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Abstract: The resonance muonic molecular formation is highly dependent on the energy of 
muonic atoms. The energy loss of muonic atoms depends on the range of distance traveled 
in a medium. The resonance molecular formation rate for dt is maximum if the kinetic 
energy of the muonic atoms (such as t) which enter the D2 medium is in the range of 0.4-
0.6 eV. In this research, the transport theory is used to study the effect of thickness of the 
suggested multi-layer system (H/T and D2) on the output kinetic energy of the muonic 
atoms, t. The optimum thickness of multi-layer system is also calculated for dt 
resonance formation. Finally, the obtained results of the used theoretical method are 
compared with the experimental results. It is shown that the used transport theory is a good 
and acceptable theory for studying the transport of muonic atoms in hydrogen isotope 
media.  
Keywords: Transport theory, Muonic atoms, Resonance molecular formation, Thickness 

layers. 
PACS: 36.10.Ee; 72.10.Bg; 31.30.jr. 

 
Introduction 

When a negative muon is injected into a 
hydrogen target, it will slow down and form a 
small atomic system, muonic deuterium atom, 
d or muonic tritium atom, t, by replacing the 
electron in the atom. If a muonic deuterium 
atom, d, is formed, the muon will be transferred 
to a tritium atom, due to its deeper Coulomb 
potential. The muonic tritium atom, t, will 
collide with a deuterium molecule and form the 
muonic molecule dt. Molecular formation 
occurs predominantly via a resonant mechanism, 
in which the energy released from the formation 
of the dt molecule is absorbed in the rotational 
and vibrational excitation of the molecular 
complex [(dt)dee], where the compact object 
dt acts as a pseudonucleus. Because the size of 
the muonic molecule is smaller than that of 
ordinary molecules by its mass ratio (m/me) in 
zeroth order, the internuclear distance in dt is 
small enough for the fusion to take place within 

10-12 s; a phenomenon known as muon catalyzed 
fusion (CF)[1,2].  

The target of a suggested solid heterogeneous 
multi-layer H/D/T is shown in Fig.1. When a 
negative muon enters the first layer of hydrogen 
(H/T) with a small admixture of tritium 
(concentration ratio, ܿݐ ≈ 0.001), the muons are 
initially captured in excited atomic states of 
muonic hydrogen (p or t) in a characteristic 
time of pico-seconds. The subsequent de-
excitation of the muonic atom occurs via Stark, 
Auger, scattering, radiative and transfer 
processes, which occur on the 100 ps time scale 
and the p atom reaches its ground state (1s)[3, 
4]. Because of the impurity (of tritium), transfer 
from the lighter to the heavier isotopes competes 
with de-excitation to ground state as[5]; 

݊(݌ߤ) + → ݐ ݊(ݐߤ)  + ݌ +  ଵ଼ଷ
݊మ  ܸ݁            (1) 

where n is an excitation level. Elastic collisions 
moderate the energy of t or d atoms until 
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thermal equilibrium is established with the 
surrounding medium. The muonic atoms have a 
kinetic energy of about 45 eV, which they 
subsequently lose via elastic collisions, mainly 
with protium, until they reach 20-30 eV, when 
the scattering cross-section falls below 10-20 cm2, 
Fig. 2 [6, 7]. The mean distance between 
collisions becomes very large, especially at 4-20 
eV and the hydrogen layer becomes effectively 
transparent to the muonic atoms. In all solid 
muonic hydrogen systems, thermalization at very 
low energies is inhibited, because the muonic 
atom interacts elastically with hydrogen "fcc" 
crystal (a lattice structure), which cannot absorb 
the kinetic energy efficiently [8]. This effect is 

due to Ramsauer-Townsend mechanism. 
Thermalization is much slower and the muonic 
atoms travel appreciable distances. In a thin solid 
layer, the t atoms may escape from the H/T 
layer into the first D2 layer with a high 
probability [9]. Since the size of the t is almost 
9 times larger than the neutron, the transport 
theory for t atom in the H/T and D2 layers is 
used in this research in the same manner as the 
neutron interacts on hydrogen media. In the 
present work, a calculation method is introduced 
to estimate an appropriate thickness for the 
targets. 

 
FIG. 1. The design of solid heterogeneous H/D/T mixture. 

. 

 
FIG. 2. The elastic scattering cross-section of t and d with H2 and D2 molecules versus lab. kinetic energy [13]. 
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Macroscopic Cross-Section of t 
Atoms in Multi-Layer Hydrogen 
Isotopes 

The muonic atom in passing through the H/T 
layer has elastic and inelastic interactions with 
the target (protium and tritium). The $\mu t$ 
loses its energy mainly by elastic collisions on 
protons until it reaches an energy range around 
10 eV, where by the t + p scattering, the t 
atom either finds the chance to escape into the 
first D2 layer (moderation layer) or muonic 
molecules such as tt and pt are formed. The 
non-resonance formation rate of the muonic 
molecules is much smaller than the resonance 
formation rate of complex molecules. Also, the 
resonance formation rate of these molecules is 
smaller than the elastic scattering rate of t in 
the H/T layer. Hence, the transport equation can 
be applied for t in the H/T layer as a weak 
absorbing medium, with a good approximation 
[9]. The macroscopic absorption cross-section in 
the H/T layer can be written as follows: 

ܽߑ = ݐݐߤߑ   (2)            ݐ݌ߤߑ +

tt and pt are the macroscopic cross-
sections. Also, we have: 

݆݅ߤߑ =  (3)                 ܰ ݆݅ߤߪ 

where N is the atom density of the projectile 
therein, ݆݅ߤߪ is the microscopic cross-section of 
 muonic (and ݆ are hydrogen isotopes ݅) ݆݅ߤ
molecular formation. The muonic molecular 
formation rate of tj (j is a hydrogen isotope) is 
given by [10]: 

݆ݐߤߣ =  (4)               ݆ݐߤߪ ݐߤݒ ߩ 

where vt is the relative velocity of t in the H/T 
layer and  is the density of target. According to 
classical kinetic energy, (ݐߤܧ = ଵ

ଶ
 ଶ). Usingݒݐߤ݉

Eqs. (3) and (4), we have: 

(ܧ)݆ݐߤߑ = ቀ
ݐߤ݉

ଶ
ቁ

భ
మ ଵ/ଶ−(ݐߤܧ) ݆ݐߤߣ ܰ

ߩ           (5) 

where mt and Et are the mass and kinetic 
energy of muonic tritium atom, respectively. 

 

 

Energy Loss theory of t Atoms in 
Multi-Layer Hydrogen Isotopes 

Suppose that the muonic tritium atom (t) 
with a mass of mt and kinetic energy E1 has an 
elastic collision with a target at rest (first layer; 
protium or tritium, mass of mp in the H/T layer). 
The kinetic energy of t after collision E2 can be 
written as: 

ଶܧ =  ଵା ܣమାଶܣ ୡ୭ୱ ߰
(ଵାܣ)మ  ଵ  .          (6)ܧ 

The angle of scattering in the lab., ߠ, and C. 
m.,  systems are related as follows: 

ߠݏ݋ܿ =  ஺+௖௢௦ ట

(1+஺2+2஺௖௢௦ట)1/2           (7) 

Considering the parameter as: 

ߙ =  (
௠ഋ೟ି௠೛

௠ഋ೟+ ௠೛
)

2
=  (஺ି1

஺+1
)

2
            (8) 

The energy of t after collision is: 

ଵܧ =  ଵ
ଶ

[(1 + (ߙ + (1 −  (9)           [ߖݏ݋ܿ(ߙ

According to Eq. (9), the energy of the 
muonic atom after collision is dependent on the 
angle of scattering in the C.m. system. 
Therefore, the probability of the t atom with 
initial energy E1 to reach E and E2 + dE2 after 
collision can be written as: 

1ܧ)݃ → 2ܧ݀ (2ܧ =  (10)     (ߖݏ݋ܿ)݀(ߖݏ݋ܿ)ܲ
The right side of Eq. (10) is the probability 

that the cosine of the scattering angle be between 
cos and cos + d cos in the C.m. system. 
Since the hydrogen medium is a good moderator, 
it is supposed that the elastic scattering is 
isotropic in the C.m. system, then we have 
P(cos) = ½. Hence, we have: 

1ܧ)݃ → 2ܧ݀ (2ܧ = 1
2

  (ߖݏ݋ܿ)݀

ଵܧ)݃ → (ଶܧ = ଵ
ଶ

ௗ(௖௢௦అ)
ௗாమ

= ଵ
(ଵିఈ)ாభ

           (11) 

The average angle of scattering in the lab. 
system, cos  :can be calculated as follows ,ߠ

തതതതതതതߠݏ݋ܿ =  ∫ cos ߠ ାଵ(ߖݏ݋ܿ)݀(ߖݏ݋ܿ)ܲ
−ଵ   

  = ∫ (߰ݏ݋ାܿܣ)

ଶඥଵାܣమାଶߖݏ݋ܿߙ
(߰ݏ݋ܿ)݀  = 1 − ଶ

ଷܣమ
ାଵ

−ଵ    
          (12) 
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Therefore, the forward scattering angle for 
the scattering of the t atom in the H/T layer in 
the lab. system is cos  The average .0.93 = ߠ
energy of the t atom in the interval of one 
collision, ܧଶ can be calculated as: 

ଶതതതതܧ =
∫ ଵܧ)ଶ݃ܧ → ଶܧ݀(ଶܧ  =  ∫ మܧమ݀ܧ

(ଵିߙ)ܧభ
భܧ= 

భܧߙ

భܧ
భܧߙ

 (13)             1ܧ0.63
The average reduced energy per collision is 

equal to: 

ܧ∆ = 1ܧ  − 2തതതതതതതതതതܧ =  (1−ఈ)
2

1ܧ =  (14)        1ܧ0.37

and the average reduced logarithmic energy, 
 :is defined byߦ

ξ݈݊ భܧ
మܧ

 തതതതതതത = 1 + ߙ
ଵାߙ  ߙ݈݊    

For the t atom in the H/T layer, the transport 
equation can be written as: 
ሬ⃗ݎ)ܬ߲ (ܧ,

ݔ߲
+ ሬ⃗ݎ)ߔݐߑ  , (ܧ =  ∫ ′ܧ൫ݏߑ →ସହ

ܧ
 (16)         ܧ ,ݎܵ+′ܧ݀′ܧ ,ݎߔ  ܧ

where J,  and S are the current density, flux 
and power source oft atom in H/T layer, 
respectively. 

Energy Loss of t Atoms in the H/T Layer 

The flux of muonic atoms in the H/T layer is 
calculated supposing that the Fick's low is valid 
in the H/T layer; namely: 

ሬ⃗ݎ)ܬ⃗ , (ܧ = ሬሬ⃗∇(ܧ)ܦ−  ሬ⃗ݎ) ,  (17)          (ܧ

D(E), (ݎሬ⃗ , E) and ⃗ݎ)ܬሬ⃗ .  are the diffusion (ܧ
constant, flux and vector current density, 
respectively. The time-independent transport 
equation (steady state) is valid in the presence of 
t atom in the H/T layer. Hence: 
ሬ⃗ݎ)ݍ߲ (ݑ,

ݑ߲ + ሬ⃗ݎ)ߔ(ݑ)ܽߑ  , (ݑ − ሬ⃗ݎ)ߔଶ∇(ݑ)ܦ , (ݑ =
,ݎ⃗)ܵ  (18)            (ݑ

where ݎ⃗)ݍ.  represents the slowing down (ݑ
density of t atom in the H/T layer and u is 
lethargy. According to the definition, we have: 

ݑ = ݑ݈ ாభ
ாమ

            (19) 

where E1 and E2 are the kinetic energy of the t 
atom before and after collision with hydrogen 
media in the lab. system, respectively. 

Since in the H/T layer, the elastic scattering 
cross-section is larger than the absorption cross-
section, the transport equation is valid for the t 
atom in passing through the H/T layer. 
According to Eqs. (2) and (5), the absorption 
cross-section of the t atom with protium and 
tritium can be written as: 

(ܧ)௔ߑ =  ට௠ഋ೟

ଶ
ே೟ఒഋ೟೟ାே೛ఒഋ೛೟

ఘ
ଶܧ

ିଵ/ଶ        (20) 

The absorption cross-section is dependent on 
ଶܧ

−ଵ/ଶ. Hence, we have a suitable solution for 
the transport equation. 

The slowing down density, ݎ⃗)ݍ.  is equal ,(ݑ
to the resonance escape probability of muonic 
molecular tt and pt formations (P(u)), at 
lethargy u. Therefore, the number of t atoms 
that are absorbed in one cubic centimeter per 
second to produce pt and tt muonic molecules 
during slowing down to lethargy u is (1-P(u)). 
For the collision density, (u), we have[11,12]: 

(ݑ)ߖ = ௉(௨)
క

=  ଵି(ଵି௉(௨))
క

= ଵ
క

− ଵି௉(௨)
క

   
          (21) 

In Eq. 21, the first term describes the 
collision density for unit power source in non-
absorbing media, while the second term is for 
negative source whit ((1-P(u))) power source, 
respectively. 

