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Abstract: Ternary Se85Cd8Zn7 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 (Tg) and 
crystallization peak (Tc) temperatures. The Tc dependence on the heating rate (β) is utilized 
in the determination of the crystallization activation energy (Ec) 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 Ec 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 Se85Cd8Zn7 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 (Tg) 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 (β) 
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 (Tg) and 
crystallization temperature (Tc) [9]. Differential 
scanning caliometry (DSC) is an extremely 
popular method for studying non-isothermal 
transformation kinetics. The appeal of this 
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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 
(Ec) 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 Se85Cd8Zn7 
chalcogenide glass under non-isothermal 
conditions. The dependence of the crystallization 
peak temperature (Tc) on heating rate (β) will be 
used for the calculation of the crystallization 
activation energy of Se85Cd8Zn7 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 t can be written as [14-17]:  

1 exp[ ( ) ]nX K t   ;          (1) 

where n 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 usually assigned 
Arrhenius temperature dependence: 

0 exp( )cEK K
R T

  .           (2) 

 Here, K0, a frequency factor, indicates the 
number of attempts to overcome the energy 
barrier and Ec is the activation energy for 
crystallization. Based on JMA equation, different 
authors [18-23] have developed different 
methods to study the crystallization process by 
calculating the crystallization activation energy 
Ec 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 β (= 
dT/dt), the sample temperature T changes 
linearly with time according to the relation: 

tTT i  ;             (3) 

where Ti 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 Eqs. (2) and (3) as follows: 

K
RT

E
dt
dT

dT
dK

dt
dK c 




















 2


.          (4) 

Eq. (1) can be differentiated as: 

)1]()/([)( 1 XtdtdKKKtn
dt
dX n   .       (5) 

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

)1](1[1 XttnK
dt
dX nn    ;           (6) 

where )/( 2RTEc  . 

According to Kissinger [18], the term αt can 
be neglected in comparison to unity 
( 1)/( 2 RTEc ), and then Eq. (6) becomes: 
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1)1(  nntnKX
dt
dX

  .          (7) 

If we express t in terms of X from Eq. (1), the 
crystallization rate dX/dt can be written as: 

)1( XAnK
dt
dX

  ;           (8) 

where A = [– ln (1 – X)] (n-1)/n. 

Using Eqs. (4) and (8), the second derivative 
d2X /dt2 = 0 at the crystallization peak 
temperature Tc, then Kissinger showed that [18]: 

C
RT
E

T c

c

c









2ln    .          (9) 

 This equation is used to calculate the 
activation energy of crystallization by plotting 
ln(β /Tc

2) versus 1/Tc. 

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 (t), the differentiation of Eq. (7) with 
respect to time yields: 

])1[(2
2

2
nnnn tnKntnK

dt
Xd

   .       (10) 

The maximum rate of crystallization occurs at 
peak crystallization temperature Tc and time tp, 
where d2X /dt2 = 0, and if we convert the value 
of tp to temperature Tc from Eq. (3), we get [24]: 

c

c
ic RT

nE
n
nKTTnn 



1

ln)ln(ln 0 . (11) 

With the assumption that )ln( ic TTn  is a 
function which changes more slowly with 
heating rate than cT/1 , we get:  

R
E

Td
d c

c


)/1(

ln   .         (12) 

On this basis, the slope of ln  versus 

cT/1 should yield the crystallization activation 
energy cE . 

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 ( ic TT  ). Based on 
substituting KTu  in Eq. (6), we get:  

)1](1[1 XtnKuX
dt
dX n    .       (13) 

Since KTKu   and using Eq. (4), one 
obtains:  

)1(1 XuunX n             (14) 

and 

)1()]1()([ 22 XnunnuuuuX nn   . 
(15) 

X'' = d2X /dt2 = 0 at crystallization peak 
temperature Tc, where the maximum rate of 
crystallization occurs. This gives:  

0)1()( 2  nnuuuu n  .        (16) 

From substituting KTu   and tTT i   
in JMA equation, one can find that: 
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            

.        (18) 

 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:  

2uu   .          (19) 

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

2

1
1 










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tnnu n




.         (20) 

Eq. (20) is discussed in light of the possible 
values of αt and the relation between the 
temperatures T and Ti. The term αt can be 
expressed by substituting the value of 

cERT /2   in Eq. (3) as [25]:  






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T
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RT
Et ic 1  .         (21) 
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When αt << 1 and the temperature T is 
slightly higher than Ti ( 1)/( RTEc ), we can 
neglect the term αt and Eq. (20) leads directly to 
Kissinger equation. Besides, when αt >>1 and T 
>>Ti, then 1)/( RTEc , the right hand side of 
Eq. (20) approaches unity and this gives 

1nu and hence 1u . Therefore, we can write: 

 1exp)( 0 






 








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
ic

c

c
p

TT
RT
EKKtu . 

(22) 

This equation can be written in logarithmic 
form as: 

0lnln K
RT
E

TT c

c

ic
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







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Finally, in the case of ( ic TT  ), this 
equation can be approximated as: 

0lnln K
RT
E

T c

c

c








  .          (24) 

The activation energy Ec can be evaluated 
from the slope of the plot of ln (β /Tc) as a 
function of 1/Tc. 

Determination of Avrami Exponent (n) 
Avrami exponent (n) can be simply found 

from the original JMA equation. Substituting the 
value of t from Eq. (3) in the JMA equation (Eq. 
(1)) and rearranging we get:  

( )1 exp
n

iK T TX


  
    

   
.        (25) 

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

n
d

Xd



ln

)]1ln(ln[
.         (26) 

 This relation was derived individually by 
Ozawa [19, 20] and Matusita et al. [21]. 
According to this relation, Avrami exponent (n) 
can be evaluated by plotting ln[–ln(1–X)] as a 
function of lnβ at a constant temperature T. The 
fraction X crystallized at any temperature T is 
given as X = AT/A, where A is the total area of 
the exothermic peak between the temperature T1 
where crystallization just begins and the 
temperature T2 where crystallization is 
completed and AT is the area between T1 and a 

given temperature T 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]. 

 
FIG. 1. A typical DSC exothermic peak indicating the 

estimation of the fraction X crystallized at any 
temperature T. 

Material Preparation and 
Experimental Technique  

Se85Cd8Zn7 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 10−5 
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 Se85Cd8Zn7 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 (Tg). The second one 
(exothermic peak) corresponds to the 
crystallization region and is represented by the 
crystallization peak temperature (Tc). At this 
temperature (Tc), the crystallization rate reaches 
two-thirds of its value [4]. The appearance of 

single glass transition peak and single 
crystallization peak confirms that the glassy 
sample under investigation is homogeneous. 
Both Tg and Tc 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 Tg and Tc at all 
heating rates are given in Table 1. From this 
table, one can notice that both Tc and Tg 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 (Tc ─ Tg) 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].  
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FIG. 2. Typical DSC curves for Se85Cd8Zn7 glass at five different heating rates (5, 10, 15, 20 and 25 K/min). 

 

TABLE. 1. The values of Tg and Tc of the studied glass at different heating rates 

Tc (K) Tg (K) Heating rate 
(K/min) 

495.0 377.2 5 
496.2 385.7 10 
496.9 390.1  15  
497.4 394.0  20 
497.9 396.5 25 
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The crystallization kinetics of the studied 
glass were analyzed by calculating the 
crystallization activation energy (Ec) and Avrami 
exponent (n) which is related to the 
dimensionality of crystal growth (m). These 
parameters were calculated from the dependence 
of the crystallization peak temperature (Tc) on 
heating rate (β) according to the theoretical 
methods discussed in Section 2. Firstly, 
according to Eq. (9), which was derived by 
Kissinger, the data of )/ln( 2

cT  versus 

)/10( 3
cT  for Se85Cd8Zn7 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 

activation energy (Ec) is obtained to be (1143 ± 
24) kJ/mol. Secondly, Ec 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 

ln  versus )/10( 3
cT  which is shown in Fig. 4. 

