Alkaline glazed color = (7.5 BG 7/6).

- Medium, dense, friable fabric. Fire pale
pink (10YR 9/3).

-Black under turquoise bowl
(wheelthrown).

- Alkaline glazed color = (10Y 9/2), (10YR
1/2).

- Medium, dense, friable fabric (7.5 Y 8/4).

- Blue under turquoise bowl (wheelthrown).
- Alkaline glazed color = (10 BG 6/8), (2.5
B 3/4).

- Medium- hard, dense, friable fabric (7.5 Y
8/4).

Tidhrah §

Udhruh 9

*Colors according to Munsell Book of Colour [26, 27].
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FIG. 1. Map of Jordan showing Udhruh site.

Measurements and Analysis

To perform the analysis of the samples using
SR-XRF, the inner part (core) of the samples
was exposed to synchrotron X-ray beam. All
measurements were carried out in BAM Line at
BESSY II Synchrotron light source in Berlin-
Germany using 40 keV incident energy X-ray
beam, focused to a (0.8x0.8) mm’ spot size. For
each tested sample, the data have been acquired
using a Si (Li) detector from two selected points
on the core to be representative of the sample.
The measurement time was 60 seconds for each
sample. All measurements have been performed
at room temperature. The spectra were processed
by the AXIL-PC computer software program
[29] based on IAEA standard program package
QXAS. In order to be able to perform a semi-
quantitative analysis, the elemental composition
of the samples has to be identified. This task
could be achieved by calculating the net peak
area of the XRF spectrum for which the used
software is capable. The importance of the semi-
quantitative estimation stems from the fact that it
can be useful for determining the elemental
concentrations because the latter are proportional
to the weight concentrations that can be
measured using in the technique. Therefore,
comparisons between the content of one
chemical element in different samples with
similar composition can be directly made
through the energy and the area under the

measured peaks. The intensity of emission from
each element can lead to classify the elements.
The net area under the peak (counts) for certain
element in an XRF spectrum is used to calculate
the abundance of the element in the sample,
since the peak intensities are proportional to the
concentrations of the elements present in the
sample.

Statistical Methods

In the archaeological field, cluster analysis
together with Principal Component Analysis
(PCA) represent the most commonly used
methods to classify items in subgroups such that
individuals within a group are similar to each
other. PCA is a mathematical technique that
allows n-dimensional identification of sample
groups and hence is a very powerful method of
exploratory multivariate statistical analysis.
Therefore, it is often used in the interpretation of
XRF artifact characterization for helping
archaeologists to identify discrete compositional
groups within a data set. This information may
then be applied to formulate and test hypotheses
on trade and exchange routes and socio-
economic  relations.  Hierarchical  Cluster
Analysis is a multivariate method, which allows
providing evidence for groups of objects within
the data set. The results are commonly presented
as dendrograms showing the order and levels of
clustering as well as the distances between
individual samples [30, 31, 32].
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In this work, the Bray-Curtis coefficient [33]
was used to calculate similarity matrices for
analysis. The Bray-Curtis coefficient is widely
used in the study of provenance of cultural
heritage artefacts. The dendrograms have been
constructed using a group-average linkage
hierarchical cluster analysis [34] and the data
have been processed by a PC computer software
package Unscrambler X Ver.10.1 (Camo ASA
software, Oslo, Norway).

Results and Discussion

The SR-XRF results of Udhruh site samples
are shown in Table 2. In the table, the net peak
area data (in counts) for selected elements: Fe,
Cu, Zn, Br, Rb, Sr, Y, Zr, Nb, Mo, Pd, Ag, Cd
and Pb of the XRF spectra are given. In order to
perform a semi-quantitative analysis, 210 data
entries (15 samples x14 elements), the PC
computer software package Unscrambler X
Ver.10.1 (Camo ASA software, Oslo, Norway)
has been employed. The multivariate statistical
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analysis has been carried out to verify the
similarity of the samples.

PCA and Hierarchical Cluster Analysis are
routinely applied to the data with the purpose of
identifying groups of chemically similar sherds,
which can be interpreted as representing sherds
made from the same raw materials or mixtures of
raw materials and therefore presumably made in
the same place, although not necessarily at the
same time. Fig. 2 and Fig. 4 show the Principal
Component Analysis (PCA) and Cluster
Analysis (CA) for the data presented in Table 2.

The analyzed data have been applied to the
raw data matrix of dimensions 15x14 (samples *
chemical parameters). Fig. 2 represents the
scatter score plot of the readings PC1 versus PC2
data and the loading plot is reported in Fig. 3.
The corresponding score plot shows that the data
are confined in two large groups except sample
UDRI15, which does not follow either of the
other large groups. It should be mentioned that
each group contains the samples belonging to the
same pottery provenance source.

Seores

LIDRA

40000 40000 20000 0

2000 40000 0000 8O0 100004

PO (%)

FIG. 2. Score plot of PCA of the normalized area under the peaks of SR-XRF result for Udhruh site samples.
PC1 vs. PC2 data matrix of dimensions 15x14 (15= number of samples; 14= number of elements).

132



Semi-Quantitative Analysis for Pottery Fragments Excavated at Udhruh Site, Jordan Using Non-destructive SR-XRF
Analysis Employing Multivariate Statistical Methods

Loadings

13
12

Cu

09

08
07
06
~05 H
¢ 5 b
8 04

€ 03
02 b
01

01
02
03

04
05
06

05 04 03 02 01 0 01 02 03 04 05 06 07 08 09 1 11 12 13 14
PC-1 (94%)

FIG. 3. Loading plot of PCA of the normalized area under the peaks of SR-XRF result for Udhruh site samples.
PC1 vs. PC2 data matrix of dimensions 15x14 (15= number of samples; 14= number of elements).
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FIG. 4. Hierarchical clustering dendrograms by median linking and Bary-Curtis distance for the 15 ceramic
sherd samples from Udhruh site (normalized area under the peaks of SR-XRF result).
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TABLE 2. Net peak area (in counts) for selected elements of SR-XRF result for Udhruh site samples.
26Fe 28Cu 30Zn 35Br 37Rb 38Sr 39Y 40Zl' 41Nb 42M0 46Pd 48Cd 47Ag 82Pb
UDR1 | 7660.36 | 1107.77 | 210.07 | 195.76 | BDL | 5968.74 | BDL | 12064.11 | 910.65 | 260.59 | BDL | 412.97 | BDL | 25242.55
UDR2 | 5063.89 | 2046.31 | 567.19 | 202.45 | BDL | 2077.62 | BDL 1924.17 | 101.87 | BDL BDL | 443.90 | 231.74 | 35146.14
UDR 3 | 2849.74 | 181.16 | 30.17 | BDL BDL | 3089.02 | BDL 1695.07 | 98.729 | BDL BDL BDL 73.85 | 9978.72
UDR 4 | 3014.93 38.30 57.35 | BDL | 121.97 | 1941.72 | 337.57 | 9385.33 | 407.71 | 184.34 | BDL | 472.15 | 66.11 | 2822.70
UDR 5 | 4894.98 36.97 32.79 | BDL | 225.64 | 1639.84 | 523.73 | 2978.97 | 213.24 | BDL BDL BDL BDL | 9057.06
UDR 6 | 735894 | 633.79 | 122.17 | 815.11 | BDL | 1944.37 | BDL 550.09 99.87 | BDL | 494.49 | 1538.11 | 94.69 | 70318.04
UDR7 | 1626.87 | 211.29 | 4293 | 113.50 | BDL | 1132.03 | BDL | 3189.92 | 199.81 | 115.83 | BDL 125.46 | BDL | 11287.01
UDRS8 | 4861.81 | 379.71 | 63.46 | 36849 | BDL | 1361.19 | BDL 939.23 86.67 | BDL | 83.61 | 293.37 | BDL | 51558.53
UDR9 | 21565.12 | 38.27 | 12542 | 337.73 | BDL | 839.52 | BDL | 5399.74 | 550.49 | BDL | 12498 | 335.97 | BDL | 59550.83
UDR 10 | 28657.99 | 147.59 | 275.53 | 359.68 | BDL | 6845.27 | BDL | 3306.58 | 282.75 | BDL | 253.52 | 607.63 | BDL | 67796.03
UDR 11 | 15440.33 | 41.49 73.39 | BDL | 274.68 | 2348.81 | BDL | 3998.37 | 317.48 | BDL BDL BDL 84.49 | 22954.89
UDR 12 | 451492 | 2915.73 | BDL BDL | 240.39 | 2290.93 | 721.21 | 7967.36 | 373.66 | BDL BDL BDL BDL | 9542.79
UDR 13 | 1042.65 | 1081.62 | BDL BDL | 108.93 | 2232.71 | BDL 1613.44 | 74.66 | 9444 | BDL BDL 105.59 | 104.59
UDR 14 | 834.39 43.76 | 165.32 | 80.57 | BDL | 3280.46 | 119.67 | 1708.10 | 71.45 | BDL BDL BDL BDL BDL
UDR 15 | 15255.33 | 2564.09 | 103.91 | 42.27 | 480.63 | 6208.33 | 288.64 | 2363.13 | 284.77 | BDL BDL BDL BDL 217.87

* BDL: Below Detection Limit.
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The two large groups are characterized as
follows:

- Group A (UDRI, UDR2, UDR6, UDRS,
UDRY9, UDR10 and UDRI11): This group is
characterized by large concentrations of lead.
It is worth mentioning that the samples in this
group do not appear close to each other like
the other groups in the PCA.

- Group B (UDR3, UDR4, UDRS, UDR7,
UDR12, UDR13 and UDR14): The samples
belonging to this group are characterized by
large average concentrations of iron except
UDR13 and UDR14.

Sample UDR15 does not belong to any of the
identified groups. Moreover, this sample shows
very high concentration of iron and very low
concentration of lead, which does not appear in
the other samples of groups A and B.

