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Crystallization Behavior of SegsCdsZn; Chalcogenide Glass

Omar A. Lafi

Department of Physics, Faculty of Science, Al-Balqa Applied University, Al-Salt-19117,
Jordan.

Received on: 12/4/2016; Accepted on: 16/8/2016

Abstract: Ternary SegsCdgZn; chalcogenide glass was prepared by melt quenching
technique. Experimental measurements by differential scanning calorimeter (DSC) are used
for studying crystallization behavior of this glass under non-isothermal conditions. DSC
curves show well defined endothermic and exothermic peaks at glass transition () and
crystallization peak (7.) temperatures. The 7. dependence on the heating rate (f) is utilized
in the determination of the crystallization activation energy (£.) and the Avrami exponent
(n). These crystallization parameters were deduced using Kissinger, Takhor, Augis-Bennett
and Ozawa-Matusita methods. The theoretical derivations of these methods were discussed
in this work. The resulting values of E. obtained from the different methods agree good
with each other and the obtained value of Avrami exponent (n = 0.87) indicated that the
crystal growth in SegsCdgZn; glass occurs in one dimension.

Keywords: Chalcogenide glasses; Differential scanning calorimeter (DSC); Crystallization

activation energy; Dimensionality of crystal growth.

Introduction

Over the past few decades, the unique
properties of chalcogenide glasses (including
selenium, tellurium, sulfur and their compounds)
have encouraged researchers to understand the
important processes proceeding in these
materials for further development and search for
new application possibilities. Crystallization (the
process when glass in a metastable state is
heated high enough for its structure to be able to
"de-freeze" and transform into a more
thermodynamically stable crystalline state) is
one of the important processes in the field of
chalcogenide glass. The most promising
properties of chalcogenide glass, in its
amorphous state, have been found to deteriorate
drastically during crystallization. Therefore,
studying and then  understanding the
crystallization mechanism to impede or control
crystallization is a prerequisite for most of the
applications, as stability against crystallization
determines effective working limits [1]. Several
attempts [2-8] are still made nowadays to

investigate the crystallization kinetics of binary
or multi-component chalcogenide systems.

Studying the crystallization kinetics can be
carried out by two basic methods: isothermal and
non-isothermal. In the isothermal method, the
sample is brought quickly to a fixed temperature
above the glass transition temperature (7,) and
the heat evolved during the crystallization
process at this constant temperature is recorded
as a function of time. In the non-isothermal
method, the sample is heated at a fixed rate ()
and the heat evolved is recorded as a function of
temperature.  Non-isothermal = measurements
using a constant heating rate are more commonly
used because of their several advantages, such as
the quick performance and the rapid information
they provide on the transformation temperatures,
like glass transition temperature (7,) and
crystallization temperature (7,) [9]. Differential
scanning caliometry (DSC) is an extremely
popular method for studying non-isothermal
transformation kinetics. The appeal of this

Corresponding Author: Omar A. Lafi
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method is simplicity and flexibility in the
selection  of  heating (cooling)  rates.
Crystallization kinetics (under non-isothermal
conditions) can always be analyzed by the
determination of crystallization activation energy
(E.) and the dimensionality of crystal growth

(m).

Zinc selenide (ZnSe) has unique physical
properties, such as wide optical energy band gap,
high refractive index and low optical absorption
in the visible and infrared spectral regions.
Therefore, it has several potential applications,
such as blue light emitting diodes, photodiodes,
thin film transistors and Cr-doped ZnSe laser
[10]. On the other hand, cadmium selenide
(CdSe) is widely preferred in fabrication of solar
cells, photodetectors, light emitting diodes and
other opto-electronic devices owing to its high
photosensitive behavior [11]. According to the
author’s knowledge, no work has been
conducted to study crystallization behavior of
Se-based  ternary  chalcogenide  glasses
containing both Cd and Zn as dopant materials.
Therefore, this work aims to investigate, using
differential scanning calorimeter, the
crystallization kinetics of the ternary SegsCdsZn;,
chalcogenide glass under non-isothermal
conditions. The dependence of the crystallization
peak temperature (7)) on heating rate () will be
used for the calculation of the crystallization
activation energy of SegsCdsZn,; glass, using
different theoretical methods which will be
discussed in this work. This further will be used
for determining the dimensionality of crystal
growth.

Theoretical Basis

The general Johnson-Mehl-Avrami (JMA)
equation for solid state transformation can be
used to describe the kinetics of crystallization for
many amorphous materials [12]. This equation is
based upon the following assumptions [13]: (1)
the system is in a quasi-equilibrium state and the
rate at which the atoms leave the initial state is
so small that the energy distribution of the initial
state is undisturbed, (2) the rate is not diffusion
limited and (3) the crystallization mechanism is
of a nucleation and growth type, (4) nucleation is
spatially random and (5) the process takes place
under isothermal conditions. JMA equation
describes the time evolution of the overall
crystallinity. According to these assumptions, the
fraction X of the material that crystallized after a
time ¢ can be written as [14-17]:
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X =1l-exp[-(Kt)"]; )

where 7 is the Avrami exponent that reflects the
details of crystal growth. K is the effective
overall reaction rate (including both nucleation
and growth), which is actually a measure of the
rate of crystallization and wusually assigned
Arrhenius temperature dependence:

K =K0exp(—1§})- 2)

Here, K,, a frequency factor, indicates the
number of attempts to overcome the energy
barrier and E. is the activation energy for
crystallization. Based on JIMA equation, different
authors [18-23] have developed different
methods to study the crystallization process by
calculating the crystallization activation energy
E. and the order of crystallization n.

Kissinger Method

This method is most widely used in analyzing
crystallization data obtained from DSC
measurements. In  non-isothermal  DSC

experiments, at a constant heating rate f (=
dT/dr), the sample temperature 7 changes
linearly with time according to the relation:

T=T +pt; A3)

where T; is the temperature at the beginning of
the experiment which is usually equal to room
temperature.

The derivative of K with respect to time can
be obtained from Egs. (2) and (3) as follows:

E
A _(dKNATY_(BE\
dt dT )\ dt RT
Eq. (1) can be differentiated as:
dX

0 n(Kt)"'[K +(dK /dt]1-X).  (5)

Substituting Eq. (4) in Eq. (5), we get:
ax

o =nK"t" ' [1+at](1- X); (6)

wherea = (BE, / RT?).

According to Kissinger [18], the term at can
be neglected in comparison to unity

((E,/RT?) << 1), and then Eq. (6) becomes:
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dX a
—=(1-X)nK"t"" . 7
7 1-X)
If we express ¢ in terms of X from Eq. (1), the
crystallization rate dX/dt can be written as:

dX
——=AnK (1- X) ; 8
5 - Ankd-X) @)

where 4 = [~ In (1 - X)]"V"™.

Using Egs. (4) and (8), the second derivative
d’X /df = 0 at the crystallization peak
temperature 7, then Kissinger showed that [18]:

E
In iz =——+C . ©)]
T, RT,

This equation is used to calculate the
activation energy of crystallization by plotting

In(8 /T.%) versus 1/T..
Takhor Method

Takhor [22] suggested a method which makes
the assumption of ignoring the time dependence
of K in the second differentiation. Assuming that
K # K (¢), the differentiation of Eq. (7) with
respect to time yields:

2
ddti( =nK"t"*[(n-1)-nK"t"] . (10)

The maximum rate of crystallization occurs at
peak crystallization temperature 7, and time ¢,
where X /df* = 0, and if we convert the value
of ¢, to temperature 7. from Eq. (3), we get [24]:
nkK, nk,

n—-1 RT

c

nln f—nIn(T, -T,)=In (11

With the assumption thatnIn(7, —7,)is a
function which changes more slowly with
heating rate thanl/7 ., we get:

dnp __E. a2
d1/T.) R

On this basis, the slope of Inf versus
1/T, should yield the crystallization activation
energy £ .

Augis-Bennett Method

The standard method of Augis and Bennet
gives more exact results for deducing the
crystallization parameters when the

crystallization appears at a temperature much
higher than the initial one (7, >>T;). Based on
substituting ¥ = KT in Eq. (6), we get:

dX

?zX'anu""l[Hat](l—X). (13)

Since u' = K'T + K and using Eq. (4), one
obtains:

X' =nuu""'(1-X) (14)

and

X" =[u"u—@") (nu" —n+Dnu">(1-X).
(15)

X" = d°X /df = 0 at crystallization peak
temperature 7., where the maximum rate of
crystallization occurs. This gives:

w'u—w) (nu" —n+1)=0. (16)

From substitutingu = KT' and7 =T, + pt
in JMA equation, one can find that:

, u

1
u =7+au=u[;+aJ; 17)

" ! 1 u
u'=u|—+o |-
t t
. (18)
1 1| 2au
=ul||—+a | ——|_—
t t t

The last term in Eq. (18) above was omitted
in the original derivation of Augis and Bennet
[21], and this equation can be simplified as:

u' =ua’ . (19)

Substituting for " and u'' from Eqgs. (17) and
(19) into Eq. (16) gives:

o j . (20)

1+ ot

nu”—n+1=(

Eq. (20) is discussed in light of the possible
values of at and the relation between the
temperatures 7 and 7;. The term at can be

expressed by substituting the value of
B=aRT*/E, in Eq. (3) as [25]:
E T
at=—=|1-—+1. 21
RT T
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When ot << 1 and the temperature T is
slightly higher than 7; ((E, /RT) << 1), we can

neglect the term at and Eq. (20) leads directly to
Kissinger equation. Besides, when at >>1 and T

>>T;, then (£, / RT) >> 1, the right hand side of
Eq. (20) approaches unity and this gives
u" =1land henceu = 1. Therefore, we can write:

u=(Kt), =K, exp[f; j{%} =1.

c

(22)

This equation can be written in logarithmic
form as:

In p =—L+an0 .
T -T, RT

c

(23)

Finally, in the case of (T, >>T,), this
equation can be approximated as:

In b =—L+an0.
T RT

c c

24

The activation energy E. can be evaluated
from the slope of the plot of In (f /T.) as a
function of 1/T..

Determination of Avrami Exponent (n)

Avrami exponent (n) can be simply found
from the original JMA equation. Substituting the
value of ¢ from Eq. (3) in the JMA equation (Eq.
(1)) and rearranging we get:

1-X :exp[—[%]n] (25)

By taking the double logarithm of the above
equation, one can find that:

din[-In(1-X)] _
dlnf3 -

This relation was derived individually by
Ozawa [19, 20] and Matusita et al [21].
According to this relation, Avrami exponent (7)
can be evaluated by plotting In[-In(1-X)] as a
function of Inf at a constant temperature 7. The
fraction X crystallized at any temperature T is
given as X = A7/A, where A is the total area of
the exothermic peak between the temperature T
where crystallization just begins and the
temperature 7, where crystallization s
completed and 47 is the area between 7| and a

(26)
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given temperature 7 as shown in Fig. 1. For as-
quenched glass containing no preexisting nuclei,
the dimensionality of crystal growth (m) is equal
to (n — 1) and m will be 1 if n is less than 2,
whereas for a glass containing a sufficiently
large number of nuclei, which might occur due
to annealing of the as-quenched glass, m = n. In
this work, as-quenched samples are studied, then
the value of m is taken as m = n — 1 [23].

Exo

T

Endo

FIG. 1. A typical DSC exothermic peak indicating the
estimation of the fraction X crystallized at any
temperature 7.

Material Preparation and

Experimental Technique

SessCdsZn; glass was prepared by melt
quenching technique. High purity (5N) Se, Cd
and Zn in appropriate atomic weight percentage
(at. wt %) proportions were weighed into a
quartz ampoule and sealed at a vacuum of 10~
Torr. The ampoules were then heated at 900 ~C
for about 15 h with continuous rotation to
facilitate the homogenization of the sample. The
molten sample was rapidly quenched in ice-
cooled water to produce a glassy state. The ingot
of the so-produced glassy sample was taken out
of the ampoule by breaking the ampoule and
then grinding the sample gently in a mortar and
pestle to obtain a powder form. About 10 mg of
the powder samples were capsulated in
aluminum pan and subjected to the differential
scanning calorimeter (NETZSCH DSC 200 F3)
at five heating rates (5, 10, 15, 20 and 25 K/min)
in the temperature range from room temperature
to about 750K. The temperature accuracy of this
equipment is £ 0.1K. The DSC equipment is
calibrated prior to measurements, using high
purity standard Pb, Sn and In with well-known
melting points. The operation of a differential
scanning calorimeter is based on the
measurement of the thermal response of an
unknown specimen as compared with a standard
when the two are uniformly heated. A typical
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differential scanning calorimeter consists of two
sealed pans; a sample pan and an empty
reference pan. These pans are often covered by
or composed of aluminum, which acts as a
radiation shield. The two pans are uniformly
heated, or cooled, while the heat flow difference
between the two is monitored.

Results and Discussion

Typical DSC curves of SegsCdgZn, glass at
five different heating rates (5, 10, 15, 20 and 25
K/min) are shown in Fig.2. Two characteristic
phenomena are evident in these DSC curves in
the temperature range of investigation. The first
one (endothermic peak) corresponds to the glass
transition region and is represented by the glass
transition temperature (7,). The second one
(exothermic  peak) corresponds to the
crystallization region and is represented by the
crystallization peak temperature (7). At this
temperature (7.), the crystallization rate reaches
two-thirds of its value [4]. The appearance of

2.4+

2.2

2.0
Exo 1.8
1.6
14
1.2
1.0
0.8
0.6
0.4
0.2
0.0 —
0.2 ‘
0.4
0.6
Endo-0.8

1.0

1.2

— 5K/min

— 10K/min
15K/min

—— 20K/min
25K/min

DSC Signal

Glass
transition
region |

—

single glass transition peak and single
crystallization peak confirms that the glassy
sample under investigation is homogeneous.
Both 7, and 7. have been defined [1, 9] as the
temperatures ~ which  correspond to  the
intersection of two linear portions adjoining the
transition elbow of the DSC traces in the
endothermic and  exothermic  directions,
respectively. The values of 7, and 7. at all
heating rates are given in Table 1. From this
table, one can notice that both 7, and 7, of the
studied samples are much higher than room
temperature. Thus, one can expect that the
studied sample may remain stable in its
amorphous and crystalline phases at room
temperature. In addition, the temperature
difference (7. — Ty) is large. This is an advantage
of the studied glass, as it is essential to prevent
self-transition between the two amorphous and
crystalline phases, making it attractive for optical
recording applications [26].

Crystallization
region

T T
0 50 100

T T T T T T T
150 200 250 300
T (°C)

FIG. 2. Typical DSC curves for SegsCdgZn, glass at five different heating rates (5, 10, 15, 20 and 25 K/min).

TABLE. 1. The values of 7, and T, of the studied glass at different heating rates

Heating rate

K/ T, (K) T, (K)
5 3772 495.0
10 385.7 496.2
15 390.1 496.9
20 394.0 497.4
25 396.5 497.9
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The crystallization kinetics of the studied
glass were analyzed by calculating the
crystallization activation energy (£.) and Avrami
exponent (n) which 1is related to the
dimensionality of crystal growth (m). These
parameters were calculated from the dependence
of the crystallization peak temperature (7,) on
heating rate (f) according to the theoretical
methods discussed in Section 2. Firstly,
according to Eq. (9), which was derived by

Kissinger, the data of In(B/T’)
(10°/T.) for SegsCdsZn; glass is fitted to linear

function by least square fitting as shown in Fig.
3. From the slope of this fit, the value of the

versus

-8.4—-
-8.8—-
-9.2—-
-9.6—-

-10.0 1

In(B /T ?)

-10.4—.