In order to calculate P(u), the collision 
density is written as: 

(ݑ)ߖ = ଵ
క

+ ∫ ௗ௉
ௗ௨ᇲ ᇱ ௨ݑ݀ (ᇱݑ)ߖ 

଴         (22) 

(ݑ)ߖ =

 ∫ ఀೞ൫௨ᇲ൯
ఀೌ(௨ᇲ)ାఀೞ(௨ᇲ)

(ᇱݑ)ߖ  ௘ష(ೠᇲషೠ)

ଵିఈ
ᇱ ௨ା௟௡భݑ݀ 

ഀ
௨   (23) 

(ݑ)ݍ =

 ∫ ఀೞ൫௨ᇲ൯
ఀೌ(௨ᇲ)ାఀೞ(௨ᇲ)

(ᇱݑ)ߖ  ௘ష(ೠᇲషೠ)ିఈ
ଵିఈ

ᇱ ௨ା௟௡భݑ݀ 
ഀ

௨   
           (24) 
ௗ௤(௨)

ௗ௨
=  − ఀೌ(௨)

ఀೌ(௨)ାఀೞ(௨)
 (25)          (ݑ)ߖ 

The differential integral for the formation of 
muonic molecules of pt and tt, P(u), can be 
calculated from Eqs. (21) and (23) as follows: 
ௗ௉(௨)

ௗ௨
=  − ఀೌ(௨)

ఊఀೌ(௨)ାకఀೞ(௨)
   (ݑ)ܲ 
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(ݑ)ܲ = exp (− ∫ ఀೌ൫௨ᇲ൯
ఊఀೌ(௨ᇲ)ାకఀೞ(௨ᇲ)

ᇱ) ௨ݑ݀ 
଴   

           = exp (− ∫ ఀೌ൫ாᇲ൯
ఊఀೌ(ாᇲ)ାకఀೞ(ாᇲ)

ௗாᇲ

ாᇲ  ாభ
ா )   (26) 

where  ߛ = 1 −
ఈ  ௟௡2( 1

ഀ)

2(1−ఈ)క
.. Using Fig. 2, the 

elastic scattering cross-section in the region of 
various energies can be written as follows: 

Σs1(E) = NPσs1(E) = 34.2E - 200.53   

                10 eV ≤ E ≤ 45 eV         (27) 

Σs2(E) =  NPσs2(E) = -616E - 862.5           

                 0.5 eV ≤ E ≤10 eV         (28) 
With the use of the previously defined S and 

a, we have: 

(ݑ)ܲ = exp(−ߓ)           (29) 

where 

ߓ = − ∫ ఀೌ൫ாᇲ൯
ఊఀೌ(ாᇲ)ାకఀೞ(ாᇲ)

ௗாᇲ

ாᇲ
ସହ

ா           (30) 

or 

ߓ = − ∫ ఀೌ൫ாᇲ൯
ఊఀೌ(ாᇲ)ାకఀೞ(ாᇲ)

ௗாᇲ

ாᇲ
ଵ଴

ா −

∫ ఀೌ൫ாᇲ൯
ఊఀೌ(ாᇲ)ାకఀೞ(ாᇲ )

ௗாᇲ

ாᇲ
ସହ

ଵ଴           (31) 

In order to find the dependence of the output 
energy of t atom on the thickness of the H/T 
layer, Eqs. (16) and (18) are used and the mean 
square of the slowing down length, ܧݎ

ଶ , is 
calculated [10]. 

The root-mean-square of the slowing down 

length, ටܧݎ
ଶ , is the average distance in which the 

t atom with 45 eV kinetic energy slows down 
to the energy of about 10 eV in the H/T layer. ܧݎ

ଶ  
is defined by: 

ாݎ
ଶതതത =  ∫ ௥మః(௥⃗,ா) ௗయ௥

∫ ః(௥⃗,ா)ௗయ௥
           (32) 

Using Eq. (18), we can write: 
డ௤(௥⃗,௨)

డ௨
= ,ݎ⃗)ߔ (ݑ)௦ߑߦ (ݑ − ,ݎ⃗)ݍ   (33)         (ݑ

and 

,ݎ⃗)ߔ (ݑ =  ଵ
కఀೞ

 ቂడ௤(௥⃗,௨)
డ௨

+ ,ݎ⃗)ݍ   ቃ           (34) (ݑ

Substituting Eqs. (33) and (34) in Eq. (18), 
we have: 

డ௤(௥⃗,௨)
డ௨

ቀ1 + ఊఀೌ(௨)
కఀೞ(௨)

 ቁ + ఊఀೌ(௨)
కఀೞ(௨)

,ݎ⃗)ݍ  (ݑ −

 ஽(௨)
కఀೞ(௨)

∇ଶ ቀడ௤(௥⃗,௨)
డ௨

+ ,ݎ⃗)ݍ ቁ (ݑ = ,ݎ⃗)ܵ  (35)   (ݑ

The Fourier transform of the slowing down 
density can be written as: 

,ݎ⃗)ݍ (ݑ =  ଵ
(ଶగ)య ∫ ݂(߱, (ݑ exp(−݅߱ݎ) ݀ଷݎ   

           (36) 

డ௤(௥⃗,௨)
డ௨

=  ଵ
(ଶగ)య ∫ డ௙(ఠ,௨)

డ௨
exp(−݅߱ݎ) ݀ଷ(37)  ݎ 

,ݎ⃗)ܵ (ݑ = (ݑ )ܵ(ݎ⃗)ܵ  =  (38)         (ݑ)ߜ(ݎ⃗)ߜ 

(ݎ⃗)ߜ =  ଵ
(ଶగ)య ∫ exp(−݅߱ݎ) ݀ଷ(39)         ݎ 

∇ଶݎ⃗)ݍ, (ݑ =
 ଵ
(ଶగ)య ∫(−߱ଶ)݂(߱, (ݑ exp(−݅߱ݎ) ݀ଷ(40)     ݎ 

Substituting Eqs.(36)-(39) in Eq. (35), we get: 
డ௙(ఠ,௨)

డ௨
ቂቀకఀೞ(௨)ାఊఀೌ(௨)

కఀೞ(௨)
 ቁ +  ஽(௨)ఠమ

కఀೞ(௨)
 ቃ +

݂(߱, (ݑ ቂఊఀೌ(௨)ା஽(௨)ఠమ

కఀೞ(௨)
ቃ =  (41)         (ݑ )ߜ

then: 
݂(߱, (ݑ = 
݂(߱, −) exp (0 = ݑ න

(,ݑ)௔ߑߛ + ଶ߱(,ݑ)ܦ

(,ݑ)௦ߑߦ + (,ݑ)௔ߑߛ  + ߱ଶ(,ݑ)ܦ  ( ,ݑ݀

           (42) 

݂(߱, ݑ = 0) = [ ఊఀೌ(௨)ା ఊఀೌ(௨)
కఀೞ(௨)ା ఊఀೌ(௨)ା ఠమ஽(௨)

 ]௨ୀ଴   
           (43) 

By expanding f,u) in terms of  we 
derive ܧݎ

ଶ  for the t atom in the H/T layer. Thus 
we have: 

݂(߱, (ݑ = ∑ (ିଵ)ೞ

(ଶ௦ାଵ)!௦ୀ଴ ாݎ
ଶ௦߱ଶ௦ = 1 −

ଵ
଺

ாݎ
ଶ߱ଶ +  ଵ

ଵଶ଴
ாݎ 

ସ߱ସ − ⋯          (44) 

ଵ
଺

ாݎ
ଶതതത =  − (డ௙(ఠ,௨)

డఠమ )ఠୀ଴          (45) 

Differentiating Eq. (44) with respect to , 
we obtain: 
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ଵ
଺

ாݎ
ଶതതത =

 ଵ

ଷ൫ఊఀೌ(ாభ)ାకఀೞ(ாభ)൯
మ +

∫ కఀೞ൫ாᇲ൯

൫ఊఀೌ(ாᇲ)ାకఀೞ(ாᇲ )൯య
ௗாᇲ

ாᇲ  ×ସହ
ா

exp−ܧ′ܧ݀′ܧ1ݏߑߦ+′ܧܽߑߛ′ܧܽߑ 1045<ܧ′− 
            ′ܧ′ܧ݀′ܧ2ݏߑߛ′ܧܽߑ 1010>ܧ
(46) 

where  and  parameters are constant. Knowing 
the energy variation of a and s, the integral of 

Eq.(46) is determined. Hence, the effective 
thickness of the layer becomes: 

௥௠௦ݔ = ටݔா
ଶതതത =  ටݎா

ଶ തതതത cos  തതതതതതത          (47)ߠ

The calculated values of effective thickness 
of the H/T layer, ݏ݉ݎݔ, versus the laboratory 
kinetic energy of t are shown in Fig. 3. The 
only experimental value shown in Fig. 3 is in 
good agreement with the calculated values. 

 
FIG. 3. Thickness of H/T layer for various output energies of t atom in lab. system. 

 

Energy Loss of t Atoms in D2 Layer 

The transport conditions of t atom in the 
first D2 layer will be studied in the second stage 
and the mean-square-length in which the muonic 
atom slows down from 10 eV to 0.5 eV can be 
calculated by transport theory. Consequently, the 
optimum thickness of the first D2 layer will be 
determined for the resonance formation of the 
muonic molecule. 

The non-resonance formation rate of muonic 
molecule dt is much smaller than the resonance 
molecular formation rate. Hence, in this 
calculation, the non-resonance molecular 
formation rates are ignored. The first layer of D2 
acts as a moderator and the mean kinetic energy 
of the $\mu t$ atom arriving at the second D2 

layer depends on the thickness of the first D2 
layer. The angular scattering distribution of the 
t atoms after collision in the lab. system is 
determined by Eq. (12) as; cos ߠ = 0.322. The 
kinetic energy of the t atom per collision can be 
calculated by Eq. (13) as; ܧଶ =  ,ଵ. Alsoܧ0.661
the average reduced logarithmic energy,  and  
in the D2 layer are 0.754 and 0.8636, 
respectively. Since the t atoms collide only 
elastically with the D2 molecules, then a≈ 0; 
therefore, we write the transport equation as: 
డ௤(௥⃗,௨)

డ௨
− ஽(௨)

కఀೞ(௨)
∇ଶ ቀడ௤(௥⃗,௨)

డ௨
 ቁ = ,ݎ⃗)ܵ  (48)      (ݑ
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The elastic scattering cross-section of t atom 
with the D2 molecules in the energy region 0.5 
eV - 10 eV is almost constant (s=0.1 cm-1) [5, 
12]. 

Using Fourier transform, slowing down 
density is calculated and the mean-square-length 
of slowing down from 10 eV to 0.5 eV is 
calculated by: 
ଵ
଺

ாݎ
ଶതതത =  − ቀడ௙(ఠ,௨)

డఠమ ቁ
ఠୀ଴

= ଵ
కೞఀೞ

మ ln ଵ଴
ா

         (49) 

and 

௥௠௦ݎ = ටݎா
ଶതതത = ට ଶ

కೞఀೞ
మ  ݈݊ ଵ଴

ா
           (50) 

௥௠௦ݔ = ௥௠௦ݎ  cos തതതതതതതߠ = 0.33 ට ଶ
కೞఀೞ

మ  ݈݊ ଵ଴
ா

    (51) 

The calculated theoretical values of the mean 
kinetic energy of t atoms in the lab. system 
arriving at the various thicknesses of the first D2 
layer are shown in Fig. 4 and are compared with 
the available experimental values. It is shown 
that the transport theory is an acceptable method 
for studying the transport theory of muonic 
atoms in hydrogen isotope media in low energy 
limit. It seems that the difference between the 
theoretical and the experimental data, in high 
energy limit, is due to consideration of the 
approximate method for cross-section 
calculation. 

 
FIG. 4. Dependence of the thickness of D2 layer on the output energy of t atom in Lab. system. 

 

Results of Calculations and Discussion 
The results of this study using the transport 

theory and available experimental values are 
shown in Figs. 3 and 4. The comparison shows 
an acceptable agreement between our method 
and available experimental values at low 
energies (E < 1 eV). For high energies (E > 1 
eV), there are discrepancies which may occur 
due to the limitations of the media. These 
limitations include; non-resonance formation 
rate, absorption cross-section for H/T layer, 
motion of the target nucleus and energy 
dependence of elastic scattering cross-section for 
the first D2 layer, which is ignored. If the 

thicknesses of H/T and D2 layers are selected to 
be ~ 3.2 mg/cm2 and 0.1 mg/cm2 for the 
suggested system (heterogeneous solid H/D/T 
mixture), respectively, the dt molecule 
formation in the second D2 layer (reaction layer) 
is in resonance. This study shows that the 
theoretical method is good and acceptable for the 
use of transport theory of muonic atoms in 
hydrogen isotope media.  
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Abstract: Eleven types of seeds consumed by Jordanian people were investigated to 
determine the concentration levels of 226Ra, 228Ra and 40K radionuclides. The calculated 
concentration ranges from 0.214 ± 0.017 to 7.583 ± 0.592 Bq/kgdry, 10.629 ± 0.914 Bq/kgdry 
and 92.0 ± 7.61 to 576 ± 46.22 Bq/kgdry for 226Ra, 228Ra and 40K, respectively. The total 
annual effective dose that resulted from consuming the selected seeds by ingestion was 
35.17 µSv/year, whereas the cancer risk ranges between 1.58×10-6 from fennel and 
23.53×10-6 due to beans. However, the average cancer risk value was 7.74×10-6, which is 
less than the world average cancer risk value 3mSv/year.  
Keywords: Radionuclides, Concentration, Annual effective dose, Cancer risk. 

 
Introduction 

Radium belongs to the primordial 
radionuclide group, as it always has natural 
radionuclides. In addition, the radionuclides 
228Ra and 226Ra decay through two distinct series 
of radionuclides (Thorium and Uranium natural 
series, respectively). Besides, the natural decay 
series of 40K contributes with a lot of irradiation 
to the human body.  

Compared to 226Ra which is an alpha emitter, 
228Ra is rather a weak β-emitter (Emax= 39.0 keV 
[60%] and 14.5 keV [40%]). Both alpha and beta 
emitters cannot penetrate the dead skin layer of 
the body to ionize the live cells. About 90% of 
radium enters the human body through food 
under normal environmental conditions [1]. 
Furthermore, plant contamination could be either 
directly correlated to the deposition of 
radioactive materials from the atmosphere [2, 3] 
or indirectly correlated to the absorption of 
radionuclides from soil by roots which are 
eventually transported to other parts of the plant 
[4]. The presence of radionuclides in edible parts 
of crops causes human internal exposure [5, 6]. 
Moreover, both types of radium (226Ra and 228Ra) 
were known as the most radiotoxic elements [7]. 
In addition, the high biological half life leads to 

long time internal irradiation exposure. 
However, 40K is radiotoxic, yet naturally 
important [7]. 

In this study, we will determine the natural 
radionuclide (226Ra, 228Ra and 40K) 
concentrations in some plant seeds consumed by 
Jordanian people.  

Materials and Methods 
Eleven types of plant seeds used very often in 

Jordanian food were purchased from a local 
market in Ramtha city. These seeds are: black 
pepper, black cumin, cumin, anise, coriander, 
fenugreek, fennel, chickpeas, beans, peas and 
corn. Each of these samples weight was 250g. 

Sample Preparation 

The pre-treated samples were made according 
to the recommendations given by International 
Atomic Energy Agency [8]. First of all, the 
samples were dried overnight at 105oC to reach a 
constant weight. All the dried samples were 
grounded into fine powder. Next, each sample 
was saved in a 90 ml capacity beaker. After that, 
all the samples were left for about 28 days to 
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allow reaching secular equilibrium of 226Ra and 
228Ra and their daughters [14]. 