Hierarchical cluster analysis was employed
based on median linking and Bary-Curtis
distances. The resulting dendrograms of the 15
ceramic sherd samples, investigating the area
under the peak data, from Udhruh site are
presented in Fig. (4). The dendrograms suggest
that the data fall in two large groups: the first
group consists of (UDR1, UDR2, UDR6, UDRS,
UDRY9, UDR10 and UDRI11) and the second
group consists of (UDR3, UDR4, UDRS, UDR7
and UDR12) while samples UDR13 and UDR14
appear together in one small group; whereas
sample UDRIS5 still appears alone with no
affiliation to any of the groups

Conclusions

This study demonstrates the growing
importance of interdisciplinary research. More
specifically, it demonstrates the importance of
using SR-XRF in archaeological investigations.
The increased need for non-destructive
investigations has become a major issue in
archaeometry. The work performs a chemical
characterization of fifteen glazed pottery sherds
dated to Ayyubid-Mamluk period from Udhruh
archaeological site in southern Jordan in order to
extract information about their provenance.
Multivariate statistical methods display how
objects from various groups can be differentiated
according to their elemental composition to

obtain information on their provenance by
showing similarity and clustering. The analysis
presents good results concerning the fabric
characterization of clay (matrix and color) and
results from this report are in good agreement
with these presented in Table 1. Hence, it is
evident that the technique is powerful to confirm
the usefulness of chemical characterization of
pottery sherds and statistical techniques of data
handling to complete and integrate the work of
archaeologists in provenance studies.

The ceramic sherds from Udhruh show two
large groups representing provenance region,
while sample UDR 15 appears apart from these
two groups. The latter also appears to contain
very high concentration of iron, which is not
observed in the other site samples. It is worth
noting that the samples in group two are apart of
each other, which means that they do not belong
to one provenance region. Another interpretation
of the variance of chemical composition of the
samples of this group is that several kinds of raw
material have been brought from different parts
around the site to manufacture the sherds.
Further analysis of this sample may clarify this
point.

The significance of the present work comes
from the scarcity of the studies on the Udhruh
site. Therefore, the study will help archaeologists
to explain the cultural contacts and behaviors
during the Islamic period and contribute to better
understanding of human behaviors, particularly
when integrated with typological, technological
and other studies.
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Abstract: An indoor radon measurement survey was carried out in eleven offices in the
campus of Lagos State University, Ojo, Nigeria using Pro series 3, radon gas detector
model HS71512. The main objective of this survey was to estimate radiation doses
received by the dwellers of these offices due to indoor radon exposure. For this research,
radon detectors were suspended, where the ventilation slits will not be blocked at least
1.2m above the floor, a height in the breathing zone of a seated person, for 48 hours. The
values of indoor concentration vary from 3.70 Bg/m’® to 218.30 Bg/m’ with an average
value of 84.04 Bq/m’. The value of effective dose varies from 0.08 mSv to 3.76 mSv with

an average value of 1.45 mSv.

Keywords: Indoor radon concentration, Effective dose, Average effective dose.

Introduction

Naturally occurring radon originates from the
presence of radium in soil and rocks. It is
generated within the mineral grains by alpha
decay of radium, which migrates from the solid
mineral and grains into the air through pores in
the soil or ground water [1]. Radon is a chemical
element having the symbol **’Rn and the atomic
number 86. It is a radioactive, colorless, odorless
and tasteless noble gas occurring naturally as an
indirect decay of uranium [2].

Radon has a half-life of about 3.8 days (91hrs
and 10min), a density of 9.73 kg/m’ and is one of
the densest gases at room temperature (25°C).
Radon is soluble in water but more soluble in
organic solvents. Under normal condition, Rn is
a radioactive isotope, which makes it a health
hazard due to radioactive reactions [1-2].

Radon is naturally occurring as radioisotope
and is about 55% main source of internal
radiation exposure [3]. 1mSv of the 2.4mSv
estimated average annual effective dose value is

due to radon exposure [4]. Radon concentration
in air varies in accordance with location, height,
material of the built houses, ventilation rate at
homes and meteorological parameters [5-8].

A combined analysis of lung cancer mortality
among 11 cohorts of underground miners
confirmed that high levels of exposure to radon
are associated with increased lung cancer
risk.Cellular mutagenesis studies, experimental
research in animals and occupational
epidemiologic studies have established radon as
a human lung carcinogen [9]. Several studies
have been carried out on indoor radon in various
parts of the world [7, 10, 11].

Potential hazard of exposure to radon gas
radiation from natural background, e-waste,
dumpsites, quarries, underground water, building
materials and cracks in walls, among others,
cannot be underestimated.

Despite the associated hazards of radon, it is
used as tracer in studying indoor and outdoor air
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and investigating atmospheric conductivity and
mobility spectra. Research on radon inhalation
and ingestion in Africa and the developing
countries is still minimal.

The present research was carried out at the
campus of Lagos State University, Ojo, Nigeria
(situated at 6.4677°N and 3.180°E) to provide
information on radon concentration levels and
risk of lung cancer in some offices at the
campus. Radon concentration level was
measured in 11 offices within the vicinity of the
university. The choice of the offices was
strategically pre-determined with respect to
natural  potential factors that influence
concentration level, yet all occurring in the most
natural conditions.

Material and Methods

In this study, an active electronic device (Pro
series 3, radon gas detector) was employed for
the measurement of indoor radon in 11 offices in
the above-mentioned university. The detector
measures radon in picocuries per litre (pCi/L). It
was pre-caliberated to measure radon activity
between 0.0 and 999.9pCi/L and measured
values were converted to Bg/m’ by multiplying
the measured value by 37.

Pro series 3 radon gas detector was designed
to take samples for 48 hours before an accurate
result can be displayed. For the same location,
the readings are updated every hour and new
values of indoor radon concentration are
consequently displayed if the concentration of
radon differs from the initial stored value
previously determined from the 48-hour

Olaoye et al.

sampling. Radon samples were classified based
on WHO, 2009 handbook on indoor radon.

Sampling Procedure

Sampling was conducted in eleven offices
containing the same building materials and
having the same dimensions and geographical
age. The dimensions of the offices were within a
floor area of 21m’, a gross volume of 63m’ and a
net volume of about 56.38m’ (obtained by
subtracting the volume of fixture). Natural
ventilation conditions involving opening of
windows and doors were employed during the
period of measurement.

The radon gas detector was suspended where
the ventilation slits will not be blocked and such
that it was at least 1.2m above the floor, a height
in the breathing zone of a seated person. The
detector was at least 0.9m from windows, doors
or any other potential openings in the exterior
walls. No objects were placed within 0.1m from
the detector. These positions, which were fixed
throughout this work, were maintained, since it
was shown that radon level depends remarkably
on the sampling position. These procedures were
followed according to the research work
conducted by [12].

Results and Discussion

The annual average radon concentration,
average effective dose, lifetime fatality risk and
excess lifetime cancer risk for each study
location have been calculated as shown in
Tablel.

TABLE 1. Radon concentration and annual effective dose.

Sampling Radon ' Radon ' Annual Lifetimg Annu'al
S/N Points Concentration Concentration Exposure Fatality Risk  Effective = ELCR
(pCi/L) (Bg/m’) WLM X10* Dose (mSv)
1 OF1 4.60 170.20 0.76 2.28 2.95 11.36
2 OF2 5.90 218.30 0.97 291 3.76 14.48
3 OF3 0.10 3.70 0.02 0.06 0.08 0.31
4 OF4 0.20 7.40 0.03 0.09 0.12 0.46
5 OF5 1.50 55.50 0.25 0.75 0.97 3.73
6 OF6 0.40 14.80 0.06 0.18 0.23 0.89
7 OF7 5.20 36.40 0.16 0.48 0.62 2.39
8 OF8 1.70 62.90 0.28 0.84 1.09 4.20
9 OF9 4.80 177.60 0.79 2.37 3.07 11.82
10  OFI10 4.30 159.10 0.71 2.13 2.75 10.59
11 OFI1 0.30 18.50 0.08 0.24 0.31 1.19
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The values of indoor concentration vary from
3.70 Bg/m’ to 218.30 Bg/m’ with an average
value of 84.04 Bq/m’. Radon concentration was
used to calculate the annual exposure in working
level months (WLM) using the following
equation [15]:

FC, ¢
3700 170

where t = 8760h/y is the number of hours per
year,Co is the radon concentration in Bg/m’ and
F is the equilibrium factor (0.4).

The conversion factors of 3 x 10* WLM and
3.88 mSvWLM [3] are used for calculating the
lifetime fatality risk and the annual effective
dose, respectively. The value of effective dose
varies from 0.08 mSv to 3.76 mSv with an
average value of 1.45 mSv, while the excess
lifetime cancer risk (ELCR) is given as:

ELCR = AEDE * DL * RF )

Annual Exposure (WLM) = (1)

where AEDE, DL and RF are the annual
effective dose, duration of life of 70 years and
risk factor of 0.05, respectively.

Conclusion

In this study, radon concentration levels in
some offices in Lagos State University, Ojo were
measured with the average radon concentration
higher than the world average radon
concentration of 40 Bq/m’ [13]. This might be as
a result of low air flushing, ventilation and
location of these offices, since the higher the
elevation in a building, the lower the radon level
[14] and that higher concentration of radon are
present in basement and ground floor buildings.
Furthermore, radon operates through the process
of diffusion, where the farther from the contact
source the lower the concentration of radon.The
radiological implication of these values should
not be ignored and periodical studies of offices
should be carried out for monitoring and
proactive actions taken.
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Abstract: The isobaric and isochoric models of inertial confinement fusion (ICF) are
compared in hot spot concept. Heating and cooling mechanisms of fuel are theoretically
investigated. Some corrections are suggested to improve the Bremsstrahlung emission
calculation at ultra-relativistic regime and super high temperature plasma situation. An
admissible region of values is determined which satisfy hot spot spark-ignition condition to
start a self-sustaining fusion burn. An optimized point of this region is specified to achieve
a maximum fuel gain. The density and radius of this optimum point are determined
applying a hydrodynamic model. The results show that a fuel gain maximum will be
achieved with the required minimum laser energy supply through the optimization process.
Keywords: Isobaric, Isochoric, Spark-ignition, Self-sustaining burn, Fuel gain.