-11.2 4

-11.6 1
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activation energy (E£.) is obtained to be (1143 +
24) kJ/mol. Secondly, E. was determined using
Takhor method according to Eq. (12). In this
method, the activation energy is evaluated from
the slope of the least square fitting of the plot of

In B versus (10°/T.) which is shown in Fig. 4.

The value of E. deduced by this method is (1151
+ 24) kJ/mol. Finally, E. was calculated using
Augis and Bennett approximation method as
given in Eq. (24). Fig. 5 shows the plot of

In(3/T)) against (10°/T.) and from the slope of
the straight line of the least square fitting of all

points, the value of E. is obtained to be (1147 +
24) kJ/mol.

T T T T T T T T T T T T T T T 1
2.008 2.010 2.012 2.014 2.016 2.018 2.020 2.022

107T_(K")

FIG. 3. Plot of In(3/ ]:,2) Vs. (103 /T.)for SessCdsZn, glass (solid line is least-square fit to Kissinger relation
(Eq. 9)).

36-
3.4
3.2
3.0
28
26

Inp

2.4 1

22
2.0
18

1.6
1.4

T T T T T T T T T T T T T T T N
2.008 2.010 2.012 2.014 2.016 2.018 2.020 2.022

107T_(K")

FIG. 4. Plot of In 8 vs. (10° /T,) for SegsCdgZn; glass (solid line is least-square fit to Takhor relation (Eq. 12)).
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26
28
-3.0
32
34
3.6
3.8
4.0
4.2
4.4
46
4.8
5.0

In(B/T)

Augis-Bennett

T T T T T T T T T T T T T T T 1
2.008 2.010 2.012 2.014 2.016 2.018 2.020 2.022
3 -1
10°T_(K”)

FIG. 5. Plot of In(8/T,)vs. (1 0°/ T,) for SegsCdgZny glass (solid line is least-square fit to Augis and Bennett
approximation relation (Eq. 24)).

The above E. values, obtained from the three
methods, are well consistent with each other.
However, Augis and Bennet method gives more
exact results for deducing E. value when the
crystallization appears often at a temperature
which is much higher than the initial one 7.>>T;.
It was shown [27] that this method can be
applied, not only in the case T, >> T;, but also
when T, > T; ; that is, when the two temperatures
differ by about 10%. Besides, the crystallization
activation energy is an indication of the speed of
rate of crystallization which is wuseful to
characterize the glass for optical recording and
other applications [28]. It is clear that the value
of E. of SegsCdsZn; glass, which is required to
complete the crystallization process, is higher
than that of similar glasses. This could be
explained on the basis of bond formation in the
complex matrices.

According to Schotmiller et al. [29], in
amorphous Se, about 40% of the atoms have a
ring structure (Ses) and 60% of the atoms are
bonded as polymeric chains (—Se—Se—Se-).
Strong covalent bonds exist between the atoms
in the chains and rings, whereas the inter-
structural forces are weak bonds of Van der
Waal’s type [30]. When Zn is incorporated to Se,
the metallic Zn bonds dissolved in Se chains and
the weaker Se—Se bonds (bond energy = 44.0
kcal/mole) are replaced by the strong Se-Zn
bonds (bond energy = 64.0 kcal/mole) [31]. In
addition to Se—Zn heteronuclear bonds, Zn—Zn
and Se-Se homonuclear bonds are expected to
exist. Further, when Cd is added to the Se-Zn

system, it forms bonds with Se (Se-Cd bond
energy = 37.1 kcal/mole [9]), while the
formation of Zn—Cd, Cd—Cd and Se-Zn-Cd can
also exist in the same matrix. The extensive
existence of heteronuclear and homonuclear
bonds heavily cross-linked the ternary matrix
structure and increased the steric hindrance,
which play a dominant role in the glass
configuration [32]. On the other hand, Pauling
defined the electronegativity of an atom as its
power to attract electrons to itself in the
molecule [33]. When two elements of different
electronegativity values combine to form an
alloy, then the element of  higher
electronegativity attracts an electron pair more
than the other elements and behaves as an anion.
The other element will behave as a cation [34].
The values of electronegativity of Se, Cd and Zn
are 2.4, 1.7, and 1.6, respectively. Therefore, Se
behaves as an anion, while both of Zn and Cd
(from the same IIB group) are considered as
cations. The presence of Zn and Cd cations
together can create a large number of unsaturated
hydrogen - like bonds accompanied with Van der
Waal’s bonds, substantially increasing the
structural and thermal stability of the glass [35].
This is responsible for increasing the strength or
rigidity of the lattice, which increases the
tendency of the glass against crystallization and
consequently the crystallization activation
energy.

The order of crystallization reaction (Avrami
exponent) for SegsCdgZn; glass was obtained
using the method suggested by Ozawa and
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Matusita. The plot of In[—In(1—X)] vs. Inf

for SegsCdgZn, glass is shown in Fig. 6 at
different temperatures (494K, 495K, 496K and
497K). The average value of Avrami exponent 7,
obtained from the slopes of the fitted straight
lines in Fig.6, comes out to be 0.87. Based on
this value, the crystal growth in SegsCdsZn; glass
occurs in one dimension (or growth from surface
nuclei). This value of Avrami exponent is non-
integer. A non-integer value of » indicates that
two crystallization mechanisms were working
during the amorphous—crystalline transformation
[26, 36]. Lastly, it is worth to mention that some
other thermal models [37-40] used in the study
of the non-isothermal crystallization mechanism

1.54

1.0+
0.5
0.0

-0.5 4

In[-In(1-X)]

-1.0 4

1.5
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suggested that the values of n» and E. are not
necessarily constant, but show variations in
different stages of the transformation. The
models used in this work are proposed for
analyzing the mnon-isothermal crystallization
kinetics, in the case of as-quenched glasses
which contain a large number of nuclei, “site
saturation”. This “site saturation” assumption is
important for this process, where the
crystallization rate is only defined by the
temperature and shows little dependence on the
thermal history, and then the variation in the
values of the crystallization parameters (n» and
E.) during all stages of transformation process is
not expected [41].

m T =494K
e T=495K
A T=496K
v T =497K

204 \E\
-2.5

14 1

T T T T T T T T T T T T T T T T T 1
6 18 20 22 24 26 28 30 32 34

InB

FIG. 6. Plot of In[—In(1— X)]vs. In 8 for SessCdsZn; glass at different selected temperatures (solid lines are
least-square fits to Ozawa-Matusita relation (Eq. 26)).

Conclusions

Crystallization kinetics for SegsCdgZn; glass
have been investigated using differential
scanning calorimeter DSC under non-isothermal
conditions. The obtained data has been analyzed
by several theoretical methods. The following
conclusions were drawn:

1. The glassy alloy under investigation shows
single glass transition region and single
crystallization region, confirming the
homogeneity of the glassy sample.

2. The values of E. obtained using the three
different methods; Kissinger, Takhor and
Augis-Bennett, are in good agreement with
each other. Thus, one can use any of these
methods to deduce the activation energy of
crystallization.
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3. One-dimensional crystal growth occurs in
SessCdsZn; glass, indicated by the estimated
value of Avrami exponent (n = 0.87).
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Abstract: In this work, the indoor radon concentration level and lung cancer risks have
been measured in Bashika district, east of Mosul city-Iraq, during the summer season, by
using time integrated passive radon dosimeters containing CR-39 plastic track detectors.
These measurements were carried out in the sitting room of ten dwellings built by plaster
for an exposure time of 60 days. The radon concentration in these dwellings ranges from
(18.32-54.87) Bq.m™with an average of (33.44 Bq.m™), which lies below the acceptable
radon levels (50-150) Bq.m'3 recommended by the International Commission of Radiation
Protection (ICRP). The average value of the PAEC was 3.61x107 in working level (WL)
and the average value of potential alpha energy concentration (PAEC) in working level
month per year (WLM/Y) was 0.14. The average absorption effective dose equivalent for a
person living in homes for which the investigation was done was found to be
(O.79mSv.y’1). In the recent report (ICRP), the recommended action levels of radon in
dwellings should be within the range of (3-10 mSv). It is observed that the average lung

cancer cases per year per 10° persons were found to be 14.31.
Keywords: CR-39; Radon-222 concentration; AEDE; PAEC.

Introduction

The three isotopes of radon *"’Rn, *’Rn and
**’Rn are radioactive gases with half- lives of
3.96s, 55.6s and 3.825d, respectively. These
isotopes are produced by decay of the natural
radio nuclides **°U, ***Th and ***U. **’Rn can be
considered to be of the most dangerous
radioactive elements in the environment, because
of its short half-life. Its character as a noble gas
allows it to spread through the atmosphere [1].
The main natural sources of indoor **’Rn level
are soil, building materials (sand, rocks, cement,

. etc.), water born transport and natural energy
sources like gas, coal, ... etc, which contain
traces of U [1,2]. The indoor radon
concentration depends mainly on radon
exhalation from surrounding materials. ***Rn and
its airborne daughters can cause a significant
internal health hazard (for example lung cancer),
especially when uranium or radium content in
the soil is high or when radon and its daughters
are concentrated in enclosed areas and in

particular in dwelling areas. Several reports have
appeared in the literature, demonstrating that
residential *’Rn may be responsible for 7% of
lung cancer in Germany, 4% in Netherlands,
20% in Sweden and (10-15) % in the United
States [3].

Concentration of **’Rn gas in dwelling areas
has been reviewed and summarized by the
United Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) [4]. The data is
available for over 20 European countries and
shows that the average “’Rn concentration
varies widely from < 25 Bq.m® in the
Netherlands, the United Kingdom and Cyprus, to
over 100 Bq.m'3 in Estonia, Finland, Sweden,
Luxembourg, the Czech Republic, Hungary and
Albania. For many countries, the variation in
indoor **Rn levels within the country is
enormous, and individual dwellings with ***Rn
gas concentrations above 10000 Bg/m’ have
been found in Finland, Norway, Sweden,
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Belgium, Germany, Switzerland, the United
Kingdom, the Czech Republic and Spain [4, 5].

In a recent multi-year survey conducted on
Guam by the local Environmental Protection
Agency (EPA), indoor **’Rn levels exceeded the

U.S. EPA air quality standard of 148 Bq/m3,
m~40% of all buildings tested. By the mid
1990s, it was widely publicized that radon was
the second leading cause of lung cancer after
smoking. Shortly thereafter, the U.S. EPA
estimated that indoor radon exposures account
for approximately 21,000 lung cancer deaths
annually in the U.S. This represents about 14%
of all U.S. lung cancer deaths. The number of
lung cancer cases reported for each village
between 1993 and 2007 ranged from 5-159 and
were tightly correlated with village population
size (r = 0.95) [6].1t can be concluded that lung
cancer rate may show a negative correlation with
natural radon concentration [7]. Measurement of
indoor *Rn is rather important, because the
radiation dose of humans constitutes more than
60% of the total equivalent dose of annual
exposures of humans, including exposure from
natural sources [6, 8]. Several techniques have
been used to measure the concentration of **’Rn
and its daughters. Solid state nuclear track
detectors, such as LR-115 and CR-39, have been
widely used for the measurement of time

integrated radon levels in dwellings under
different conditions [9, 10].

The present study aims to measure some
important parameters, such as the indoor ***Rn
concentration in dwellings of Bashika district,
the potential alpha energy concentration, the
absorption effective dose exposure and the lung
cancer cases per year per 10° persons. These
evaluations can help in establishing a reference
level of activity concentration from which any
further increase in those levels for any reason
could be detected.

Experimental Procedure

This study assesses the indoor ***Rn
concentration in dwellings of Bashika district
situated in the east of Mosul city in Iraq. The
dwelling spaces under study were in general
buildings with cement bricks, with a concrete
and iron structure. The walls of the dwellings are
often covered with gypsum board and several of
these materials are expected to contribute
significantly to sources of indoor **’Rn.
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The passive **’Rn dosimeter (as in Fig. 1) is a
closed chamber into which **’Rn diffuses and is
composed of a plastic cup of 7 cm in diameter
and 4.6 cm in depth. A circular hole of sponge
with an area of (2x2) cm” and a thickness of 0.5
cm is sealed to the interior surface of the lid. The
design of the chamber ensures that aerosol
particles and thoron (**’Rn) are deposited on the
sponge from outside and **Rn, among other
gases, diffuses through it to the sensitive volume
of the chamber. The cup contains a CR-39 alpha
track detector fixed to the bottom by double-side

cello-tape.
| =
CR-39
4.6 cm
F= == = 16mm 1

— 7 |

FIG. 1. Irradiation chamber

The measurements were carried out in the
sitting room of the dwelling for an exposure time
of 60 days during the summer season (August)
of 2007. The detectors were collected and
chemically etched using the aqueous solution of
6.25 N of NaOH at a temperature of 70 °C for 4
hours. After etching, the detectors were rinsed in
distilled water and cleaned. An optical
microscope with a magnification of X400 was
used to count the number of tracks per cm’ in
each detector.

The calibration process for the dosimeter of
this type and dimension was done by [3]. The
concentration of *’Rn (Cg,) in units of Bq/m’
was determined by measuring the track density
(p) of the exposed detector inside the cup
according to the following relation [11]:

ct Cp t
0”0 _ Rn ’ (1)
P, P
where ¢, is the concentration during the

calibration process which equal to 90 kBg/m’, p,
is the track density on the calibrated dosimeters
which is equal to 96768 tracks/cn’, ¢, is the
exposure time for calibrated dosimeters which is
equal to 48 hours and ¢ is the exposure time
which is equal to 60 days.
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Our aim is to find the following parameters:
1- (PAEC) in working level (WL) of radon

daughters estimated according to the
following equation [1, 3]:
FC,
T @)
3700

First find the concentration of ***Rn, so the
equivalent equilibrium concentration EEC of
radon is deduced as in the equation: EEC = F %
Crn-

F is the equilibrium factor which is equal to
0.4 indoor, EEC times 0.01 is the PAEC in
(WLM), while WLMY" is equivalent to working
level WL times factor 40.

2- The absorption effective dose equivalent
(AEDE) is estimated by using the dose
conversion factor of 5.5 mSv/WLM [1, 12].

AEDE (mSv /y)= 3
(5.5 mSv IWLM Y*WLM /y) ®

3- Lung cancer cases per year per 10° persons
are estimated by using the risk factor lung
cancer induction of 18x10° mSv'[1, 12].

Lung cancer cases per year per 10° persons @
= AEDE (mSv /y)*18*10™° (mSv ™)

Results and Discussion

Table 1 summarizes the track density p
(tracks/cmz), the radon concentration Cp,
(Bg/m’), the potential alpha energy concentration
PAEC (WL), the absorption effective dose
equivalent AEDE (mSv.y') and the lung cancer
cases per year per 10° persons in different
dwellings in Bashika district. Fig. 2 shows the
radon concentration in dwellings with the
location number in Bashika district. The analysis
of the measured values of radon concentration
shows that there is only one dwelling with a
value of more than 50 Bq/m’, six dwellings with
values between (30-49) Bq/m’ and three
dwellings with values less than 30 Bq.m™. The
lowest radon concentration was measured in
dwelling no.5 which is 18.32 Bg/m’ and the
highest was in dwelling no.7 which is 54.87

Bg/m’. It is believed that the reason behind the
high **’Rn level in dwelling no.7 (Bartilla root)
is due to the presence of uranium, where its
average content in Bartilla soil was found to be
5.27 ppm [13]. The average radon concentration
for all the studied dwellings was 33.44 Bg/m’,
which lies below the acceptable *’Rn limits of
(50-150) Bg/m’ recommended by the ICRP. The
ICRP refined this recommendation in 2014 in
Publication126. The commission now “strongly
encourages national authorities to set a national
derived reference level that is as low as
reasonably achievable in the range of 100-300
Bg/m’, taking the prevailing economic and
societal circumstances into account” [14]. This is
because exposure to radon earlier in life
increases the risk of developing lung cancer
during lifetime. The Canadian radon guideline
recommends that remedial measures be
undertaken in a dwelling whenever the average
annual radon concentration exceeds 200 Bg/m?
in the normal occupancy area, and the higher the
radon concentration, the sooner remedial
measures should be undertaken [15]. The ***Rn
concentration levels in Bashika district are lower
than those found in other regions in Iraq
(northern of Baghdad), like Erbil governorate
(44 Bg/m’) [1]. The variation in radon
concentrations is fundamentally related to the
type of construction, ventilation rate, size and
age of the building. The average **Rn
concentration was found to be lower than those
measured by other works in other countries (see
Table 2) [16]. The potential alpha energy
concentration (PAEC) levels range between
(1.98-5.92) x 10° WL with an average value of

3.61x10” WL. The average absorption effective

dose equivalent for a person living in one of the
homes for which the investigation was done was
found to be 0.79 mSv/y. In the recent report of
the ICRP, the recommended action levels of
radon in dwellings should be within the range of
(3-10) mSv [17]. On the basis of this ICRP
recommendation, it has been observed that the
dwellings  monitored for indoor **Rn
concentration show values below the action
levels. According to our estimations, the **’Rn
induced lung cancer risk for dwellings in
Bashika district ranges from 7.83 to 23.47 with
an average of 14.31 per 10° persons.
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FIG. 2. Histogram of radon concentration in dwellings versus location number.