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

)/ln( cT  against )/10( 3
cT  and from the slope of 

the straight line of the least square fitting of all 
points, the value of Ec is obtained to be (1147 ± 
24) kJ/mol.  
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FIG. 3. Plot of )/ln( 2

cT  vs. )/10( 3
cT for Se85Cd8Zn7 glass (solid line is least-square fit to Kissinger relation 

(Eq. 9)). 
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FIG. 4. Plot of ln   vs. 3(10 / )cT  for Se85Cd8Zn7 glass (solid line is least-square fit to Takhor relation (Eq. 12)). 
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FIG. 5. Plot of )/ln( cT vs. )/10( 3

cT  for Se85Cd8Zn7 glass (solid line is least-square fit to Augis and Bennett 
approximation relation (Eq. 24)). 

The above Ec values, obtained from the three 
methods, are well consistent with each other. 
However, Augis and Bennet method gives more 
exact results for deducing Ec value when the 
crystallization appears often at a temperature 
which is much higher than the initial one Tc>>Ti. 
It was shown [27] that this method can be 
applied, not only in the case Tc >> Ti, but also 
when Tc > Ti ; 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 useful to 
characterize the glass for optical recording and 
other applications [28]. It is clear that the value 
of Ec of Se85Cd8Zn7 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 (Se8) 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 Se85Cd8Zn7 glass was obtained 
using the method suggested by Ozawa and 



Article  Omar A. Lafi 

 78

Matusita. The plot of )]1ln(ln[ X  vs. ln  
for Se85Cd8Zn7 glass is shown in Fig. 6 at 
different temperatures (494K, 495K, 496K and 
497K). The average value of Avrami exponent n, 
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 Se85Cd8Zn7 glass 
occurs in one dimension (or growth from surface 
nuclei). This value of Avrami exponent is non-
integer. A non-integer value of n 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 

suggested that the values of n and Ec are not 
necessarily constant, but show variations in 
different stages of the transformation. The 
models used in this work are proposed for 
analyzing the non-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 
Ec) during all stages of transformation process is 
not expected [41].  
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FIG. 6. Plot of )]1ln(ln[ X vs. ln  for Se85Cd8Zn7 glass at different selected temperatures (solid lines are 

least-square fits to Ozawa-Matusita relation (Eq. 26)). 
 

Conclusions  
Crystallization kinetics for Se85Cd8Zn7 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 Ec 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.  

3. One-dimensional crystal growth occurs in 
Se85Cd8Zn7 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-3with an average of (33.44 Bq.m-3), 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 3.61×10-3 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      
(0.79mSv.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 106 persons were found to be 14.31.  
Keywords: CR-39; Radon-222 concentration; AEDE; PAEC. 
 

 
Introduction 

The three isotopes of radon 219Rn, 220Rn and 
222Rn 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 235U, 232Th and 238U. 222Rn 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 222Rn level 
are soil, building materials (sand, rocks, cement, 
… etc.), water born transport and natural energy 
sources like gas, coal, … etc, which contain 
traces of 238U [1,2]. The indoor radon 
concentration depends mainly on radon 
exhalation from surrounding materials. 222Rn 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 222Rn 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  222Rn 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 222Rn concentration 
varies widely from < 25 Bq.m-3 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 222Rn levels within the country is 
enormous, and individual dwellings with 222Rn 
gas concentrations above 10000 Bq/m3 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  222Rn levels exceeded the 
U.S. EPA air quality standard of 148 Bq/m 3 , 
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].It can be concluded that lung 
cancer rate may show a negative correlation with 
natural radon concentration [7]. Measurement of 
indoor 222Rn 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 222Rn 
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 222Rn 
concentration in dwellings of Bashika district, 
the potential alpha energy concentration, the 
absorption effective dose exposure and the lung 
cancer cases per year per 106 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 222Rn 

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 222Rn. 

The passive 222Rn dosimeter (as in Fig. 1) is a 
closed chamber into which 222Rn 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) cm2 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 (220Rn) are deposited on the 
sponge from outside and 222Rn, 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. 

 
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 oC 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 cm2 in 
each detector. 

The calibration process for the dosimeter of 
this type and dimension was done by [3]. The 
concentration of 222Rn (CRn) in units of Bq/m3 
was determined by measuring the track density 
() of the exposed detector inside the cup 
according to the following relation [11]: 


tctc Rn

o

oo   ;            (1) 

where c0 is the concentration during the 
calibration process which equal to 90 kBq/m3, ρo 
is the track density on the calibrated dosimeters 
which is equal to 96768 tracks/cm2, to is the 
exposure time for calibrated dosimeters which is 
equal to 48 hours and t 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]: 

3700
Rn

a
CFC  .            (2) 

First find the concentration of 222Rn, 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-1 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]. 

( / )
(5.5 / )*( / )

AEDE mSv y
mSv WLM WLM y

 



          (3) 

3- Lung cancer cases per year per 106 persons 
are estimated by using the risk factor lung 
cancer induction of 18×10-6 mSv-1 [1, 12]. 

6 1

6Lung cancer cases per year per 10  persons

 ( / )*18*10 ( )AEDE mSv y mSv 




 
(4)  

Results and Discussion 
Table 1 summarizes the track density ρ 

(tracks/cm2), the radon concentration CRn 
(Bq/m3), the potential alpha energy concentration 
PAEC (WL), the absorption effective dose 
equivalent AEDE (mSv.y-1) and the lung cancer 
cases per year per 106 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/m3, six dwellings with 
values between (30-49) Bq/m3 and three 
dwellings with values less than 30 Bq.m-3. The 
lowest radon concentration was measured in 
dwelling no.5 which is 18.32 Bq/m3 and the 
highest was in dwelling no.7 which is 54.87 

Bq/m3. It is believed that the reason behind the 
high 222Rn 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 Bq/m3, 
which lies below the acceptable 222Rn limits of 
(50-150) Bq/m3 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 
Bq/m3, 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 Bq/m³ 
in the normal occupancy area, and the higher the 
radon concentration, the sooner remedial 
measures should be undertaken [15]. The 222Rn 
concentration levels in Bashika district are lower 
than those found in other regions in Iraq 
(northern of Baghdad), like Erbil governorate 
(44 Bq/m3) [1]. The variation in radon 
concentrations is fundamentally related to the 
type of construction, ventilation rate, size and 
age of the building. The average 222Rn 
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) × 10-3 WL with an average value of 
3.61×10-3 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 222Rn 
concentration show values below the action 
levels. According to our estimations, the 222Rn 
induced lung cancer risk for dwellings in 
Bashika district ranges from 7.83 to 23.47 with 
an average of 14.31 per 106 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 

Lung Cancer Cases 
/106 person  

AEDE 
mSv/y  

PAEC (a)  
WLM/y  

PAEC 
WL x10-3  

CRn 
Bq/m3 

ρ 
Tr./cm2 Location  No. 

9.70 0.53  0.09 2.45 22.693 732 Oil Station 1 
14.25 0.79 0.14 3.59 33.29 1074 Rass Al-Aien 2 
12.27 0.68 0.12 3.11 28.83 930 Al-Islaam Cartier 3 
19.11 1.06 0.19 4.83 44.70 1442 Bashika Center  4 
7.83 0.43  0.07 1.98 18.32 591 Al-Kaba Cartier 5 

15.94 0.88  0.16 4.02 37.20 1200 Al-Fathlya Root 6 
23.47 1.30 0.23 5.92 54.87 1770 Bartilla Root 7 
11.28 0.62 0.11 2.84 26.32 849 Al-Rabee Cartier 8 
13.57 0.75 0.13 3.42 31.62 1020 Al-Shabak Cartier 9 
15.64 0.86 0.15 3.95 36.58 1180 Bahzany 10 
14.31 0.79 0.14 3.61 33.45 1078.8 Average   

(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] 

CRn (Bq/m3) Country CRn (Bq/m3) Country 
107  Hungary 53 Denmark 
41 Poland 120 Finland  
45 Romania 108  Sweden 
87 Slovakia  48  Belgium 
75  Italy 62 France 
86  Spain 50 Germany 
34  Bashika (Iraq)  70  Switzerland  
53 Korea 11 Australia 
20 Uk 70 Italy 
  46 USA 
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Conclusions 
As the 222Rn induced lung cancer risk for 

dwellings in Bashika district ranges from 7.83 to 
23.47 with an average of about 14.31 per106 

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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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: 

222
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 ;       (1) 

where 0  is the confining frequency and   is 
the dielectric constant for the GaAs medium. 