Furthermore, radioactivity was determined in 
the Gamma Spectroscopy Laboratory in Jordan 
Atomic Energy Commission (JAEC). 
Radionuclides were analyzed by gamma 
spectroscopy with a high-purity germanium 
detector (HPGe) connected to a multi-channel 
analyzer (MCA) of Genie-2000 software. The 
relative efficiency of this detector is about 50% 
with a resolution of 2.0 keV. The activity 
concentration of 226Ra was determined through 
its daughter products 214Pb (295.2 keV and 351.9 
keV) and 214Bi (609.3 keV). Besides, the activity 
of 228Ra was determined through its daughters 
212Pb (238.6 keV) and 228Ac (911.2 keV and 969 
keV). However, the 40K activity can be 
determined by its own gamma peak of 1461 keV. 

Theoretical Calculations 
Annual Effective Dose 

The annual effective dose due to ingestion 
occurring through contaminated food by 
radionuclides can be calculated using Eq. (1) [9]: 

AD = µCA            (1) 

where (AD) is the annual effective dose 
(Sv/year), µ is the dose coefficient (Sv/Bq), C is 
the concentration of the radionuclide in the 
sample (Bq/kg) and A is the annual consumption 
(kg/year). The dose coefficients were 2.8×10-7 
Sv/Bq for 226Ra, 6.7×10-7 Sv/Bq for 228Ra and 
6.2×10-9 Sv/Bq for 40K [2]. 

Excess Lifetime Cancer Risk 

Excess lifetime cancer risk due to exposure 
through ingestion was calculated using Equation 
(2) [10-12]. 

Rc = Cd × RF (Sv-1)            (2) 

where RF is the risk factor (0.05) as (ICRP 
1990) and Cd is the lifetime of the effective 
dose. The lifetime of the effective dose is a 
measure of the total effective dose received over 

an average lifetime of 50 years following 
ingestion of a radionuclide and was calculated 
using UNSCEAR 2000 [13]: 

Cd = 50 × D                          (3) 

where D is the total effective dose to an 
individual. 

Results and Discussion 
As presented in Table (1), 226Ra 

concentrations range from 0.214±0.017 Bq/kg in 
black cumin and 7.583 ± 0.592 Bq/kg in 
coriander. Additionally, 228Ra concentrations 
were not detectable in beans and chickpeas. 
However, the 228Ra concentration for black 
pepper was found 10.629 ± 0.914 Bq/kg. Finally, 
the 40K concentrations were found 92 ± 7.612 
Bq/kg and 576 ± 46.22 Bq/kg for both black 
pepper and fennel, respectively. From the above, 
clearly 40K has the highest concentration in all 
samples (refer to Table 1). This could be 
correlated to the high concentration of potassium 
in soil, where plants absorb it in different 
amounts [14]. 

From Fig. 1, coriander has the maximum 
concentration of 226Ra followed by corn, anise 
and fennel. The concentrations of 226Ra in beans, 
black cumin and chickpeas are much less than in 
other seeds. On one hand, the maximum 
concentration of 228Ra in black pepper is far less 
than in other seeds and not detectable in both 
beans and chickpeas (refer to Fig. 2). Fennel has 
the maximum concentration of 40K followed by 
cumin, then by beans, anise and coriander with 
black pepper having the minimum concentration 
of 40K, (refer to Fig. 3). 

Fig. 4 shows a comparison between 226Ra and 
228Ra concentrations in all seeds under study. As 
we can see from Fig. 4, 226Ra concentrations are 
greater than 228Ra concentrations in all samples 
under investigation with the exceptions in black 
pepper and black cumin. 
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TABLE 1. The concentrations of 226Ra, 228Ra and 40K in selected plant seeds in Bq/kgdry. 
Plant seed 226Ra 228Ra 40K 
Black Pepper 4.257±0.331 10.629±0.914 92.0±7.61 
Black cumin 0.214±0.017 2.271±0.212 336±27.03 
Cumin 3.610±0.294 1.583±0.130 550±43.92 
Anise 5.247±0.418 3.220±0.263 468±37.65 
Coriander 7.583±0.592 2.061±0.158 448±36.41 
Fenugreek 2.543±0.224 1.629±0.135 297±22.94 
Fennel 4.821±0.378 4.254±0.361 576±46.22 
Chickpeas 0.615±0.055 Not detectable 320±26.31 
Beans 0.273±0.023 Not detectable 462±36.61 
Peas 2.425±0.220 1.665±0.141 261±20.41 
Corn 6.352±0.493 1.462±0.120 191±15.47 

 

 
FIG. 1. The concentrations of 226Ra in the selected plant seeds in (Bq/kgdry). 

 
FIG. 2. The concentrations of 228Ra in the selected plant seeds in (Bq/kgdry). 
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FIG. 3. The concentrations of 40K in the selected plant seeds in (Bq/kgdry). 

 
FIG. 4. Comparison between 226Ra and 228Ra concentrations in the selected plant seeds in (Bq/kgdry). 

 
It is worth to mention that the present results 

are comparable with other local and international 
results. A study in Saudi Arabia reported that the 
concentrations of 226Ra in black pepper, black 
cumin, anise, coriander and fennel were 21.71, 
5.9, 38.2, 69 and 16.5 Bq/kgdry respectively [12]. 
For comparison, the concentrations of 226Ra in 
the present study were 4.3, 0.21, 5.2, 7.5 and 4.8 
Bq/kgdry for black pepper, black cumin, anise, 
coriander and fennel, respectively. It can be seen 
that all concentrations in the present study were 
less than those in Saudi Arabia. However, in 
Pakistan, for instance, the concentration of 226Ra 

in black pepper and peas was 1.2 Bq/kgdry [15], 
which means less than in our study. 

Furthermore, in Spain [16], the 
concentrations of 226Ra in such seeds were 
comparable with those in our study, except in 
coriander which was higher in our study. 
Moreover, in Tanzania, the concentrations of 
226Ra in beans and corn were 21 and 25.6 Bq/kg 
[17] and 34 Bq/kg for corn in Nigeria [18], while 
in Iraq, the 226Ra concentration was 0.41 Bq/kg 
in corn [19]. In the present study, the 
concentrations of 226Ra were much less than 
those in Tanzania and Nigeria, yet, they are 
comparable with the results in Iraq. Additionally, 
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the concentrations of 228Ra in coriander, 
chickpeas and beans were < 0.11 Bq/kg, < 0.39 
Bq/kg and < 0.34 Bq/kg, respectively in Spain 
[16], which are close to our results for both 
chickpeas and beans, yet 228Ra was not 
detectable in both chickpeas and beans. 
However, in our study, higher concentrations of 
228Ra in coriander were present.  

As a final comparison, the concentrations of 
40K in Saudi Arabia, as Al-Ghamdi reported, 
were 446, 1039, 589, 964 and 786 Bq/kg for 
black pepper, black cumin, coriander, anise and 
fennel, respectively [12]. On the other hand, our 
investigations reveal lower 40K concentrations 
for the same seeds, respectively (refer to Table 

1). Moreover, in Egypt, 40K concentrations were 
507, 900, 611 and 596 Bq/kg in black pepper, 
cumin, coriander and beans, respectively, which 
are greater than the concentrations of 40K in our 
study [20]. In a Nigerian study, Jibiri and others 
reported that the concentrations of 40K in beans 
and corn were 453 and 243 Bq/kg, respectively 
compared with the concentrations of 40K in 
beans and corn in the present study [18]. In 
Spain, 40K concentrations were 380 and 370 
Bq/kg in chickpeas and corn, respectively [16], 
while those concentrations were 130 and 419 
Bq/kg for black cumin and chickpeas in Iraq 
[19]. Both annual effective dose and cancer risk 
were calculated and presented in Table 2. 

TABLE 2. Annual effective doses in µSv/year and cancer risk values for 226Ra, 228Ra and 40K 
radionuclides. 

Generally Annual 
consumption Annual effective dose Total annual 

effective dose 
Cancer risk 
µSv/year Plant seed kg/y 226Ra 228Ra 40K 

Black Pepper 0.14 0.17 1 0.08 1.25 3.13 
Black cumin 0.23 0.01 0.35 0.48 0.84 2.1 
Cumin 0.18 0.18 0.19 0.61 0.98 2.45 
Anise 0.22 0.32 0.47 0.64 1.43 3.58 
Coriander 0.37 0.79 0.51 1.03 2.33 5.83 
Fenugreek 0.42 0.3 0.46 0.77 1.53 3.83 
Fennel 0.15 0.2 0.43 1.11 1.74 1.58 
Chickpeas 3.5 0.24 0 0.53 0.77 1.93 
Beans 3.2 0.24 0 9.17 9.41 23.53 
Peas 2.4 1.63 2.68 3.88 8.19 20.48 
Corn 1.7 3.02 1.67 2.01 6.7 16.75 
Total 12.51 7.10 7.76 20.31 35.17 102.56 

       
From Table 2, it can be seen that the annual 

effective dose for 226Ra was maximum for corn 
(3.02 µSv/year) and minimum for black cumin 
(0.01 µSv/year). In addition, for 228Ra, the 
maximum annual effective dose was recorded 
for peas with 2.68 µSv/year, followed by corn 
with 1.67 µSv/year, while 228Ra was not detected 
in both beans and chickpeas. Finally, the 
maximum annual effective dose of 40K was 
recorded for beans with 9.17 µSv/year, followed 
by peas with 3.88 µSv/year. Black pepper has the 
minimum dose of 0.08 µSv/year. Apparently, the 
annual effective dose depends not only on the 
concentration of radionuclide in the individual 
seed (Bq/kg), but also on the annual consumption 
(kg/year). This can explain the variations in the 
above calculated annual effective doses. In 
general, beans have the maximum total annual 
effective dose of 9.41 µSv/year, followed by 
peas with 8.19 µSv/year and corn with 6.7 

µSv/year, with the minimum dose of 0.77 
µSv/year in chickpeas. 

Clearly, about 58% of the total annual dose 
resulting from the studied radionuclide was for 
40K with 20.31 µSv/year, while 228Ra and 226Ra 
are forming 22% and 20%, respectively. 
Additionally, the total annual effective dose for 
all seeds was 35.17 µSv/year, which is quite 
below the upper limit of 3 mSv as specified by 
ICRP recommendations [13]. 

Furthermore, beans have the maximum 
cancer risk of 23.53×10-6, followed by peas and 
corn with 20.48×10-6 and 16.75×10-6, 
respectively, while the cancer risk is minimum 
for fennel with 1.58×10-6 (refer to Table 2). In 
addition, the total cancer risk for seeds under 
study is 102.56×10-6. However, the average risk 
value is 7.74×10-6, which could be less than 
those reported in other studies of 58×10-6 [12] 
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and 48×10-6 [10]. Compared to the world 
average risk of 290×10-6, the present study 
shows a lower cancer risk. 

Conclusion 
The concentrations of 226Ra, 228Ra and 40K in 

selected food seeds in Jordan were measured and 
compared with those reported in other 
international studies. The concentrations range 
from 0.214 Bq/kgdry in black cumin to 7.54 
Bq/kgdry in coriander for 226Ra. While 228Ra 
concentrations were not detectable in chickpeas 
and beans, 228Ra concentration was 10.62 

Bq/kgdry in black pepper. Furthermore, 40K 
concentrations in black pepper and fennel were 
92 Bq/kgdry and 576 Bq/kgdry, respectively. The 
annual effective dose ranges from 0.77 µSv/year 
in chickpeas to 9.41 µSv/year in beans, which is 
less than the upper limit 3mSv according to 
ICRP [13]. On the other hand, the average 
cancer risk was 7.4×10-6, which is less than the 
world average risk [12]. Our investigations 
suggest that consuming the selected seeds by 
Jordanian people has no significant health risk. 
However, other consumed foods by Jordanians 
require further investigations. 
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Abstract: A large number of people are suffering from health problems due to urinary stones. 
The prevalence of urinary stones is increasing and approximately 12,000 patients are admitted in 
hospitals every year due to this condition. Brushite [CaHPO4⋅2H2O] or calcium hydrogen 
phosphate dihydrate (CHPD), which is known as urinary crystal, is a stable form of calcium 
phosphate. This study aims to investigate the influence of natural foods on the formation of 
calcium hydrogen phosphate (CHPD) crystals to elucidate the inhibitory effect of urinary stone 
formation from a different perspective. Natural foods used in this study are Solanum 
lycopersicum (Tomato), Daucus carota (Carrot) and Vitis vinifera (Grapes). Tomato is the edible 
fruit of Solanum lycopersicum, which belongs to the nightshade family, Solanaceae. Grapes are a 
fruit, botanically a berry, of the deciduous woody vines of the flowering plant genus vitis. The 
carrot is a biennial plant in the umbellifer family Apiaceae. The effects of natural foods, the in-
vitro crystallization and growth inhibition of calcium hydrogen phosphate dihydrate crystals are 
studied using single diffusion gel growth technique. The grown crystals were characterized by 
total mass determination, X-ray diffraction, UV-Vis and Dielectric studies. The crystalline size is 
reduced for natural foods added CHPD crystals compared with pure CHPD. The grown crystals 
are more transparent and of a size of around 53 and 49 nm. Some variations in dielectric 
properties are observed due to the addition of fruit extracts. 
Keywords: Natural foods, Growth inhibition, CHPD crystals. 
 

 
Introduction 

Many people suffer from problems resulting 
from urinary stones. The presence of 
amorphous calcium phosphate is a common 
finding in urinary sediments and it is the most 
commonly encountered crystal material in 
urine [1- 2]. The disease frequency is on the 
rise due to life style and dietary habits [3-4]. 
Calcium-containing stones are the most 
common variety of urinary stones, comprising 
about 75% of all urinary calculi, which are 
found in the form of pure calcium oxalate 
(50%), calcium phosphate (5%) or a mixture of 
both (45%). Some of the oxalates are found in 

either pure or in mixed form with phosphate 
and reported with uric acid or ammonium 
urates [5-6]. Also, calcium phosphate is present 
in urinary calculi as either apatite [Ca10 
(PO4)6(OH)2] or brushite [CaHPO4.2H2O] [7- 
8]. Urinary stones are characterized by their 
high recurrence rate, if patients are not treated 
appropriately. Recent approaches to the 
treatment of urinary stones make use of Laser 
Lithotripsy, Percutaneous Nephrolithotomy and 
Extra-corporeal Shockwave Lithotripsy [9-10]. 
Though they provide immediate clearance of 
urinary stones, they cause long-term side 
effects [11-13]. Patients suffering from brushite 
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stone disease are less likely to be rendered 
stone free after surgical intervention; hence, a 
drug for the prevention of this disease or its 
recurrence would be of great interest.  