TABLE 1. Radon concentration, potential alpha energy concentration, absorption effective dose
equivalent and lung cancer cases in Bashika district

No Location P Crn . PAEC . PAEC® AEDE Lung C()ancer Cases
) Tr/em™ Bqg/m WLx10® WLM/y mSv/y /10” person

1 Oil Station 732 22.693 2.45 0.09 0.53 9.70

2 Rass Al-Aien 1074  33.29 3.59 0.14 0.79 14.25

3 Al-Islaam Cartier 930 28.83 3.11 0.12 0.68 12.27

4 Bashika Center 1442 44.70 4.83 0.19 1.06 19.11

5 Al-Kaba Cartier 591 18.32 1.98 0.07 0.43 7.83

6 Al-Fathlya Root 1200  37.20 4.02 0.16 0.88 15.94

7 Bartilla Root 1770  54.87 5.92 0.23 1.30 23.47

8  Al-Rabee Cartier 849 26.32 2.84 0.11 0.62 11.28

9  Al-Shabak Cartier 1020  31.62 3.42 0.13 0.75 13.57

10 Bahzany 1180  36.58 3.95 0.15 0.86 15.64
Average 1078.8  33.45 3.601 0.14 0.79 14.31

(a) PAEC (WLM/Y) = PAEC (WL) % 40 taken from refs. [1, 16].

TABLE 2. Arithmetic mean of radon concentrations in dwellings in various European countries based
on UNSCEAR [4, 18]

Country Cr, (Bg/m’) Country Cr, (Bg/m’)
Denmark 53 Hungary 107

Finland 120 Poland 41
Sweden 108 Romania 45
Belgium 48 Slovakia 87
France 62 Italy 75
Germany 50 Spain 86
Switzerland 70 Bashika (Iraq) 34
Australia 11 Korea 53
Italy 70 Uk 20
USA 46
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Conclusions

As the **Rn induced lung cancer risk for
dwellings in Bashika district ranges from 7.83 to
23.47 with an average of about 14.31 perl0°

persons, this implies that people who live in
these dwellings are subjected to a relatively low
risk factor for radon induced lung cancer.
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Abstract: The ground-state energies of a two-electron quantum dot are calculated using the
variational calculation method to solve the relative part Hamiltonian of a two-dimensional
quantum dot presented in a uniform magnetic field. We have shown the dependence of the
exchange energy of the two-electron quantum dot on the confining frequency and strength
of the magnetic field. The transitions in the angular momentum and spin of the quantum
dot ground state are also shown. Based on comparisons with different works, the

variational method gives very good results.
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Introduction

Quantum dots (QDs), or artificial atoms, have
been the subject of intense research studies over
the past few years. The growing interest is
motivated by the physical effects and potential
device applications. Different experimental [1-5]
and theoretical [6-31] studies have been
conducted to investigate the energy spectrum
and the correlation effects of the interacting
electrons confined in a quantum dot in the
presence of an applied uniform magnetic field.
One of the most interesting features of electron
correlation is the change of the spin and angular
momenta structure in the ground state of the QD
system in the presence of the magnetic field. The
QD, in this case, has the potential to serve as a
qubit of a quantum computer, since the magnetic
field can be used to tune the transition in the spin
of the ground state of the quantum dot from
singlet (S=0) to triplet (S=1) state [28-30]. In
this work, we shall use the variational method to
solve the relative part Hamiltonian of a two-
dimensional (2D) quantum dot under the effect
of a magnetic field We shall compare our

computed results against the corresponding ones
produced by different authors [29-31].

The Quantum Dot Hamiltonian

The effective-mass two-dimensional
Hamiltonian for two interacting electrons
confined in a quantum dot-helium by a parabolic
potential in a uniform magnetic field of strength
B is given as:

where @, is the confining frequency and x is
the dielectric constant for the GaAs medium.
ryand 7, describe the positions of the first and

eB
m *C
is the cyclotron frequency and the symmetric

second electrons in the xy-plane. @, =

Corresponding Author: M. K. Elsaid
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- 1= . .
gauge A, = EB x r; is used in Eq.(1). Upon

1

introducing the center-of-mass (cm)
= K +T
R= 5 and the relative coordinates

7= I_”i —72 , the Hamiltonian in Eq.(1) can be
decoupled to a center-of-mass (H R) and a

relative (H r) parts. The cm-part is a harmonic
oscillator type with well-known eigenenergies

[27, 29, 30]:
)
o’ %
+1)h{a)§+ 1

E, = (2ncm + |m

;@)
ho,

cm 2

where n,, =0,1,2,...and m, =0+1,+2,....

+m

The main task in this work is to solve the
relative two-dimensional Hamiltonian part,

2 2
H, 1 a)§+a)—” r’
2u 4 4
e’ ha,
+—+m—=
1<|r| 2

by using the variational calculation method.

)

Variational Calculation Method

Dyblaski, in a recent work [31], has used
successfully the variational method to study the
electronic structure of the quantum dot.
Encouraged by the accuracy of the variational
method used in Ref. [31], we apply the
variational technique to calculate the complete
eigenenergy spectra of the QD Hamiltonian and
the exchange energy (J) as a function of
confining frequency and magnetic field strength.
In this work, we adopted a one- variation
parameter wave function as:

T R -
wir) = Yane 4)
where:
(g2
HM(P} — J|‘.,1,f2+lml.|:-l + ﬁp}e |I z } ; (5)
p=+ar. (6)

The first power term and the third exponential
term in the wave function u,, {7} in Eq. (5) both
give the correct asymptotic behaviors
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as p =+ 0 and p — @, respectively. In addition,
these states are a very good choice, because they
are the eigenstates of parabolically confined
electrons in a magnetic field, and the parabolic
form is a successful potential model used by
many authors in different works to study and
explain the behavior of electronic, thermal and
magnetic properties of the quantum dot.

The Schrodinger equation, with complete
two-dimensional Hamiltonian form and full
variational wave function can be written as:

Y S Y )
(«m(r'l R e (W—Jp: ) +

m ar: 2 \dg”
2 #* \ o um(ple™®
dmrio’— cih— o +— |{o 2=
2 g dr Vam. Jp
)
E, {qim&e™
Vel P (7)

In our calculations, we have used the
following atomic Rydberg units:

e2=2hi=1lm=1e=1.
Finally, the relative Hamiltonian part is:
z
2% 4+ (mz—i)i +lw.m+
dr? 4/ re P

2rig? +=
'

(®)

We have normalized our wave function:

‘T

U (2) = G p/2H1I (14 ip)e™ (T ©)
by calculating the normalizing constant as:
2o
(1+B%)T{1 + Iml] + B mIT [1 + |m[]+ 26T [%+ jmi]

(10)

The above normalization constant can be
expressed in terms of new parameters,

i =

Ve

T dreBt B an
where:
1
d=——
2T +|m]] : (12)
3
e=1'[5+|m|} : (13)
o 1
S 2+ ml] , (14)
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We have found the energy spectra of the
relative part Hamiltonian:

-m“-l

(-:m“‘I'[[mi} + 2 m|Iml] +

; il I

1
uﬁm+

'lui

tmlT[lm]-&— m? BT im[] +——

B —*[m
E

T‘:’“U-“

I‘[_ +- [m] e m*ﬁl’[;+

o o P @ ian

23

T [:rlml

+ B4+ leml]

e

bI'[l-t—Iml}%—pI‘[ + ml]+
2 + |m[] + B°T[2+ lm[]+§~fﬁ miT{2 +

|+pT [+ imi])

j:ﬁ:r'['l +m[] +

51

Pl P §ee
'—1

B

(15)

The energy matrix element in Eq. (15) can be
rewritten in a closed form as:

1 a+ bp+cfl
E.(B)= —zmo.+ Zaﬁ—ﬁ:
2 d+eB+fB"; (16)
where:
e
=——+ 2
(2 m[+Dve (17)
2d
h:T_+'2(|m|+‘1}:J.
va ; (18)
C f_+(2|m| + 4|m| + 3)d
T2 . (19)

The constants: d, e and f are as defined
previously in Egs. (12-14).

The energy eigenvalues of H, can be obtained
by minimizing the energy expression in Eq. (16)
with respect to the variational parameter (j57;
namely,
dF 0 d*E =0
ag  agrt . (20)

The value of the parameter § which satisfies
the minimum energy requirement is:

2cd - 2af —/(2cd - 2af)* - 4(bd - ae)(ce - bf)

Bmingn = A-ce +bf}

€2y
So, the final energy expression in terms of the

variational parameter value which satisfies the
minimization condition is:

a + bﬁmtn + Cbmtn
d + bBE"t!‘l+ fﬁmm

1
E (Boyn) = —3 M, + 2a

(22)

Having obtained the eigenenergies for the QD
system for any state labeled by quantum
numbers: n,m, we are able to calculate the
exchange energy (] ) defined as:

I= Errép!ar_ Esing!a: (23)

for any range of magnetic field strength and
parabolic potential confining frequency.

2. Results and Discussion

Our computed results for 2e quantum dot are
presented in Figs. 1 to 4 and Tables 1 to 3. In
Fig. 1, we have displayed the computed
eigenenergies of the relative part 2D-
Hamiltonian for two interactingﬂ electrons at a
confining frequency of wgy= g R* in a QD
system. The figure clearly shows the transitions
in the angular momentum of the ground state
energy as the magnetic field increases. The
origin of these transitions is due to the effect of
the Coulomb interaction energy in the QD
Hamiltonian. For this purpose, we have plotted,
in Fig. 2, the energy spectra of two independent
(zero Coulomb interaction) QDs. The figure
shows no energy level crossings, and the state
with m = 0 is always the ground state.On the
other hand, the ground state of the interacting
electron model of the QD oscillates with the
angular momentum m as we have mentioned.For
example, the angular momentum changes from
m=0tom=—1andm = —2..Since ) the
total spin of the two electrons is & = [1_":1}m],
this leads to an exchange in the sequence of the
singlet (S) and triplet (T) states. These
transitions in the angular momentum of the QD
system are expected to manifest themselves as
cusps in the spectra of thermodynamic quantities
of the QD: like heat capacity, magnetization and
magnetic susceptibility [ 7, 9,10]. Our computed
results by the present variational method are also
listed in Table 1 for the sake of comparison. The
underlined energy values show the angular
momentum transitions of the ground state of the
QD. These underlined ground state transitions
agree very well with the corresponding ones
shown in Fig. 1 of Ref. [31]. We have also
compared, in Table 2, the present computed
results against the data of Ref. [29, 30]. The
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tabulated results (up to six significant figures)
show excellent agreement between both works.
In Fig. 3, we have plotted the exchange energy
(J), defined in Eq. (23), as a function of magnetic
field strength (w,) and confining frequency:
we = 0.4 R* (solid tine — ) and wy =

0.8 B { dashed ling — — —}

The figure clearly shows the effect of the
strength of the confining frequency wgon the
transition of the angular momentum of the
ground state energy. As the confining frequency
increases, the transiton (J =0) shifts to hihger
magnetic field. For example, the first transition

Shaer, Elsaid and Elhasan

occurs at .= 0.35 for wy= 0.4, while for
wg = 0.8the trasition occurs at a higher
confining frequency value, w,= 09. This
shows that as the parabolic confinement
increases, more magnetic energy is needed to
make the ground state transition. In Table 3, we
have listed the values of the calculated exchange
energy (J) as a function of e, for different values
of confining frequency. Furthermore, we have
displayed, in Fig. 4, the singlet-triplet phase
diagram (w; —w,) of the QD showing the
singlet — triplet regions separated by J=0-lines.

TABLE 1. The ground state eigenenergies, in (R*

-
4

,calculated by using the variational method for

various values of magnetic field strength (¢w,) and different angular momentum values (m=0, 1, 2,

3 and 4) of a QD system with a confining frequency, w, = g R* . The underlined energy values

show the angular momentum transitions of the QD ground state

m

, 0 1 2 3 4

0.0 16998 2.000 25219 3.10835 3.7226
0.4 17566 1.8743 22218  2.6356  3.0780
0.8 19119 1.8788 2.0975 23876  2.7082
12 21341 19751 2.0992 23015 25371
1.6 23954 21286 2.1813  2.3200  2.4950
20 26708 23164 23131 24039  2.5341
24 29715 25246 24758 25292 2.6251
28 32702 27453 26583 26815  2.7502
32 35707 29737 28538  2.8518  2.8983
3.6 3.8714 32068 3.0580 3.0346  3.0624
40 32462 3.2381 32781 33348  3.4022

TABLE 2. The present ground state energies (in R*) of QD as a function of dimensionless Coulomb
z

coupling parameter A —% obtained from exact diagonlization method (second column)

L

compared with reported work (third column) taken from Ref. [29, 30]. The parameter o =

has the dimension of inverse length

—
|?‘J"I.C|J

i

A E(Present work)

E(Ref. [29, 30])

0 200000
1 3.000969
2 3.721433
3 4318718
4 4.847300
5 332238
6 3.784291
7 6.211285
8 6.618042
9 7.007949
10 7.383507

2.00000
3.00097
3.72143
4.31872
4.84780
5.33224
5.78429
6.21129
6.61804
7.00795
7.38351
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TABLE 3. The exchange energy (J), in meV, listed against the magnetic field strength e, for different
QD confining frequencies: wy; = 0.4 and 0.8 R*
w, wy=04R" w;=0.8R"

0.0 0.1492 0.3807
0.2 0.0558 0.2845
0.4 -0.0255 0.1959
0.6 -0.07852 0.1144
0.8 -0.0346 0.0394
1.0 0.0009 -0.0295

Energy

¢ (R¥)

FIG. 1. The computed relative motion energy spectra (in B* 7} of two interacting electrons quantum
dot against the magnetic field strength w_ ((in R*)for a confining frequency w, = ;R* and an

angular momentum m=0, 1, 2 and 3.

40 ¢

ST o0 o o  @c(R)

0 1 2 3 4

FIG. 2. The energy spectra (in F¥) of two non-interacting electrons ( Coulomb=zero ) in a quantum
dot calculated at w;, = %R * against the confining frequency cw, (in R*).
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* w.(R")

FIG. 3. The exchange energy, J, (in meV) against the magnetic field strength e, ( in R*) for QD
confining frequencies w, = 0.4 R* ( solid ling) and 0.8 R* ( dashed line ).

w,(R)

1of o s ot
Singlet
r 5=0
o8t / ]
: - Triplet -
I 5=1
06t _f’f 1
_,.,-o-"""f
o4 Singlet
/ 5=0
oaf !
0o , . B
o 1 3 4

we (RY)

FIG. 4. The QD singlet-triplet phase diagram (e, — @, ) . S=0, singlet and S=1, triplet states.