Introduction

For a typical inertial confinement fusion, ICF,
target implosion will undergo four phases:
ablation, compression, ignition and burn. The
energy delivering to the target is based on direct
or indirect irradiation. The ignition starts in
conventional manner or isobaric model at the
consequence of high compression and hot spot
formation in center of pellet, but during the
implosion stage, some accompanying
hydrodynamic instabilities such as; Rayleigh -
Taylor and Richtmyer - Meshkov instabilities, set
an upper limit on the implosion velocity and then
tend at first to destroy the imploding shell and
later hinder the formation of the central hot spot
[1, 2]. There is an alternative approach to ICF;
namely isochoric model in which these
instabilities have no important role. In isochoric
model, compression and ignition stages are
distinct [3]. In isochoric fast ignition model, the
energy is delivered to the target at three stages:
at first the compression with usual laser, second,
hole boring with a short pulse laser beam
(usually 108 w/cm?and100 ps) drilling a hole
through the under dense plasma surrounding the
dense fuel core [4] (this hole acts as an open

channel which is relatively free of plasma for the
ignition pulse to reach the pre-compressed fuel
with minimum energy loss). In the third phase,
an ultra-short pulse with a power in excess of a
petawatt is used to ignite the fuel [5]. The pellet
consists of three regions known as: the ablator, a
layer of solid-ice fuel occupying most of the
volume and central region of Deuterium-Tritium
(D —T) gas[6]. During implosion, the layer of
fuel has a velocity in the order of 3 —4 X
107 ¢m/s at the stagnation time (the end of
implosion phase). The main fuel conversion

ratio is: % = 20 — 40 and the ratio of outer shell
c

to hot spot radius is typically % ~ 10. The hot
S

spot life time is assumed approximately (100 —
200)ps [1, 2, 4]. To achieve a maximum gain
from an optimized condition, it is necessary to
consider the ignition and spark formation
conditions simultaneously.

This paper is organized as follows: in section
2, the heating and cooling mechanisms in hot
spot region are discussed. Section 3 investigates
the conditions to achieve an optimal point of hot
spot areal density and temperature leading to
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maximum fuel gain. In section 4, the parameters
of optimized point versus laser energy driver are
specified by applying hydrodynamic model. In
section 5, the fuel gain calculation corresponding
to optimal point values in isochoric fuel is
performed. Finally, section 6 presents a
conclusion about optimization process in ICF
context.

Heating and Cooling Mechanisms in
Hot Spot Region

In  Deuterium-Tritium fusion

reaction,
2D + 3T - 3a(3.5MeV) + in(14.1MeV), the
energy contributions are related to masses ratio

Eq _ Mn

as: — =
En M(Z

(D—T)

1 .
~ o The neutron mean free path is

1 . .
l, = — where n; and ¢ are the ion density and
3

the cross section averaged over the plasma ions,
respectively. For D —T plasma, p,l,, =
4.7 g/cm?. This is much larger than psR; of a
typical igniting hot spot (= 0.3 g/cm?).
Therefore, the neutron energy deposition can be
neglected for central ignition. So, whena D — T
fusion reaction is started in ignition region, 20
percent of the energy deposition of a particles is
considered as a heating mechanism. On the other
hand, if the plasma to be considered is optically
thin, the cooling mechanisms will be mainly
Bremsstrahlung emission, electron thermal
conduction for isobaric model and in addition,
mechanical work due to fuel expansion in
isochoric model. To generate a spark in hot spot
region, firstly the cooling time should be greater
than the time of mechanical wave propagation
(sound) which corresponds to disassembly time
or confinement time of spark region (spark
formation condition). Secondly, the
thermonuclear heating rate should be greater
than the cooling rate [7]. The volumetric power
generation from a particle energy deposition can
be determined by [1, 8]:

by = 1/5P(0c+n) =4y <ov> pszfuc (D

where ps; and f, are hot spot density and the
fraction of alpha particles that remain in the
spark region and deposit their energy,
respectively. A, = 8 x 10*%erg/g?  and
< ov > is reactivity which is given by[9]:

A
< ov >=exp [A1 + A, |an—5 4] (cm3/s) (2)
3
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where A; = —34.629731,A, = —0.57164663,
A; = 64.221524 and A, = 2.1373239.  The
plasma has non-degenerate state with a
Maxwellian  energy  distribution  function;
therefore, the volumetric power loss of
Bremsstrahlung from a hydrogen isotope plasma
by same temperature assumption for electrons
and ions in spark region Ty =T, = T; can be
given by [1,7]:

Pyr(erg,s™t,em™3) = 3.36 x 107 2*n,
1
X (ng +np)Ts2 3)

where n,, ny and np are electron, tritium and
deuterium densities in cm™3, respectively and T
is the hot spot temperature. For equimolar fuel,
ny = np = n,/2; so, we have:

Ppr(erg,st,cm™3) = 3.36 x 10‘24n52T51/2.

“4)

The above equation is only valid in non-
relativistic regime with Maxwellian distribution
function. In this regime, the e-i collisions are
only important and the quantum relativistic
corrections are not included. Some quantum
relativistic corrections are needed at the ultra-
relativistic regimes. Firstly, non-relativistic
Maxwellian distribution function (for non-
degenerate plasma) should be replaced by
relativistic distribution function. Secondly, the
quantum relativistic and the screening effect
corrections are strongly necessary to apply in
differential cross-section equations. Also, the
Bremsstrahlung emission due to e-e¢ collisions
should be taken into account. The relativistic
Maxwellian energy distribution function is given
by:

f)

3 2( T, )21( mc?
=1 me2) "'\ T_e
T, mc? ymc?
n K ~1,.-3.2.5 _
(rez) o (G e versean (1

)

where m is the electron rest mass, ¢ is light
velocity, K; and K, are the modified Bessel
functions of the second kind.

Applying the quantum relativistic and the
screening effect corrections indicated as Gaunt
factor G (Ey, hv) on Kramer's cross-section, the
improved differential cross-section is read as:

do(Eg,hv) _

dogr (Ex,hv)
a0y G(Eg, hv)———=

at) (6)
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Here, G(Ey, hv) represents corrections
including quantum, relativistic and screening
effects. Although G(E,hv) is a complex
function of Ey and (hv), in our discussion we
consider a simple approximation for G (Ey,hv)

as G = Zn—ﬁ ~ 1.10 [1]. Kramer's cross-section is

given as:
dogy(Eghv) z?
d(hV) - hv(z)z SkT' (7)
c
16 h\?
Sir = 2o (=) ®)

where v.m and g are the relative velocity of
particles (which simply can be related to energy
parameters), the emitter rest mass and fine
structure constant, respectively. For electron, we
have: S, = 5.61 x 10731, The emitted
Volumetric power (Specific power) of electrons

with distribution function f(v) in plasma
medium is obtained by:
Py~ (hv) =
e—ie—e
[ S o vf (v)dy 9)

d(hv)

Fig.1 shows Bremsstrahlung specific power
versus electron energy by comparing relativistic
and  non-relativistic =~ Maxwellian  energy
distribution functions while the improved
formula on differential cross-section is applied
too. It is found that the considerable difference in
results is only formed at high temperature far
from ICF region (T > 5 — 10 keV). So, these
corrections are only necessary for fuels with
ultra-temperatures. It should be noticed that in
degenerate plasma practically, there is no
considerable Bremsstrahlung emission.

= = = Electron conduction

Black body( 10" mes magnified) I
= Mechanical work, f

x 107
16
ne=1IIIE’E‘|:m':3
f = a00 gicm?
14+ RBe=0001cm | ]

Bremssirahlung ;
]

—
M2

—
[

wolurmnetric Pu:lwer(erg.s'1.cm'3)
oo

Tempermtunefet)

FIG. 1. The variation of Bremsstrahlung (solid line), electron conduction (dashed line), black body (dotted line,
103 times magnified) and mechanical work (dash-dotted line) versus plasma temperature.

Volumetric power loss of electrons’ thermal
conduction in hot spot is determined by [1]:

XeVTsS

P..(erg,s™1,em™3) = - (10)

where S and V denote the surface and volume of
hot spot region,
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A, = 9.5 x10%° (erg,s‘l,cm‘3keV 2),

Xe = AT, 5/2 /InA, where InA is Coulomb
logarithm which is given by[7]:
2.5

InA =1In <6OTS p—) . (11
S

So, finally we will have:

- —3y . 3CeAe T2
Pc(erg,s™t,em™3) = —lri/\e—;sz (12)

where C. is a numerical coefficient close to
unity. The other cooling mechanism in hot spot
is mechanical work due to pressure imbalance
between hot spot Py and surrounding fuel P..
When the igniting fuel is perfectly isobaric
(Ps=P.), then there is no mechanical work, but
when the fuel is isochoric, there is a large
pressure gradient between hot spot and
surrounding fuel P; > P., so that a shock is
driven into the lower pressure cold fuel. The
volumetric mechanical work power is given by

[1]:
Preerg,s™!,em™) = AppsRTITE (13)

M. Mahdavi

with A,, =0 for isobaric ignition and A, =
5.5 x 1022cm3s—3keV~=3/2  for  isochoric
ignition and pg, R; and T; are density, radius
and temperature of hot spot, respectively. When
the radius of hot spot is much smaller than
Planck mean free path of photons, [,, =
144T, 2 [p2,  (Lpn = 144 T2 [p?),  the
plasma will be optically thin and black body
radiation as a cooling mechanism is negligible
(for example, ps =300, Ry, =0.001cm, Ts; =
7.5keV, L, = 0.1849 cm, Rs/l,, = 0.0054).
The volumetric power of black body radiation is
determined by Pypcerg, s, em™3) =
opTs*R, ™1, where

op = 1.03 x 10%*erg,s™ Y, cm™2,keV™*.  On
the other hand, the mechanisms of heating
through reabsorption such as Compton scattering
and inverse Bremsstrahlung are also negligible
due to thinness condition. Fig. 2 shows the
contribution of each different cooling
mechanism versus temperature of overdense
plasma.

i ‘IO:H
=1 T T T T T T T T
= == == g-j{non relativistic maxwellian )
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------ a— | relativistic magswellian )
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[=]
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= -
- — -
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=n “'-'
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FIG. 2. Bremsstrahlung specific power versus electron energy normalized to electron rest mass with relativistic
and non-relativistic Maxwellian energy distribution functions.