In Ayurvedic system of medicine, Solanum 
lycopersicum (tomato), Daucas carota (carrot) 
and Vitis vinifera (grapes) were used for the 
treatment of various human ailments, like 
kidney stone, diabetes, urinary tract infection 
and immune system. Most of the previous 
papers deal with the drug therapy for the 
inhibition of urinary stones, but the juice 
therapy on the growth inhibition of these 
crystals was not reported. Considering the 
above facts, the current study is carried out to 
find out the inhibiting effect of fruit extracts, 
which are used as natural foods; viz., tomato, 
carrot and grapes, on brushite crystals. 

The growth of crystals in a gel medium has 
attracted the attention of many investigators 
[14-16]. This is because gel method is the most 
versatile and simple technique for growing 
urinary crystals [17–19], where the gel acts as 
an inert and ideal medium during the growth of 
many crystalline compounds and in-vitro 
biomolecules [20].  

In this work, we study the inhibitory effect 
of natural foods on the growth of calcium 
hydrogen phosphate dihydrate crystals using 
single diffusion gel growth technique. 

Experimental 
The high quality AR grade chemicals from 

Merck are used further without purification. 
Glass test tubes of 25 mm diameter and 150 
mm length were used as crystal growth 
apparatus. Sodium meta silicate (Na2SiO3 
.9H2O) solution with a specific gravity of 
1.03g/cc is mixed with orthophosphoric acid in 
an appropriate amount, so that the desired 
value of the pH could be set for the mixture. 
After setting the gel, an aqueous solution of 
calcium chloride and calcium acetate of a 
particular molarity (1M) is gently poured on 
the set gels in test tubes by using a pipette 
without damaging the gel surface. After 
pouring the supernatant solution, the test tubes 
were capped with airtight stopples. The 
following reaction is expected to take place, 
leading to the formation of calcium hydrogen 
phosphate dihydrate crystals: 

CaCl2.2H2O + CaC4H6O4 + H3PO4   CaHPO4.2H2O + CaCO3 + HCl 

In order to understand the inhibitory effect 
of natural foods on the growth of CHPD 
crystals, extracts of 0.5ml of tomato, 0.5ml of 
carrot and 0.5ml of grapes are mixed with 
calcium chloride and calcium acetate and the 
crystals are grown as before. The grown 
crystals are elongated, plate- like and star 
shaped. The crystal growth was complete in 
about 25 days. The grown crystals are carefully 
removed and collected in a clean petri dish and 
then harvested by removing the gel using 
distilled water.  

Powder X-ray diffraction data is collected 
using an automated X-ray diffractometer with 
CuKα radiation (λ = 1.54060 Å). The UV-
visible spectrum of the sample is recorded in 
the wave number range of 200-600 nm using 
UV-Vis Double Beam Spectrophotometer 
2201.  

Dielectric studies are carried out with the 
help of Agilent 4284A LCR meter at different 
temperatures and at different frequencies 
ranging from 20 Hz to 1 MHz. 

The dielectric constant of the crystals is 
calculated using the formula: 
εr = Cc/Ca 

where Cc is the capacitance of the crystal and 
Ca is the capacitance of the air medium of the 
same dimension as the crystal.  

The a.c. conductivity is calculated using the 
equation: 
σac =0 r ω tanδ, 
where ‘ω’ is the angular frequency and ‘tan δ’ 
is the loss tangent. 

Results and Discussion 
Growth 

Calcium hydrogen phosphate dihydrate 
(brushite) crystals were successfully grown 
using the single diffusion gel growth technique. 
The addition of supernatant solution; namely, 
calcium acetate and calcium chloride over the 
set gel enabled the diffusion of Ca2+ into the 
gel, which reacts with PO4

3+, resulting in the 
appearance of precipitate instantaneously at the 
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interface between the gel and the supernatant 
solution. After 4 to 5 hours just below the 
precipitate, circular white discs, commonly 
called Liesegang rings, were observed. Tiny 
plate- like brushite crystals started growing just 

below the Liesegang rings in about 4 to 8 days 
and also inside the gel medium. The crystal 
growth was complete in about 25days. Figs. 1 
and 2 show good quality star and plate- shaped 
crystals grown in gel media.  

  
FIG. 1. Brushite crystals grown in gel media. FIG. 2. Brushite + juices (0.5ml tomato + 

0.5 ml carrot + 0.5 ml grapes). 
 

The incorporation of fruit solution caused a 
decrease in the number of grown brushite 
crystals and their average size. By carefully 

observing the yield of crystals per test tube, we 
present in Fig. 3 the promotery/inhibitory 
effect of the pure and the fruit extracts. 

 
FIG. 3. Promotery/inhibitory effect of brushite crystals.

In Fig. 3 above, A1 represents the fruit 
solution added brushite crystals. 
Powder X-ray Diffraction 

The X-ray diffraction patterns of the grown 
crystals (shown in Figs. 1 and 2) are shown in 
Fig. 4 (a and b), respectively. Brushite is 
crystallized in the monoclinic crystal system. 
The crystallographic parameters are in good 

agreement with the literature values (JCPDS 
data) [72-0713]. The highly resolved peak 
occurs at specific 2θ Bragg angles in the 
crystals, indicating the crystalline nature of the 
grown crystals. It is also observed that the peak 
values shift towards higher angles, indicating 
the chances of incorporation of additional ions 
available in the used fruit extracts within the 
framework of CHPD.  
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(a) (b) 

FIG. 4. PXRD patterns of (a) pure CHPD crystals; (b) fruit extracts added CHPD crystals. 

TABLE 1. Lattice parameters and unit cell volume. 

Samples 
Unit cell parameters 

Unit cell volume V (Å)3 
A (Å) B (Å) C (Å) 

Pure CHPD 5.2125 15.1781 5.605 443.444 
Fruit extracts added CHPD (A1) 5.1958 15.1580 5.9963 472.177 
 

The crystalline size of the CHPD crystals 
was calculated by using Scherrer equation: 

D = ୏஛
ஒୡ୭ୱ஘

 

where D is the crystalline size, K is a constant 
usually taken as 0.89, λ is the wavelength of X-
ray radiation, β is the full width at half 
maximum value and θ is the Bragg diffraction 
angle. From the PXRD spectrum, the 

crystalline size of undoped CHPD was found to 
be 53.72 nm, while for fruit extracts 
incorporated CHPD, it was found to be 49.51 
nm. 

UV-Vis Spectral Analysis 
The UV-visible absorption spectra recorded 

for both grown samples (Figs. 1 and 2) are 
shown in Fig. 5 (a and b), respectively. 

  
(a) (b) 

FIG 5. UV-vis spectra of (a) pure CHPD crystals; (b) fruit solution added CHPD crystals.

The UV-visible spectrum gives information 
about the structure of the molecules. The 
ultraviolet and visible light absorption involves 
promotion of electrons from the ground state to 
higher energy state. Careful analysis of the 
spectrum revealed no significant absorption in 
the entire spectrum for both pure and fruit 
extracts added brushite. This indicates that the 

grown crystals were transparent in the entire 
spectral range between 370 and 600 nm. The 
band gap for the brushite crystals grown in the 
control system was found to be 5.48 eV. For 
the fruit extracts added brushite crystals, the 
band gap energy decreased to 5.38 eV. 
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Dielectric Studies 
Dielectric Constant 

Figs. 6 (a and b) show the variation of 
dielectric constant with frequency for various 
temperatures ranging from 40ºC - 150ºC for 
pure CHPD and fruit extracts added CHPD 
crystals. It is noticed that for all temperatures, 
the dielectric constant decreases as the 
frequency increases for pure CHPD crystals. 
Similar behaviour is observed for fruit extracts 

added crystals as well. The dielectric constant 
of a material is usually composed of four 
components of polarization; namely, electronic 
polarization, orientation polarization, ionic 
polarization and space charge polarization. The 
electronic and ionic polarizations are 
independent of temperature, whereas 
orientation polarization and space charge 
polarization are temperature-dependent. 

  
(a) (b) 

FIG. 6. The variation of dielectric constant with temperature for different frequencies for (a) pure CHPD 
crystals; (b) fruit extracts added CHPD crystals. 

From Fig. 6 (a and b), it is clear that at low 
frequency (20Hz) and at low temperature 
(40ºC), all the four types of polarization are 
active, but when the frequency increases, the 
variation of dielectric constant shows which 
contribution is prevailing. When the 
temperature is above 100ºC and the frequency 
is very low, say 20Hz, the dielectric constant is 
maximum. This is because of the contribution 
of space charge polarization. As we further 
increase the frequency, the dielectric constant 
decreases. This is because of the decrease in 
the space charge polarization. 

Dielectric Loss 
The variation of dielectric loss (tan δ) with 

frequency at different temperatures for pure 
CHPD and fruit extracts added CHPD is shown 
in Fig. 7 (a and b), respectively. The amount of 
energy dissipated by the material when it is 
subjected to external fields is called dielectric 
loss. It was found from Fig. 7 that the dielectric 
loss increases with the increasing value of 
applied field. The high value of dielectric loss 
at high frequencies indicates the low power 
dissipation in the crystals. 

  
(a) (b) 

FIG. 7. The variation of dielectric constant with temperature for different frequencies for (a) pure CHPD 
crystals; (b) fruit extracts added CHPD crystals 
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AC conductivity & Activation energy 

  
(a) (b) 

FIG. 8. The variation of a.c. conductivity with temperature for different frequencies for (a) pure CHPD 
crystals; (b) fruit extracts added CHPD crystals. 
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FIG. 9. Plots between lnσac and 1000/T for pure CHPD crystals. 

 

  

  

  
FIG. 10. Plot between lnσacand 1000/T for fruit extracts added CHPD crystals. 
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TABLE 2. Values of activation energy (Eg) at 20 Hz, 100 Hz,1 kHz, 10 kHz, 100 kHz and 
1MHz for pure CHPD and fruit extracts added CHPD crystals. 

Samples 20 Hz 
(eV) 

100 Hz 
(eV) 

1 kHz 
(eV) 

10 kHz 
(eV) 

100 kHz 
(eV) 

1 MHz 
(eV) 

Pure CHPD 0.27986 0.49542 0.23309 0.20411 0.15896 0.17482 
Fruit extracts added CHPD 0.83197 0.77041 0.57718 0.47100 0.43350 0.32894 

 
The a.c. conductivity (σac) of a material 

depends on the dielectric nature of the sample. 
There is a strong correlation between the 
temperature dependence and the frequency 
response of electrical conductivity of materials. 
In the present case, the frequency-independent 
conductivity is observed upto 100 kHz, 
whereas above this frequency it exhibits 
frequency dispersion. At low frequencies, the 
bulk a.c. conductivity (σ0) is almost frequency-
independent, but at higher frequencies, the a.c. 
conductivity increases following power law 
behavior, such that σac = Aωs [9]. 

The conductivity values at different 
temperatures are represented by Arrhenius 
plots. 

Arrhenius equation for conductivity is 
expressed as follows: 
σ = σ0 exp (-Eg/KT)          (1) 
where σ0is the pre-exponential factor, Eg is the 
activation energy, K is the Boltzmann’s 
constant and T is the absolute temperature. 

Taking the natural logarithm of both sides, 
the above equation becomes: 
ln(σ) = ln(σ0)-Eg/KT           (2) 

Graph of ln(σ) vs. 1000/T is plotted to 
calculate the value of activation energy. 

From Table 2, it is found that the juice-
incorporated CHPD crystals exhibit high 
activation energy and the value of activation 
energy decreases with increasing frequency. 

Non-systematic variation of Eg values was 
observed for pure CHPD crystals.The value of 
activation energy given in Table 2 shows that 
the charge carriers are ionic [21]. Thus, the 
results obtained indicate that the electrical 
properties of CHPD crystals could be tuned 
significantly by addition of fruit extracts. 

Conclusion 
Brushite crystals are grown by single 

diffusion gel growth technique. Powder XRD 
studies show that the grown brushite crystals 
exhibit monoclinic structure and the lattice 
parameters are in good agreement with the 
literature values [JCPDS no. 72-0713). 
Reduction in crystalline size with addition of 
fruit extracts is observed as compared with 
pure CHPD crystals. The UV-vis analysis 
showed good transparency of the grown 
crystals. Electrical parameters, such as 
dielectric constant and dielectric loss, were 
found to decrease with increasing the value of 
frequency of the applied field and a.c. 
conductivity increased with increasing the 
value of frequency of the applied field. 
Activation energy values of the samples have 
been evaluated. The incorporation of fruit 
extracts was exhibited very well in the 
activation energy values with comparison to 
pure CHPD crystals. This study shows that 
fruit extracts prepared from natural foods have 
good inhibitory effect on the growth of the 
brushite urinary stone crystals considered.  
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Abstract: Cu2ZnSnS4 thin films were deposited on a glass substrate by chemical method. 
The XRD pattern confirms the formation of tetragonal structure CZTS and peak shift is 
noticed for Cu doping. The absorption coefficient is in the order of 104cm-1 and the band 
gap is found to be about 1.9 eV – 1.75 eV. The PL spectra show red shift for higher Cu 
doping concentrations.  
Keywords: Photoluminescence, Cu2ZnSnS4 thin films, SILAR Method, XRD. 
 

 
Introduction 

Cu2ZnSnS4 (CZTS), a p-type semi-conductor 
has received significant attention due to its 
attractive features, such as utilization of 
abundant metals and high absorbance coefficient 
of >104 cm-1[1]. It has a band gap value of about 
1.5 eV, which is the optimum value for single-
junction solar cell devices [2]. Optical properties 
of semi-conductor materials can be tuned by 
doping. The optical properties of doped 
nanomaterials differ from those of the 
corresponding host materials, because the 
dopants create deep trap levels and act as 
luminescence centers. Discrete energy states can 
be introduced in the band gap of semi-
conducting host by doping with transition metals 
[3]. Transition metal ion-doped semi-conductors 
have been investigated intensively, since they 
can not only retain nearly all intrinsic advantages 
of semi-conductors, but also possess additional 
advantages, such as larger Stokes shift to avoid 
self-absorption/energy transfer, enhanced 
thermal and chemical stability and longer excited 
state lifetime [4]. Cu plays an irreplaceable role 

in modern electronic circuits due to its excellent 
electrical conductivity [5]. Moreover, optical 
properties of semi-conductor thin films can be 
tuned by changing Cu doping concentration. 