92



Variational Calculations of the Exchange Energy of a Two-Electron Quantum Dot in a Magnetic Field

3. Conclusion

In conclusion, we have studied the ground
state properties of the 2e QD in the presence of
an applied uniform magnetic field. The ground
state energies of the QD are calculated for
various values of field strength and confining
frequency. We also have shown the spin single-
triplet transition in the ground state of the QD

and the phase diagram. The present computed
eigenenergy results, given in Figs. 1 and 2 and
Tables 1 and 2 are compared with the
corresponding ones in References [7, 29-31].
The comparisons give very good results for all
ranges of the magnetic field strength and
confining frequency of the QD system.
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Abstract: The properties of the ground and negative parity state bands of '*°Xe - *’Nd
isobars have been studied. The ratio E, /I has been calculated as a function of the spin (I)

to determine the ground-state evolution. The ratio between the energies of the (I+2) and (I)
states as a function of the spin (I) has been drawn to determine the property of the ground-
state band. The odd-even staggering has been drawn to determine the difference of the
energies of ground state band and negative parity band. The energy levels for the ground
state band of **Xe - ""Nd have been calculated using Bohr-Mottelson Model (BM),
Interacting Boson Model (IBM-1), Interacting Vector Boson Model (IVBM) and Doma-El-
Gendy (D-G) relation. The energy levels of the negative parity band have been calculated
using BM and IVBM models. The calculated energy levels in comparison with the
experimental data indicated the quality of the fitness presented in this work.

Keywords: Ground- state band; Negative parity band; E-GOS; The ratio between the

energies of [+2 and I states; IBM-1; IVBM; D-G relation; Bohr and Mottelson.

PACS numbers: 21.60.Ev, 21.60.Fw, 21.10.Re.

Introduction

The different even-even nuclei properties
vary with the number of constituent nucleons,
which is associated with the corresponding
changes in the nuclear excitation spectrum and in
the decay properties of the excited states [1,2].
Even-even nuclei energy levels could be grouped
into Ground State Band (GSB) with

I =0",2",4",.... and Negative Parity Band
(NPB) with 7* =1°,3",5....[3]. GSB and NPB

become interwoven after the first few values of
angular momentum /, forming a single octupole

band with /” =0",17,2%,37,.....[4-7]. Primary
information on the property of the nucleus could
be obtained from the position of the first excited
state (E2;) which is approximately equal 100,

300 and 500 keV and the ratio of the second
excited state to the first excited state

(R=E4]/E2]) which obeys 3<R <3.3,

24<R <3and 2<R <2.4for rotational,y

-soft and vibration nuclei, respectively [8]. The
relationship between the gamma energy over

spin £, /I as a function of the spin / (E-GOS)

has indicated good information on the evolution
that occurs in the yrast line of the nuclei. This
was introduced by Regan et al. [9]. They have
studied many nuclei around A=110 regions and
observed the evolution in their yrast states [9].
The ratio between the energies of /+2 and [
states gives a good indication of the property of
the nucleus [10,11], when being drawn versus [
and then compared with the standard values of
the vibration U(5), rotational SU(3) and ¥ -soft
O(6) nuclei. A relation of the rotational energy £
of an axially symmetric nucleus as a function of
I(I+1) has been introduced by Bohr and
Mottelson (BM) [3]. The complicated level
scheme properties were well approximated in
terms of the U(6) unitary group in interacting
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boson model (IBM-1) studies. The group
reduction scheme of the U(6) produces three
limits that terminate in the O(2) group. The three
limits are: the vibrational U(5), rotational SU(3)
and y-soft O(6) [12]. Nuclei might have an

intermediate structure of the U(5) - SU(3), U(5)-
0(6) and SU(3) - O(6) limits which is another
phenomenological study [13]. The interacting
vector boson model (IVBM) is based on two
kinds of vector bosons, the proton p and the
neutron n bosons that constitute the collective
excitations in the nucleus. The IVBM developed
by Ganev et al. [14] is used to describe the
ground and octupole bands of the nucleus. Doma
and El-Gendy (D-G) [15] applied the collective
model to calculate the rotational and vibrational
energies of some even-even nuclei. They
introduced a new equation which depends on the
moment of inertia as well as on the spin of the
nucleus [15].

Many studies have been concerned with
nuclei of mass A =~130region. One of these
studies tested the O(6) symmetry to **Xe,"*’Ba
and observed some deviation from a pure O(6)
character. So, the authors added an SU(3)
perturbation to the Hamiltonian [16]. P. Von et
al. tested the O(6)-U(5) character of nuclei with
A =130region [17]. L. Bettemana et al.
compared the O(6) and O(6)-U(5) calculations
with experimental and other calculation results
of "’Xe, ""’Ba and "’Ce. They found that the
0O(6)-U(5) calculations are more reliable [18].
Salah A. Eid and M. Diab considered the *"Xe
nucleus that has the E(5) symmetry, where they
used IBM-1 to calculate its energy levels and
compared them with the measured values [19].
Since there are many opinions on these regions,
in the present work, the E-GOS, the ratio of the
energy states and the staggering methods are
introduced to insure the property of "**Xe — "'Nd
isobars. After indicating the property of each
isobar, the energy levels of the GSB are
calculated using the following models; BM,
IBM-1, IVBM and D-G relation and the energy
levels of NPB are also calculated using BM and
IVBM models, for *"Xe - *’Nd  isobars, then
the results are compared with their experimental
counterparts.

Methods of Calculation

The E-GOS method gives good information
on the evolution in the excited states of several

even-even nuclei when the plot of E, /I versus
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1 is studied. A vibrational nucleus in the E-GOS
curve drops quickly from its highest value

(=250keV) at (I =2,) to its lower value (0) at
(I—>w). For y-soft nuclei, the curve drops
slowly from its highest value (=150keV) at
(I =2/) to the quartered first excited state
E2 /4 at (I-), but for rotational nuclei the
curve increases slowly from its smallest value
(=50keV) at (I =2/) to its highest value which
is 4h*/29 at (I—w) [9]. The relationships
between gamma energy over spin R=FE, /]

and the spin / for the three limit cases are given
by [20,21]:

Vibrator: R = hTa) —0 when [—o . @)

n’ 2 n’
Rotor: R = —(4——)—>4— whenI—wx. (2)
29 1 29

+

y -soft: R= ETzl(l + %)—) Ejl when [—0.(3)

The ratio between the experimental energy
values of [+2 and I states as a function of I has
been constructed to define the symmetry for the
excited states of even-even nuclei [10, 11]:

r(uzj{(muz)j _(1+2)}
I ) I ), I
" ;4

><I(I +1)
2(1 +2)

R(I+2
where (%} oxp. 15 the experimental energy

values ratio between [+2 and I states. The value
of (r) has changed from 0.1 to 1.0 for yrast bands
of even-even nuclei. The ratio (r) for vibrational,
rotational and transitional nuclei is given by:

0.1<r<0.35 for vibrational nuclei.
0.4 < r <0.6 for transitional nuclei.
0.6 <r <1.0 for rotational nuclei.

In BM model, for small I, the energy E(I) can
be expanded in power of I(I+1). The GSB and
NPB levels are given by [3,6]:

E(I) = AI(I+1) - BE(I+1)*+ CP(I+1)*; (5)
E(I) = Eo+ AI(I+1) - BP(I+1)*+ CP(I+1)’;  (6)
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where E, is the band head energy of the NPB.
The values of the coefficients A, B and C can be
determined from a fitting to the available
measured energy levels of the band.

The general Hamiltonian for IBM-1 is given
by [22]:

N N
H=Ye+>V,; ; (7)
i=1

i<j

where ¢ is the intrinsic boson energy and V is
the interaction strength between bosons 7 and j.
The multipole form the Hamiltonian is [23]:

H=¢h, +a,P*P+al .L &
+a,0 .0 +al, T,+al, T,|

where ny is the number of d-bosons; P-P, L' L,
Q- Q, T3 T3 and T4 - T4 represent pairing,
angular momentum, quadrupole, octupole and
hexadecupole interactions between the bosons,

while a,,a,,a,, a;and a, are strengths of

interaction of each term, respectively. The
Hamiltonian used in terms of multipole
expansion tends to reduce three forms of it to
meet the requirements of the three symmetry
limits; the vibrational U(5), rotational SU(3) and
y -soft O(6). In the U(5) limit, the effective

parameter is £ . In the O(6) limit, the dominating

parameter is a,. In the SU(3) limit, the effective

parameter is a,. The eigenvalues for these three

limits are given by [24]:

Uu(s):

E(e,n,,v,L)y=¢n, +Kn,(n, +4) ©
+Kyv(v+3)+KL(L+1) |’

0(6):
E(o,7,L)=K,[N(N +4)-0c(c +4)] .
+K,7(t+3)+ K L(L +1) > (10)

SUQ3):

EAu,L)=K, (A’ +@’ +3(A+p)| an
+Ap)+ K L(L+1) ’

where, K;, K>, K;, K, and K are other forms of
the strength of parameters. v is the number of
bosons not coupled to zero angular momentum
in U(5) symmetry, L is the angular momentum of
the nucleus, N is the number of bosons in the
nucleus, O is the number of bosons not coupled

to zero angular momentum in O(6) symmetry,
Tis the number of d bosons s not coupled to
zero and (A, 1) are the angular momentum of
bosons and its third component, respectively.
Many nuclei have a transition property between
two or three of the above limits and their
eigenvalues for the yrast states are given by [23]:

U(5)-0(6):

E(gn,,t,L)=¢i, +Kmn,(n, +4) | b
+K,0(t+3)+KL(L+1) |’ (12

U(5)-SUQR):

E(g,A,L)=¢i, +K,(A* +3(A+p)) L(13)
+KL(L +1) ’

0(6)-SU3):

E(t,A,L)=K,(A* +3(A+ p)) (14)
+K,r(t+3)+KL(L+1) |

The eigenvalues for the GSB and NPB states
in [IVBM are given by [7]:

ED=pIH+)+yI . (15)
ED)=pIH+D)+(@y+mI+{ . (16)

The values of  and y can be determined
from a fitness to the positive GSB, while 77 and
{ are estimated from the fitness to NPB.
Analyzing Egs. (15) and (16), it can be seen that
the eigenstates of the GSB and NPB states
consist of rotational /(/+/) and vibrational [
modes. Doma and El-Gendy have derived a new
formula of the rotational energy levels, that
depends upon the spin 7 and the nuclear moment
of inertia &, by analyzing the well-known
experimental rotational energy levels of the
even-even deformed nuclei in the high mass
region in the following simple form [15]:

AI(I+1) an
DII+1) |’
1-CI(I+1)

E(I)z{

where A4 is the reciprocal moment of inertia of
2

the nucleus, A4 :;l_g' The values of D and C

can be determined from a fit to the GSB.

The odd-even staggering (or Al=1
staggering) can be measured by the quantity [6]:
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6, (I)~4E, (I 1)

AE1,7(1)=% —4El,y(l +1) ; (18)
+El,y(l —2)+EL7(I +2)

where the transition energies are:

E,,(I)=E(U+1)-E(]). (19)

The quantity AE, (/) exhibits values of

alternating sign over an extended region of the
angular momentum. Odd-even staggering starts
from relatively high values and then decreases
with increasing angular momentum. Reaching a
vanishing value (AE, (1)=0), after staggering
starts raising and then dropping again, it gives an
overall picture of beats. When the staggering
reaches a vanishing value, a phase change takes
place [6].

Imad Mamdouh Ahmed

Results and Discussion

Useful information on the shape transition of
even-even nuclei can be obtained from the first
excited state, the ratio of the second to the first
excited states R(4/2), E-GOS curve and the ratio

. (I+2)
1
ground and negative parity state band of

0 Xe—"""Nd isobars were taken from Ref.
[25]. Table 1 shows the values of first excited
states and the ratios R(4/2) for these isobars,
which primarily indicate the vibrational property
of “*Xe nucleus, the y -soft property of “’Ba

j. Experimental energy levels of the

and "°Ce nuclei and the rotational property of
"ONd nucleus.

TABLE 1. Experimental values [25] of £2"and the ratio R (4/2)= % for **Xe - **Nd isobars
1
Isobar "%e "'Ba 0Ce PONd
E2;(keV) 536.07 357.38 253.85 159.05
R4/2 2.247 2.523 2.798 3.052

Fig. 1 shows the E-GOS curves of the ground
state band of **Xe - *°Nd isobars. A comparison
of these curves with the ideal limits of
vibrational, rotational and y -soft nuclei gives
good information of the property of the states of
the isobars. The high drop of the curve of *Xe
from the first excited state 2 to 10; state gives
this isobar the vibrational property, but the

300 T . -
——vib.
~ —4—soft gamma
= 200t —5—Xe,130
% —e—rot.
=
=
= 100}
I
00 5 1|0 1|5 20
1)
250 i
—+—vib.

2001 —4—soft gamma
jon —5—Ce,130
N 150¢ —&—rot.
£ 100}
Iy
o B0p e M

0 Il Il Il
0 5 10 15 20

(%)

behavior of the curve changes after the 10,

state. The slow drop of the curve of '**Ba gives it
the y-soft property. The behavior of the curve of

%Ce is the slow drop of values up to 101+ state,
giving it the y-soft property, and the behavior
changes after this state. The curve of "“’Nd
primarily raises slowly, then drops slowly which

gives it the rotational- y-soft property.
250 T

—+—vib.

2001 —4—soft gamma
=, 1 —=—Ba,130
N —e—rot.

]
< 100}
=
WoB0p—° T
% 4 6 8 10 12
1(1)
250 +
—+—vib.

2001 —4—soft gamma
= —&—Nd,130
B 1507 —&—rot.

&
= 1001
W os0)
00 5 1 15 20

OI(T?)

FIG. 1. E-GOS of the ground-state band for '*’Ba-"*"Xe isobars.
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Neither the first of two excited states nor the
E-GOS curve gives the exact property of each
isobar. For this reason, the relation between

r(%zj and / is plotted and compared with

the behavior of vibrational U(5), rotational

SU(3) and y-soft O(6) nuclei. Fig. 2 shows these

curves, where the ratio for all values of 7 in **Xe

is smaller than 0.5 passing limit values of the

vibrational limit which gives this nucleus the

U(5)-0O(6) character. This ratio for “’Ba is
0.5 ‘ ‘ . .

/7
(=]

. P+

o
&)

y ‘ ‘ . - [—xe130

2 4 & 8 10 12 14
1)

r(l+2)/1

—Ce,130

4 6 8 10 12 14
1(7)

FIG. 2. The ratio ={ I-:—z J as a function of I for '*’Ba-Xe isobars.

02 I I 1 1
2

Fig. 3 shows the application of Eq. (18) to
find out the experimental staggering factor

AE, , (1) of " Xe-""Nd isobars. In all cases, one

obtains a clearly pronounced staggering pattern,
that is a zigzagging behavior of the quantity

AE, ,(I) as a function of angular momentum /.
0.5 w w A - .

0

(1) MeV

& 050

AE
:
o
@
o

(D) MeV

AFE

alternative within the limits of O(6) nuclei,
which gives this property for this nucleus.

2
j of "Ce is

. I+
However, the ratio r(

changed from the O(6) character to the 10, state
and the character has been changed to the SU(3)
after this state, while the ratio of *°Nd nucleus is
smaller than 0.8 and greater than 0.46, which
gives an SU(3)-O(6) property to this nucleus.