1r
 and 2r  describe the positions of the first and 

second electrons in the xy-plane. 
cm

eB
c *  

is the cyclotron frequency and the symmetric 
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gauge ii rBA 


2
1

 is used in Eq.(1). Upon 

introducing the center-of-mass (cm) 

2
21 rrR
 

  and the relative coordinates 

21 rrr 
 , the Hamiltonian in Eq.(1) can be 

decoupled to a center-of-mass  RH  and a 
relative  rH  parts. The cm-part is a harmonic 
oscillator type with well-known eigenenergies 
[27, 29, 30]:  
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where ,...2,1,0cmn and ,...2,10 cmm . 

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

22
2 2
0

2

1
2 4 4

2

c
r

c

pH r

e m
r









 
    

 

  




           (3) 

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: 

 ;           (4) 

where: 

 ;         (5) 

 .              (6)  

The first power term and the third exponential 
term in the wave function  in Eq. (5) both 
give the correct asymptotic behaviors 

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

(7) 

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

. 

Finally, the relative Hamiltonian part is: 

          (8) 

We have normalized our wave function: 

          (9) 

by calculating the normalizing constant as: 

           (10) 

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

 ;        (11) 

where:  

  ;        (12) 

  ;        (13) 

  .        (14) 
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We have found the energy spectra of the 
relative part Hamiltonian: 

 
            (15) 

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

  ;      (16) 

where: 

 ;        (17) 

 ;        (18) 

 .       (19) 

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

The energy eigenvalues of  can be obtained 
by minimizing the energy expression in Eq. (16) 
with respect to the variational parameter ( ; 
namely, 

 .         (20) 

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

 
           (21) 

So, the final energy expression in terms of the 
variational parameter value which satisfies the 
minimization condition is: 

 
            
           (22) 

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

          (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 interacting electrons at a 
confining frequency of  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  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 as we have mentioned.For 
example, the angular momentum changes from 

Since the 
total spin of the two electrons is , 
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 ( ) and confining frequency: 

.  

The figure clearly shows the effect of the 
strength of the confining frequency on 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 

occurs at  for , while for 
the trasition occurs at a higher 

confining frequency value, . 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  for different values 
of confining frequency. Furthermore, we have 
displayed, in Fig. 4, the singlet-triplet phase 
diagram (  of the QD showing the 
singlet – triplet regions separated by J=0-lines.  

TABLE 1. The ground state eigenenergies, in ( calculated by using the variational method for 
various values of magnetic field strength ( ) and different angular momentum values (m=0, 1, 2, 
3 and 4) of a QD system with a confining frequency, . The underlined energy values 
show the angular momentum transitions of the QD ground state 

 m 
 0 1 2 3 4 

0.0 1.6998 2.000 2.5219 3.10835 3.7226 
0.4 1.7566 1.8743 2.2218 2.6356 3.0780 
0.8 1.9119 1.8788 2.0975 2.3876 2.7082 
1.2 2.1341 1.9751 2.0992 2.3015 2.5371 
1.6 2.3954 2.1286 2.1813 2.3200 2.4950 
2.0 2.6708 2.3164 2.3131 2.4039 2.5341 
2.4 2.9715 2.5246 2.4758 2.5292 2.6251 
2.8 3.2702 2.7453 2.6583 2.6815 2.7502 
3.2 3.5707 2.9737 2.8538 2.8518 2.8983 
3.6 3.8714 3.2068 3.0580 3.0346 3.0624 
4.0 3.2462 3.2381 3.2781 3.3348 3.4022 

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

coupling parameter obtained from exact diagonlization method (second column) 

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

has the dimension of inverse length 
 E(Present work) E(Ref. [29, 30]) 

0  2.00000 
1  3.00097 
2  3.72143 
3  4.31872 
4  4.84780 
5  5.33224 
6  5.78429 
7  6.21129 
8  6.61804 
9  7.00795 

10  7.38351 
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TABLE 3. The exchange energy (J), in meV, listed against the magnetic field strength  for different 
QD confining frequencies:  

 =0.4  =0.8  
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 

 
FIG. 1. The computed relative motion energy spectra ( in  of two interacting electrons quantum 

dot against the magnetic field strength for a confining frequency  and an 
angular momentum  m = 0, 1, 2 and 3. 

 

 
FIG. 2. The energy spectra (in ) of two non-interacting  electrons ( Coulomb=zero ) in a  quantum 

dot calculated at  against the confining frequency . 
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FIG. 3. The exchange energy, J, (in meV) against the magnetic field strength  for QD 

confining frequencies . 
 
 

 
FIG. 4. The QD singlet-triplet phase diagram (  S=0, singlet and S=1, triplet states. 
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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 130Xe - 130Nd 
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 130Xe - 130Nd 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 I+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 

....,4,2,0 I  and Negative Parity Band 
(NPB) with ,...5,3,1 I [3]. GSB and NPB 
become interwoven after the first few values of 
angular momentum I, forming a single octupole 
band with 0 ,1 , 2 ,3 ,.....I      [4-7]. Primary 
information on the property of the nucleus could 
be obtained from the position of the first excited 
state )2( 1

E  which is approximately equal 100, 
300 and 500 keV and the ratio of the second 
excited state to the first excited state 

)2/4( 11
 EER  which obeys 3 3.3,R    

2.4 3 2 2.4R and R    for rotational,   
-soft and vibration nuclei, respectively [8]. The 
relationship between the gamma energy over 
spin IE /  as a function of the spin I (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 I+2 and I 
states gives a good indication of the property of 
the nucleus [10,11], when being drawn versus I 
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 E 
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  -soft O(6) [12]. Nuclei might have an 
intermediate structure of the U(5) - SU(3), U(5)-
O(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 130A region. One of these 
studies tested the O(6) symmetry to 130Xe,130Ba 
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 

130A region [17]. L. Bettemana et al. 
compared the O(6) and O(6)-U(5) calculations 
with experimental and other calculation results 
of 130Xe, 130Ba and 130Ce. They found that the 
O(6)-U(5) calculations are more reliable [18]. 
Salah A. Eid and M. Diab considered the 130Xe 
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 130Xe – 130Nd 
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 130Xe - 130Nd    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 IE /  versus 

I is studied. A vibrational nucleus in the E-GOS 
curve drops quickly from its highest value 
(≈250keV) at )2( 1

I  to its lower value (0) at 
(I→∞). For  -soft nuclei, the curve drops 
slowly from its highest value (≈150keV) at 

)2( 1
I  to the quartered first excited state 
4/21

E  at (I→∞), but for rotational nuclei the 
curve increases slowly from its smallest value 
(≈50keV) at )2( 1

I  to its highest value which 
is 2/4 2  at (I→∞) [9]. The relationships 
between gamma energy over spin IER /  
and the spin I for the three limit cases are given 
by [20,21]: 

Vibrator:  0
I

R 
 when I→∞  .             (1)  

Rotor: 
 2

4)24(
2

22 


I
R  when I→∞ . (2) 

 -soft: 
4
2)21(

4
2 11




E

I
ER  when I→∞.(3) 

The ratio between the experimental energy 
values of I+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]: 

exp.

2 ( 2) ( 2)

( 1)
2( 2)

I R I Ir
I I I

I I
I

                  
   

;   (4) 

where 





 

I
IR )2(

exp. is the experimental energy 

values ratio between I+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: 

35.01.0  r  for vibrational nuclei. 

6.04.0  r  for transitional nuclei. 