CZTS thin films have been prepared by 
physical and chemical methods. There are only 
few reports available for the preparation of 
CZTS thin films by low cost Successive Ionic 
Layer Adsorption and Reaction (SILAR) 
method. This work aims to study the optical 
properties of Cu-doped Cu2+xZn1-xSnS4 (x = 0, 
0.02, 0.04, 0.06, 0.08 and 1) thin films.  

Experimental Methods 
In this work, A.R.- grade copper chloride 

(CuCl2), zinc chloride (ZnCl2), tin chloride 
(SnCl2), sodium sulfide (Na2S) and double 
distilled water were used. Thin films of the 
Cu2+xZn1-xSnS4 (x = 0, 0.02, 0.04, 0.06, 0.08 and 
1) system were deposited on precleaned 
microscopic glass slides by SILAR method at 
room temperature. The SILAR method includes 
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precursor concentration, dipping time and 
number of cycles. In this work, we have enriched 
the Cu ion concentration while reducing the Zn 
ions into the Cu2ZnSnS4 system. 

For synthesis of Cu2ZnSnS4 film, a mixture of 
cationic precursors (0.1 M CuCl2, 0.05 M ZnCl2 
and 0.05 M SnCl2) was dissolved in distilled 
water. The anionic precursor solution was 
prepared by dissolving 0.2 M Na2S in distilled 
water. First, the precleaned substrates were 
immersed in the composite cationic solution for 
30 s to adsorb Cu2+, Zn2+ and Sn2+ ions. Then, the 
substrate was rinsed in distilled water for 10 s to 
remove the loosely adsorbed ions, if any. After 
that, the substrate was immersed in the anion 
solution (S2-) for 30 s, where the chemical 
reaction takes place between anions and cations 
to form CZTS. The substrate is again rinsed in 
distilled water for 10 s to remove the powdery 
precipitate, if any. The above four steps form 
one SILAR cycle, which was optimized. 
Similarly, 70 cycles were employed to obtain 
homogeneous CZTS films. The same procedure 
was adopted to enrich Cu concentrations (2.02; 
2.04; 2.06; 2.08 and 2.10) into the CZTS system. 
The deposited films were annealed at 200°C for 
2h in air atmosphere.  

The prepared CZTS films were characterized 
by using XRD, UV-Vis. and PL techniques. 
Powder X-ray diffraction (XRD) patterns were 

performed using a PANalytical X‘ PERT- PRO 
diffractometer using Cu Kα radiation (λ= 
1.5460Å). The diffraction patterns were 
collected in the range 2θ=10˚-80˚. Optical 
spectra and PL spectra were recorded using UV-
2400PC series, UV-Visible spectrometer and 
LS-45 Perkin Elmer photoluminescence 
spectrometer, respectively. 

Results and Discussion 
Thickness of the Cu2+xZn1-xSnS4 (x = 0, 0.02, 

0.04, 0.06, 0.08 and 1) films were determined 
using optical method [2] given in Table 1. Fig. 1 
shows the XRD patterns of CZTS thin films 
deposited on glass substrates at various x values. 
The peaks observed at 2θ = 28.5⁰, 32.9⁰ and 
46.39⁰ belong to the (112), (200) and (220) 
plane, respectively, of tetragonal CZTS phase 
(JCPDS Card No. 260575). The broad hump is 
observed around 20 to 30 due to the amorphous 
glass substrate. The intensity of the (220) plane 
increases with increase in Cu doping. The 
prepared CZTS film is polycrystalline in nature. 
Hence, a large number of grains with various 
relative positions and orientations cause 
variations in the phase difference between the 
wave scattered by one grain and that by the 
others. The total intensity scattered by all grains 
is the sum of individual intensities scattered by 
each grain [6]. 

 
FIG. 1. XRD pattern of CZTS thin film. 
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The crystalline size was estimated by using 
Scherrer formula [7]: 

ܦ = ଴.ଽ ఒ
ఉ ୡ୭ୱ ఏ

             (1) 

where β is full width at half maximum (FWHM), 
λ is the wavelength of X-ray source and θ is the 
Bragg’s angle. 

 

Table 1 shows the thickness and crystalline 
size of the CZTS thin films deposited at different 
Cu concentrations. From the table, it is noticed 
that the crystalline size was found to be 
increased with increase in cz05. This increase in 
crystalline size with increase in copper 
concentration shows the improvement of the 
CZTS crystallites under Cu-rich conditions [8]. 
The film thickness is found to be decreased with 
increase in Cu doping.  

TABLE 1. Thickness and crystalline properties of Cu2+xZn1-xSnS4 thin films. 
S. No. Cu:Zn 

ratio 
Name of the 
compound 

Sample 
code 

Thickness of the 
film (nm) 

Crystalline size 
(nm) 

1 2.00:1.00 Cu2ZnSnS4 cz00 800 9 
2 2.02:0.98 Cu2.02Zn0.98SnS4 cz01 760 9 
3 2.04:0.96 Cu2.04Zn0.96SnS4 cz02 722 8 
4 2.06:0.94 Cu2.06Zn0.94SnS4 cz03 617 9 
5 2.08:0.92 Cu2.08Zn0.92SnS4 cz04 537 9 
6 2.10:0.90 Cu2.10Zn0.9 SnS4 cz05 523 17 

      
The optical absorption spectra of the CZTS 

films are shown in Fig. 2. The optical spectra of 
CZTS showed good absorption in the range of 
400-500 nm. A gradual reduction is noticed in 
the absorption profile between 400 and 600 nm 
for all the films, which is attributed to d-d 
transition of Cu2+. The absorption coefficient is 

found to be about 104 cm-1. The band gap plot is 
shown in Fig. 3 and it is found to be about 1.9-
1.75 eV. The band gap is decreased for increased 
Cu doping. The film cz05 shows lesser bandgap, 
which may be due to the bigger crystalline size 
which is confirmed from the XRD analysis. 

 
FIG. 2. UV-visible absorption spectra of the CZTS thin films. 
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FIG. 3. Optical bandgap of CZTS thin films. 

 

Fig. 4 shows the photoluminescence spectra 
of Cu2+xZn1-xSnS4 (x = 0, 0.02, 0.04, 0.06, 0.08 
and 1) thin films in the wavelength range of 300 
to 600 nm. It can be seen from the emission 
spectra that the emission band appears in the 
visible region around 502 nm for all the 
deposited films. The result is due to the 
recombination between the sulphur-vacancy-

related donor and the valence band. The small 
shift of the PL peak may be due to the indirect 
recombination of free electrons moving from 
trap level formed by Cu atoms to the holes in the 
valence band. These trap levels are in the energy 
gap and shift toward the valence band on doping 
[9].  

 
FIG. 4. Photoluminescence spectra of CZTS thin films. 

 
Conclusion 

Cu2+xZn1-xSnS4 (x = 0, 0.02, 0.04, 0.06, 0.08 
and 1) thin films were deposited by SILAR 
method and their optical properties were studied. 
The XRD pattern confirms the formation of 
tetragonal structure Cu2ZnSnS4 and the 
crystalline size is found to be higher for 
Cu20.1Zn0.9SnS4 thin films. The crystallinity is 
found to be increased with Cu doping. The 

deposited CZTS thin films show higher 
absorption in the visible region and the 
absorption coefficient is in the order of 104cm-1, 

whereas the band gap is found to be decreased 
with increase in Cu doping. The PL spectra show 
the red shift for higher Cu doping 
concentrations. Also, the PL intensity increases 
with increase in Cu doping. 
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Abstract: It is interesting to study the nature of intermolecular interactions between 
associative and non-associative polar liquids. Dielectric relaxation measurements on polar-
polar binary mixtures of ethyl benzoate with mono diethylene glycol were carried out for 
eleven different concentrations at temperatures (298K, 303K, 308K and 313K) using Time 
Domain Reflectometry (TDR) over the frequency range from 10MHz to 10 GHz. The 
Kirkwood correlation factor and excess dielectric properties were determined and discussed 
to yield information about the intermolecular interactions in binary system. The non-linear 
variation has been observed in relaxation time with increasing of alcohol mole 
concentration. The Bruggeman plot shows a deviation from linearity. This deviation was 
attributed to some sort of molecular interaction, which may take place between the ester 
and alcohol molecules. The excess static permittivity and excess inverse relaxation time 
values are negative for the studied binary systems, indicating the solute-solvent interaction 
to exist between ester and alcohol, producing a field in such a way that the effective dipole 
rotation is hindered.  
Keywords: Dielectric relaxation, Time domain reflectometry, Bruggeman factor, 
Kirkwood correlation factor. 
 

 
Introduction 

Dielectric relaxation study of solute-solvent 
mixture at microwave frequency gives 
information about molecular interactions in the 
system, formation of monomers and multimers. 
The characterization of dielectric materials 
includes the measurement of complex 
permittivity as a function of frequency at a given 
temperature or as a function of temperature at a 
given frequency. The measurement of dielectric 
properties at wide frequency range gives 
information regarding the conduction 
mechanism, interfacial polarization, molecular 
dynamics and relaxation behavior phenomena 
[1]. The confirmations of the homogeneous and 

heterogeneous molecular interactions in polar 
binary mixtures are the central topics in liquid 
state physics and chemistry [1-18]. Dielectric 
relaxation spectroscopy was proved to be a 
powerful tool for the investigation of H-bond 
rearrangement dynamics and has been widely 
applied to study the pure solvents, solvent-
solvent mixtures [19, 20]. The presence of 
hydrogen bonding brings a considerable change 
in the relaxation time and dipole moment of the 
binary system, with respect to the corresponding 
values in the pure components [21]. Dielectric 
investigation of binary polar liquid mixtures 
consisting of one associative and other non-
associative liquids, provides valuable 
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information regarding molecular complex 
formation in solution. Esters are non-associated 
polar liquids with C = 0 group. Alcohols are 
industrially and scientifically important organic 
compounds and their physical and chemical 
properties are largely determined by the OH-
group. Alcohols are strongly associated in 
solution because of dipole-dipole interaction and 
hydrogen bonding.  

The strength of the molecular association 
depends on several factors, including the 
molecular structure, temperature, solvent and 
other factors [22]. Therefore, the solution 
chemistry of these compounds can be strongly 
influenced by the aggregation phenomena, which 
can play a significant role in the physical 
properties of these polar molecules [23]. 
Dielectric relaxation studies of aromatic esters in 
the microwave region for different temperatures 
are reported by Saxena et al. [24] using the 
Higasi method. There are many studies of the 
dielectric behavior of alcohol mixtures with 
structure breaking and structure making [25-30]. 
The studies of Kirkwood correlation factor 
provide valuable information regarding the 
solute-solvent interactions in binary mixtures, 
especially when one of the components has 
antiparallel orientation of dipoles [31]. 

In course of the present study, the dielectric 
parameters for aromatic ester ethyl benzoate, 
with diethylene glycol were investigated 
experimentally for different concentrations in the 
microwave region (10MHz to 10 GHz) at 298K, 
303K, 308K and 313K using time domain 
reflectometry (TDR). The relaxation behavior of 
these mixtures was explained by the Debye 
model. The excess dielectric properties are 
reported. The Kirkwood correlation factor is 
used to understand the molecular orientation in 
the mixture. 

Materials and Methods 
Materials and Sample Preparation 

AR grade alcohol (≥99.5% of diethylene 
glycol) was purchased from Sd Fine Chemicals. 
AR grade esters (≥99.5% of ethyl benzoate) were 
supplied by Sigma Aldrich India. The chemical 
compounds were used without further 
purification. In each system, nine different solute 
concentration binary mixtures were prepared 
gravimetrically. 

 

Measurements 
The densities of pure compounds were 

measured by relative density method using 10 ml 
specific gravity bottle. The mass measurements 
were performed using digital electronic balance 
(Adventurer OhausAR2140) with an accuracy of 
±0.0001g. Abbe's refractometer (SIPCON 
model) with sodium D line was used to measure 
the refractive indices of mixture solutions at 
different temperatures. Constant temperature was 
maintained by water circulating (ESCY IC 201 
model) temperature controller system with an 
accuracy of 0.1 K. The square of refractive index 
value was taken as optical frequency dielectric 
constant (n2= ε∞). The uncertainties of measured 
density and refractive index were ± 0.2 kg·m−3 
and 0.00005, respectively. Frequency dependent 
complex dielectric spectra of pure compounds 
and their binary mixtures were determined by 
(AgilentnfiniiumDCA-J86100 A with sample 
oscilloscope HP 54754 A model) TDR. A 39 ps 
rise time step voltage pulse was generated by a 
tunnel diode and fed through50 Ω impedance 
semi rigid coaxial cable having pin length of 
0.135 mm. Coaxial probe was dipped in the 
sample cell which was shielded by water 
circulating temperature control system with an 
accuracy of 0.5 K. All measurements were 
carried out in an open load condition. The 
variation in step pulse was monitored after it is 
reflected from air and sample by sample 
oscilloscope and recorded in time window of 2 
ns. The reflected pulses were digitized into 1200 
points and used for further data analysis. The 
frequency dependent complex spectra were 
obtained from reflection coefficient spectra. The 
procedures for data analysis were discussed in 
previous reports [32, 33]. The measured 
refractive index and density values were reported 
in Table 1(a) &1(b), respectively. 

TABLE 1(a). Refractive index values of DEG + 
EB binary mixture at different temperatures. 

X2 298k 303k 308k 313k 
0 1.38723 1.38300 1.37895 1.37484 

0.1 1.38698 1.38273 1.37861 1.37452 
0.2 1.38675 1.38247 1.37831 1.37422 
0.3 1.38650 1.38219 1.37797 1.37389 
0.4 1.38623 1.38189 1.37760 1.37353 
0.5 1.38594 1.38157 1.37722 1.37315 
0.6 1.38565 1.38126 1.37683 1.37278 
0.7 1.38532 1.38089 1.37638 1.37235 
0.8 1.38496 1.38048 1.37590 1.37187 
0.9 1.38458 1.38005 1.37538 1.37136 
1 1.38418 1.37961 1.37484 1.37084 



Dielectric Relaxation Studies on Binary Polar Mixtures of Diethylene Glycol with Ethyl Benzoate Using Time Domain Reflectometry 

 109

TABLE 1(b). Density values of DEG and EB at 
different temperatures. 