Optimization Condition to Achieve
Maximum Fuel Gain

To achieve a
condition, it is

self-heating fusion burn
needed to determine the
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admissible region inside the enclosed area
between the spark formation and ignition
condition curves through crossing them in
H; — T plane, where H; is the areal density of
hot spot. Optimal point which leads to a
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maximum gain is actually the minimum point of
this admissible region.

The ignition condition for isobaric fuel is
written as:

Py + Py + Pre = Py + P + Py, - (14)

The plasma is assumed optically thin, so that
the reabsorption mechanisms Py, and black body
radiation Py, contributions are neglected [9].
Because the value of neutron mean free path is
greater than hot spot areal density, the neutron
heating contribution P, is also neglected. Finally,
the above relation leads to:

2 3CeAeTs7/2

>
InA 0

?15)

On the other hand, condition for a thin
1sochoric fuel is written as:

P, = Py, + P, + Py, (16)
This leads to:

(4o <ov>fo - AbrTS%) H,

1 3
(40 < ov > foy — Ay Ty2) H? — Ay TizH, —
7

3CoATs2
= > 0. (17)

The spark formation condition can be written
as [10]:

teo < te (18)

where t., and t. are confinement time and
cooling time scale, respectively. Confinement
time is given by:
R
teo = C_S (19)
S
where ¢; = 3.5 x 107 T;/2 (em/s) with Ty in
keV is sound propagation velocity in D —T
homogenous plasma. The cooling time scale is
also given by [7]:
_ 3kngTs
€ Pyr+Pec

where k = 1.6 x 10~ %erg/keV. Finally, by
substituting Egs. (19 and 20) in Eq.18 we shall
have:

(20)

Hs —3y _T§?
(7.6) 7+ (71x 107 Lo <1, 1)

According to Fig. 3, this optimized point is
H, = 0.25g/cm? and T, = 5keV for isobaric
fuel and Hg = 0.3 g/cm? and T, = 7.5keV for
isochoric fuel.

2
Hs(gfom )

1.8}k m— |5 0baric |gnition Gondition .
+ m— |5 0ChOTIC Ignition Condition
S Spark Condition

T T

T (KeV)

15 20 25

FIG. 3. Crossing of spark formation and ignition condition curves in (Hg — T) plane to obtain optimal point.
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Hot Spot Parameters According to
Optimal Point

The parameters of optimized point in self-
heating condition can be determined versus
implosion parameters by hydrodynamic model of
shock- ignition. The characteristics of hot spot
and the surrounding shell versus implosion
parameters are listed in Table. 1 [11]. While

C

P .. . .
a=_--1 isentropic parameter with Pgp as
FD

Fermi degenerate pressure, € =% indicates the
S

dropping  pressure factor and S = :—Z.

Considering nE; = E. + E; and the fuel mass as

Mg = M, + Mg, by substituting the related

formulae, the fuel mass can be obtained as:

_ MEL—2.4x103(yp)3e?p, 2

Mr 3.9a3/5p,%/5

3 2
+43809 (29
PC

In isobaric fuel, the shell pressure is equal
with hot spot region, but in isechoric fuel, the
density of shell is equal with the hot spot. The
laser energy versus hot spot radius Rgis shown in
Fig. 4 in optimized point, H;, = 0.25g /cm?, 8 =
(%S,y =5/3, €=1 and assuming 7=
0.1. Mp = 0.3 (mg) for isobaric fuel. It is shown
that the minimum laser energy corresponds to
hot spot radius R, = 8.33 X 10™*cm and density

ps = 300g/cm3. Repeating this route to
determine the values for isochoric fuel,
according to Fig. 5, Ry =103cm,

ps = 300g/cm® and € = 0.03 correspond to
minimum required laser energy. In addition,
Figs. 4 and 5 show the pellet conversion ratio
and the variation of shell radius too. The
conversion ratio in isobaric fuel is greater than
the isochoric one (about 30/20); therefore, more
compression energy is needed with an increase
in hydrodynamic instabilities.

M. Mahdavi

Fuel Gain in Isochoric Fuel
Er

EC+Eig
where Ep, E¢ and E; 4 indicate the fusion released
energy, compression energy and the ignition
energy required to supply the fuel driver to start
fusion reaction, respectively. The fusion energy
is determined by:

The fuel gain in isochoric fuel is:

9

Er = eprfyMp (23)
where f, = p;%, pR = Hp is fuel areal density
and epr = 17.6/5AMU is specific fusion

energy. Then, the fusion released energy is
rewritten as:

Ep(M]) = 3.37 x 10° (ﬂ) M; .

pR+7 (24)

According to implosion parameters, the fuel
areal density is pR = 0.4f + p.(R. — Rg) [11].
The compression energy required to compress
the fuel to n times more than liquid hydrogen
density in isentropic model is given by:

E.(M]) = 0.12an?*/*Mg (25)

1/3
where n?/3 = z—s.HO = (31\%‘)0) and po is

liquid hydrogen density (67.8 X 1073g/cm?).
The ignition energy is given by:

Eig = 3T (37) 26)

where ff(ﬁ) = (i)B Submitting M; = 25g

Mg Hp
as ion average mass and the value of f; in Eq. 26,
the ignition energy is rewritten as:

Eig = 0.00324 Ty(55). 27)
F
The fuel gain can be determined by applying
the optimal point parameters to Eqgs. (24, 25 and
27). Fig. 6 shows that the fuel gain is maximized
just in optimized point (H, = 0.3 g/cm?).

TABLE 1. Some useful relations which are driven from hydrodynamics shock-ignition model [11].

Quantity Hot spot Main fuel
0.4p Bye 3/5
Density: g/cm3 = = ( )
( y:g/cm?) Ps =R, pc =51 aR.
(Energy: MJ]) Es = 103ByR,? E. = 0.32ap.2/*M,
2
4 R.\5 3
(Mass: g) M; = ?.051!_"53 M. =0.21 <,3_VSE> a s x (nE, — Es)
0.45 3M 1/3
Radius: cm Ry = R, = ( ~+R 3)
( ) = e = (G + B
1.6
(Pressure: MBar) P, = R,By P.=22x103ap>/?
S
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FIG. 4. The variation of hot spot density (g/cm?, dashed line), laser driver energy with coupling efficiency
n, = 0.1 (MJ, solid line), surrounding shell radius (cm, dotted line) and fuel conversion ratio (R,/Rs, dot-
dashed line) with considering optimal point (Hg = 0.25 g/cm?,Ts = 5 keV) of isobaric fuel versus hot spot

radius.
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FIG. 5. The variation of hot spot density (g/cm?, dashed line), laser driver energy with coupling efficiency
n, = 0.1 (MJ, solid line), surrounding shell radius (¢cm, dotted line) and fuel conversion ratio (R,/Rs, dot-
dashed line) with considering optimal point (Hg = 0.3 g/cm?,Ts = 7.5 keV) of isochoric fuel versus hot

spot radius.
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FIG. 6. The variation of compression energy (MJ,solid line), ignition energy (MJ, dashed line), fuel energy (MJ,
dotted line) and fuel gain (dot-dashed line) versus hot spot areal density (g/cm? ) for isochoric fuel.

Conclusion

To obtain the required conditions to start a
self-sustaining fusion burn, it is necessary to
apply spark formation and ignition conditions
simultaneously. Crossing the related curves
gives an admissible region of hot spot areal
density and temperature values which satisfy a
self-sustaining fusion burn (Hg = 0.3 g/cm?,
Ts = 7.5 keV (isochoric fuel)) (Fig. 3). The
special values of radius and density (Rs =
0.001 cm, ps = 300g/cm?® (isochoric fuel))
which correspond to required minimum laser
energy describe the real optimized point of hot
spot  determined through applying the
hydrodynamic model. It is shown that to
calculate bremsstrahlung emission at high
temperature (T, > 5 — 10 keV), some important
corrections must be included, such as; relativistic

150

Maxwellian distribution function and quantum
relativistic effects (Gaunt factor) on differential
cross-sections. Also, it is not necessary to
include the black body radiation (as cooling
mechanism) and the reabsorption mechanism (as
heating mechanism) in energy balance equation
for optically thin plasma. The isochoric fuel
needs less energy than the isobaric fuel in
optimal point. In isobaric model, the shell with
density about 8 times greater than hot spot
should be compressed with higher pellet
conversion ratio; therefore, higher compression
energy is necessary. So, a higher fuel gain is
obtained from the isochoric model (about 8000),
while it is needed to generate a hot spot with
higher areal density and temperature in the
isobaric model.
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Abstract: This study aimed at assessing the level of radiation dose arising from
consumption of well-water from different parts of Abeokuta metropolis by measuring the
concentrations of “Rn and *°Rn in well-water samples using two types of solid state
nuclear track detector; namely, CR-39 and LR-115. At each well location, water sample of
3.7ml was dispensed into two specially designed plastic cups. The two detectors were
exposed to alpha particles emitted by **’Rn, *’Rn and their decay products emanating from
each water sample for forty days. The **’Rn concentration obtained ranged from 3.1 to 90.8
kBg/m®. The statistical analysis of radon concentration showed that 94% of the wells
studied had radon concentration above the United States Environmental Protection
Agency’s maximum contaminant level of 11.1 kBg/m®, while none of the samples had up
to 1000 kBq/m® above which remedial action is recommended by the European Union. The
calculated ranges and means of the annual effective doses from water consumption for
children and adults are 44.5-1325.7, 484.7 and 22.3-66.8, 242.3uSv/y, respectively. These
results showed that radon in drinking water could constitute a radiological concern for
people in the areas studied.

Keywords: Radionuclides, Radon concentration, Groundwater, Effective dose, Human

exposure.