. |—Nd 130

10 12 14

04 Il Il 1
2 4 6 8]@)

The vanishing value of the staggering
AE, (1) =0 has not been reached, which means
that each isobar has a saturation in its property
along with its states; that is "*’Xe has a pure U(5)

character, *’Ba and "*’Ce have an O(6) character
and ""’Nd stays in the SU(3)-O(6) property.
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FIG. 3. Experimental staggering of '*’Xe-"""Nd isobars.
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MATLAB 6.5 software is used to calculate
the energy levels of the GSB and the NPB for
P%%e-""Nd isobars using BM, IBM-1, IVBM
and D-G methods. The number of bosons and the
best values of the parameters which give the best
fitting between theoretical and experimental
energy levels of the above isobars are
represented in Table 2, into which the number of
bosons has been calculated from the sum of
proton bosons of the closed shell with magic
number (50) and the neutron bosons of the
closed shell with magic number (82). Table 2

shows the values of parameter A for the D-G
2

formula which is chosen to be —19=E21+ /6

according to the rotational energy relation, where
2

E(l)= 2—91 ({ +1), while its values according

2
to BM are close to }2‘1—]9=E21+ /6 only for *’Nd,

since it is a rotational nucleus. The other two
parameters B and C of BM and C and D of D-G
are determined by fitting each of the equations
with the measured energy levels. The parameter
& which occurs only for “’Xe is close to

E2 =536keV due to  the  vibration

Imad Mamdouh Ahmed

characteristic of this nucleus. The parameter K,
for ’Ba has the biggest value in comparison
with the other nuclei, which means that this
nucleus is a more ¥ —soft nucleus than any

other nuclei. The value of y parameter of IVBM

is a vibrational one and one can observe that this
value of the vibrational nucleus “’Xe is the
highest one, while the smallest value is for the
rotational nucleus *’Nd. The smallest value of
the rotational B parameter is for "*’Xe and one

expects that the highest value is for "’Nd.
However, this will not happen, because of the
fitting of the measured value of energy with the
IVBM equation. The best fitting parameters of
the NPB of BM and [IVBM are shown in Table 3.
The calculated and experimental energies of
GSB and NPB of "*’Xe-""’Nd are shown in Table
4. It is obvious that the calculated energy levels
are in good agreement with the experimental
ones for all isobars and for all states and the
calculation of IBM-1 and IVBM is more reliable
than that of BM and D-G for the calculation of
the first two excited states, especially for "’Xe
and *’Ba nuclei, with a deviation of calculation
from IVBM for the first excited state of "*’Nd.
So, the IBM-1 calculation is the most suitable
one in this work.

TABLE 2. BM, IBM-1, IVBM and D-G parameters of GSB in keV for "*’Xe-""’Nd isobars

Isobar BM IBM-1 IVBM D-G
* * *

A B 1%_3 ]i‘;'o gg KI K2 K4 K5 p Yy A 1%_2 ﬁ)‘l

5% 539 028 06 5 4879 11.7 -—-—- 84 -1.2 3.8 2749 894 -05 03
'Bg 479 025 0.8 7 — - 126.8 -16.6 15.06 158.5 59.6 -1.9 0.52
Ce 389 0.19 0.7 9 — o — 796 -3.1 168 99.5 423 -45 1.32
NG 242 0.05 0.1 11 — — -037 110.7 -19.5 11.6 774 26.6 -2.8 147

TABLE 3. BM and IVBM parameters of NPB in keV for "*’Xe-"""Nd isobars

Isobar BM IVBM

A B*10°  C*10° n &
'C 5.9 -6.5 -0.01 3477 6339
5%Ba 565 -10.08 -0.03 -171.7 1806.3
B9%Ce 113 -5.07 -0.01  -101.3 1806.4
BING 1097 -4.5 -0.01 3.0 1418.4
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TABLE 4. The experimental [25] and calculated energy levels in keV of GSB and NPB for """ Xe-"""Nd
isobars

Isobar

I7 20 | 37| 47 | 5060 7| 89| 107 | 11 | 127 | 13, | 14/
E, 536 | --- | 1205 [2060[1944[2375[26973072] 2972 | 3893 | 3693 | 4540 | 4591
BM | 313 | ——- | 969 [2292]1808|2571(2633(3017| 3292 | 3648 | 3772 | 4433 | 4334
E |IBM-1] 573 | - | 1176 | - [1809| --- [2473| - [ 3167 | --- [3892| - [4647
B3xe IVBM | 573 | - | 1167 |1949]1809(2528(2473[3137] 3167 | 3777 | 3892 | 4447 | 4647
D-G | 456 | -—- | 1157 | --- [1840] --- [2489] --- [ 3148 | - [3851| - [4622
E., 357 [1949] 902 [2168]1593]2568(2395[3067] 3260 | 3659 | 4222 [ 4354 | ---
BM | 279 [2030] 864 [2200]1623|2524(2425(3035] 3230 | 3699 | 4229 [ 4344 | ---
E_, |IBM-1| 407 | - [ 935 | — [1584| - [2352[ - 3242 - |4251| — | -
3Ba IVBM | 407 |1948| 935 |2192|1584(2557|2352|3043| 3242 | 3649 | 4251 | 4376 | ---
D-G | 409 | -—- | 974 | - [1600] --- [2338| --- [ 3221] - [4265] - | -

E., 254 [1955] 710 [2313[1324(2761]2053[3320] 2809 | 4027
BM | 227 [2098] 706 [2337]1342(2724]2044|3287] 2811 | 4026 | --- | — | -
E_, |IBM-1] 300 | -- [ 734 | — [1302| --- [2005 - 2842 - | — | — | -
130¢, IVBM | 300 [2003| 734 [2301|1302[2734|2005(3302| 2842 | 4004 | - | - | -
D-G | 331 | - | 749 | - [1287| --- [1985] - [ 2858 | - [ - | — [ -
E.,. 159 |1825] 486 (2144|940 [2587[1487|3133] 2100 | 3765 | 2764 | 4463 | 3468
BM | 143 [1963] 463 [2191] 927 [2558[1493|3082] 2117 | 3753 | 2769 | 4509 | 3451
g E_, [BM-1] 124 | — [ 516 | — [ 972 --- [1494] — 12082 | — [2735| -- [3454
IVBM | 224.3 [1802| 541.3 [2163| 951 [2608|1454{3136| 2049 | 3749 | 2737 | 4446 | 3517
D-G | 306 | - | 621 | --- [ 982 --- [1433] —- [1991| - [2659| --- [3440

4. Conclusions

The measured values of the first excited states  vanishing value of the staggering AE, (I)=0
E2/ and the ratios of the second to the first has not been reached, which means that each
excited states E4; /E2 as well as the E-GOS,  nucleus is stable in its property. The BM, IBM-1,

(I +2) IVBM and D-G formula have been applied for
the ratio r(—j and the staggering curves calculating energy levels of GSB and NPB using
I the BM and IVBM models. The calculated
have been applied for describing GSB and NPB  energy levels in comparison with the
for *’Xe-"’Nd isobars. These studies insured  experimental data indicate the quality of the fit
that ’Xe nucleus is lined up along the U(5)  presented in this work. It can be concluded that
side,’Ba and "*’Ce have an O(6) property, the IBM-1 calculation is the most suitable one in
whereas ""’Nd has an O(6)-SU(3) property. It has  this work.
been demonstrated that the GSB and NPB in the
studied isobars exhibit Al =1 staggering. The
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Robust High Resolution Fat-Water Separation in the Abdomen
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Abstract: Accurate high resolution fat-water separation in the abdomen is challenging due
to respiratory motion. In this work, we propose a robust high resolution fat-water
separation strategy in the abdomen during free breathing by employing radial sampling
with a golden angle increment. To this end, a radial TrueFISP sequence was modified
enabling the echo time TE to change from projection to projection, to force fat signals to
behave in a conspicuous manner through time, so that they can be detected and separated
from water signals through temporal processing. Thus, the center signal (DC) of each radial
readout can then be used for respiratory gating, allowing the generation of multiple images
at different TEs at multiple breathing states. Finally, any fat-water separation technique can
be used to synthesize high resolution fat and water images at arbitrary breathing states.
Good separation of fat and water signals was achieved using the radial TrueFISP sequence
during free breathing without streaking artifacts or blurring due to respiratory motion.

Keywords: Fat-water separation; TrueFISP; Self-gating; Dynamic imaging; Free breathing.

Introduction

Invivo, Magnetic Resonance (MR) images
usually contain both fat and water signals, which
differ slightly in frequency, making it possible to
generate images where these two types of tissues
are separated [10]. In applications where fat
tends to obscure the pathology, or where the
disease itself has to do with adipose tissues, such
ability can prove very valuable.

Fat water separation with free breathing is
challenging due to motion artifacts. There are
several methods to avoid the anatomy motion
artifacts, such as breath holding, where this
method requires patient cooperation, but is
limited in use, because many patients have
difficulty performing the necessary breath-holds
[11, 12, 16]. Another method is respiratory self-
gating [1-3], which uses the DC-signal in the
central k-space. The DC-signal is induced by
changes of spin density in the excited slice and
formed by sampling the center of k-space

repeatedly over time [4]. The self-gating
technique is used with many applications like 2D
and 3D Cartesian sequences [4-6] as well as
radial ones [7, 8].

For abdominal imaging applications, several
MRI techniques have been used for fat-water
separation. These include the Dixon method
[9.10], direct phase encoding (DPE) [11] and
iterative decomposition of water and fat with
echo asymmetry and least-square estimation
(IDEAL) [12]. Respiratory motion can lead to
image quality deterioration and inaccurate
measurements, such as ghosting and blurring
artifacts in the reconstructed data. While breath
holding removes respiratory motion artifacts, at
the same time it limits spatial resolution [13, 14].
Alternatively, free breathing abdominal imaging
could be combined with the methods proposed to
avoid respiratory motion artifacts, while
continuing to provide a good temporal and
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spatial ~ resolution. = Therefore, established
strategies for fat-water separation with free
breathing are quite capable of separating fat and
water signals, and require at least three images
for the separation to be performed, making it
difficult to achieve good temporal resolution in
dynamic imaging [9-12]. In contrast, Ababneh et
al. [16] succeeded in separating fat and water
signals in dynamic MRI and provided improved
temporal resolution by the combined three-point
Dixon method for fat-water separation and
Unaliasing by Fourier-encoding the overlaps
using the temporal dimension (UNFOLD) [16,
17]. This method involves an assumption that fat
signals are not very dynamic. Even when fat
signals prove to be quite dynamic, suppressing
their low temporal frequency content is expected
to lead to significant overall suppression. The
method provided a unique combination of
imaging speed, high signal-to-noise ratio (SNR)
and high contrast between myocardium and
blood pool. In this work, fat-water separation
method in [15] was combined with self-gating
technique and used with free breathing in the
abdomen. Therefore, a regular 2D radial
TrueFISP sequence was modified to allow TE to
vary from projection to the next. TE was
adjusted here in a predetermined manner, to
force fat signals to behave in a peculiar and
readily recognizable fashion over time. Using
temporal processing, the temporal variations
imposed on fat signals can be recognized and fat
signals can be separated from water signals.

Radial k-space trajectories became a part of
this work, because they are suitable for dynamic
imaging and have been used in many
applications, such as cardiac imaging [18-21]
and abdominal imaging [22, 23]. Radial MRI has
a higher sampling density for the central k-space
and higher spatial and temporal resolution and is
insensitive to object motion during data
acquisition [24, 25].

In the present work, we aimed to separate fat
and water signals during free breathing
abdominal imaging. Therefore, we integrated the
fat-water separation method [15] with the self-
gating technique while at the same time
modifying the 2D radial TrueFISP sequence.
Results were obtained invivo at 3T for the
abdomen.
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Materials and Methods

Healthy volunteers participated in the study
following the guidelines of the local institutional
review board, including written informed
consent. This work uses the 2D radial TrueFISP
sequence, characterized by a train of alternating
excitation pulses (+a), separated by a constant
time interval (repetition time TR). It starts with a
number of dummy RF pulses to hasten the set-up
of a steady state magnetization. The pulse
sequences were modified to enable TE variations
from one projection to the next, using the TE(t)
pattern as in Fig. la. To achieve fat and water
separation, the 2D radial TrueFISP pulse
sequence was modified to make the echo time
vary from one projection to the next as in Fig.1b
for subsequent radial projections at constant TR
[15]. A sequence of 4 TEs was periodically
repeated following a radial golden angle
projection order @cr=111.246°. Four images
with different contrast were generated using DC
gating technique for each data set. The coil
channel providing the highest sensitivity towards
respiratory motion was selected manually and
gating windows were derived from the DC signal
(Fig. 2). In this work, the width of the gating
windows has been selected by choosing a
constant number of projections. The signals
within each gating window were used to
generate images at different TEs using non-
uniform fast Fourier transform (NUFFT)
gridding [26]. In total, 2001 projections were
acquired, where each window included 631
radial projections. Finally, the application of
appropriate filters to the image series allows one
to discriminate fat and water as described in Ref.
[15]. The imaging parameters were: TR = 4.0
ms, (TE; = 1.6 ms, TE; = 2 ms, TE; = 2.4 ms),
matrix size = 256 x 256, flip angle = 40°, FOV=
400x400 mm?®, slice thickness = 5 mm and
resolution=1.56 x 1.56.

All data from self-gating scan was
reconstructed offline using a MatLab software
package (Math Works, Natick, MA). In this
work, we integrate the fat-water separation
method used in [15] with self-gating 2D radial
technique during free breathing abdominal
imaging. Results were obtained invivo at 3T for
the abdomen.

In this study, the center signal (DC) of each
radial readout used for respiratory gating allows
the generation of multiple images at different
TEs in multiple breathing states.
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FIG. 1. a. The modified TrueFISP sequence. b. The acquired projections with different echo times are spaced by
an angle increment of 111.246°.
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FIG. 2. The self-gating signal vs. the projection number from the coil channel number 15.

Results

Experiments were performed on a 3T system
(Siemens, Erlangen, Germany) using a 32 spinal
coil positioned about the mid portion of the body
and body array. Fig. 2 shows the self-gating
signal vs. the projection number from the coil
channel number 15, which is selected manually,
because it provides the highest sensitivity toward
the respiratory motion. The two parallel lines
indicate the chosen window for respiratory
gating. Fig. 1 shows the modified sequence,
where TE changes from projection to projection
(Fig. 1b). As shown in Fig. la, TE (t) takes on
the successive values of TEs, where TE1 = TE,,
TE2 = TE, + ATE and TE3 = TE, + 2ATE.

TE, is the shortest possible echo time allowed by
the unmodified sequence and ATE is the echo
time increment. The echo time increment ATE
was kept extremely short in this work (~ 400 ps).
In comparison, in the original description of the
three-point Dixon method [10], ATE would be
the value required for an 180° offset between the
fat and water signals. This choice of a short 400
us ATE stems from the need to keep TE and TR
short in a TrueFISP sequence.

Fig. 3 shows the calculated water and fat in a
healthy volunteer acquired under free breathing
conditions, the calculated water (a and b) and fat
(c and d), where a and c images represent the
inspiration state and b and d images represent the
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expiration state. Fig. 4 is for another volunteer,
where Fig. 4a shows the water image and Fig. 4b
shows the fat image. The water-only and fat-only
images were obtained using the algorithm

Ababneh, Benkert and Breuer

proposed in [15]. Banding artifacts, common
with TrueFISP sequences, were observed. The
white arrow indicates banding artifacts in Fig.
3a.

FIG. 3. One phase acquired at 3T in a healthy volunteer is shown here, (a) and (b). Water-only and fat-only
results are shown in (c) and (d), respectively.