0.16.0  r  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) - BI2(I+1)2 + CI3(I+1)3 ;          (5) 

E(I) = E0 + AI(I+1) - BI2(I+1)2 + CI3(I+1)3 ;     (6)  
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where E0 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

ji
ij

N

i
i VH

1
   ;           (7) 

where   is the intrinsic boson energy and ijV  is 
the interaction strength between bosons i and j. 
The multipole form the Hamiltonian is [23]: 

0 1

2 3 3 3 4 4 4

ˆ ˆ ˆ ˆˆ .
ˆ ˆ ˆ ˆ ˆ ˆ. . .

dH n a P P a L L

a Q Q a T T a T T

     


   
 ;         (8) 

where nd 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 ,,, 210 aaa 3a and 4a  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 
 -soft O(6). In the U(5) limit, the effective 
parameter is  . In the O(6) limit, the dominating 
parameter is oa . In the SU(3) limit, the effective 
parameter is 2a . The eigenvalues for these three 
limits are given by [24]: 
U(5): 

1

4 5

ˆ( , , , ) ( 4)
( 3) ( 1)

d d d dE n L n K n n
K K L L

  
 

   
    

;  (9) 

O(6): 

3

4 5

( , , ) [ ( 4) ( 4)]
( 3) ( 1)

E L K N N
K K L L

   
 

    
    

; (10) 

SU(3):  
2 2

2

5

( , , ) ( 3( )
) ( 1)

E L K
K L L

     


   


   
;    (11) 

where, K1, K2, K3, K4 and K5 are other forms of 
the strength of parameters.   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,  is the number of bosons not coupled 

to zero angular momentum in O(6) symmetry, 
τ is the number of d bosons s not coupled to 

zero and ),(  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)-O(6): 

1

4 5

ˆ( , , , ) ( 4)
( 3) ( 1)

d d d dE n L n K n n
K K L L

  
 
   

    
;     (12) 

U(5)-SU(3): 
2

2

5

ˆ( , , ) ( 3( ))
( 1)

dE L n K
K L L

          


  
; (13) 

O(6)-SU(3): 
2

2

4 5

( , , ) ( 3( ))
( 3) ( 1)

E L K
K K L L

    
 

  


    
.      (14) 

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

IIIIE   )1()(  .         (15) 

  IIIIE )()1()(  .       (16) 

The values of   and   can be determined 
from a fitness to the positive GSB, while   and 
  are estimated from the fitness to NPB. 
Analyzing Eqs. (15) and (16), it can be seen that 
the eigenstates of the GSB and NPB states 
consist of rotational I(I+1) and vibrational I 
modes. Doma and El-Gendy have derived a new 
formula of the rotational energy levels, that 
depends upon the spin I 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]: 

















)1(1
)1(1

)1()(

IIC
IID

IIAIE  ;        (17) 

where A is the reciprocal moment of inertia of 

the nucleus, 
2

2
A . The values of D and C 

can be determined from a fit to the GSB. 

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

1, 1,

1, 1,

6 ( ) 4 ( 1)
1( ) 4 ( 1)

16
( 2) ( 2)

E I E I
E I E I

E I E I

 

 

 

  
      
      

; (18) 

where the transition energies are: 

)()1()(,1 IEIEIE  .        (19) 

The quantity 1, ( )E I  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 ( 1, ( ) 0E I  ), 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]. 

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
Ir )2(

. Experimental energy levels of the 

ground and negative parity state band of 
NdXe 130130   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 130Xe nucleus, the  -soft property of 130Ba 
and 130Ce nuclei and the rotational property of 
130Nd nucleus.  

TABLE 1. Experimental values [25] of 
1

2E and the ratio 1

1

4(4 / 2)
2

ER
E



  for 130Xe - 130Nd isobars 

Isobar 130Xe 130Ba 130Ce 130Nd 

12E (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 130Xe - 130Nd isobars. A comparison 
of these curves with the ideal limits of 
vibrational, rotational and  -soft nuclei gives 
good information of the property of the states of 
the isobars. The high drop of the curve of 130Xe 
from the first excited state 

12  to 
110  state gives 

this isobar the vibrational property, but the 

behavior of the curve changes after the 
110  

state. The slow drop of the curve of 130Ba gives it 
the γ-soft property. The behavior of the curve of 
130Ce is the slow drop of values up to 

110  state, 
giving it the γ-soft property, and the behavior 
changes after this state. The curve of 130Nd 
primarily raises slowly, then drops slowly which 
gives it the rotational- γ-soft property.  

 
FIG. 1. E-GOS of the ground-state band for 130Ba-130Xe 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 







 

I
Ir 2

 and I is plotted and compared with 

the behavior of vibrational U(5), rotational 
SU(3) and γ-soft O(6) nuclei. Fig. 2 shows these 
curves, where the ratio for all values of I in 130Xe 
is smaller than 0.5 passing limit values of the 
vibrational limit which gives this nucleus the 
U(5)-O(6) character. This ratio for 130Ba is 

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

However, the ratio 





 

I
Ir 2

 of 130Ce is 

changed from the O(6) character to the 
110  state 

and the character has been changed to the SU(3) 
after this state, while the ratio of 130Nd nucleus is 
smaller than 0.8 and greater than 0.46, which 
gives an SU(3)-O(6) property to this nucleus.  

 
FIG. 2. The ratio  as a function of  for 130Ba-Xe isobars.

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

)(,1 IE  of 130Xe-130Nd isobars. In all cases, one 
obtains a clearly pronounced staggering pattern, 
that is a zigzagging behavior of the quantity 

)(,1 IE   as a function of angular momentum .I  

The vanishing value of the staggering 
1, ( )E I =0 has not been reached, which means 

that each isobar has a saturation in its property 
along with its states; that is 130Xe has a pure U(5) 
character, 130Ba and 130Ce have an O(6) character 
and 130Nd stays in the SU(3)-O(6) property. 

 
FIG. 3. Experimental staggering of 130Xe-130Nd isobars. 
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MATLAB 6.5 software is used to calculate 
the energy levels of the GSB and the NPB for 
130Xe-130Nd 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 

formula which is chosen to be 
2

2
= 6/21

E  

according to the rotational energy relation, where 

)1(
2

)(
2

 IIIE



, while its values according 

to BM are close to 
2

2
= 6/21

E  only for 130Nd, 

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 130Xe is close to 

keVE 53621  due to the vibration 

characteristic of this nucleus. The parameter K4 
for 130Ba 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   parameter of IVBM 
is a vibrational one and one can observe that this 
value of the vibrational nucleus 130Xe is the 
highest one, while the smallest value is for the 
rotational nucleus 130Nd. The smallest value of 
the rotational   parameter is for 130Xe and one 
expects that the highest value is for 130Nd. 
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 130Xe-130Nd 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 130Xe 
and 130Ba nuclei, with a deviation of calculation 
from IVBM for the first excited state of 130Nd. 
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 130Xe-130Nd isobars 
Isobar BM IBM-1 IVBM D-G 

 A B C* 
10-3 

No. of 
bosons ε K1 K2 K4 K5 β   A C* 

10-2 
D* 
10-1 

130Xe 53.9 0.28 0.6 5 487.9 11.7 --- 8.4 -1.2 3.8 274.9 89.4 -0.5 0.3 
130Ba 47.9 0.25 0.8 7 --- --- --- 126.8 -16.6 15.06 158.5 59.6 -1.9 0.52 
130Ce 38.9 0.19 0.7 9 --- --- --- 79.6 -3.1 16.8 99.5 42.3 -4.5 1.32 
130Nd 24.2 0.05 0.1 11 --- --- -0.37 110.7 -19.5 11.6 77.4 26.6 -2.8 1.47 

 

TABLE 3. BM and IVBM parameters of NPB in keV for 130Xe-130Nd isobars 
Isobar BM IVBM 

 A B*10-2 C*10-2     
130Xe 5.9 -6.5 -0.01 -34.77 633.9 
130Ba 5.65 -10.08 -0.03 -171.7 1806.3 
130Ce 11.3 -5.07 -0.01 -101.3 1806.4 
130Nd 10.97 -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 130Xe-130Nd 
isobars 

Isobar  
 

 

 

 

 

130Xe 

 

 

 

 

 
130Ba 
 

 

 

 

 
130Ce 

 

 

 

 
130Nd 


1I  

12  
13  

14  
15  

16  
17  

18  
19  

110  
111  


112  

113  
114  

.expE   536 --- 1205 2060 1944 2375 2697 3072 2972 3893 3693 4540 4591 

 

Ecal. 