Introduction

The chemical composition of groundwater
does not affect the activity concentration of
*Rn. The main parameters that affect the
activity concentration of **Rn in groundwater
are the activity concentration of ***Ra in bedrock
and soil, rock porosity and the ***Rn emanation
efficiency [1]. The mobility of *Rn is mainly
influenced by diffusion or by transport processes
caused by the motion of gaseous or liquid phases
[2, 3]. Due to the relatively short half-life, the
distance of transport of ***Rn is in the range of
some metres. The disequilibrium between ***Rn
and other uranium series radionuclides is caused
by the diffusive escape of ***Rn [3]. Normally,
the activity concentration of **Rn in

groundwater is higher than the activity
concentration of other uranium series nuclides

[4].

Water from wells dug in soil aquifers usually
contains 5-50 Bq /I in soils with low uranium
concentrations and 10-100 Bg/I in soil with
normal concentrations [5]. Radon is principally a
problem in wells drilled in bedrocks that contain
average or high concentrations of uranium.
Uranium, on the other hand, can be a significant
problem in both dug and drilled wells. [6]
recommends that the limit of uranium
concentration in drinking water should be below

15pg/l1.

Corresponding Author: J. A. Rabiu

Email: jamoary@yahoo.com
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Studies have established the level of **Rn
absorption in the gastrointestinal tract and
subsequent elimination via the lungs. In about an
hour, 95% of the initial ***Rn exits through the
lungs; therefore, the main health risk from ***Rn
is caused directly to the stomach. The National
Research Council [7] has estimated that about
30% of the activity concentration of *’Rn in the
stomach was integrated in the walls of the
stomach. The short-lived progenies of **’Rn
(*"*Po, *'*Pb, *'*Bi and *'*Po) together contribute
7.7% of the effective dose caused by **Rn,
assuming that they are in radioactive equilibrium
with *?Rn in water [8, 9]. The exception is when
*Rn gas is aerated from water but **’Rn
daughters remain in the water. However, in this
case, the dose from short-lived **’Rn progenies

in aerated water is still less than 10% of the dose
222

Rabiu et al.

Materials and Methods

The study area is Abeokuta, which lies
between latitudes 7° 5' N and 7° 20" N and
longitudes 3° 17" E to 3° 27'E, is a town located
in the sub-humid tropical region of South-
western Nigeria (Fig. 1). Abeokuta is underlain
by basement complex rocks, and the populace
depend largely on municipal water supplied
from the River Ogun. This source of water
supply is, however, not sufficient and does not
meet the demand of the populace. This surface
water, which is the major source of drinking
water in Abeokuta, has a very low output,
especially during the dry season when the
evaporation rate is high (and precipitation is
lower than the annual average). Most of the
commercial bottle and sachet water industries
also rely on water from the municipal water

from the ““Rn in the untreated water [10]. ) X
corporations, thus they (commercial
bottle/sachet water industries) are unable to ease
the prevailing water scarcity in the area.
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FIG. 1. Geological map of Abeokuta and its environs showing water sampling locations.
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Solid State Nuclear Track Detectors
(SSNTDs)
Polyallyldiglycol ~ carbonate  (Ci,H;50),

known as CR-39, rigid plastic, with clear,
colourless appearance and density of 1.30g.cm™,
has the chemical structure shown below:

CH,~CH;~0-CO—-0-CH,—CH = CH,
“CH,~CH,—~0—C0—0—CH,—CH = CH,

It has been used in the manufacture of
eyeglass lenses since 1947. It was firstly applied
during World War II to coat aircraft fuel tanks
for the B-17 bomber aircraft to make them more
durable. The abbreviation (CR) stands for
Columbia Resin #39, because it was the 39™
formula of a thermosetting plastic (Fig. 2)
developed by the Columbia Resins project in
1940 [11]. The CR-39 detectors used in this
study were obtained from ENEA, institute di
Radio protezione, Bologna, Italy. They are
rectangular with 500um thickness.

FIG. 2. Photograph of CR-39 solid state nuclear track detector (SSTND).

LR-115 Films (Type II)

LR-115 films consist of thin films of a
special cellulose nitrate coloured deep red and
coated on a 100um thick polyester base. Only
one side of these films is sensitive. With a
needle, it gives white scratches, which must be
taken into consideration when used.

LR-115 type films consist of a 100 um thick
polyester base that is coated with a 12 um thin,
a-sensitive layer of red coloured cellulose
nitrate. Fig. 3 shows the red sensitive layer of
the type 2 stripping film (strippable) which must
be removed from the base while it is still wet at
the conclusion of the washing stage. In the
present study, LR-115 detectors (LR-115, Type
IT) were obtained from DOSIRAD, France. The
detectors consist of a 12um active layer of red
cellulose nitrate on top of a 100um clear
polyester base substrate. It is a circular detector
with a diameter of 2cm. It is manufactured by
Kodac Pattie, France and marketed by Dosirad,
France.

FIG. 3. Photograph of LR-115 film badge type II.

Experimental Method
Exposure of SSNTDs to Water Samples

Each piece of CR-39 and LR-115 detector
was placed 9cm above water sample in a
hermetically sealed cylindrical plastic container
of radius q¢=2.75cm, as shown in Fig. 4. During
the exposure time (40 days), a-particles emitted
by radon, thoron and their corresponding
daughters bombarded the SSNTD films. This
setup and dimensions were based on an earlier
optimization described by [12].
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All  the o-particles emitted by the
radionuclides in the radon and thoron series, that
reach the LR-115 detector under an angle lower
than its critical angle of etching with a residual
energy between 1.6 and 4.7 MeV, are registered
as bright track-holes. The CR-39 detector is
sensitive to all a particles reaching its surface

Plastic
container

lcm —Water sample

G

Rabiu et al.

under an angle smaller than its critical angle of
etching (the critical angle for a detector is
defined as the angle between the direction of the
projectile and the normal to the detector surface,
under which no track can be revealed by
etching).

Plastic
container

Scm

lcm

. Water sample

Gy

FIG. 4. Setup for measuring radon and thoron concentrations in water comprising two plastic containers (i) with
CR-39 and (ii) with LR-115.

Calculation of Radon and Thoron

Concentrations

Tracks of alpha-particles, emitted by the
nuclei of radon and thoron series, which reached
the CR-39 and LR-115 SSNTDs placed at 9cm
above the water sample, were registered. The
corresponding track density for each detector
was calculated using the equation:

Average number of tracks

Track Density = (1

Let dv represent the volume of an elementary
cylinder situated between r and r + dr with
depth d# inside the gas volume (Fig. 5).

area of one field of view ~

dv =2nrdrdh. )

Let dN; represent the number of a-particles
of index i and energy E,; emitted from the
radioactive nuclei during the exposure time ¢,.

dNi = /L-dnite (3)

where dn; is the number of a-emitters of index i
and radioactive decay constant A; in the
volume dv.

55NTD

Sezm

LA

lem)|

Gras vohmme

Plastic container

Water sample

FIG. 5. Arrangement of the SSNTD films placed at a distance of 9 cm above a water sample in a cylindrical
plastic container of radius q =2 cm.

156



Assessment of Human Exposures to Radiation Arising from Radon in Groundwater Samples from Parts of Abeokuta, Ogun
State, Nigeria

Equation (3) may be rewritten as:
dNi = Ai(I)idvte (4)

where @; is the number of a-emitters of index i
per unit volume.

Assuming a secular equilibrium between the
two radionuclides (*Rn, **Rn) and their

corresponding daughters (A, @, =+ =
Aid; and A&y, = -+ = A;@;), equation (4)
becomes:

dNi = /1222(1?)222 Zﬂrdrdhte (5)
for the **Rn family and

dNi = Azzo([)zzoZﬂdrdhte (6)

for the thoron family, where 4,5, and 1,5, are
the “*Rn and *Rn decay constants,
respectively.

Let PR represent the probability for an a-
particle of energy E,; and index i emitted at a
distance x from the detector to reach and be
registered on the CR-39 SSNTD [13]:

PR = f;i[l — cosf, (x)] dx (7)

where R; is the range of the a-particle of energy
E,; and index i in gas volume and 6, is the
critical angle of etching of the CR-39 SSNTD.

The number of a-particles emitted from the
radon family nuclei, in the volume dv, which
reach and are registered on the CR-39 SSNTD,
is given by:

dNCR(ZZZRn): (8)
Aoy @ ot 27rdr .k P d

where k; is the branching ratio in %.

Consequently, the total number of a-particles
emitted from the radon family nuclei in the
whole sample which are registered on the CR-39
SSNTD is given by:

NTCR 222Rn) — (9)
AC222 (Bg.cm ’3)7rq zte ijl kl.PI.CRRi

where q is the radius of the plastic container in
cm (Fig. 6), k; is the branching ratio in %, A222
(Bq.cm™3) is the radon activity per unit volume.

The corresponding density of tracks (tracks
cm™.s™) registered on the CR-39 SSNTD due to
the a-particles of the radon group is:

pf® (R, ) = A7 (Bg.com™) T, kiPER Ry
(10)
Similarly, the density of tracks (tracks

cm™s™") due to the a-particles of thoron family,
registered on the CR-39 SSNTD is:

pfR (R,) = 422 (Bq.cm™®) Tiy kiPER Ry
(11)

where A%2°(Bq.cm™3) is the thoron activity per
unit volume.

The global density of tracks due to the a-
particles of the radon and thoron series,
registered on the CR-39 SSNTD is then:

pER = AZ2(Bq.cm™) [TL, ky PR R; +
Ac220Ac222i=14ki PICR RI
(12)
Let PR represent the probability for an

emitted a-particle to reach and be registered on
the LR-115 SSNTD.

PLR = f}f;'{jfu — cosO} (x)] dx (13)
where 6} is the critical angle of etching, which
depends on the residual LR-115 SSNTD
thickness.

Rpnin and R,,,, are the o-particle ranges in
the sample which correspond to the lower and
upper ends of the energy window and depend on
the residual thickness of the LR-115 SSNTD
[14].