Temp Diethyleneglycol Ethyl benzoate 
298k 1.12894 1.04152 
303k 1.10963 1.03801 
308k 1.10372 1.03486 
313k 1.09830 1.03099 

Results and Discussion 
An example of frequency spectrum of 

complex dielectric constant (εꞌ, εꞌꞌ) of diethylene 
glycol at 298K is shown in Fig. 2. The values of 
maximum dielectric loss (εꞌꞌmax) decrease with 
the increase in degree of polymerization (Fig. 1). 
It is because of the increase in molecular size of 
the DEG molecules. 

The complex dielectric permittivity 

*( ) ' ''j     was fitted with the 
Havriliak- Negami epression [34]:   

 
 

0

1
( )

1 j


 
  




 


  

  

          (1) 

with ε0, ε∞, τ, α and β as fitting parameters. ε0 is 
the static permittivity at limiting low frequency, 
ε∞ is the limiting high frequency permittivity and 
is not fitted and assumed to be 3.5 for all 
concentrations studied here, τ is the average 
relaxation time, α and β are the distribution 
parameters and ω is the angular frequency.   

 
FIG. 1. Cole-cole plot at 298K for 11 different molefractions. 

 
FIG. 2. Complex permittivity spectra of DEG+EB at 298K for 11 different molefractions. 
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The Havriliak-Negami [34] expression 
includes the Cole-Cole (β=1), Davidson-Cole 
(α=0) and Debye (α=0, β=1) relaxation models. 
A non- linear least squares fitting method was 
used to determine the values of the dielectric 
parameters [35]. Complex permittivity spectra 
for the binary mixture of DEG + EB are plotted 
in Fig.2. 

The values of different dielectric parameters 
for DEG + EB binary mixture obtained by the 
Havriliak-Negami equation are presented in 
Table 2. It is observed that the dielectric 
relaxation in these mixtures can be represented 
by the Davidson-Cole relaxation behavior. 
However, at higher concentrations of EB in 
DEG, the dielectric dispersion spectra (Fig. 2) 
can be fitted with the Debye behavior (α=0, 
β=1). The observed values of dielectric 

parameter for DEG are in good agreement with 
those reported earlier [25]. The static dielectric 
constant decreases with the increase in degree of 
polymerization (Table 2). This is consistent with 
the behavior obtained by Sengwa et al. [36, 37]. 

The static dielectric constant decreases with 
the increase in molefraction of EB. Relaxation 
time also decreases with the increase in 
molefraction of EB. The increase in static 
dielectric constant in DEG + EB combination 
suggests that a single volume effect arises from 
the solute particles, thereby reducing their ability 
to orient in the applied field and so reducing the 
static dielectric constant. From the dielectric 
relaxation studies, it has been observed that the 
relaxation time (τ0) of DEG in EB solutions 
increases with increasing DEG concentrations. 

TABLE 2. Dielectric parameters of DEG + EB mixtures. 
 

(X2) 
ε0 τ0(ps) 

298K 303K 308K 313K 298K 303K 308K 313K 
0.1 30.6 29.6 27.3 26.0 198.1 168.6 143.6 120.0 
0.2 24.3 25.1 23.5 23.4 186.0 163.0 135.7 116.5 
0.3 20.9 22.1 19.9 19.3 177.8 171.2 126.7 110.2 
0.4 18.2 16.8 16.5 16.7 154.5 130.0 110.8 96.3 
0.5 16.0 15.2 14.5 14.0 133.3 119.4 98.6 90.5 
0.5 14.4 12.6 12.2 12.4 121.2 108.2 86.7 80.5 
0.6 11.4 11.0 9.5 10.5 93.0 90.6 60.1 68.5 
0.7 10.4 10.2 8.2 8.2 69.4 76.2 62.9 46.0 
0.8 8.2 7.2 7.0 6.1 72.5 57.4 44.3 31.6 
0.9 6.1 6.3 6.0 5.6 50.7 36.4 35.7 24.3 
1.0 5.5 5.5 4.9 5.3 45.6 32.8 25.5 22.1 

 
Kirkwood Correlation Factor 

The Kirkwood correlation factor g gives the 
association effect due to the hydrogen bonding in 
the system [34]. The value of g in pure liquid can 
be obtained by the following equation [38]: 

  
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0 02
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24
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 
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 .         (2) 

For a binary mixture of dipolar liquids, the 
static dielectric permittivity needs to be 
considered as the dipole orientation correlation 
factor [38]. The modified form of Eq. (2) is used 
to study the orientation of electric dipoles in the 
binary mixtures as follows: 

  
 

2 2
1 1 2 2

1 2
1 2

om m om meff
2

om m

μ ρ μ ρ4πN X X
9kT M M

ε ε 2ε ε
      g

ε ε 2
 



 
  

  


     

        (3) 

where μ1, ρ1, M1 and X1 represent the Diethylene 
glycol dipole moment in gaseous state, density, 
molecular weight and molefraction, respectively. 
μ2, ρ2, M2 and X2 represent the ethyl benzoate 
dipole moment in gaseous state, density, 
molecular weight and molefraction, respectively. 
The ε0m and ε∞m are mixture dielectric constant 
and mixture dielectric constant at optical 
frequency (n2 = ε∞m), respectively. geff is the 
effective Kirkwood correlation factor, that 
changes from Kirkwood correlation factor of one 
pure liquid to that of another liquid. If geff = 1, it 
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indicates that no association exists between 
unlike molecules in the mixture. If geff > 1, it 
indicates the existence of association between 
unlike molecules through parallel dipole 
interaction. Similarly, if geff < 1, it indicates the 
existence of association between unlike 
molecules through anti-parallel dipoles. The 
Kirkwood correlation factors for DEG in EB at 

different temperatures are given in Table 3. The 
observed (geff) values are greater than unity in all 
these DEG molecules, which leads to the 
conclusion that the molecules associate to form a 
multimer with parallel dipole moment. The 
Kirkwood correlation factor values for DEG are 
smaller than the corresponding values in EB. 

TABLE 3. Kirkwood correlation factor for DEG + EB binary mixtures. 
 

(X2) 
geff 

298K 303K 308K 313K 
0.0 3.340 3.298 3.101 3.013 
0.1 2.767 2.932 2.800 2.849 
0.2 2.495 2.705 2.483 2.457 
0.3 2.286 2.149 2.154 2.224 
0.4 2.121 2.045 1.991 1.968 
0.5 2.016 1.783 1.759 1.838 
0.6 1.681 1.644 1.427 1.631 
0.7 1.624 1.627 1.290 1.322 
0.8 1.335 1.170 1.158 0.996 
0.9 1.004 1.075 1.042 0.980 
1.0 0.972 0.983 0.856 0.988 

 

The excess permittivity ε0
E and the excess 

inverse of the relaxation time (1/τ)E for 
diethylene glycol in ethyl benzoate mixtures are 
determined using the following equations [10, 
38]: 

 0 0 M 0 W 2 0 2( ) ( ) (1 X )E
S

X            (4) 
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         (5) 

Here, the subscripts M, W and S correspond 
to the mixture, Diethylene glycol and Ethyl 
benzoate, respectively and X2 is the molefraction 
of EB in DEG. The variations of (ε0)E and (1/τ)E 
with molefraction of EB (X2) in DEG are shown 
in Fig. 3(a, b). 

 

 
FIG. 3(a). Excess dielectric permittivity (ε0

E) versus molefraction of ethyl benzoate (X2) in DEG at different 
temperatures. 
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FIG. 3(b). The excess inverse relaxation time (1/τ)E) in GHz versus molefraction (X2) of ethyl benzoate in DEG 

at different temperatures. 

The excess dielectric constants for DEG + EB 
binary mixtures show negative behavior. The 
maxima are found to be in the EB-rich region 
(X2 = 0.7). The negative values of excess 
parameters suggest that the addition of DEG to 
EB may create multimeric structure leading to a 
decrease in total permittivity as indicated by Fig. 
3(a). The excess inverse relaxation times of these 
systems are positive in the EB-rich region. This 
indicates fast rotation of the dipoles. This may be 
due to the formation of monomeric structures in 
this region. In the DEG-rich region, these values 
are negative. This indicates the formation of 
structures;probably dimeric, which rotate slowly 
as in Fig. 3(b). 

Bruggeman Dielectric Factor 

The static permittivity of a mixture of two 
liquids lies in between two extremes of the static 
permittivity of the components. 

Bruggeman [39] equation for binary mixture 
is given by: 
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         (6) 

where fB is the Bruggeman dielectric factor. ε0m, 
ε01 and ε02 are the static dielectric constants 
corresponding to mixture DEG. 

 
FIG. 4. Bruggeman dielectric factor (fB) versus molefraction of EB in DEG at different temperatures. 

X2 is the molefraction of EB. The non-linear 
variation of Bruggeman factor with molefraction 
shows hetero-interaction, which may be due to 

hydrogen bonding of the-OH group of DEG with 
C=O of EB. The Bruggeman equation may be 
modified as: 
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             (7) 

The molefraction (X2) is modified by a factor 
of   2 21 1a a X X     . The value of a 
contains the information regarding the change in 
the orientation of EB molecules in the mixture. 
The value of a has been determined by the least 
squares fit method and found to be 1.85 in DEG-
EB mixtures. The value of a suggests that the 
effective volume fraction of diethylene glycol in 
ethyl benzoate solution is reduced considerably, 
indicating significant interaction between 
diethylene glycol and ethyl benzoate in the 
mixtures. 

 

 

 

Conclusion 
In this study, the concentration- and 

temperature-dependent dielectric complex 
spectra of ethyl benzoate with diethylene glycol 
have been investigated in the frequency range 
from 10 MHz to 10 GHz using Time Domain 
Reflectometry (TDR) method. The following 
conclusions could be drawn from the detailed 
analysis. The value of dielectric parameters 
shows the systematic change with increase in EB 
concentration, temperature and alcohol chain 
length. The formation of intermolecular 
interaction between solute and solvent molecules 
in the mixture has been confirmed from non-
linear behavior of dielectric parameters with EB 
molefraction. The excess dielectric constant 
results show that the heterogeneous interaction 
strength increases with the increase in alcohol 
molecular size and stable aggregates formed at 
1:2 ratio in DEG + EB binary systems. The 
excess inverse relaxation time values confirm 
that the intermolecular interaction produces the 
electric field which leads effective dipoles to 
rotate faster.  
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Abstract: Analytical expressions for the wakefield force acting on an electrons beam, in 
the RF-photoinjector, during the beam extraction from the cathode, are derived. These 
expressions are obtained by taking space charge effects and beam motion into account. The 
former is described in terms of the field's components due to Lienard-Wiechert potential 
and the method of images, close to the cathode surface. The beam motion is emphasized 
circumstantiating the fast transition, owing to quick acceleration by the high gradient RF-
accelerating field, from thermal velocity, near the immediate vicinity of the cathode, to a 
non-relativistic velocity at the end of the photoemission. Numerical investigation of the 
beam wakefield force elicited two significant effects on the beam: the first one, attributable 
to the longitudinal component of the force, influences the trailing electrons in the beam and 
changes the energy of the individual electrons, depending on their position. The second 
one, attributable to the transverse component of the force, deflects the beam trajectory. 
After all, the electrons within the beam feel, over the beam length, an average deflecting 
force that is proportional to the radial displacement.   
Keywords: Free electron laser, Beam dynamics, Wakefields, RF-photoinjector. 
PACS: 41.75.Jv Laser-driven acceleration, 41.75 Lx Other advanced accelerator concepts, 

41.75.Ht Relativistic electron and positron beams. 
 

 
Introduction 

The performance of lasing operation of free 
electron laser (FEL) [1-2] and laser- Compton X-
ray [3-5] is based on the so-called self-amplified 
spontaneous emission (SASE) principle. The 
achievement of X-ray-SASE-FELs notably 
requires high beam brightness that is currently 
beyond the state of the art in addition to very low 
beam emittance [6-7]. Nowadays, laser-driven 
radio-frequency electron guns are substantially 
used to generate intense beams with low 
emittance and high brightness near the thermal 
source limit [8-9]. Usually, the emittance is 
defined as a statistical value in phase space [10–
13], while the brightness is defined as the ratio 
of the beam current to the emittance [14-15]. 
During the emission as well as the acceleration 

of the electrons beam from the cathode to the 
accelerator exit, the beam qualities are degraded 
by the so-called wakefield.  

In non-relativistic regime, the wakefield is the 
sum of the space charge field and the beam 
induced field. In ultra-relativistic regime, the 
wakefield has been addressed numerically, in the 
last two decades, by many authors using 
computer codes, such as MAFIA TS3 [16] and 
ASTRA [17]. The former code calculates the 
space charge forces of the beam itself; it includes 
the interaction of the charged particles with the 
surrounding structure. Despite the accurate 
results obtained by MAFIA, it is restricted in its 
application to short sections of the injector due 
to memory consumption, computation time and 
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numerical noise. The latter code is able to 
calculate large parts of the accelerator, but it 
does not take the interaction between the 
electrons in the beam and the surrounding 
structure into account. Inappropriately, an 
unwary common assumption in these codes was 
the invariance of beam velocity, these codes 
assuming that the photoelectrons are emerging 
from the cathode at the speed of light, in 
congruousness to a situation like that faced in 
photoinjectors, where the photoelectron beam is 
hurriedly accelerated by the strong RF-field 
applied at the cathode surface and attending 
relativistic velocity at the exit of the 
photoinjector. Therefore, the electrodynamics of 
the effects of acceleration-radiation field must be 
taken into account, in addition to the field 
produced by the electron beam itself [18].  

Over the years, only few works involving the 
idea of a wakefield driven by an accelerated 
electron beam are found in the literature [19]. As 
an example, W. Salah and co-workers have 
intensely derived analytical expressions for the 
wakefield driven by an accelerated electron 
beam in the RF-photoinjector cavity [19-24]. In 
these works, the beam is traveling substantially 
with variable velocity less than the velocity of 
light and hence Kim monokinetic approximation 
[25] is far from being applied.  