FIG. 4. One phase acquired at 3T for a different healthy volunteer is shown here. (a) Water-only, (b) fat-only.

Discussion

A novel approach to separate fat and water
signals in the abdomen combined with self-
gating radial TrueFISP is presented here. This
approach provides good fat-water separation,
reduces blurring artifacts caused by respiratory
motion and enhances the image resolution. The
self-gating method was successfully used to
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track respiratory motion. Therefore, fat-water
separation is achieved in all breathing stages.
Fig. 1 shows the accepted data for expiration and
inspiration used for reconstruction, where 631
radial projections out of 2001 were used for each
window. By comparing the DC-signal variations
from all coils used in the scan, coil number 15
was selected manually, because it provided the
highest sensitivity towards respiratory motion.



Robust High Resolution Fat-Water Separation in the Abdomen during Free-Breathing by Self-Gated 2D Radial TrueFISP
Imaging

The selected number of projections for
reconstruction takes into account the trade-off
between better SNR and enhanced image
resolution. Therefore, despite using a partial part
of the acquired data (631 projections out of
2001), it was sufficient to achieve these goals.

The 2D radial TrueFISP sequence was
modified by changing the echo time TE from
projection to projection, to force fat signals to
behave in a conspicuous manner through time,
so that they can be detected and separated from
water signals through temporal processing. The
echo time increment ATE should be large
enough to induce large phase differences
between fat and water signals, yet small enough
to avoid undue increases in TR in our TrueFISP
sequence. A value of ATE = 400 us was
considered as an acceptable compromise
between these two conflicting demands.

The present method is aimed at clinical
applications, where good temporal resolution
and good fat suppression are both crucial. While
the concept has been demonstrated in 2D, future
work will be targeted on extending the method to
self-gated 3D radial imaging for robust fat-water
separation in the abdomen. Further, the approach
might prove to be particularly useful in contrast-
enhanced breast imaging, where bright fat
signals tend to obscure lesion-related water
signals and where good temporal resolution is
important to accurately capture dynamic signal
enhancement.

The TrueFISP pulse sequence is sensitive to
off-resonance effects, leading to banding

artifacts. These artifacts result whenever off-
1

resonance reaches a value equal toir 27TR | which
indicates the allowed range for banding-free
imaging. The banding artifact shown in Fig. 3
was generated while using TR = 4.0 ms. The
results of our study show that TrueFISP with
radial acquisition during free-breathing is
feasible for abdominal MRI studies and shows
that even small variations in TE (0.4 ms) were
sufficient to separate fat and water in dynamic
objects.

Conclusion

This approach was tested in time resolved
abdominal imaging. Good separation without
streaking artifacts or blurring due to respiratory
motion was obtained in all studied cases. The
separation for free breathing was accomplished
by incorporating the modified 2D radial
TrueFISP sequence with self-gating technique.
Self-gating reduces blurring artifacts caused by
respiratory motion and enhances the image
resolution.
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Abstract: The activity concentrations of “’K, ***U and ***Th in some commonly consumed
vegetables in Badagry, Ikorodu and Ojo areas of Lagos state were determined. The highest
concentration of *’K was obtained in Celosia argentea (Lagos Spinach) with a value of
7807.51+402.48 Bq/kg, the highest concentration of ***U with a value of 59.46+6.46 Bq/kg
was found in Amaranthus hybridus (African Spinach) and the highest concentration of
#2Th was found in Amaranthus hybridus (African Spinach) with a value of 47.45+ 2.80
Bqg/kg. The highest concentrations were found in vegetables from Ikorodu. The lowest
concentration of **K was found in Hibiscus sabdariffa (Roselle) with a value of
451.23+£23.87 Bq/kg. Celosia argentea (Lagos Spinach) has the lowest concentration value
of 0.79+0.10 Bq/kg for **U and a concentration value of 3.81+ 0.22 Bq/kg was found in
Vernonia amygdalina (Bitter Leaf) being the lowest concentration value of **Th. The
mean annual effective doses of Badagry, Ikorodu and Ojo were 1.42mSv/y, 2.06mSv/y and
2.23mSvl/y, respectively, which were higher than the world mean average of 0.294mSv/y.

Keywords: Activity concentration; Vegetables; Mean absorbed dose; Cancer risk.

Introduction

Radionuclides are found naturally in air,
water and soil. They are even found in human
beings. We are products of our environment, and
we interact daily with radionuclides in the
environment through ingestion and inhalation.
(1, 2]

The level of terrestrial background radiation
of radionuclides depends on the geological and
geographical location which differs on regional
bases [3, 4].Weathering and erosion of rocks
(igneous and metamorphic) into sand, deposit
minerals bearing natural radionuclides. These
radionuclides are transmitted along with
nutrients during mineral uptake through
absorption and are accumulated in edible and
non-edible parts of plants [5]. According to

IAEA report [6], soil vegetables are recognized
among the main path radionuclides transferred to
man. Several studies have been performed in
different  countries to  determine  the
radionuclides’ concentrations in different food
samples and dose assessment from food staff
consumption by the populace [7-11].

Vegetables and fruits are important
components of a healthy diet and the presence of
the natural radionuclides “K, **U and *’Th in
them has certain radiological implications; not
only on the foods, but on the consuming
population [1, 12- 13].

In this study, activity concentrations of *’K,
»%U and *’Th are investigated in some common
vegetables (Corchorous olitorious, Vernonia
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amygdalina,  Talium  triagulare,  Celosia
argentea, Amaranthus  hybridus, Telfaina
occidentalise) from Badagry, Ikorodu and Ojo
areas of Lagos state, Nigeria. This study will
provide a baseline data on radionuclides’
concentrations in vegetables from these areas for
further research.

Materials and Method

Commonly consumed vegetables were
presented by the populace in the selected areas.
The selection was such that six commonly
consumed vegetables were collected from
Badagry, Ikorodu and Ojo, respectively in the
course of this study. These specimens (Veggies)
were  collected from  local  farmers.
Measurements of the dry weight of the edible
part (leaves) were used [6]. The vegetables were
hand-cleaned to remove soil particles as to avoid
contamination, then washed with tap water. The
samples were air-dried for 10 days, oven-dried at
80°C in order to remove moisture and blended to
powder. These were packed in 0.2kg lots by
weight W; and airtight sealed in a white
cylindrical PVC container.

W3:W2-W1. (1)

W; is the weight of the dry sample, W, is the
weight of the PVC container and sample together
and W, is the weight of the PVC container.

Olaoye et al.

The samples were left for 4 weeks, so that the
secular equilibrium of the gaseous daughters of
Uranium and Thorium series would be attained
before counting. A high confident background
level was established by measuring background
radiation with an empty container for 10 hours.
The activity concentrations of the samples were
determined using the formula in Eq. 2.

Csamp: [Cstd X Wstd X Nsamp] / [\VsampX Nstd] . (2)

Camp and Cgq represent the activity
concentrations of the sample and the standard
sample, respectively. Wqm, and Wgq are the
weights of the sample and the standard sample,
while Ngmp and Ngq are the net counts of the
photo peak area of the sample and the standard
sample.

Radioactivity counting in this work was
carried out using a lead shielded 76mm X 76mm
Nal (TI) crystal detector (Model Number: 802
Series) by Canberra Inc., which is coupled to a
Canberra series plus 10 Multi- Channel Analyzer
(MCA) (Model number 1104) through a
preamplifier base. The detector used has a
resolution of about 8% at 0.662MeV line of "*'Cs
for the measurement of “’K, **U and **Th
concentrations. Photo peak regions of
(1.460MeV) “K, (1.76MeV) *"“Bi and
(2.615MeV) ***TI were used, respectively. Each
sample E1- E7 in Table 1 was counted for
36,000 seconds for each study area using the
same technique as in the background radiation.

TABLE 1. List of vegetables used in the study and their code names

Vegetable Vegetable Botanical name of the

SN fode Vegetable name traditi(g)nal name vegetable

1 El Jute Leaves Ewedu Corchorous olitorious

2 E2 Bitter Leaf Ewuro Vernonia amygdalina

3 E3 Water Leaf Gbure Talinium triangulare

4 E4 Lagos Spinach Shoko Yokoto Celosia argentia

5 E5 African Spinach Efo Tete Amaranthus hybridus

6 E6 Fluted Pumpkin Leaf Ugu Telifairia occidentalis

7 E7 Roselle Ishapa Hibiscus sabdariffa

Results and Discussion

The value and the associated tolerance (%) in
the concentration of K, **U and ***Th were
measured in vegetable samples in Badagry. As
shown in Table 2, the activity concentration of
YK ranges from 45123 + 23.87 Bg/kg to
5835.84 + 309.12 Bg/kg, with the lowest
concentration in Roselle (Hibiscus sabdariffa)
and the highest concentration in Water Leaf
(Talium triagulane). The activity concentration
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of *U ranges from ND to 39.80 + 4.27 Bg/kg,
with the highest concentration in Jute Leaves
(Corchorous olitorious), while the activity
concentration of ***Th ranges from ND in Water
Leaf (Talium triangulane) and Roselle (Hibiscus
sabdariffa) to 35.83 + 2.11 Bqg/kg in Fluted
Pumpkin Leaf (Telfairia occidentalis). The
activity concentration values of “K, *U and
**Th measured in Ikorodu are shown in Table 3.
The activity concentration of *K ranges from
1269.75 + 66.89 Bg/kg to 7807.51 + 402.48
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Bq/kg, with the lowest concentration in Jute
Leaves (Corchorous olitorious) and the highest
in Lagos Spinach (Celosia argentea). The
activity of *U ranges from 15.21 + 1.86 Bq/kg
to 59.46 + 6.46 Bqg/kg, with the lowest
concentration in Jute Leaves (Corchorous

olitorious) and the highest concentration in
African Spinach (Amaranthus hybridus). The
activity concentration of ***Th ranges from ND
in Jute Leaves (Corchorous olitorious) to 47.45
+ 2.80 Bg/kg with the highest concentration in
African Spinach (Amaranthus hybridus).

TABLE 2. Radioactivity concentration in vegetables in Badagry, Lagos

SAMPLES “K (Bgkg™) U (Bgkg")  *’Th (Bgkg™")
E, 4622.37+238.83  39.80 +4.27 11.83+0.70
E2 2339.12+122.34  2531+2.85  26.23£1.55
E3 5835.84 +309.12 ND ND
E4 3376.06+176.00  0.79 +0.10 6.20+0.37
E6 2539.33+131.97 35.73+3.88  35.83x2.11
E7 451.23 +23.87 6.79 £ 1.16 ND
WEIGHTED MEAN  3193.77+167.02 18.07+2.04  13.35+0.79

TABLE 3. Radioactivity concentration in vegetables in Ikorodu, Lagos

SAMPLES “K (Bgkg™) “%U (Bgkg") *’Th (Bgkg")
El 1269 + 66.89 1521+ 1.86 ND
E2 4036.57£209.16  18.99 +2.31 18.71+ 1.11
E3 6637.95£344.13  41.96+5.00  17.50 = 1.05
E4 7807.51+402.48  43.51+4.63  14.32+0.85
ES 3007.58+156.47  59.46+6.46  47.45+2.80
E6 4524.65+234.34  32.20+3.57 2226+ 1.32
WEIGHTED MEAN  4547.25+235.58  35.22+3.97  20.04+1.19

The activity concentration values of “K, **U
and **Th measured in Ojo are shown in Table 4.
The activity concentration of *’K ranges from
608.07 + 32.05 Bqg/kg to 7320.47 + 378.06
Bqg/kg, with the lowest concentration in Fluted
Pumpkin Leaf (Telfairia occidentalis) and the
highest in Water Leaf (Talium triangulane). The
activity concentration of **U ranges from 9.75 +
1.23 Bg/kg to 57.70 + 6.19 Bg/kg, with the
lowest concentration in Bitter Leaf (Vernonia
amygdalina) and the highest concentration in

Lagos Spinach (Celosia argentea). The activity
concentration of **Th ranges from 3.81 + 0.22
Bg/kg to 43.65 £ 2.58 Bg/kg, with the lowest
concentration in Bitter Leaf (Vernonia
amygdalina) and the highest concentration in
Lagos Spinach (Celosia argentea). The errors
show the spatial variation within the samples and
the weighted mean represents the average mean
of each radionuclide in all vegetables in each
study area.

Table 4: Radioactivity concentration in vegetables of Ojo, Lagos

SAMPLES “K (Bgkg™) “%U (Bgkg") ’Th (Bgkg")

El 6078.93 +314.09  18.85+233  27.29+1.62

E2 4873.07 +£250.54  9.75+1.23 3.81+0.22

E3 7320.47+£378.06  26.14+3.31  33.36+198

E4 4927.90 £255.10  57.70+£6.19  43.65+2.58

ES 4951.89 £255.50  35.73+3.88  35.83+2.11

E6 608.07 + 32.05 13.04+191  19.24+1.16
WEIGHTED MEAN ~ 4793.38£247.55 2687+3.14  27.19+1.61

The doses received by a person consuming
aquatic food stuff depends on the radionuclide
concentration in the food and the quantity taken
[1]. The effective dose equivalent by ingestion of
nuclides was calculated using Eq. 3.

Ingested dose = Concentration of radionuclides x
Annual intake per year x DCF ;
3)

where DCF is the dose conversion factor and the
annual intake of vegetables per year of an adult

is 60 kg/y [4].
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The mean annual effective dose values of
Badagry, lkorodu and Ojo were 1.42mSvly,
2.06mSv/y and 2.23mSv/y, respectively, which
were higher than the world mean value of
0.29mSv/y [4]. The annual collective effective
dose equivalent was obtained using Eq. 4 [14].

S.=H; x N (H);; 4)

where S. is the collective effective dose
equivalent, H; is the average annual effective
dose equivalent and N (H); is the number of
individuals in the population of the study area.
The populations of Badagry, Ikorodu and Ojo
are 237,731, 527,971 and 609,173 [15], which
translate to a collective dose equivalent of 0.34 x
10° manSv/y, 1.09 x 10° manSv/y and 1.36 x 10’
manSv/y.

Excess Lifetime Cancer Risk (ELCR) is
calculated using Eq. 5 below.

ELCR = AEDE X DL X RF ; 5)

where AEDE, DL and RF are the annual
effective dose equivalent, duration of life and
risk factor (S/v) of fatal cancer risk per Sievert
for stochastic effects. ICRP 60 uses a value of
0.05 for the public [3]. A life time duration of 50
years is used. The calculated ELCR values are

Olaoye et al.

0.36 x 107, 0.52x 10” and 0.56 x 107 for
Badagry, Ikorodu and Ojo, respectively which
are higher than the world average value of 0.29
x 10°. This indicates that the possibility of
developing cancer cases among residents cannot
be neglected.

Conclusion

The method of gamma spectrometry has been
used to determine the nuclide concentration in
commonly consumed vegetable samples in
Badagry, lkorodu and Ojo. The mean effective
dose was also determined to assess the
implication on consumer health. High
concentrations of *“K in all samples are due to
the constant use of inorganic (N:P:K) fertilizers
by farmers which are deposited in the edible
parts of plants and are reflected in the high
values of effective dose from ingestion of
terrestrial radioisotopes and ELCR. The mean
annual effective dose equivalent values for
consumption of these vegetables are higher than
the world mean dose equivalent of 0.29mSv/y
[4]. Data from this study can serve as a reference
for further studies.
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Abstract: CdyPb;S thin films with (x=0, 0.4) were successfully deposited on glass
substrates using chemical bath deposition (CBD) method. It was confirmed from the X-ray
diffraction (XRD) analysis that all the films exhibited a polycrystalline nature with
preferential orientation along (200) plane. The deposited films were thermally annealed in
order to investigate the effect of thermal annealing on the structural and optical properties.
From the XRD analysis, better crystallization was observed with increasing crystallite size
as the annealing temperature was raised from (298 to 573) K, while optical absorption
measurements showed that the allowed direct band gap of the annealed samples decreased
from 1.59 to 1.55 eV and from 1.7 to 1.65 eV for PbS and Cdg4Pbg S, respectively. The
effect of thermal annealing on optical constants, such as extinction coefficient (k),
refractive index (n),real and imaginary dielectric constants (€;,€,), was discussed. Each of
the photo luminescence (PL) spectra revealed a single peak red emission around (680) nm

for PbS and (670) nm for Cdy 4Pby 6S.