 

BM 313 --- 969 2292 1808 2571 2633 3017 3292 3648 3772 4433 4334 

IBM-1 573 --- 1176 --- 1809 --- 2473 --- 3167 --- 3892 --- 4647 

IVBM 573 --- 1167 1949 1809 2528 2473 3137 3167 3777 3892 4447 4647 

D-G 456 --- 1157 --- 1840 --- 2489 --- 3148 --- 3851 --- 4622 

.expE  357 1949 902 2168 1593 2568 2395 3067 3260 3659 4222 4354 --- 

 

.calE  

BM 279 2030 864 2200 1623 2524 2425 3035 3230 3699 4229 4344 --- 

IBM-1 407 --- 935 --- 1584 --- 2352 --- 3242 --- 4251 --- --- 

IVBM 407 1948 935 2192 1584 2557 2352 3043 3242 3649 4251 4376 --- 

D-G 409 --- 974 --- 1600 --- 2338 --- 3221 --- 4265 --- --- 

.expE  254 1955 710 2313 1324 2761 2053 3320 2809 4027 … … … 

 

.calE  

BM 227 2098 706 2337 1342 2724 2044 3287 2811 4026 --- --- --- 

IBM-1 300 --- 734 --- 1302 --- 2005 --- 2842 --- --- --- --- 

IVBM 300 2003 734 2301 1302 2734 2005 3302 2842 4004 --- --- --- 

D-G 331 --- 749 --- 1287 --- 1985 --- 2858 --- --- --- --- 

.expE  159 1825 486 2144 940 2587 1487 3133 2100 3765 2764 4463 3468 

 

.calE  

BM 143 1963 463 2191 927 2558 1493 3082 2117 3753 2769 4509 3451 

IBM-1 124 --- 516 --- 972 --- 1494 --- 2082 --- 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 

12E  and the ratios of the second to the first 

excited states 
11 2/4 EE  as well as the E-GOS, 

the ratio 





 

I
Ir )2(

 and the staggering curves 

have been applied for describing GSB and NPB 
for 130Xe-130Nd isobars. These studies insured 
that 130Xe nucleus is lined up along the U(5) 
side,130Ba and 130Ce have an O(6) property, 
whereas 130Nd has an O(6)-SU(3) property. It has 
been demonstrated that the GSB and NPB in the 
studied isobars exhibit 1I  staggering. The 

vanishing value of the staggering )(,1 IE  =0 
has not been reached, which means that each 
nucleus is stable in its property. The BM, IBM-1, 
IVBM and D-G formula have been applied for 
calculating energy levels of GSB and NPB using 
the BM and IVBM models. The calculated 
energy levels in comparison with the 
experimental data indicate the quality of the fit 
presented in this work. It can be concluded that 
the IBM-1 calculation is the most suitable one in 
this work.  
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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. 

 

 

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 (±α), 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. 1a. 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 φGR=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, (TE1 = 1.6 ms, TE2 = 2 ms, TE3 = 2.4 ms), 
matrix size = 256 x 256, flip angle = 40°, FOV= 
400x400 mm2, 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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Projection Lines #

TE1  TE3   TE1   TE2  TE1 . . . . . . . .

a)

b)

 
FIG. 1. a. The modified TrueFISP sequence. b. The acquired projections with different echo times are spaced by 

an angle increment of 111.246º. 
 

 

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. 1a, TE (t) takes on 
the successive values of TEs, where TE1 = TEo, 
TE2 = TEo + ΔTE and TE3 = TEo + 2ΔTE.     

TEo is the shortest possible echo time allowed by 
the unmodified sequence and ΔTE is the echo 
time increment. The echo time increment ΔTE 
was kept extremely short in this work (~ 400 μs). 
In comparison, in the original description of the 
three-point Dixon method [10], ΔTE would be 
the value required for an 180o offset between the 
fat and water signals. This choice of a short 400 
μs ΔTE 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 

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 

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. 
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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 ΔTE 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 ΔTE = 400 s 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-

resonance reaches a value equal to TR2
1


, 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 40K, 238U and 232Th in some commonly consumed 
vegetables in Badagry, Ikorodu and Ojo areas of Lagos state were determined. The highest 
concentration of 40K was obtained in Celosia argentea (Lagos Spinach) with a value of 
7807.51±402.48 Bq/kg, the highest concentration of 238U with a value of 59.46±6.46 Bq/kg 
was found in Amaranthus hybridus (African Spinach) and the highest concentration of 
232Th was found in Amaranthus hybridus (African Spinach) with a value of 47.45± 2.80 
Bq/kg. The highest concentrations were found in vegetables from Ikorodu. The lowest 
concentration of 40K 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 238U and a concentration value of 3.81± 0.22 Bq/kg was found in 
Vernonia amygdalina (Bitter Leaf) being the lowest concentration value of 232Th. The 
mean annual effective doses of Badagry, Ikorodu and Ojo were 1.42mSv/y, 2.06mSv/y and 
2.23mSv/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 40K, 238U and 232Th 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 40K, 
238U and 232Th 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 
80oC in order to remove moisture and blended to 
powder. These were packed in 0.2kg lots by 
weight W3 and airtight sealed in a white 
cylindrical PVC container.  
W3 = W2 - W1 .            (1) 

W3 is the weight of the dry sample, W2 is the 
weight of the PVC container and sample together 
and W1 is the weight of the PVC container. 

 

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] / [Wsamp x Nstd] .    (2) 

Csamp and Cstd represent the activity 
concentrations of the sample and the standard 
sample, respectively. Wsamp and Wstd are the 
weights of the sample and the standard sample, 
while Nsamp and Nstd 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 
NaI (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 137Cs 
for the measurement of 40K, 238U and 232Th 
concentrations. Photo peak regions of 
(1.460MeV) 40K, (1.76MeV) 214Bi and 
(2.615MeV) 208TI 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 

S/N Vegetable 
code Vegetable name Vegetable 

traditional name 
Botanical name of the 

vegetable 
1 E1 Jute Leaves Ewedu Corchorous olitorious 

Vernonia amygdalina 2 E2 Bitter Leaf Ewuro 
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 40K, 238U and 232Th were 
measured in vegetable samples in Badagry. As 
shown in Table 2, the activity concentration of 
40K ranges from 451.23 ± 23.87 Bq/kg to 
5835.84 ± 309.12 Bq/kg, with the lowest 
concentration in Roselle (Hibiscus sabdariffa) 
and the highest concentration in Water Leaf 
(Talium triagulane). The activity concentration 

of 238U ranges from ND to 39.80 ± 4.27 Bq/kg, 
with the highest concentration in Jute Leaves 
(Corchorous olitorious), while the activity 
concentration of 232Th ranges from ND in Water 
Leaf (Talium triangulane) and Roselle (Hibiscus 
sabdariffa) to 35.83 ± 2.11 Bq/kg in Fluted 
Pumpkin Leaf (Telfairia occidentalis). The 
activity concentration values of 40K, 238U and 
232Th measured in Ikorodu are shown in Table 3. 
The activity concentration of 40K ranges from 
1269.75 ± 66.89 Bq/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 238U ranges from 15.21 ± 1.86 Bq/kg 
to 59.46 ± 6.46 Bq/kg, with the lowest 
concentration in Jute Leaves (Corchorous 

olitorious) and the highest concentration in 
African Spinach (Amaranthus hybridus). The 
activity concentration of 232Th ranges from ND 
in Jute Leaves (Corchorous olitorious) to 47.45 
± 2.80 Bq/kg with the highest concentration in 
African Spinach (Amaranthus hybridus).  