On the other hand, the space charge effects 
and the beam-induced fields are significant 
within 1cm of the cathode, where the beam is at 
low energy. At this stage, non-relativistic 
electrons are very sensitive to space-charge 
forces and the forces due to the field of the beam 
image in the cathode. Inside the pulse, electrons 
experience both longitudinal RF dynamics 
effects and wakefield effects, both effects 
leading to degrading the beam quality. The 
present work is devoted to the quantification of 
these effects. 

In this paper, the authors' intent is to 
investigate numerically the short-range 
wakefield forces acting on the beam during the 
early beam transport; i.e., emitted and strongly 
accelerated during its photoemission from the 
cathode. During the beam emission from the 
cathode, the self-field effects are not of space 
charge type, consequent to an electrostatic 
description in some beam proper frame. The 
self-field is an electromagnetic field, where 
relativistic effects of retardation and acceleration 
field play an important role. The wakefield force 

excited in this regime will be analyzed in some 
detail using Lienard-Weichert potential and the 
method of images [24]. This technique will be 
applied to parameters of the “ELSA” 
photoinjector facility [19] as shown in Fig. 1. As 
was justified in Ref. [23], we restrict our 
modelling to a ‘‘pill-box’’ type cavity. On the 
other hand, analytical and semi-empirical results 
[25-26] indicate that the influence of the exit 

hole can be neglected as long as 
3
1/0 r ,  

where 0r and   are the hole and cavity radii, 
respectively (Fig. 1).  

 
FIG. 1. ''ELSA'' photo-injector (144 MHz cavity). 

Equations of Motion of the Beam of 
Electrons in RF-gun  

It has been shown elsewhere [19] that the 
beam velocity ),( tz


 and acceleration ),( tz


 

are parallel to the accelerated field 0E


 and 
independent of time. The beam velocity and 
longitudinal coordinates z are given by [19]: 

dtc
dz

Hz
Hz

z 





1
1)1(

)(
2

           (1) 

The longitudinal coordinate of an electron at 
time t; z(t) is: 

 1))((11)( 2  zttcH
H

tz          (2) 
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where tz  is the time at which element z of the 
beam leaves the photocathode and 

.
0

2
1

Ee
cmH              (3) 

Here, m is the mass of the electron at rest, e is 
the electron charge, 0E  is the amplitude of the 
accelerated field and c is the speed of light.  

Theoretical Setup: Wakefield Maps 
The wakefield components driven by an 

electron within the beam and the charge images 
on the cathode are reported elsewhere [24]. 
These components are obtained by a projection 
of Lienard-Wiechert fields on the axes illustrated 
in Fig. 2. As a result of cylindrical symmetry, the 
non-vanishing components of the 
electromagnetic fields are given by [24] as: 
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FIG. 2. Cylindrical coordinates s,  and z. The unit vectors r̂ , ̂  and ẑ at point P in the direction of increasing 

s,   and z, respectively. 

Here,   and 
t






.

 exhibit the field 

components’ dependence on velocity and 
acceleration, respectively, 0  is the permittivity 
of free space and the superscript (') denotes 
values taken at time t'. The electromagnetic 
fields generated at time t and point P, by an 
electron moving on a specified trajectory, 

depends on the retarded position ሬܹሬሬ⃗  of the (′ݐ)
electron at time t'. On the other hand, the image 
of charges on the cathode was obtained by [24] 
by using a set of symmetric charges +e at each 
instant t with respect to the cathode. The field 
component due to these images is then derived 
by replacing –e with e,  with   ,  

with     and with   . 
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Formulation of Global Fields   
The global field is the sum of the fields due to 

the space charge and due to the image of charges 
in the cathode. The non-vanishing components 
of the field are given by [24] as: 
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The transverse rE  and the azimuthal B  components are effortlessly obtained by [24] as: 
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where ),,( tPD   represents a disc located 
within the beam.  

),,( tzrJ


 is the current density which is 
related to the charge density by:  
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Here,   czvz )(  denotes the time-

independent velocity, I is the total current whose 
axial profile (z, t) is uniform and Θ (r-a) is the 
Heaviside step function.  
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All the distances s must satisfy the following 
inequality: 
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where Hz  is the longitudinal coordinates of the 
beam head. 

Here, couples ( ,s ) represent a subset of 
points in the space of images. An 
electromagnetic signal is emitted at time t and 
arrives to point P at time t. At this time t, all 
electrons own a longitudinal coordinate within

Hz . To that end, we must have Hzmax  and 

maxs  does not exist unless max   as well as 

max1

2

)(2
)(  





 zHtc
ztc

       
(16) 

The Short-Range Wakefield Force 
Exerted on the Beam 

The electromagnetic fields ܧሬ⃗  and ܤሬ⃗  induced 
by the beam are known as short-range 
wakefields. These fields act back on the beam 
and influence its motion. The Lorentz force 
acting on an amount of charge dq within the 
beam with cylindrical symmetry of radius a and 
total length ܼு −  ܼ஻  is:  

ܨ⃗݀ = ݖ̂ ௭ܧ ) ݍ݀ ( ݎ̂ ௥ܧ +  + ݖ̂ ܿߚ ݍ݀  ×         ෠ߠ ܤ 
             (17) 
where ܼு and ܼ஻ are the longitudinal 
coordinates of the beam head and tail, 
respectively.  
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Given that:  

ݍ݀ = ,ݎ)ߩ  ,ݖ  (18)         ܸ݀ (ݐ

Then, equation (17) becomes 

ܨ⃗݀ = ,ݎ)ߩ  ,ݖ ݖ̂ ௭ܧ](ݐ  + ௥ܧ)  −     ܸ݀[ ݎ̂(ఏܤ ܿߚ 
             (19) 

Here, dV is the element of volume in 
cylindrical coordinates.  

Numerical Results and Discussion. 
Mathematica® is used in order to calculate 

the components of the force on the beam at 
different stages of the photo-emission of the 
beam from the cathode. 

For numerical calculation of the wakefield 
forces, the following parameters, which are also 
harmonious with the ‘‘ELSA’’ facility, are 
adopted: I = 100 A, electron beam cross-
sectional area ߨ ܽଶ =1 cm2 (a is the radius of the 
beam), beam time length ߬ = 100 ps and the 
accelerated field ܧ଴ = 30 MV/m. These forces 
will be displayed as a function of the 
longitudinal reduced coordinates Z = Hz, A = Ha, 
R = Hr and T = Hc based on the characteristic 
length 1H  (Eq. 3). 

Wakefield and Wakefield Force at Different 
Emission Times 

Figs. 3 and 4 display the longitudinal and 
transverse force acting on the beam, while Fig. 5 
displays the total force acting on the beam at 
time T  =  2Hc/5. Figs. 6, 7 and 8 repeat Figs. 3, 
4 and 5, but at time T = Hc (at the end of the 
photoemission). Figs. 3 and 6 indicate that the 
beam is found to be attracted towards the 
cathode by the positive field due to the images of 
charge on the cathode. This attractive force 
varies along the beam length; it is strongest on 
the drive electrons and decreasing as one moves 
from the beam head towards the trailing 
electrons. Figs. 4 and 7 show the salient features 
of the radial force on the entire beam. Briefly, 
the beam is defocusing towards the negative 
radial direction and the defocusing of the trailing 
electrons is less than that of driving ones. The 
transverse forces on the different slices of the 
beam along the beam lead to an augmentation in 
the transverse momentum of the beam. This 
augmentation is incoherent from the beam tail to 
the beam head. Consequently, the transverse 
phase space of the beam will be distorted and 
this distortion may alleviate the growth of the 
beam instability and brightness.  

 
FIG. 3. Longitudinal component of the force acting on the beam as a function of the reduced coordinates Z along 

the axis of the RF-gun at time T = 2Hc / 5. 
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FIG. 4. Transverse component of the force acting on the beam as a function of the reduced coordinates Z along 

the axis of the RF-gun at time T = 2Hc / 5. 

-0.0001

0

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

-0.05 0 0.05 0.1 0.15 0.2 0.25
Z = H z [ m ]

E
0
 = 30 MV/m

 = 100 ps

F 
(Z

, T
 =

 2
 H

 c


/5
)N

 
FIG. 5. Total force acting on the beam as a function of the reduced coordinates Z along the axis of the RF-gun at 

time T = 2Hc / 5. 
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the axis of the RF-gun at the end of photoemission (at time T = Hc ). 

 
FIG. 7. Transverse component of the force acting on the beam as a function of the reduced coordinates Z along 

the axis of the RF-gun at the end of photoemission (at time T = Hc ). 
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FIG. 8. The magnitude of the total force acting on the beam as a function of the reduced coordinates Z along the 

axis of the RF-gun at the end of photoemission (at time T = Hc ). 
 

All of these figures and Equation (19) reveal 
two effects on the beam: the first one, due to the 
longitudinal component of the force, affecting 
the trailing electrons in the beam, changes the 
energy of individual electrons in the beam, 
depending on their position. Consequently, the 
short-range wakefield induces energy spread in 
the beam.  

The second effect, due to the transverse 
component of the force, deflects the beam 
trajectory. The electrons within the beam are 
decelerated by the positive charge image field. 
Consequently, these electrons lose more energy 
than those situated at the beam head. The 
negative transverse force illustrated in Figs. 4 
and 7 means that this force is defocusing. The 
electrons within the beam experience over the 
beam length an average deflecting force that is 
proportional to the radial displacement r (0 < r < 
a) and dependent on the distance z. Figs. 3 to 8 
show that the short-range space charge forces 
move together with the beam. They are not 
constant along the RF-cavity. Therefore, in a 
single bunch beam, the transverse wake forces 
from the bunch head deflect the tail of the beam; 
this deflection works towards distorting the 
beam into a banana-like shape in the initial stage 
of the acceleration and a spherical one at the exit 
aperture of the RF- cavity.  

Conclusion 
We have shown that it is possible to 

investigate numerically the force acting on an 
accelerated electron beam in the initial stage of 
acceleration, during the photoemission of the 
electrons from the cathode. The formula of the 
Lorentz force is expressed as an integral form of 
the components of the wakefield over the entire 
beam volume.  

The components of wakefield generated by 
an accelerated electron beam that has just been 
emitted from the cathode in a “Pill-Box” cavity 
are derived from the Lienard-Wiechert potential 
and the method of images during the 
photoemission of the electron beam from the 
cathode [24]. 

Numerical calculations of the beam wakefield 
forces revealed two major effects on the beam: 
the first one is ascribed to the longitudinal 
component of the force, which affects the 
trailing electrons in the beam and changes the 
energy of the individual electrons, depending on 
their position. As a result, the short-range 
longitudinal component of the wakefield force 
will give rise to energy spread in the beam.  
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The second effect, due to the transverse 
component of the force, deflects the beam 
trajectory. The electrons within the beam 
experience over the beam length an average 
deflecting force that is proportional to the radial 
displacement r (0 < r < a) and dependent on the 
distance z. This deflection might lead to the 
tilting of the tail of the beam into a nearly 
“banana” shape in the initial stage of the 
acceleration and a spherical one at the exit of the 
RF-gun. Particle loss will occur when the tilted 

beam hits the cavity's lateral wall. This would be 
the cause of the beam breakup.  

Since the forces that onset the electrons beam 
emanate from the beam itself, our numerical 
results and discussion of these forces represent a 
significant step towards an advanced 
understanding of wakefield accelerator 
technology [27-29]. These results could be an 
important background reference for the 
experimental layout and design of laser-driven 
plasma wakefield accelerators [30].  
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Abstract: In this work, pure and Bi3+, Cd2+, Na+ - doped Cu2Se thin films were prepared by 
chemical bath deposition (CBD) method. The effect of doping on optostructural properties was 
analyzed. XRD patterns show the cubic phase for pure and Bi3+, Cd2+, Na+ - doped Cu2Se thin 
films. The doped films show higher absorption than Cu2Se in the visible region. The band gap 
energies of the films were found to be 1.75 eV, 1.70 eV, 3.66 eV, 2.55 eV for pure and Bi3+, Cd2+, 
Na+ - doped Cu2Se thin films, respectively.  
Keywords: Cu2Se thin films, Cation doping, chemical bath deposition (CBD), XRD. 

 
Introduction 

Copper selenide is a p-type semi-conductor 
which is a cost-effective heterojunction solar 
cell used in solar energy conversion devices 
with high efficiency [1, 2]. Intensive research 
has been performed in fabrication and 
characterization of copper selenide in the form 
of thin films because of its band gap energy (1.2 
eV - 2.3 eV), high optical absorption 
coefficient, low toxicity and relative abundance 
[3]. Pathan et al. [4] have reported a band gap 
energy of 2.35 eV for Cu2Se thin films. 
However, the bandgap is greater than the 
optimum value of solar cells. Hence, it is 
necessary to enhance the optical properties of 
the films to use them as a high-efficiency 
absorbing material.  

Doping is the suitable way to tune the optical 
band gap, because incorporation of foreign 
atoms in parent material produces discrete 
energy levels in the intrinsic quantum energy 
levels, which in turn enhances the optical, 
electronic and magnetic properties of the host 
semi-conductor. These properties of a semi-
conductor could be modified by doping with 

divalent and trivalent metal cations due to the 
fact that they provide extra electrons, which 
enhances or modifies the properties [5]. 
Recently, trivalent Bi3+ - doped SnS thin films 
showed the lowest resistivity of 4.788 x 10 -1 Ω-
cm [6]. Luo et al. reported that the addition of 
trivalent Bi3+ ions into Mg2Si0:8Sn0:2 
significantly decreases thermal conductivity and 
increases electrical conductivity and the 
Seebeck coefficient [7]. Patel et al. stated that 
Mn-doped CdS nanoparticles can be used for 
application in dilute magnetic semi-conductors 
and fabrication of solar cells [8]. Kumar et al. 
[9] have reported that the optical band gap 
energy was decreased for divalent Cd2+ - doped 
ZnO thin films. Mondal and Mitra (2011) 
reported that divalent Cd2+ doping in ZnO 
decreases the optical bandgap [10]. Bera and 
Saha reported higher efficiency for divalent 
Zn2+ - doped dye sensitized solar cells [11]. Ali 
et al. [12] reported high refractive index for Ag+ 
- doped ZnO films. Kumar and Thangavel 
reported that monovalent Na+ doping has 
modified the band gap ZnO thin films [13]. 
From the literature, it is found that the doping of 
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monovalent, divalent and trivalent cations 
modifies the optical and electrical properties of 
semi-conductor materials. Hence, the objective 
of this work is to prepare monovalent (Na+), 
divalent (Cd2+) and trivalent (Bi3+) ion-doped 
Cu2Se thin films by CBD method to study their 
optical properties 

Experimental Procedure 
Pure and Bi3+, Cd2+, Na+ - doped Cu2Se thin 

films were prepared by chemical bath 
deposition method. The following A.R. grade 
chemicals were used: copper chloride 
(CuCl2.5H2O), bismuth nitrate 
(Bi(NO3)3.5H2O), cadmium chloride 
(CdCl2.5H2O), selenium (Se), sodium sulphite 
(Na2SO3.5H2O), acetone, HCl, ammonia, glass 
substrates and distilled water. The substrate 
cleaning was performed by immersion in 
chromic acid. Then, the substrates were washed 
with double distilled water and immersed in 
HCl solution for etching process for 15 min. 
The washed substrates were immersed in a 2-
proponal solution, then the solution was placed 
in an ultrasonic bath for 15 min. The ultrasonic 
bath gives the scrubbing effect on the substrates 
and removes dust particles from the substrates. 
Finally, the substrates were washed with double 
distilled water and cleaned with acetone. Then, 
they were used for thin film deposition. 