Consequently, the density of tracks (tracks
ecm™.S™), due to the a-particles of the radon
group, registered on the LR-115 SSNTD is
given by:

pTLR mRn):Afzo(Bq.cm_3)3PLRAR (14)
where AR = Rmax - Rmin'

Similarly, the density of tracks (track
cm™.S™) due to the a-particles of the thoron
group, registered on the LR-115 SSNTD is:

P (PR, )= A7 (Bqem™)AP™ AR . (15)
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SSNTD

M

(ras volume

FIG. 6. Diagram illustrating primary trajectory of an a-particle inside the gas volume (MI = X) and SSNTD (IF

=RD). E,; is the initial energy of the a-particle and £, Re

The global density of tracks (tracks cm™.S™)
due to the a-particles of the radon and thoron
series, registered on the LR-115 SSNTD is equal
to:

220
pER =AZ22(Bq.cm™*)(3PIRAR + 4PLRAR 5
c

(16)

Combining equations (12) and (16), we
obtained the following relationship between
track densities and thoron to radon ratio.

A220
CR z:L3=1 kiPiCRRi‘*'Agzz Z?=1 kiPiCRRi
e = . (17)
LR A220 .
pc 3PLRAR +4PLR AR S
Cc

By measuring pSR and pER and knowing the
values of P and PR from Tables 1 and 2,

* s its residual energy on reaching point L.

A220 .
A§22 ratio
c

using Eq. 17 and consequently the thoron A2%20
and radon A2%2? activities of the studied water

samples by substituting Eq. 18 into Eq. 16.

respectively, one can determine the

220

From Eq. 17, one can determine the —5
AC
ratio as follows,
3 pCR
CR LR G
420 ZKI'R' R, =3PAR LR
C _ i=l pG 18
4 - pCR 4 (18)
C 4PLRAR iR _ZKI-BCRRI-
Pq i=l

TABLE 1. Data obtained for the probability (PFR) for radon group a -particles and thoron group « -
particles to be registered on the CR-39 SSNTD for the gas volume of the a -particles of energy
E, and index i in the gas volume [12].
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Nuclides  E_(MeV) Ri(em) PR x107 ki
Radon group «a -particles
*2Rn 5.49 3.90 2.871 1
218pg 6.00 4.65 3.383 1
21%pg 7.68 6.65 4.440 1
Thoron group a- particles
2Rn 6.28 4.80 3.391 1
216pg 6.78 5.45 3.433 1
212 6.08 4.75 3.527 0.36
212pg 8.78 8.36 5.711 0.64
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TABLE 2. Values of the probability (PLR) for the a -particles of the radon and thoron groups to be
registered on the LR-115 SSNTD for different residual thicknesses for (LR-115 films) for the gas
volume of the water samples. Ry, and Ry, are the a -particle ranges in the gas volume which
correspond to the lower and upper ends of the energy window [12].

Residual ' - ;
thickness (‘um) Riin (Cm) Rinax (Cm) P x10

3 0.46 3.83 203.299
4 0.61 3.52 11.302
5 0.80 3.44 4.329
6 0.98 2.71 1.536
7 1.07 2.66 1.405
8 1.29 2.53 1.336
9 1.42 2.31 0.267
10 1.60 2.02 0.191

The activity concentrations in groundwater  detectors, respectively. The error on track
samples ranged from 3050.49 to 90798.69  density counting is smaller than 7% for the
Bg/m’ and from 660.76 to 57181.68 Bg/m’ for  samples studied.

*?Rn and **Rn, respectively. The frequency
distribution analyses are shown on Figs. 7 and 8
for track densities on the CR-39 and LR-115

per (Tr.em™)
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FIG. 7. Frequency curve for track density of radon in CR-39.
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FIG. 8. Frequency curve for track density of radon in LR-115.

Calculation of Annual Effective Dose

The annual effective doses due to the intake
of radon were calculated from the mean activity
concentration using the following equation [15]:

E,, =DF, I, A, (19)

where DFg, is the effective dose per unit intake
of radon in water, taken as 10~ Sv/Bq for adults
and 2X10™® Sv/Bq for children from UNSCEAR
1993 report [16] and I, is the water consumption
rate, taken to be 2 litres per day from WHO
report [17].

Results and Discussion

The values of the annual effective dose per
person caused by different drinking groundwater
samples in this study are presented in Table 3.
The estimated total annual effective dose for
children ranged from 71 pSv/y from drinking
water of sample code GW 031 to 1326 uSv/y
from drinking water of sample code GWO006,
with an average of (273) uSv/y, while for adults
the total annual effective dose ranged from 35
uSv/y from drinking water of sample code
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GWO031 to 663 uSv/y from drinking water of
sample code GW006, with an average (136)
uSv/y.

It is also noted from the results that among
the 50 samples analyzed, the water sample from
Panseke area recorded the highest **’Rn
concentration and the corresponding annual
effective dose among all the other water
samples.

More than 90% of the water samples resulted
in annual effective doses for children above the
0.1mSv/y safe limit and 80% of the annual
effective doses for adults were found to be above
the safe limit of 0.1 mSv/y recommended by
World Health Organization [18] and EU Council

[8].

The results obtained showed that radon in
drinking water could constitute a radiological
concern for people using the areas and further
research should be conducted to determine the
prevalence and whether remediation action
would be required.
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TABLE 3. Results of annual effective dose in groundwater samples

Annual effective dose

Annual effective dose

Sél(\)/lll;]]gE LATITUDE LONGITUDE ?*?A(Bq.m™®)  +Error = *?A(Bq.L™)  ingestion (uSv/year) for  ingestion (uSv/year) for
children adults
GW 001 7.1743 3.35787 15692.01 +864.00 15.69 229.1 114.55
GW002 7.13982 3.34797 20044.33 +1718.00 20.04 292.65 146.32
GWO003 7.16213 3.35272 38315.87 +977.00 38.32 559.41 279.71
GW004 7.23027 3.43965 40342.13 +1829.00 40.34 589 294.5
GWO005 7.18316 3.3476 49679.72 +1766.00 49.68 725.32 362.66
GWO006 7.12097 3.32184 90798.69 +3838.00 90.80 1325.66 662.83
GWO007 7.18172 3.36091 46721.01 +823.00 46.72 682.13 341.06
GWO008 7.16676 3.34329 51458.57 +1786.00 51.46 751.3 375.65
GWO009 7.17234 3.34977 78330.88 +2003.00 78.33 1143.63 571.82
GWO010 7.16853 3.3592 41390.51 +2437.00 41.39 604.3 302.15
GWO11 7.15634 3.35335 15789.83 +465.00 15.79 230.53 115.27
GWO012 7.15638 3.34943 27532.87 +444.00 27.53 401.98 200.99
GWO013 7.19343 3.35785 41049.10 +2240.00 41.05 599.32 299.66
GwWo014 7.13489 3.34268 58084.87 +4081.00 58.08 848.04 424.02
GWO015 7.1473 3.3658 46225.88 +1181.00 46.23 674.9 337.45
GWO016 7.16248 3.37185 39018.71 +1250.00 39.02 569.67 284.84
GWO017 7.15296 3.36709 12140.36 +556.00 12.14 177.25 88.62
GWO018 7.1721 3.37229 27954.36 +1125.00 27.95 408.13 204.07
GWO019 7.177 3.39131 46525.38 +1238.00 46.53 679.27 339.64
GW020 7.18759 3.437 44844.35 +827.00 44.84 654.73 327.36
GWO021 7.14334 3.37364 23400.36 +953.00 23.40 341.65 170.82
GW022 7.13674 3.30494 50278.71 +2509.00 50.28 734.07 367.03
GW023 7.13946 3.33029 22024.86 +1618.00 22.02 321.56 160.78
GwW024 7.15733 3.32958 23498.17 +418.00 23.50 343.07 171.54
GW025 7.14647 3.3161 16095.37 +693.00 16.10 234.99 117.5
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Annual effective dose

Annual effective dose

Sél(\)/lll;]]gE LATITUDE LONGITUDE *?A(Bq.m™®)  +Error = *?A(Bq.L™)  ingestion (uSv/year) for  ingestion (uSv/year) for
children adults
GW026 7.11752 3.33147 54331.54 +1353.00 54.33 793.24 396.62
GWO027 7.19266 3.45426 50376.53 +1076.00 50.38 735.5 367.75
GW028 7.15388 3.34628 52552.69 +3229.00 52.55 767.27 383.63
GW029 7.15204 3.34529 13418.03 +784.00 13.42 195.9 97.95
GWO030 7.17844 3.40159 20479.45 +416.00 20.48 299 149.5
GWO031 7.2044 3.34587 4829.33 +279.00 4.83 70.51 35.25
GW032 7.2022 3.36179 48597.68 +2077.00 48.60 709.53 354.76
GW033 7.15711 3.34572 33486.53 +2331.00 33.49 488.9 244.45
GW034 7.16079 3.35528 22024.86 +2163.00 22.02 321.56 160.78
GWO035 7.15854 3.3527 36237.52 +1352.00 36.24 529.07 264.53
GWO036 7.15233 3.33974 23803.71 +1675.00 23.80 347.53 173.77
GWO037 7.14853 3.35883 8582.66 +822.00 8.58 125.31 62.65
GWO038 7.14492 3.34972 25778.19 +1712.00 25.78 376.36 188.18
GWO039 7.16625 3.353303 32985.36 +1154.00 32.99 481.59 240.79
GW040 7.16927 3.35122 27954.36 +2203.00 27.95 408.13 204.07
GW041 7.13633 3.35022 35161.53 +2809.00 35.16 513.36 256.68
GwW042 7.145 3.3511 20044.33 +1412.00 20.04 292.65 146.32
GW043 7.14471 3.35035 12335.99 +414.00 12.34 180.11 90.05
GwWo044 7.17578 3.36225 56306.02 +1463.00 56.31 822.07 411.03
GW045 7.15855 3.34456 20723.02 +691.00 20.72 302.56 151.28
GW046 7.15809 3.34825 18257.52 +1636.00 18.26 266.56 133.28
GwWo047 7.12508 3.34173 27654.86 +1784.00 27.65 403.76 201.88
GW048 7.16201 3.36243 21523.69 +1023.00 21.52 314.25 157.12
d.wtater 3050.49 +111.00 3.05 44.54 22.27
GWO050 7.14017 3.33817 22024.86 +1035.00 22.02 321.56 160.78
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Conclusion

Two types of Solid State Nuclear Track
Detector (SSNTD); i.e., CR-39 and LR-115 type
II, were used in this study to evaluate the
concentrations of “Rn and **Rn in
groundwater samples from different locations in
Abeokuta. This technique has the advantages of
being simple, accurate, inexpensive and non-
destructive and does not need the use of any
standard for its calibration. The results showed a
range of “’Rn concentrations between 3050.49
and 90798.69 Bg/m’. Generally, there was a
higher concentration of **Rn in the well-water
samples compared to **’Rn, although there were
exceptional cases where “*’Rn concentrations
were higher than those of **Rn. A well in
Panseke area recorded the highest **’Rn
concentration (90798.69 Bg/m’).Other areas
with high radon concentration values are Sapon
(52552.69 Bg/m’), Okearegba (56306.02 Bg/m’)
and Ake (38315.87 Bg/m’). The results of ***Rn
concentrations agree well with those obtained
earlier by [19] using RAD7 connected to a
bubbling kit to degas radon from water samples.