TABLE 2. Radioactivity concentration in vegetables in Badagry, Lagos 
SAMPLES 40K (Bqkg-1) 238U (Bqkg-1) 232Th (Bqkg-1) 

E1 4622.37 ± 238.83 39.80 ± 4.27 11.83±0.70 
E2 2339.12 ± 122.34 25.31 ± 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 35.83±2.11 
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 40K (Bqkg-1) 238U (Bqkg-1) 232Th (Bqkg-1) 

E1 1269 ± 66.89 15.21 ± 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 
E5 3007.58±156.47 59.46 ± 6.46 47.45 ± 2.80 
E6 4524.65±234.34 32.20 ± 3.57 22.26 ± 1.32 

WEIGHTED MEAN 4547.25±235.58 35.22 ± 3.97 20.04 ± 1.19 
 

The activity concentration values of 40K, 238U 
and 232Th measured in Ojo are shown in Table 4. 
The activity concentration of 40K ranges from 
608.07 ± 32.05 Bq/kg to 7320.47 ± 378.06 
Bq/kg, with the lowest concentration in Fluted 
Pumpkin Leaf (Telfairia occidentalis) and the 
highest in Water Leaf (Talium triangulane). The 
activity concentration of 238U ranges from 9.75 ± 
1.23 Bq/kg to 57.70 ± 6.19 Bq/kg, with the 
lowest concentration in Bitter Leaf (Vernonia 
amygdalina) and the highest concentration in 

Lagos Spinach (Celosia argentea). The activity 
concentration of 232Th ranges from 3.81 ± 0.22 
Bq/kg to 43.65 ± 2.58 Bq/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 40K (Bqkg-1) 238U (Bqkg-1) 232Th (Bqkg-1) 

E1 6078.93 ± 314.09 18.85 ± 2.33 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 ± 1.98 
E4 4927.90 ± 255.10 57.70 ± 6.19 43.65 ± 2.58 
E5 4951.89 ± 255.50 35.73 ± 3.88 35.83 ± 2.11 
E6 608.07 ± 32.05 13.04 ± 1.91 19.24 ± 1.16 

WEIGHTED MEAN 4793.38 ± 247.55 26.87 ± 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, Ikorodu and Ojo were 1.42mSv/y, 
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]. 

Se = Hi x N (H)i ;               (4)  
where Se is the collective effective dose 
equivalent, Hi is the average annual effective 
dose equivalent and N (H)i 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 
103 manSv/y, 1.09 x 103 manSv/y and 1.36 x 103 
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 

0.36 x 10-3, 0.52x 10-3 and 0.56 x 10-3 for 
Badagry, Ikorodu and Ojo, respectively which 
are higher than the world average value of 0.29 
x 10-3. 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, Ikorodu and Ojo. The mean effective 
dose was also determined to assess the 
implication on consumer health. High 
concentrations of 40K 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: CdxPb1-xS 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 Cd0.4Pb0.6S, respectively. The 
effect of thermal annealing on optical constants, such as extinction coefficient (k), 
refractive index (n),real and imaginary dielectric constants (Є1,Є2), was discussed. Each of 
the photo luminescence (PL) spectra revealed a single peak red emission around (680) nm 
for PbS and (670) nm for Cd0.4Pb0.6S.  
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 it's 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 (CdxPb1-xS) 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. 
CdxPb1-xS 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 CdxPb1-xS (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 CdxPb1-xS 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)2), 
0.1 M of cadmium acetate (Cd (CH3COO)2), 
ammonia (NH3) and 0.1M of thiourea 
((NH2)2SC). Lead acetate acts as the source of 
cation (Pb+2) as cadmium acetate (Cd+2) does and 
thiourea was the source of anion (S-2). NH3 was 
used to maximize growth by providing an 
alkaline medium. The deposition of CdxPb1-xS 
thin films started with mixing lead acetate and 
cadmium acetate (x=0, x=0.4) with 1 ml NH3. 
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, 

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 CdxPb1-xS 
thin films. The average thickness of films 
estimated by weighing method was around 
3000±10 Å. The CBD depends on sequential 
reactions at the surface of substrate. The 
formation of CdxPb1-xS may involve the 
following steps [21]:  
Pb(CH3COO)2-                Pb+2 + 2 CH3COO –  
Pb+2 + 4 NH3                     Pb(NH3)4

2+  

Cd(CH3COO)2               Cd+2 + 2 CH3COO –  
Cd+2 + 4 NH3                  Cd(NH3)4

2+  

In alkaline medium, dissociation of (NH2)2SC 
takes place. 
(NH2)2SC + OH           CH2N2+H2O+SH-  

SH- + OH               S2-+ H2O  
 The overall chemical reaction is as follows: 

 
(1-x)[Pb(NH3)4]2++ x[Cd(NH3)4]2 ++ (NH2)2SC       CdxPb1-xS + 6 NH3 + CO3

2 -+ H2O  
 
A change has been noticed in the reaction 

solution color after heating, marking a chemical 
reaction that resulted in deposition of 
homogenous CdxPb1-xS 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 Kα radiation (λ =1.54 Å), where the 
average diameter (D) of grain size of CdxPb1-xS 
was calculated using Scherer formula [22]:  
D = 0.9λ/βcosθ ; 

where β is the experimentally observed 
diffraction peak width at full wave half 
maximum intensity (FWHM) and θ is Bragg 
angle. The strain ξ of the deposited films was 
obtained from the following relation [23]:  
Cos θ/λ  = 1/D + ξ sin θ/λ β . 

The grain size value can be used in the 
relation δ=1/D2 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 
ξ   nm-2 ό  D  nm Eg eV ToC 

0.018 0.0006 38 1.59 Without annealing 
0.008 0.0004               45 1.57 200 
0.007 0.0003 56 1.55 300 

TABLE 2. Values of energy gap, grain size, dislocation and strain of Cd0.4Pb0.6S thin films  
ξ nm -2 ό D nm Eg eV ToC 

0.0178 0.008 22 1.7 Without annealing 
0.0134 00011 30 1.67 200 
0.028 00007 37 1.65 300 

 

NH4OH 
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Results and Discussion  
Structural Properties  

Fig. 1 and Fig. 2 indicate the XRD spectra of 
CdxPb1-xS (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 25o, 30o, 43o 
and 53o, 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 Cd0.4Pb0.6S films clearly shows a 
decrease in peak intensities after adding Cd+2; a 
behavior that can be attributed to the increase in 
heterogeneity of the film, to host lattice 
occupation by Cd+2 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), which indicates the 
preferential crystallite orientation. X-ray 
diffraction analysis showed that CdxPb1-xS 
(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+2 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+2 to the bath. 
Moreover, black color for PbS and brown 
yellowish color for CdPbS were seen.  
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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. 2. X-ray diffraction of Cd0.4Pb0.6S thin films; (a) as deposited. (b) annealed at 473K. (c) annealed  at 573 K. 
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                                           (a)                 (b) 

FIG. 3. Photo-microscope image of PbS thin films; (a) 100x. (b) 400x. 
 

     
                                           (a)                 (b) 

FIG. 4. Photo-microscope image of Cd0.4Pb0.6S; (a) 100x. (b) 400x. 
 

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 (αhv)2 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=αλ/4π. The spectral dependence of k, 
n, Є1, Є2 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 

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]:  
Є1 = n2 –k2          Є2 = 2nk . 

It is worth noticing that the behavior of Є1 is 
similar to that of refractive index because of the 
smaller value of k2 compared to n2, while Є2 
depends mainly on k values. Fig. 10(a, b) and 
Fig. 11(a, b) show the variation of Є1, Є2 for as 
deposited and annealed films. The decrease in Є2 
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     
CdxPb1-xS. 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 Cd0.4Pb0.6S, 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].  

 
FIG. 5. Absorption spectra of (a) PbS, (b) Cd0.4Pb0.6S. 