Keywords: Optical properties; Thin films; CBD; Thermal annealing; XRD.

PACS: 79.60.Dp.

Introduction

A considerable attention was paid to the
deposition of ternary derivative semiconductors
due to the possibility of controlling the energy
gap and lattice constant [1]. Lead sulfide is a
member of an important narrow—band IV-VI
compound semiconductor group, and is widely
used as infrared sensor (due to its 0.4 eV direct
band gap) [2]. This material has also been
utilized in many fields, such as photography [3].
There are several methods to prepare lead sulfide
thin films, such as spray pyrolysis [4], photo-
accelerated chemical deposition [5], microwave
heating [6], electro deposition [7], photoelectro-
chemical deposition using olive oil [8] and
chemical bath deposition [9,10]. The last method
is an easy, inexpensive and most energy efficient
method and has been traditionally used in
chalcogenide semiconductor  thin film
preparation [11]. The narrow band gap of PbS
semiconductor can be modified by adding a

molar ratio of a wide band gap compound, such
as CdS (2.4) eV. Mixing thin films of PbS and
CdS (CdPb;S) has attracted special attention,
since they are promising in many physical
applications, such as photo-electronics, optical
switches, solar cells and infrared photo -
detectors [13,14]; as their band gap could be
adjusted to match the ideal band gap (-1.5 eV)
needed to produce most efficient solar cells.
Cd,Pb, .S has been employed in several
techniques, such as chemical vapor deposition
[15], successive ionic layer reaction [16] and sol-
gel method [17]. Many studies highlighted the
electrical and optical properties of CdPbS [18-
20]. In this paper, we reported the influence of
thermal treatment on structural and optical
properties of Cd,Pb,_,S (x = 0, 0.4) prepared by
CBD. The resulting films have been
characterized in terms of structural and optical
properties using XRD and UV-VIS-NIR
spectrophotometer techniques, respectively.
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Experimental Process

Specimens of PbS and Cd\Pb;«S thin films
were grown on ordinary glass slides (7.5x2.5
cm). Deposition was carried out in a reaction
solution prepared in 100 ml beaker containing
0.1 M solution of lead acetate (Pb (CH3COO),),
0.1 M of cadmium acetate (Cd (CH;COO),),
ammonia (NH;) and 0.IM of thiourea
((NH,),SC). Lead acetate acts as the source of
cation (Pb™) as cadmium acetate (Cd"*) does and
thiourea was the source of anion (S?). NH; was
used to maximize growth by providing an
alkaline medium. The deposition of Cd,Pb,S
thin films started with mixing lead acetate and
cadmium acetate (x=0, x=0.4) with 1 ml NHs.
The solution was completed to 50 ml with
distilled water, then heated up to 323 K. The
glass substrates were immersed vertically and
then 10 ml of thiourea was added gradually
(drop by drop) and heated to 333 K in a bath.
This temperature was kept constant for about 90
minutes, then the substrates were taken out,

Ahmad, Kasim and Latif

washed with distilled water and dried. The
resulting films were homogeneous, well adhered
to the substrate, with a mirror-like surface for
PbS thin films and yellowish dark for Cd,Pb;.,S
thin films. The average thickness of films
estimated by weighing method was around
300010 A. The CBD depends on sequential
reactions at the surface of substrate. The
formation of CdPb;,S may involve the
following steps [21]:

Pb(CH;COO),. > Pb*?+2 CH;COO~

Pb?+4NH; —> Pb(NH;),*"
Cd(CH;C00), — Cd”+2CH;COO~
Cd”+4NH; — CdNH;),*"

In alkaline medium, dissociation of (NH,),SC
takes place.

(NH,),SC + OH ™ CH,N,+H,0+SH"
SH+OH — S*+H0

The overall chemical reaction is as follows:

NH4OH
(1-x)[Pb(NH;),]*+ x[Cd(NH;),]* "+ (NH,),SC — 5 Cd,Pb,,S + 6 NH; + CO5> + H,0

A change has been noticed in the reaction
solution color after heating, marking a chemical
reaction that resulted in deposition of
homogenous Cd,Pb,,S films, formed within
optimum conditions. After complete drying, the
films were annealed in atmosphere at 473 K and
573 K for one hour. The structure of the films
was characterized by X-ray diffraction (XRD)
using Cu Ko radiation (A =1.54 A), where the
average diameter (D) of grain size of CdyPb;«S
was calculated using Scherer formula [22]:

D =0.92/Bcos0 ;

where B is the experimentally observed
diffraction peak width at full wave half
maximum intensity (FWHM) and 0 is Bragg
angle. The strain & of the deposited films was
obtained from the following relation [23]:

Cos 0/ = 1/D + & sin O/ B .

The grain size value can be used in the
relation 6=1/D” to obtain the value of dislocation
which shows the amount of defect in the crystal
as it appears in Table 1 and Table 2.

TABLE 1. Values of energy gap, grain size, dislocation and strain of PbS thin films

T°C EgeV D nm nm~é 4
Without annealing 1.59 38 0.0006 0.018
200 1.57 45 0.0004 0.008
300 1.55 56 0.0003 0.007
TABLE 2. Values of energy gap, grain size, dislocation and strain of Cd 4Pbg ¢S thin films
T°C EgeV Dnm nm™?6 4
Without annealing 1.7 0.008 0.0178
200 1.67 00011 0.0134
300 1.65 00007 0.028
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Results and Discussion

Structural Properties

Fig. 1 and Fig. 2 indicate the XRD spectra of
CdsPb;.«S (x=0,0.4) thin films annealed at (298,
473, 573)K. The main features of diffraction
patterns are similar in case of (x = 0). Peak
positions observed agree with the fcc structure of
PbS and are represented by Miller indices of
(111), (200), (220) and (311) planes of cubic
observed at diffraction angles of 25°, 30°, 43°
and 53° respectively. The narrow peaks show
that the material has good crystalinty. There is
no clear thermal annealing effect on the crystal
structure of the compound apart from becoming
more accurate. Comparing the XRD patterns of
PbS and CdosPboeS films clearly shows a
decrease in peak intensities after adding Cd"; a
behavior that can be attributed to the increase in
heterogeneity of the film, to host lattice
occupation by Cd™ and to decrease the
crystalline size to nano-scale levels. Similar
results have been found elsewhere [21,24 ]. In
addition, a plane existed that does not belong to
either PbS or CdS; thus there must be a solid
formation, which is CdPbS in composition. The
highest peaks in all deposited thin films were

those around (200),
preferential  crystallite  orientation.  X-ray
diffraction analysis showed that CdPb;4S
(x=0,0.4) thin films were polycrystalline in
nature and exhibited better crystallization with
increasing grain size as the annealing
temperature was raised from as deposited to 573
K and no more intense diffraction peaks were
observed for the annealed samples. Tables 1 and
2 show that film growth is influenced by adding
Cd™? to PbS which causes a reduction in
crystalline size. Also, the average crystalline
sizes increase with increasing thermal annealing
due to decrement in strain and dislocation which
are related to the lattice misfit. This tendency is
caused by a variation in the crystal structure and
inter planar distances of films, which in turn
depends on the deposition conditions. Optical
microscope Fig. 3(a, b) and Fig. 4(a, b) show a
globular structure composite of nano-crystals.
This reveals good homogeneity of material on
substrate surface and average crystallite size that
decreases with adding Cd™ to the bath.
Moreover, black color for PbS and brown
yellowish color for CdPbS were seen.

which indicates the
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FIG. 1. X-ray diffraction of PbS thin films; (a) as deposited. (b) annealed at 473K. (c) annealed at 573 K.
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FIG. 3. Photo-microscope image of PbS thin films; (a) 100x. (b) 400x.

-
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Optical Properties

Optical absorbance and transmittance in the
UV-VIS-NIR regions of the as deposited and
annealed films are shown in Fig. 5(a, b) and Fig.
6(a, b), respectively. Fig. 5(a, b) demonstrates
that absorbance is higher for the annealed film
than for the as deposited one, while Fig. 6(a, b)
reveals an increase in transmittance values for
annealed films. This manner is because of some
physical effects, such as defect density and
structural surface irregularity. The band gap
energy was obtained by plotting (ahv)* against
photon energy. The linearity of the plot means
that these films have a direct band gap material
as seen from Fig. 7(a, b). The annealed samples
revealed a relative decrement in band gap values,
which may result from the reduction in strain
within the films or from the increase in grain
size. The influence of grain size on the optical
band gap arises out of quantum confinement
effect [25]. The extinction coefficient (k), which
is a measure of the fraction of light lost by
scattering and absorption per unit distance in the
participating medium, is obtained from the
relation k=al/4m. The spectral dependence of k,
n, €, €, in Fig. 8(a, b) and Fig. 9(a, b) shows
higher k values with increasing photon energy,
but lower values with thermal annealing.
Refractive index (n) is regarded as one of the
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(b)
FIG. 4. Photo-microscope image of Cdy4Pby¢S; (a) 100x. (b) 400x.

essential properties of optical materials due to its
correlation with the electronic polarization of
ions and local field inside the material.
Evaluation of refractive indices of optical
materials is substantial for application in some
integrated optic devices, such as switches and
filters and is a key parameter for the device
design [26]. Fig. 9 shows the increase in
refractive index value after annealing treatment,
which is due to the increase in grain size.
Calculation of real and imaginary parts of the
dielectric constant was made by applying the
relation [27]:

€,=n"-kK €,=2nk.

It is worth noticing that the behavior of €, is
similar to that of refractive index because of the
smaller value of k> compared to n’, while €,
depends mainly on k values. Fig. 10(a, b) and
Fig. 11(a, b) show the variation of €,, €, for as
deposited and annealed films. The decrease in €,
is proposed to enhance the reduction in the
concentration of lattice imperfections originating
from lattice misfit in the film.

The photo-luminescence  emission in
semiconductors is affected by the stoichiometric
defects in electronic levels. In the current study,
since the effect of thermal annealing on photo-
luminescence was small, we preferred to take
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one temperature (573K). Fig. 12 shows the
photo-luminescence of nanocrystalline
CdPb,«S. When the films are excited at (520)
nm, single red emission peaks were observed at
wavelengths of (680) nm and (670) nm for PbS
and Cdy4Pbo S, respectively, which is attributed
to both direct recombination and recombination
through shallow surface states [28]. The intensity
of peaks rises as x content increases. This is
because PbS has a narrow band and
exceptionally large exciting Bohr radius (-18
nm), which makes it susceptible to charge carrier
quantum confinement effects. These features of
PbS nano-crystals would prevent them from

producing high yield of PL, as most of the
energy is lost through non- radiative processes.
This enables us to produce high luminescence by
either over-coating with a higher band gap
material like CdS or by the attachment of ligands
[29]. On the other hand, as the particle diameter
(D) is reduced for CdPbS, the confinement
energy increases and a blue—shift occurs due to
the quantum confinement effect [30]. In this
study, PL spectrum has a blue-shift with
increasing x content by addition of Cd element
to PbS, which also may enhance photo-
luminescence properties [31], since PbS is
weakly luminescent at room temperature [32].

5 3
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4 B=annealed at 475k 25 - (b:l
c C=anneales at 573 k ’
< 3 . 2 A
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1 11
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0 500 1000 1500 0
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FIG. 5. Absorption spectra of (a) PbS, (b) Cdy4PbgS.
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FIG. 6. Transmission spectra of (a) PbS, (b) Cdy4PbyS.
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FIG. 7. Plot of (ahv)z vs. hv of (a) PbS, (b) Cdy4PbS annealed at different temperatures.
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FIG. 10. Plot of €1 vs. photon energy of (a) PbS, (b) Cdy4PbyS annealed at different temperatures.
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FIG. 12. PL luminescence spectra of PbS and Cdy4Pby ¢S.

Conclusion

Nano-crystalline CdPbS thin films were
prepared using chemical bath deposition (CBD)
method. Thin  films  exhibited a  good
stoichiometry when analyzed by XRD. Also,
XRD analysis showed that CdPbS thin films
have a cubic structure with predominant (200)
orientation. The influence of thermal annealing
on structural and optical properties was
investigated. It was revealed that the increase in
grain size and the decrease in strain and
dislocation lead to a decrease in the band gap
with thermal annealing. This behavior makes the
compound suitable to be used in IR opto-
electronic devices. Optical constants, such as
extinction coefficient (k), refractive index (n),

real and imaginary dielectric constants were
calculated. From photo-luminescence spectra,
two single peaks for PbS and Cdy4PbosS were
noticed. Moreover, we can improve the weak
luminescence of PbS by adding Cd ion to form
CdPbS.
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Abstract: We report the application of Titius-Bode's law on 43 exoplanetary systems
containing four or more planets. Due to the fact that most of these systems have their
planets located within compact regions extending for less than the semi-major axis of
Mercury, we found the necessity to scale down the Titius-Bode’s law in each case. In this
paper, we present sample calculations for three systems out of the whole set. Results show
that most systems studied are verifying the applicability of the law with high accuracy.
Consequently, our investigation verifies practically the scale invariance of Titius-Bode’s
law. The results of this study buildup the confidence in predicting positions of the
exoplanets according to Titius-Bode's law besides enabling diagnosing possible reasons of

deviations.

Keywords: Titius-Bode’s law; Exoplanets; Scale invariance.

Introduction

The Titius-Bode’s law (hereafter TB law) is a
sequence of numbers that was originally set by
Johann Daniel Titius in 1766. The sequence is
given as 4, 7, 10, 16, 28, 52, 100, .... It was
associated at first with the name of Johann Elert
Bode, who announced it as a law in a footnote of
his book. The above sequence can be taken to
indicate approximately the distances of the
planets from the Sun measured in AU (the semi-
major axis of the Earth's orbit around the Sun). If
we just divide the numbers in the sequence by
10, where we get 0.4, 0.7, 1.0, 1.6, 2.8, 5.2, 10,

..., this has to be compared with the actual
values of the semi-major axis of the planets in
the solar system measured in AU: Mercury,
Venus, Earth, Mars, Jupiter and Saturn, which
are known to be 0.38, 0.72, 1.0, 1.52, 5.2 and
9.54. Historically, the first support for the law
came through its role in discovering Uranus,
where the position of the seventh planet in our
solar system was predicted at 19.6 AU by this
law. In 1781, William Herschel found that there
is a planet at19.218 AU which deviates only by
1.9% from the expected distance. Uranus could
have been discovered earlier if the TB relation

had been taken more seriously [1]. Although the
TB law did not give an accurate prediction for
the distance of Neptune from the Sun, it played
an important role in discovering the Asteroid
Belt, where the median of position was predicted
with high accuracy. Many modified formulae
were presented for the TB law because of the
large deviation suffered in its prediction in the
case of the outer planets. The first modification
was suggested by Wurm in 1803 and the last to
date was presented by Pankovic and Radacovic
in 2009 [2].

During the last two decades, many
exoplanetary systems have been discovered,
most of which contain one or two planets, but a
large number of systems contain more than three
exoplanets. It would be worth to study the
spacing between these planets in order to know
whether the spacing satisfies the so-called Titius-
Bode’s law or not. A positive result will provide
support for this law and may inspire more
studies to find its physical foundation.