Going by the results of this study and the
strong dependence of the populace on
groundwater, it is concluded that water
consumption may be a relevant radiological
exposure pathway among some of the
inhabitants of Abeokuta. It is therefore pertinent
to recommend that more consideration should be
given to further study of radon in indoor air and
drinking water in different parts of Abeokuta
with a view to ascertain prevalence and
remediation required. The results of this study
revealed that many of the groundwater samples
in the study area have high levels of **Rn.
Considering that a large population of Nigerians
derive water for drinking and other domestic
uses from wunderground sources, it is
recommended that study of radon concentration
in water and indoor air should be promoted
among researchers, e.g. by giving grants for
large-scale regional or national surveys. The
SSNTD method for radon studies and for
measurement of other natural radionuclides
should be further encouraged.
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Abstract: We obtained analytically closed form expressions for longitudinal electric
impedance and transmission coefficient of a dielectric loaded resistive cylindrical pipe of
finite thickness. These expressions are valid for an axial current in a form of a point source
moving parallel to the pipe axis with an offset a. The resistive-wall impedance and the
transmission coefficient have been numerically visualized for some representative machine
parameters. For wall thicknesses less than the skin penetration depth, the wall becomes
transparent for the excited electromagnetic fields. Very good shielding for standard
operation can be achieved by thin metallic walls of thicknesses of the order of few skin
penetration depths. Effects of the dielectric constant and thickness on the transmission
coefficient are found to be negligibly small, while the presence of the dielectric leads to a
suppression of resistive-wall impedance for large thicknesses of the dielectric layer.

Keywords: Cylindrical pipe, Electrical impedance, Transmission coefficient, Wave guides.

Introduction

Axial currents, like a beam of charged
particles or an RF-source, may excite elec-
tromagnetic fields in its environment and
periodic excitations can occur depending on the
coupling of the beam to its environment at a
particular frequency.

For pipe walls that are not perfectly
conducting, electromagnetic fields excited by the
beam penetrate partially into the pipe wall with a
penetration depth given by the skin depth &s(w).
Image currents induced in the wall lead to
heating when the wall conductivity is not
infinite. In the literature of electric impedances
[1, 2], one finds different expressions for the
corresponding resistive—wall impedance with
different ranges of validity. When the skin depth
is larger than the wall thickness, the beam
induces electromagnetic fields that can penetrate
through the wall. In such cases, the impedance
depends on the structures outside the pipe. In this
situation, in addition to the impedance, detailed
calculations of the shielding effectiveness of the

pipe are necessary in order to estimate the
currents that could be induced in hardware
components behind the pipe.

The well known ability of a thin layer of
thickness d (less than the skin depth ;) to shield
electromagnetic fields produced by a particle
beam was considered in Ref. [3]. Because of the
relevance of the issue for the design of high-
current ring machines, it is important to have
closed form expressions for the resistive wall
impedance and for the shielding effectiveness
covering the relevant range of frequencies, beam
energies and wall thicknesses. Krinski et al. [4]
derived asymptotic formulae for the impedance
of a cylindrical metal tube of a specific radius,
length and conductivity attached at each end to
perfect conductors of semi-infinite length and
computed the short-range wake field. Metral et
al. [5] derived a formula for the resistive wall
impedances of an infinitely long cylindrical
beam pipe. They found that the resistive
impedance is about two orders of magnitude
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lower at this frequency, which is explained by
the fact that the skin depth is much larger than
the beam pipe radius. Zhilichev [7] derived an
analytical form for the impedance of short
conductors in the form of a convergent series
and applied it to the calculation of the impedance
of a resistive cylinder between two
superconductors. Biancacci et al. [8] studied the
effect of different material conductivities, finite
length and particle beam velocity on the
coupling impedance of azimuthally symmetric
cavities of finite length loaded with a toroidal
slab of lossy dielectric using the method of mode
matching technique for an azimuthally uniform
structure of finite length.

In the present work, we consider the problem
of the interaction between a dielectric-lined
resistive cylindrical pipe and a point source
moving off-axis with an offset a (an
infinitesimally thin ring with radius a). Such a
scheme was used in investigating dielectric
wake-field accelerators, in which charged
particle beams excite electromagnetic wake
fields known as Cerenkov radiation [9, 10, 11].
In the frequency domain, we are interested in
evaluating the excited electromagnetic fields in
such a dielectric-lined cylindrical pipe and then
in finding the corresponding resistive-wall
impedance and transmission coefficient for our
problem.

Bawa’aneh, Al-Khateeb and Laham

The paper is organized as follows. In the next
section, we present the model equations for the
pipe structure under consideration. Then, in the
following two sections, we use the exact field
matching technique to calculate the excited
electromagnetic fields and the corresponding
longitudinal electric impedance and transmission
coefficient. In the last section, the analytical
expressions for resistive—wall impedance and
transmission will be numerically visualized and
main conclusions will be presented.

Model Equations

The general wave equations satisfied by the
electric and magnetic fields E and B in a linear
medium of conductivity S, permittivity f/ and
permeability x4 are obtained from Faraday’s and
Ampere’s laws [12, 13, 14]; namely,

Vacuum

r=h
Metal

r=d
Dielectric

r=b
Vacuum

r=a
Beam region

pipe — axis r=0

FIG. 1. Schematic of the problem geometry.

= 0*B(7,t) OB(71) .=

V2B(7,t) — #ET'} —nS —5— =V xj(71), 1)
. O2E (7,1 OE(F,t)  0j(F,t)  Vp(F.1)

V7E(F,t) — pe 52 1 B =5 P 2)

where p and j are the beam charge and current densities, respectively, which obey the following

continuity equation:

Op(Fit) = = .
L 4V j(Ft)=0.
2y + g7, t)

The axial current is modeled as a point charge
¢o moving down a cylindrical pipe with an offset
a in the 6, = 0 direction with a constant
longitudinal velocity ¥ = BycZ. In decomposing
the corresponding charge and current densities in
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_ qo ‘
p[‘?‘ft =,—5ﬂ_ 5[:_#‘3[][1- 1 4
) =5 ol ) (4)
2 qo . P 5
G(F,t) = - d(a—r)d(z— Boct) Bocz . )
2Ta
This monopole source has an axially  dielectric constant x;, a conducting layer of

symmetric transverse charge distribution and it
represents an infinitesimally thin ring with radius
a. The beam is moving in a cylindrical pipe of
radius b, enclosed from inside to outside, respec-
tively, by a dielectric of thickness #;, and

conductivity S and thickness t., then vacuum
outside, as shown in Fig 1.

Time Fourier—transformed charge and current
densities in Egs. (4) and (5) are:

. ike- 2
p(r,z,w) = ——— d(a —r) e"™7, 6
( 2malyc ( ) ©)
. o
jlr,z,w)=—d(a—r etk
( L a—7) o
where @ = k,fyc has been used and £, is the wave number in the direction of beam propagation.

Due to the symmetry of the source under
consideration, only transverse magnetic (TM)
cylindrical waveguide modes couple to the
propagating beam such that B, = 0. All other
field components are obtained from E,(r, z, ®)
using Maxwell’s equations, where Eq(r, z, ®) and
B.(r, z, ®) vanish identically because of the axial
symmetry of the beam.

We assume normal mode solution for the
time Fourier—transformed electric field such that
E(r, z, ®) = E/r, ©)e™* This is in agreement
with the source terms in Egs. (6) and (7). Upon
Fourier transforming Eq. (2) in time and making
use of p (1, z, ®) and j (1, z, ®) of Egs. (6) and
(7), respectively, we obtain the following
equations for the longitudinal electric field
component E, within each region of interest:

-i—li—az_ EWV(r,w) = i 20 g‘%é(a—;] 0<r<a (8)
dr rdr 0 “ra €02 Boc S
L J 0
[ d? 1d 2_ o

ar? " rar 00 EP(rw)=0, a<r<b ©)
d? 1d 1 .

4 g2 ES ) — < _
(d2 1d ]

_ 4 - _ EW =0, d<r<h=d+t
@z T o o B e =0, =TS Tl (11)
i d:? 1d 2_ 5 -

ar2 " rdr 70 EP(rw)=0, h<r<oo (12)

wh_ere the propagation wave numbers 6y, 64 and 6. are given by the following expressions:
k2 . . . WY oS _ ,

R R ] (R e e (13)
Since the structure under consideration  matching the solutions at the different interfaces

supports only transverse magnetic modes due to
azimuthal symmetry of the source, the
electromagnetic field components By (r, z, ®) and
E, (1, z, ®) are non-vanishing and are needed for

involved in the problem. These fields are
obtained from E, (r, z, ®) via Maxwell equations
as follows:
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k., OE,(r,z,w)

Or
nl3cS
L ;Mo ~f )

By(r,z,w) .

where o, stands for o, 04 and o..