 

 
FIG. 6. Transmission spectra of (a) PbS, (b) Cd0.4Pb0.6S. 

 

 
FIG. 7. Plot of (αhv)2 vs. hv of (a) PbS, (b) Cd0.4Pb0.6S annealed at different temperatures. 
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FIG. 8. Plot of k vs. photon energy of (a) PbS, (b) Cd0.4Pb0.6S annealed at different temperatures. 

 
 

 
FIG. 9. Plot of n vs. photon energy of (a) PbS, (b) Cd0.4Pb0.6S annealed at different temperatures. 

 
 

 
FIG. 10. Plot of Є1 vs. photon energy of (a) PbS, (b) Cd0.4Pb0.6S annealed at different temperatures. 
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FIG. 11. Plot of Є2 vs. photon energy of (a) PbS, (b) Cd0.4Pb0.6S annealed at different temperatures. 

 
 

 
FIG. 12. PL luminescence spectra of PbS and Cd0.4Pb0.6S. 

 
  

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 Cd0.4Pb0.6S 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 6.19 AU by this 
law. In 1781, William Herschel found that there 
is a planet at 218.19  AU which deviates only by 

%9.1 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 

0.2a AU in the large gap between the fourth 
planet ( 781.0a AU) and the sixth planet (at 

22.5a AU). Moreover, they predicted another 
new planet for the system at 0.15a AU. After 
publishing their paper, the semi-major axis for 
the most inner planet was updated from 

038.0 AU to 015.0 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 50.1,41.0,085.0  and 

95.2 AU from their host star. He also predicted 
the distance of the next possible outer planet in 

the system to be between 9.10 AU and 2.12 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 193exoplanets 
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 

%78.97  which is Kepler-215 system. The 
second is arbitrarily chosen from the systems 
which showed values near the average fitting 
percent of about %4.90  and the last system is 
the one which showed the worst fitting 
percentage of %27.65 , 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:  

||. predictedobservederrorabs  ;  

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

observed
errorabserrorrel |.|.  . 

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. 

( )
100% . .

Fitting percentage adherence
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 98.0  solar mass with a radius of 
about 0.1  solar radius and a surface temperature 
of about 5739 K. 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 3n . 
Accordingly, the scaling factor should be 113.0 . 
The planet configuration becomes as shown in 
Table (1). 

We predict an inner planet at order 1n  
positioned at 0452.0 AU and the rest of the 
predicted planets are all in the outer region at 

5876.0 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 %78.97 . 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  
4 185.0  1808.0  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%  

 
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 4th confirmed planet in the 9th 
position. This makes the scaling factor be 
0.13492. Clearly, the system has a very large gap 
between the 2nd and the 3rd 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 0540.0 AU and three 
intermediate ones after the second confirmed 
planet at 1349.0 AU, 2159.0 AU and 

3778.0 AU. Two more planets are predicted in 
the outer region at 497.1 AU and 6445.2 AU. 
Outer planets at 416.10 AU and more may also 
exist. 

The average fitting percentage for this system 
is 61.90 %, 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%  

 
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-444A which is a K-type star in a tightly 
packed region. The mass of this primary star is 
about 76.0  solar mass with a radius of about 

75.0  solar radius. This star is believed to be 
2.11 Gyr 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 

planets are in the outer region at 2262.0 AU and 
beyond. 

To obtain a fitting for this system, we found 
that the best possible fit will be obtained if we 
position the 4th planet in 4n of the TB order. 
This gives a scaling factor of 04350.0 . 
Consequently, we obtain the configuration given 
in Table (3), where we see that the confirmed 
planets are arranged sequentially. The fitting 
percentage is 27.65 %, 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 c 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  

 
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 %40.90 . 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 22.72 % and is estimated 
to have an age of 5.0 Gyr (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 2.11  Gyr old. Similarly, Kepler-11 
system is found to have a fitting percentage of 

24.73 % 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 %80.85 . 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 %46.27 , 
whereas the relative errors for the other 7 planets 
inside the orbit of Neptune including the 
Asteroid Belt range from %0.1  to %26.5 . If we 
would include Pluto in these calculations, we 
find that the relative error in its position is about 

%74.95 . But, if we exclude Pluto and do not 
count it as a planet as it was decided by the IAU 
in 2006, then we obtain a fitting percentage of 

%89.94 . 

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 09.78 % 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 

3.4 Gyr. 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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اعتماد يتم و. تكتب المراجع في النص بين قوسين مربعينو. في النص هاتسلسلمزدوجة ومرقمة حسب  بأسطرجب طباعة المراجع ي: المراجع
  .Wordlist of  Scientific Reviewersاختصارات الدوريات حسب نظام 

أمـا  . جب طباعـة كـل جـدول علـى صـفحة منفصـلة مـع عنـوان فـوق الجـدول          يو .تعطى الجداول أرقاما متسلسلة يشار إليها في النص: الجداول
  .فتكتب أسفل الجدول ،التي يشار إليها بحرف فوقي ،الحواشي التفسيرية

  .بصورة متسلسلة كما وردت في النص ،والصور) المخططات(الرسومات البيانية والرسومات ويتم ترقيم الأشكال : م التوضيحيةالرسو

 ، علــى ان تكــون أصــيلة الأســودوالأبيض بــتقبــل الرســوم التوضــيحية المســتخرجة مــن الحاســوب والصــور الرقميــة ذات النوعيــة الجيــدة   
لا تحتـاج   بحيـث يجب تزويد المجلة بالرسـومات بحجمهـا الأصـلي    و. المقابلبة منفصلة ومعرفة برقمها وكل منها على ورق ،وليست نسخة عنها

. وبكثافـة متجانسـة   0.5عـن   ، وألا تقـل سـماكة الخطـوط   Times New Romanمـن نـوع    8 الحجـم  حـروف عـن  وألا تقـل ال ، لاحقـة إلـى معالجـة   
يجـب أن تتوافـق مـع     ،فـي حالـة إرسـال الرسـومات بصـورة رقميـة      و. تنشـر ملونـة  سجب إزالـة جميـع الألـوان مـن الرسـومات مـا عـدا تلـك التـي          وي

للرسـومات بـاللون الرمـادي،     dpi 600 و الأسـود الخطيـة،  ولرسـومات الأبـيض   ) dpi Resolution 1200(يز امتطلبـات الحـد الأدنـى مـن التم ـ    
بـالحجم الفعلـي الـذي     الرسـوم التوضـيحية   أن ترسـل و، )jpg(يجب تخزين جميع ملفات الرسـومات علـى شـكل    و. للرسومات الملونة dpi 300و
نســخة ورقيــة أصــلية ذات نوعيــة جيــدة   يجــب أرســال ،)Online(المخطــوط بالبريــد أو عــن طريـق الشــبكة  وســواء أرســل . يظهر فــي المجلــةس ـ

  .للرسومات التوضيحية

 وتشمل المواد الإضافية أي .أن تسهل عملية التحكيم تشجع المجلة الباحثين على إرفاق جميع المواد الإضافية التي يمكن: مواد إضافية
  .اشتقاقات رياضية مفصلة لا تظهر في المخطوط

علـى البـاحثين تقـديم نسـخة     فبعد قبول البحـث للنشـر وإجـراء جميـع التعـديلات المطلوبـة،       : المدمجةقراص الأو) لالمعد( المنقحالمخطوط 
تحتوي على المخطوط كاملا مكتوبا على  لكترونيةإنسخة مزدوجة، وكذلك تقديم  بأسطرأصلية ونسخة أخرى مطابقة للأصلية مطبوعة 

Microsoft Word for Windows 2000  يجب إرفاق الأشكال الأصلية مع المخطوط النهائي المعـدل حتـى لـو    و. منه استجدأو ما هو
م جميـع الرسـومات التوضـيحية بـالحجم الحقيقـي      د، وتق ـ)jpg(تخزن جميع ملفـات الرسـومات علـى شـكل     و. لكترونياإتم تقديم الأشكال 