The configuration of the discovered
exoplanetary systems can be compared with our
solar system. In a given multiple exoplanetary
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system, there could be planets that have not been
discovered yet. That may occur because of the
lack of sufficient data, such as planetary masses
or radii that are below the detection limits [3].
Here, the TB law could be a useful tool for
making predictions about the positions of
exoplanets in multiple exoplanetary systems.
This study aims at testing this idea. We first try
to check if the multiple exoplanetary systems fit
well with the TB law, then we use the law to
make predictions about the positions of
undetected exoplanets in systems under our
study.

Several studies have considered applying the
TB law to the spacing between the exoplanets
discovered in multiple planetary systems. These
studies followed different approaches and have
different strategies. Poveda and Lara [4] tried to
investigate whether the 5 planets of the 55
Cancri (also called 55Cnc) fit the TB law or not.
They found that if the largest known semi-major
axis to be allocated for the sixth planet, then the
exponential form of the TB law fits well with the
five observed semi-major axes for that system.
Hence, they predict the existence of a planet at
a=2.0AU in the large gap between the fourth
planet (a =0.781 AU) and the sixth planet (at
a =5.22 AU). Moreover, they predicted another
new planet for the system at a =15.0 AU. After
publishing their paper, the semi-major axis for
the most inner planet was updated from
0.038 AU to 0.015 AU [6].

Raymond et al. [5] mapped out the region in
55 Cancri between the known planets 55Cnc f
and 55Cnc d, where an additional planet,
designated g, might exist. Because there is a
wide region of stability between them, they
found that this region can accommodate a
Saturn-mass planet which is a giant planet. So,
they suggested that there could be even two or
three additional planets.

Lovis et al. [7] applied the generalized TB
relation to multiple exoplanetary systems
detected by the radial velocity method only and
found reasonable fits. But, they did not make any
predictions for positions of new planets.

Cuntz [8] used the TB relation to predict the
existence of new planets in the 55 Cancri
systems. He predicted the existence of four

planets at distances of 0.085, 0.41,1.50 and

2.95 AU from their host star. He also predicted
the distance of the next possible outer planet in
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the system to be between 10.9 AU and 12.2 AU.
None of the above predictions is observationally
confirmed.

Bovaird and Lineweaver [9] studied the
applicability of TB relation on a sample of
multiple exoplanetary systems containing four
planets and more. They found that the majority
of their sample adheres to the TB relation more
than the solar system does. They inferred that if
any system does not follow the TB relation as
close as our Solar System, there is a high
probability that one or more exoplanets in this
system are not detected so far. They used the TB
relation to list their predictions for the existence
of 141exoplanets in 68 multiple exoplanetary
systems.

Huang and Bakos [3] used the Kepler mission
data to search 97 planets of those studied by
Bovaird and Lineweaver [9] in 56 multi-
planetary systems and found only five planetary
candidates around their predictions. They
considered that the remaining predicted planets
could not be discovered by Kepler mission yet.
They concluded that the ability of the TB law at
making predictions in extrasolar planetary
systems is questionable.

In this article, we present sample calculations
for three exoplanetary systems and report a
summary of our investigation of 43 systems,
showing the results for the adherence to the TB
law presented in terms of an average of the
fitting percentage. Detailed calculations for the
remaining 40 systems are given in Altaie et al.
[10].

Method

The strategy of our study is based on the
understanding that TB law is a configuration
description rather than a law with fixed numbers.
This means that the numbers given by the law
0.4, 0.7, ... etc. are only set as scale
configurations. The way that the TB law was
deduced confirms this understanding.
Accordingly, we feel that a scaling of the
configuration is always possible and therefore
can be taken as a reference for the application of
the TB law, as long as the relative arrangement
is preserved. From this point of view, this study
is a novel one that could open the door wide for
other studies in the field, motivating new
constraints on the way exoplanetary systems are
configured.
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We prepared a survey for the exoplanets
reported by NASA Exoplanet Archive about the
multiple exoplanetary systems under study. The
confirmed exoplanets discovered up to date
(21/1/2016) are 1932 planets. 259 of these
exoplanets belong to 58 multiple exoplanetary
systems (in which the same star hosts more than
3planets). We have excluded 15multiple
exoplanetary systems with 66 exoplanets for
lack of data about their semi-major axes. Our
sample contains the remaining 193 exoplanets
that are hosted by 43 stars. Thirty five systems
hosting 153 of these planets were detected by
the transit method, seven systems involving
36planets were detected by the radial velocity
method and only one system (HR8799) with
4 planets was detected by direct imaging. Our
data on exoplanets reported in this article are
obtained from the NASA Exoplanet Archive
(http://exoplanetarchive.ipac.caltech.edu) [11].

TB Law Scaling

We noticed that most of the known
exoplanetary systems under study have their
planets located within regions of distances less
than the semi-major axis of Mercury. This means
that we need to scale the TB law for each of
those systems. For this purpose, our method was
to choose one of the planets of the given system
to be satisfying the TB law at a given order of
our choice, calculate the scaling factor which
comes to be the ratio between the planet's semi-
major axis and the corresponding distance in TB
law and accordingly go on scaling all the system
with the same factor. Such a scaling of the
distances may also be understood as a scaling of
the measuring units, as we can calculate this
factor for any system by dividing the new
astronomical unit by the corresponding distance
in the TB law. Every individual system has its
own scaling factor. The choice of the order of
the planet to fit the TB law is done with the best
fit and minimum deviation from the distance
given by the law for that order.

Once we get the scaling factor, the
configuration of the system becomes known to
us. Accordingly, we can place the planets in their
positions and the order of TB law which we have
chosen up to 10 positions. This resulted, in many
cases, in leaving some empty positions for
planets that are not discovered yet or that even
may not have formed at all, as it is the case with

the Asteroid Belt. These empty positions are
considered as predictions from our point of view.

The justification for our scaling was
theoretically validated by Graner and Dubrulle
[12], who showed that the law is both scale - and
rotation - invariant. This important work has
established the theoretical basis for the
invariance of TB law. In our work, we see that
the scaled exoplanetary systems are indeed
satisfying the TB law with high accuracy.

Fitting Results

Out of the 43systems that we have studied,
we will choose only three systems. The first is
the one with the best fitting percentage of
97.78% which is Kepler-215 system. The
second is arbitrarily chosen from the systems
which showed values near the average fitting
percent of about 90.4% and the last system is
the one which showed the worst fitting
percentage of 65.27% , which is Kepler-444
system. Error calculation which is taken as a
measure of adherence has been presented in the
tables below. This is easily done through
calculating the absolute error by taking the
absolute value of the difference between
predicted and observed values and is presented
in column (4) of each table as:

abs.error =| observed — predicted |,

where it is measured in AU. The relative error is
calculated as:

| abs.error |
rel.error =————

observed
The average relative error for all the planets
in the system can be then easily calculated
producing the adherence of the system to TB
law. This is called in the tables the fitting
percentage, which is an indication of the
adherence of the system to TB law.

Fitting percentage (adherence)

=100% — rel .error .

These results are given in the table belonging
to each system.

KEPLER-215

This is a G-type star similar to our Sun. Its
mass is about 0.98 solar mass with a radius of
about 1.0 solar radius and a surface temperature
of about 5739K. This exoplanetary system
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harbors 4 confirmed planets which were detected
by the transit method. The positions of the
confirmed planets in the system are as shown in
the second column of Table (1). The scaling
factor for this system was calculated by
positioning the second planet which has a semi-
major axis of 0.113 AU in order n=3.
Accordingly, the scaling factor should be 0.113.
The planet configuration becomes as shown in
Table (1).

We predict an inner planet at order n=1
positioned at 0.0452 AU and the rest of the
predicted planets are all in the outer region at

Altaie, Yousef and Al-Sharif

0.5876 AU and beyond. We have shown the
absolute and the relative fitting errors marking
the deviation from the standard TB law in order
to expose the error contribution from each
planet. This might be useful in analyzing the
pathology of the system and may help
designating some reasons for deviations from the
TB law. With the suggested configuration, the
average fitting percentage for the system is
calculated to be 97.78%. If we look at the
configuration, we see high similarity with the
solar system apart from the scale factor. The
fitting result of the planets of this system is
shown in Fig. (1).

TABLE 1. The predicted configuration of Kepler-215 system

n observed (AU) predicted (AU) abs. error (AU) rel. error
1 - 0.0452 - -
2 0.084 0.0791 0.0049 0.0583
3 0.113 0.113 0.0000 0.0000
4 0.185 0.1808 0.0042 0.0227
5 0.314 0.3164 0.0024 0.0076
6 - 0.5876 - -
7 - 1.1300 - -
8 - 2.2148 - -
9 - 4.3844 - -
10 - 8.7236 - -
Avg. rel. error 2.22%
Fitting Percent 97.78%
KEPLER215 planets
10 4 4 KEPLER215 predicted planets
A
8
o2 81
s
o A
£
5
(%) 5 A
A
04 i m m = B
0 2 4 810

planet's number
FIG. 1. Fitting of Kepler-215 system.
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HD 160691

The star is a G type star, with a mass of about
1.08 solar mass. Its surface temperature is very
close to that of our sun at about 5780K. It is
older than our sun with an age of about 6.3 Gyr
[13]. The system contains four confirmed planets
that have been discovered by radial velocity
method.

The semi-major axes of the confirmed planets
are as shown in the second column of Table (2).
The best fitting for the system is obtained when
we place the 4" confirmed planet in the 9"
position. This makes the scaling factor be
0.13492. Clearly, the system has a very large gap
between the 2™ and the 3™ confirmed planet.

This could be because there might be planets that
are not discovered yet. Consequently, the fitting
allows us to predict the existence of several
planets: an inner one at 0.0540 AU and three
intermediate ones after the second confirmed
planet at 0.1349 AU, 0.2159 AU and
0.3778 AU. Two more planets are predicted in
the outer region at 1.497 AU and 2.6445 AU.
Outer planets at 10.416 AU and more may also
exist.

The average fitting percentage for this system
is 90.61%, which is within the average obtained
for the 43systems under study. The fitting curve
for the system is as depicted in Fig. (2).

TABLE 2. The predicted configuration of HD 160691 system

n observed (AU) predicted (AU) abs. error (AU) rel. error
1 - 0.0540 - -
2 0.0909 0.0944 0.0035 0.0386
3 - 0.1349 - -
4 - 0.2159 - -
5 - 0.3778 - -
6 0.9210 0.7016 0.2194 0.2382
7 1.497 1.3492 0.1478 0.0987
8 - 2.6445 - -
9 5.235 5.2350 0.0000 0.0000
10 - 10.416 - -
Avg. rel. error 9.39%
Fitting Percent 90.61%
® HD160691 planets
12 4 A HD160691 predicted planets
10 4 “
8 -
2
s
o 6
o
2 -
=
é 4
% A
2
n
]
04 A ] A LS 4

planet's number
FIG. 2. Fitting of HD160169 system.
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KEPLER-444

This is a system with extreme dynamical
conditions. It harbors three stars (triple-star
system). There are 5 confirmed planets orbiting
Kepler-444 A which is a K-type star in a tightly
packed region. The mass of this primary star is
about 0.76 solar mass with a radius of about
0.75 solar radius. This star is believed to be
11.2Gyr old. This is the oldest star known to
date harboring exoplanets. The other two stars
(Kepler-444B and Kepler-444C) are small M-
type stars orbiting the center of mass of the
whole system at a distance of about 40 AU. So,
the whole known system is composed of the
three stars and the five planets with a size less
than that of our solar system. As for the Kepler-
444A system, the five planets orbit the host star
at distances shown in Table (3). All the predicted
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planets are in the outer region at 0.2262 AU and
beyond.

To obtain a fitting for this system, we found
that the best possible fit will be obtained if we
position the 4 planet in n =4 of the TB order.
This gives a scaling factor of 0.04350.
Consequently, we obtain the configuration given
in Table (3), where we see that the confirmed
planets are arranged sequentially. The fitting
percentage is 65.27 %, which is very poor as
compared to the fitting percentages of the other
planetary systems in this study. The reason is
clear; the dynamical setup of the system having
three stars at the play makes the system highly
unstable. The orbits of this system are
coinciding. Orbits of planets ¢ and d, e and f are
coinciding. This causes instability in the system.
The fitting curve of the system is shown in Fig

3).

TABLE 3. The predicted configuration for Kepler-444

n Observed (AU) Predicted (AU) abs. error (AU) rel. error
1 0.0418 0.0174 0.0244 0.5835
2 0.0488 0.0304 0.0148 0.3762
3 0.0600 0.0435 0.0165 0.2750
4 0.0696 0.0696 0.0000 0.0000
5 0.0811 0.1218 0.0407 0.5018
6 — 0.2262 — -
7 — 0.4350 - -
8 — 0.8526 - -
9 — 1.6878 - -
10 — 3.3582 - -
Avg. rel. error 34.73%
Fitting Percent 65.27
B KEPLER444 planets
_ 4 KEPLERA444 predicted planets
3.5 .
30
251
% 204
E 15 :
z ]
2 1.0+ R
0.5—- A
0.0 4 m m =m =® @&
0 2 4 8 10

planet's number
FIG. 3. Fitting of Kepler-444 system.
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Discussion and Conclusions

In this article, we have chosen to present
three systems out of a set of 43 exoplanetary
systems which have been fitted in accordance
with the TB law [10]. We find that the majority
of our large set adheres to the TB law with an
average adherence of about 90.40%. The
examples given in this short article have been
chosen to show the highest, the median and the
lowest of the fitting percentages. Generally, we
notice that the adherence to the TB law for
exoplanetary systems under our study has
different percentages. There are several reasons
for these differences; one of them is the age of
the system indicated by the age of the hosting
star. Young systems with ages of less than 1 Gyr
are normally under formation and might not have
dynamically settled yet. Such systems suffer
jostling during planetary system formation; this
is a messy process which can include planetary
scattering and migration [9]. This applies to
exoplanetary system Kepler-90 (not presented
here), which we found to adhere to TB law with
a fitting percentage of 72.22 % and is estimated
to have an age of 0.5Gyr (Altaie et al. 2016).
The other reason for deviating from the TB law
may happen if the system under consideration
may be too old, and consequently may suffer
from dynamical changes that affect the positions
of the planets in the system. This applies to
Kepler-444 system presented above which is
thought to be 11.2 Gyr old. Similarly, Kepler-11
system is found to have a fitting percentage of
73.24 % which is much below the average.

To get an idea about the adherence of our
solar system to TB law using the method
presented here, we note that the overall fitting
percentage obtained is about 85.80%. This is

less than the average which we have obtained for
the set of 43systems that we have studied.
However, it should be noted that the relative
error that we get for Neptune is about 27.46%,
whereas the relative errors for the other 7 planets
inside the orbit of Neptune including the
Asteroid Belt range from 1.0% to 5.26%. If we
would include Pluto in these calculations, we
find that the relative error in its position is about
95.74% . But, if we exclude Pluto and do not
count it as a planet as it was decided by the [AU
in 2006, then we obtain a fitting percentage of
94.89%.

The results presented in our study show that,
assuming high confidence in the TB law
applicability and adherence, we can have
systematic speculations in respect of diagnosing
the status of some pathological exoplanetary
system which show low fitting percentages. Such
speculative  diagnosis can be tested by
observations, including possible errors in
observations or calculations. For example, the
system Kepler-33 is found to have a fitting
percentage of 78.09 % which is again much
below the average percentage for the set
considered, despite the fact that it is nearly an
ideal system harboring 5 planets with the host
star being a Sun-like star with an age of about
4.3Gyr. This suggests that here we have a
pathological case for further studies. Other
systems are also analyzed in this respect and
could prove that the degree of adherence to TB
law might be very useful for analyzing
exoplanetary systems.
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