(-'_

Excited Electromagnetic Fields

In this section, we solve the wave equation
for E, in each region and then find the associated
integration constants using exact field matching.
For TM modes in azimuthally symmetric pipe
structures, we only solve for the z—component of

( Alf{j(ﬂ'm‘}

E.(r,w) = {

| AsKo(oor)

where I, and K, are the zero-order modified
Bessel functions of first and second kinds,
respectively. In addition to the finiteness of E, as

E.(r,z,w)

AQI{)({TDT} + AgK{j(G’gT}
A4I{j[0’d'?") + AsKo(oar)
A{;I{j(@'c'ﬁ”) + A?K{)(GCT}
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(14)

(15)

the electric field in the five regions involved in
the problem. The general solution for the electric
field E, in each region is:

0<r<a
a<r<b
b<r<d=b+1ty
d<r<h=b+t.

16
h<r<oo, (16)
conditions are needed. Integrating the
differential equation for E, fromr=a—-dtor=a
+ 6 for vanishingly small 6, we obtain the

r — 0 and r — oo, we still have eight arbitrary  following boundary condition for the
constants and therefore eight boundary  discontinuity of OE./Or atr = a:
: 1 0 o,
(EL72e —EL7=) | _ =i — D —igefo, (17)
” r=a e0Yo e 2ma

where E. is the derivative of E. with respect to
oor. We also use the continuity of E, at r = a, the
continuity of £, and Byatr=b,r=d and r = A.

Applying the above mentioned eight boundary
conditions, we obtain the following eight
algebraic equations:

A]_I{j(@'[]a} = Agf{)(o'na) + AgKﬂ(G’{)a} , (18)
Aol (opa) — AsK(opa) — AT (opa) = ie{;-:_q,.-ﬂc % =iqo fo, (19)
AQI{)(UUE]} + Aq Ky JDE}} = A4I{}(Udb} + ArK{)(_Gdb) . (20)

oI1(oob) — AsK(0gb) = nay [Aal1(04b) — As K (ogD)] 1)
A;I{jfﬂdd) + 4—1 Kjfﬂdd} = Agf{j(ﬁcd) + A?K{) CTCCIT} (22)
Auli(04d) — AsKy(0ad) = 1ca [A6T1(0cd) — A7K (0.d)] | (23)
Aglpl Jch) + A~ K{j( fl} = Agﬁn{ﬁ()h} . (24)
Ney [Asi(0ch) — A7 K (0.h)] = —AsK (agh) | (25)

where 1y, Neq and Mgy are defined as follows:
og S — iwep o4 S —iweg K400

Mev = ?-J_c TE(} s MNed = i‘ff_c m Ndv = o (26)
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The arbitrary constant A; needed for the  longitudinal impedance is obtained by

determination of the longitudinal electric field  simultaneously solving the system of Eqgs. (18—
inside the beam region and for the calculation of  25); namely,

-  Zok. In(opa)lg(ogr) e*=* 2 g — e Ky(o,a
ErSe(F,w) — —i 20 ol ;ﬁ‘)}ﬂgn or) e {f}? Q-lla;—ai&m — fo+ %}L)}} X))
where the parameters in Eq. (27) are given by the following relations:
Ko(oaqd) fs Ki(od)  frLiod
a1 = I(,(é;rdd}) T 0227 Tl {Il(ﬁrddj) T (add)} %
a1p = — [T oloed) _ EI“(“‘"@] , oo = F“’ + Haload) } (29)
o(oad)  fe lo(oad) fa Ii(ogd)
f = (o(oab)  f5 lo(oab) . (o(oob)  f3 Io(oad) 30)
In(oob)  falo(oob) Io(oab)  fa In(oob)
fa= ?(gnb} 4 Kolooh) - Tolodh) | Tu(oab) 31)
1(oob) — To(oob) Io(oob) Ii(oob)
f.— _ K(}{G’dbj v Kl (Jdb]
- I()[ng} I] (J{}b) (32)
I()(Uchj Il (Jch-]
fo = ——~ ooh) " R (ooh) 33)
Ixn(crch} Ki(o.h)
f'? ﬁ(}{ﬂ'uh)  Mev Kl (G(]h} (34)

Longitudinal Impedance and Transmission

Longitudinal electric impedance will now be  current by assuming a circular accelerator of
calculated as a volume integral over the beam  circumference L [1, 2]:

(total 1 A, pir<a);=z T
zoR gy, 8) = = [ d*r B (F W) - 5 (F, w)
1 L 2w a 35
——2/ dzf dﬂ/ drr EUS9)(F,w) §*(F,w).- 35)
46 Jo 0 0
Substituting for £, and j results in the following expression for the electric impedance:
7, (w, §) = -?1ano(ffua} [flfa cinmon g Koloa)} (36)
Bod fi apag —appag Iy(ooa)

where Zy = 1/g¢c is the vacuum impedance and n =~ The resistive-wall part of the longitudinal
deno?es the harmonic number 'which is related to ¢Jectric impedance ZI(IrW)(w’ S) is as follows:
the ring radius R by the relation n = kR [1, 2].

lezlmr}(iu, S) — leiltutﬂl] (w, S) — Zliitutal] (w,8 = o), (37)

where Z (r W)(w S — ) accounts for the absence of resistivity and represents the space-charge part of
the electrlc impedance.
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The longitudinal transmission coefficient 7}
of the resistive cylindrical pipe is obtained as the

(c11 — o) [Ko(dfch-} - %I{J(G—ch}]

Ty =

Bawa’aneh, Al-Khateeb and Laham

ratio of the transmitted to incident field
amplitudes [2] and can be written as follows:

(3%)

(f—” (12 — agg) — (11092 — 0'120'21}) In(oad) — (o2 — ai2) Ko(oad)

Numerical Examples

We obtained analytically closed form
expressions for longitudinal electric impedance
and transmission coefficient of a resistive
cylindrical pipe of a conducting wall of finite
thickness #. [Egs. (36-38)]. The conducting wall
is coated from inside by a dielectric of thickness
t;. We also obtained the electromagnetic fields
excited by an off-axis motion of a point source.

In Fig. 2, the transmission coefficient T [Eq.
(38)] has been visualized as a function of the
conducting wall thickness normalized to the skin

depth t./9s, whereas = (2/ uOSa))- As in Fig. 2,

Fig. 3 shows the transmission coefficient T as a
function of t/d; wusing logarithmic scale.
Representative machine parameters used in the
numerical estimations in Figs. 2 and 3 are:
circumference L = 125 m, pipe radius » = 10 cm,
beam radius @ = 5 cm, dielectric layer with ¢, =3
um and x; = 6, injection energy vy, = 1.02,
harmonic number n = 5, reference frequency wo
= Boc/R = 2.41 x 10° rad/s, ® = nw, wall
conductivity S = 1.1 x 10° (Q m) ' and &, = 0.31
mm.

Lransmission coemdeient

1.0

0.9
0.8
0.7

0.6 .
0.5
0.4
0.3
0.2
0.1
0.0

0 1 2 3 4

5 6 7 8 9 10

te/0s

FIG. 2. Transmission coefficient t as a function of the conducting wall thickness t./d;. The parameters used are:
circumference L = 125 m, pipe radius b = 10 cm, beam radius a = 5 cm, dielectric thickness #, = 3 um and x,
= 6, injection energy yo = 1.02, harmonic number # = 5 and reference frequency w, = 2.41 x 10°rad/s.
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transmission coeflicient

10

=10

10

5 100 2 5 100 2 5 1 2 5
t./ds

FIG. 3. Transmission coefficient T (log scale) as a function of the normalized conducting wall thickness t./d. The
parameters used are: circumference L = 125 m, pipe radius b = 10 cm, beam radius a = 5 cm, dielectric
thickness ty = 3 um and k4 = 6, injection energy yo = 1.02, harmonic number n = 5 and reference frequency o,
=2.41 x 10° rad/s.

resistitive wall impedance
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FIG. 4. Real part of the resisitive-wall impedance in Q as a function of the conducting wall thickness t./0;. The
parameters used are: circumference L = 125 m, pipe radius b = 10 cm, beam radius a = 5 c¢m, dielectric
constant k = 6, injection energy yo = 1.02, harmonic number n = 5 and reference frequency o, = 2.41 x 10°
rad/s.
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As can be seen in Figs. 2 and 3, the pipe wall
is transparent at wall thicknesses t. less than the
skin depth 6. At t. = &5, about 0.77% of the
incident field penetrates the pipe. By increasing
the wall thickness, we observe that only 0.25 %
of the incident field can penetrate at t. = 29,. For
standard operation, less than one percent of the
field penetrates for ¢z, > 565 and field penetration
becomes vanishingly small in the thick wall
limit. This numerical example shows the im-
portance of the shielding issue in the design of
accelerators. Detailed knowledge of the
accelerator environment and detailed beam

Bawa’aneh, Al-Khateeb and Laham

parameters are important in determining the
required wall thicknesses needed to shield the
wall effectively in order to reduce noise and pipe
heating.

Fig. 4 shows, in log-scale, the real part of the
resistive—wall impedance of Eq. (37) measured
in Ohms as a function of the conducting wall
thickness normalized to the skin depth; namely,
t./0s. By varying the dielectric thickness z,, we
observe a suppression in resistive-wall
impedance with increasing #;. As expected, the
thick wall limit is reached for #,> J..

Conclusion

Very good shielding of electromagnetic fields
can be achieved by thin metallic walls of
thicknesses of the order of few skin penetration
depths. Exact field matching has been used to
calculate the excited electromagnetic fields and
the  corresponding  longitudinal  electric
impedance and transmission coefficient. The
derived analytical expressions for resistive—wall

impedance and transmission have been
numerically visualized for some relevant
parameters. The validity of the analytical

expressions presented in this work is restricted to
thin-ring particle beams with a jump
discontinuity at » = a. In future work, different
beam-pipe geometries can be used to investigate

impedance and transmission for other beam
distributions (RF sources).

The effect of the dielectric thickness #, on the
transmission coefficient is found to be negligibly
small, while it leads to a suppression of the
resistive-wall impedance for large values of ¢,
[see Fig.3]. From many numerical runs, we also
observed a weak dependance on the dielectric
constant x4; a result which is already reported in
literature [15]. In numerically investigating
impedances of multi-layered pipes, the analytical
results presented in this work for transmission
coefficient and resistive-wall impedance will
hopefully be useful in benchmarking numerical
codes.
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