، مـدمج يجب إرفاق قائمة ببرامج الحاسوب التي استعملت في كتابة النص، وأسـماء الملفـات علـى قـرص     و. تظهر به في المجلةسالذي 
  . مغلف واق فظ فيويح. عنوان المقالة، والتاريخو ، وبالرقم المرجعي للمخطوط للمراسلة،م القرص بالاسم الأخير للباحثحيث يعلَ

  . المعنيةلفهرستها وتلخيصها في جميع الخدمات الدولية  بالإجراءات اللازمة لفيزياءلتقوم المجلة الأردنية : الفهرسة

  حقوق الطبع

 هـة أخـرى  أي ج لـدى يشكِّل تقديم مخطوط البحث للمجلة اعترافاً صريحاً من الباحثين بأن مخطوط البحـث لـم ينْشـر ولـم يقَـدم للنشـر       
ملكـاً لجامعـة اليرمـوك    لتُصبح  نموذج ينُص على نقْل حقوق الطبعأويشترط على الباحثين ملء . كانت وبأي صيغة ورقية أو إلكترونية أو غيرها

ويمنـع  كمـا   .نقـيح نموذج نقل حقوق الطبـع مـع النسـخة المرسـلَة للت    إالتحرير بتزويد الباحثين برئيس  ويقوم. قبل الموافقة على نشر المخطوط
  .دون إذن خَطِّي مسبق من رئيس التحريرمن إعادة إنتاج أي جزء من الأعمال المنشورة في المجلّة 

  إخلاء المسؤولية

لمي أو عإن ما ورد في هذه المجلة يعبر عن آراء المؤلفين، ولا يعكس بالضرورة آراء هيئة التحرير أو الجامعة أو سياسة اللجنة العليا للبحث ال
ولا يتحمــل ناشــر المجلــة أي تبعــات ماديــة أو معنويــة أو مســؤوليات عــن اســتعمال المعلومــات    . وزارة التعلــيم العــالي والبحــث العلمــي 

  .المنشورة في المجلة أو سوء استعمالها



  معلومات عامة

، وزارة التعلـيم  بـدعم مـن صـندوق دعـم البحـث العلمـي      ة تصـدر  محكم ـمتخصصـة  ة عالميـة  هي مجلة بحـوث علمي ـ  للفيزياءالمجلة الأردنية 
ر وتنش ـ .ربـد، الأردن إوتقوم بنشر المجلة عمادة البحـث العلمـي والدراسـات العليـا فـي جامعـة اليرمـوك،        . العالي والبحث العلمي، عمان، الأردن

، والمقــالات Technical Notesالفنيــة ، والملاحظــات Short Communications لمراســلات القصــيرةا إلــى ، إضــافةالأصــيلةالبحــوث العلميــة 
  .نجليزية، باللغتين العربية والإالنظرية والتجريبية الفيزياءفي مجالات  ،Review Articles، ومقالات المراجعة Feature Articlesالخاصة 

  مخطوط البحث تقديم
  jjp@yu.edu.jo: لكتروني الإبريد تقدم البحوث عن طريق إرسالها إلى ال  

  

  .اتبع التعليمات في موقع المجلة على الشبكة العنكبوتية: إلكترونياتقديم المخطوطات 

  

 .من ذوي الاختصاص والخبرة اثنين في الأقلمين حكِّم جانبمن  الفنيةظات ويجري تحكيم البحوثِ الأصيلة والمراسلات القصيرة والملاح
تم بــدعوة مـن هيئــة  ي ـ، فالفيزيائيـة النَشِــطَة المقـالات الخاصــة فـي المجــالات   نشــر أمـا  . وتُشـجع المجلـة البــاحثين علـى اقتــراح أسـماء المحكمــين    

 تمهيـداً تقديم تقرير واضـح يتّسـم بالدقـة والإيجـاز عـن مجـال البحـث        المقال الخاص من كاتب  ويطْلَب. ويشار إليها كذلك عند النشر ،التحرير
 أو مسـتَكتبيها علـى   ، وتُشجع كاتبي مقـالات المراجعـة  الفيزيائية النشطة سريعة التغيروتنشر المجلةُ أيضاً مقالات المراجعة في الحقول . للمقال

باللغة ) Keywords( دالة وكلمات) Abstract( المكتوب باللغة العربية ملخصرفَق مع البحث وي. إرسال مقترح من صفحتين إلى رئيس التحرير
  .الإنجليزية

  ترتيب مخطوط البحث

 × A4 )21.6علـى وجـه واحـد مـن ورق      مـزدوج، بسـطر  و ،Times New Romanنوعـه   12ط نبب ـ يجـب أن تـتم طباعـة مخطـوط البحـث     
ويجـري تنظـيم أجـزاء المخطـوط      .منـه أو مـا اسـتَجد    2000روسـوفت وورد  الج كلمـات ميك سم ، باسـتخدام مع ـ  3.71مع حواشي ) سم 27.9

، المقدمة، طرق البحث، النتائج، المناقشة، الخلاصة، الشكر والعرفان، )PACS(رموز التصنيف صفحة العنوان، الملخص، : وفق الترتيب التالي

بينمـا   ،غـامق وتُكْتَب العناوين الرئيسـة بخـط   . ثَم الأشكال والصور والإيضاحات ،حاتالمراجع، الجداول، قائمة بدليل الأشكال والصور والإيضا
 مائلتُكْتَب العناوين الفرعية بخط.  

ويكتب الباحث المسؤول عـن المراسـلات اسـمه مشـارا      .كاملة تشمل عنوان المقالة، أسماء الباحثين الكاملة وعناوين العملو: صفحة العنوان
 ،المخطـوط ) محتـوى (ويجـب أن يكـون عنـوان المقالـة مـوجزا وواضـحا ومعبـرا عـن فحـوى           .البريد الإلكتروني الخـاص بـه  إليه بنجمة، و

  .وذلك لأهمية هذا العنوان لأغراض استرجاع المعلومات

هـم مـا توصـل إليـه     أالنتـائج و وفيـه   والمـنهج المتبـع  موضـحة هـدف البحـث،     ،المطلـوب كتابـة فقـرة واحـدة لا تزيـد علـى مـائتي كلمـة        : الملخص
  .الباحثون

  .تعبر عن المحتوى الدقيق للمخطوط لأغراض الفهرسة دالةكلمات  6-4يجب أن يلي الملخص قائمة من : الدالةكلمات ال

PACS: فرة في الموقع اوهي متو ،يجب إرفاق الرموز التصنيفيةhttp://www.aip.org/pacs/pacs06/pacs06-toc.html.  

لا تزيد المقدمـة عـن   (مراجعة مكثفة لما نشر  ن تكونألا الهدف من الدراسة وعلاقتها بالأعمال السابقة في المجال،  حيجب أن توض: المقدمة
  ).مطبوعة الصفحة صفحة ونصف

ق موضــحة بتفصــيل كــاف لإتاحــة إعــادة إجرائهــا بكفــاءة، ولكــن باختصــار  ائ ـالطرهــذه يجــب أن تكــون : )النظريــة/ التجريبيــة (طرائــق البحــث 
  . ق المنشورة سابقاائحتى لا تكون تكرارا للطر ،مناسب

  .دون مناقشة تفصيليةمن مع شرح قليل في النص و ،يستحسن عرض النتائج على صورة جداول وأشكال حيثما أمكن: النتائج

  .يجب أن تكون موجزة وتركز على تفسير النتائج: المناقشة

  .ه الدراسة ولا يزيد عن صفحة مطبوعة واحدةيجب أن يكون وصفا موجزا لأهم ما توصلت إلي: الاستنتاج

  .في فقرة واحدة تسبق المراجع مباشرة انالشكر والإشارة إلى مصدر المنح والدعم المالي يكتب: عرفانالشكر وال
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  جامعة اليرموك  المملكة الأردنية الهاشمية  

  

  
  
  
  
  
  

  المجلة الأردنية 

  
 محكّمةمتخصصة  عالميةعلمية  بحوث ةمجل

  تصدر بدعم من صندوق دعم البحث العلمي
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