Sodium selenosulphate (Na2SeSO3) was 
prepared by refluxing of 0.1 M of selenium and 
0.25 M sodium sulphite dissolved in 400 ml 
distilled water at 70°C for 6 hrs. After refluxing, 
the collected sodium selenosulphate solution 
was cooled to room temperature. Then, it was 
filtered and used for the deposition process. 

0.1 M of CuCl2.5H2O was dissolved in 40 ml 
distilled water. Ammonia solution was added 
drop by drop into the copper solution under 
constant stirring. The color of the solution 
changed from light green to blue, which 
indicates the formation of Cu (OH)2, followed 
by [Cu (NH3)4]2+ complex. Further, the blue 
colour solution turns into deep blue while 
adding excess ammonia into the solution. 
Finally, an amount of 40 ml of freshly prepared 
sodium selenosulphate (Na2SeSO3) solution was 
slowly added to the Cu complex solution. The 
colour of the solution again changed to dark 
green and then to brown, which indicates the 
formation of Cu2Se. The pre-cleaned 
microscope glass substrates (75mm x 25mm) 
were vertically immersed in the solution and 

deposition was carried out at 70°C for 2 h. The 
Bi3+, Cd2+, Na+ - doped Cu2Se thin films were 
deposited by adding Bi(NO3)3, CdCl2.5H2O and 
Na2SO3.5H2O into the CuCl2 solution, 
respectively. Afterwards, the substrates were 
removed from the bath solution and washed 
several times using distilled water. The 
deposited films were annealed at 200 °C for 2 h 
for further characterization.  

The prepared pure and doped films were 
characterized using XRD, FESEM and DRS 
techniques. X-ray diffraction (XRD) patterns 
were obtained using a PANalytical X` PERT-
PRO diffractometer using Cu Kα radiation (λ = 
1.5460 Å). The diffraction patterns were 
collected in the range of 2θ = 10˚–80˚. To 
investigate the surface morphology and 
roughness of the particles, Field Emission 
Scanning Electron Microscopy (FESEM) was 
carried out using FEI - QUANTA–FEG 250. 
Diffuse Reflection Spectroscopy (DRS) spectra 
were recorded using a UV- 400 PC series UV-
visible spectrometer.  

Results and Discussion  
Fig. 1 shows the XRD patterns of pure and 

Bi3+, Cd2+, Na+ - doped Cu2Se thin films. In the 
diffraction patterns, the polycrystalline peaks 
seen at 2θ = 26.77° (111), 44.41° (220), 52.60° 
(311), 64.97° (400), 71.66° (331), 81.78° (422) 
and 98.87° (440) belong to the cubic structure 
of Cu2Se and are in good agreement with the 
standard JCPDS card no. 65-2982. It is also 
noticed that no extra peaks were observed for 
the substitution of Bi3+, Cd2+ - doped Cu2Se thin 
films, indicating that the films were in single 
cubic phase, whereas additional peaks were 
observed for Na+ - doped Cu2Se thin films. The 
intensity of the primary (220) peak was 
suppressed and shifted toward lower angle due 
to doping; hence, the crystallinity of the films 
was deteriorated (Fig 2). The (220) plane is 
shifted towards the lower angle for Bi3+, Cd2+, 
Na+ - doped Cu2Se thin films (Fig. 2). The shift 
is due to the higher ionic radii of Bi3+ (1.17 Å), 
Cd2+ (1.09 Å) and Na+ (1.16 Å) than that of Cu+ 

(0.91 Å). The crystalline size of doped films 
was slightly reduced in comparison to the pure 
Cu2Se thin films (Table 1). A similar result 
(peak shift) was observed by Peng et al. [14] for 
Zn, Mn, Ni, Fe, In and Sm-doped β-Cu2Se. 
These results confirm the incorporation of Bi3+, 
Cd2+ and Na+ ions in the cubic structure of 
Cu2Se.  
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TABLE 1. Crystalline parameter of pure and Bi3+, Cd2+, Na+ doped Cu2Se thin films. 
S.No. Sample D (nm) δ (lines/m2) ɛ a (Å) V (Å)3 

1 Cu2Se 84.18 1.411 x 1014 2.3 x 10-3 5.73 188.12 
2 Bi:Cu2Se 70.13 2.033 x 1014 2.9x 10-3 5.746 189.71 
3 Cd:Cu2Se 69 2.06 x 1014 4.9 x 10-3 5.768 191.90 
4 Na:Cu2Se 81 1.51x 1014 3.4 x 10-3 5.763 191.40 

 

 
FIG. 1. XRD patterns of pure and doped Cu2Se thin films. 

 
 

 
FIG. 2. Peak shift of (220) plane. 

 
 

The crystalline size was estimated by using 
Scherrer formula [15]: 

ܦ = ଴.ଽ ఒ
ఉ ୡ୭ୱ ఏ

             (1) 

where β is full width at half maximum (FWHM), 
λ is the wavelength of X-ray source and θ is the 
Bragg’s angle. Dislocation density (δ) was 
evaluated by the following formula [15] to 

obtain information about the amount of defects 
in the films: 

ߜ =  ଵ
஽మ .            (2) 

The micro-strain can be calculated from the 
following relation [15]: 

ߝ =  ఉ ௖௢௦ ఏ
ସ

 .            (3)  
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The calculated values of crystalline size, 
dislocation density and microstrain were 
tabulated in Table 1. It is clear, from Table 1, 
that the crystalline size of Bi3+, Cd2+, Na+ - 
doped Cu2Se is smaller than that of pure Cu2Se. 
This is attributed to the incorporation of foreign 
atoms in the parent network that alters the 
nucleation step during particle growth, limiting 
the nucleations, which consequently reduces the 
crystalline size. The dislocation density and 
stress are found to increase for doped samples. 
The result is evident for the substitution of Bi3+, 
Cd2+, Na+ ions into the Cu sites. The lattice 
parameter a, and the cell volume were calculated 

using the unit cell software (method of TJB 
Holland & SAT Redfern 1995). The calculated 
values are presented in Table 1. The lattice 
parameter, a is found to increase after doping, 
which confirms the incorporation of larger 
dopants into smaller Cu sites. 

Fig. 3 shows the FESEM images of pure and 
Bi3+, Cd2+, Na+ - doped Cu2Se films. The films 
show that the well defined, almost similar size 
particles, were uniformly distributed over the 
entire surface without any observable voids. 

 
FIG. 3. FESEM images of pure and doped Cu2Se thin films. 

 
Fig. 4 shows the DRS absorption spectra of 

pure and Bi3+, Cd2+, Na+ - doped Cu2Se films. 
All films showed higher optical absorption than 
Cu2Se in the visible region. The increase in 
absorbance may be due to the overgrowth of 
particles on the film surface, which implies 
scattering losses as suggested by Saima Mushtaq 
et al. (2016) [16]. The calculated band gap 
values of Cu2Se and Bi, Cd, Na - doped Cu2Se 
films were found to be 1.75 eV,1.70eV,3.66 eV 
and 2.55 eV, respectively (Fig.5) It is obviously 
visible that doping tailors the band gap of the 
parent material. The Cd2+ and Na+ - doped Cu2Se 

films show higher band gap values than those of 
the other films due to the higher carrier 
concentration that moved the optical edge 
towards lower energy and broadened the energy 
gap. The dopant may dominantly contribute to 
the width of localized states within the optical 
band of Cu2Se. Introduction of Cd2+ and Na+ into 
Cu2Se increases the width of the localized states, 
hence resulting in increasing the band gap. 
Similar trends of these results were reported for 
trivalent Sb3+ - doped ZnO and trivalent Al3+ - 
doped ZnS films studied by other researchers [5, 
17]. 
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FIG. 4. Absorpance spectra of pure and doped Cu2Se thin films. 

 

 
FIG. 5. Energy band plots of pure and doped Cu2Se thin films. 

 
Conclusions 

Pure and Bi3+, Cd2+, Na+ - doped Cu2Se thin 
films with cubic phase have been deposited 
successfully by chemical bath deposition method 
and the crystalline size was decreased from 84 
nm to almost 70 nm for Bi- and Cd-doped and to 
81 nm for Na-doped Cu2 Se films. The films 
were homogeneous and uniform size particles 
were covering the surface. The optical 
absorbance study reveals that Bi-doped films 
show lower band gap of 1.70 eV, whereas Cd- 
and Na-doped films show higher values of 3.66 
eV and 2.55 eV when compared to the band gap 
of 1.75 eV of pure Cu2Se films. 
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Abstract: Cubic phase CoSn(OH)6 nanoparticles were successfully synthesized by a facile 
hydrothermal method using NaOH as a mineralizer. The prepared sample was analyzed by 
using X-ray diffraction (XRD) and the analysis confirmed that the CoSn(OH)6 
nanoparticles have a spinel cubic structure with lattice space group Pn3m and mean 
crystalline size of 25 nm. Field emission scanning electron microscope (FE-SEM) study 
showed that the cubic with polyhedral shaped surface morphology of the CoSn(OH)6 
nanoparticles was seen. The specific capacitance value of 450 Fg-1 was calculated at the 
scan rate of 2 mVs-1 as measured by using cyclic voltammetry. In the present investigation, 
the prepared CoSn(OH)6 nanoparticles are suggested as a potential candidate for 
supercapacitor applications.  
Keywords: Hydrothermal, Nanoparticles, Cubic, Cyclic voltammetry, Specific 
capacitance. 

 
Introduction 

In recent decades, stannate nanostructure 
materials have attracted special attention because 
of their tailor-made properties in a wide range of 
applications in energy storage [1-3]. Among 
various materials, transition metal oxide-based 
material play a very important role in 
supercapacitor applications [4, 5]. However, 
RuO2 is considered a good electrode material for 
supercapacitor because of its high specific 
capacity of 720 F/g in aqueous acid electrolytes 
[6]. Nevertheless, the disadvantages are high 
cost and toxic behavior. Owing to this, the 
capacitance behavior of different oxide materials 
such as MnO2, NiO, Bi2O3 and SnO2 was studied 
using various electrochemical techniques [7-10]. 
So, researchers focused on generating alternate 
materials for supercapacitor applications due to 
the rising demand and in order to enhance the 

electrochemical performance of the 
supercapacitor. Hence, we designed metal 
stannate hydroxide-based nanomaterials due to 
their most impressive properties, such as high 
electron mobility, high power density and long 
cycle life [11-13]. In this investigation, 
CoSn(OH)6 nanoparticles are synthesized by 
using the facile hydrothermal method in the 
presence of NaOH as a mineralizer to study the 
structural, morphological and electrochemical 
performance of the synthesized material.  

Experimental Procedure 
The chemical reagents (CoCl2. 6H2O, 

SnCl4.5H2O and NaOH) were purchased from 
Merck chemicals (99% pure) and the experiment 
was carried out without any further purification. 
CoSn(OH)6 was successfully synthesized by 
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using the hydrothermal method [14]. An amount 
of 30 ml containing 0.06 M of CoCl2.6H2O and 
0.03 M of SnCl4.5H2O was dissolved using 
deionized water separately to form a transparent 
solution and then mixed together. An appropriate 
amount of 3M NaOH solution was added to the 
mixed solution drop-wise to adjust the pH level 
up to ~10 under constant stirring. The resultant 
solution suddenly formed blue color precipitates, 
which indicates the formation of cobalt stannate 
hydroxide colloidal suspension. The solution 
was transferred to a Teflon-coated stainless steel 
autoclave at 200 C for 24 h in hot air oven for 
the hydrothermal reaction. After the 
hydrothermal reaction, the resultant solution was 
washed with deionized water and ethanol several 
times and further dried in an oven at 100 C for 6 
hours. The resultant product was prepared for 
further characterization. 

The synthesized CoSn(OH)6 nanoparticles 
were characterized by X-ray diffraction (XRD), 
Field emission scanning electron microscopy 
(FE-SEM) and Cyclic voltammetry (CV) 
analyses.  

Crystalline structure and size of CoSn(OH)6 
were determined by using powder X-ray 
diffractometer (PAN alytical, Model: 
PW3040/60 X’pert PRO) with CuK  radiation 
( = 1.54060Å) at 40 kV and 30 mA. The step 
scan was recorded for 2 values in the angular 
range from 10 to 80 with a scanning speed of 
10°min-1. The morphology of the CoSn(OH)6 

nanoparticles was observed through the FE-SEM 
(ZEISS Supra 40VP). Electrochemical 
performance of the synthesized nanoparticles 
was measured by cyclic voltammeter (CV) 
model CHI 660 and the CV measurement was 
carried out at a potential window between -1.5 V 
and 2 V.  

Results and Discussion 
FIG. 1 shows the X-ray diffraction pattern of 

CoSn(OH)6 nanoparticles. The XRD pattern 
exhibits strong reflection of hkl planes (111), 
(200), (220) and (420), indicating that the 
corresponding 2θ values of 19.3, 22.8, 32.5 
and 52.2 are indexed for the spinel cubic phase 
of CoSn(OH)6 from JCPDS card no. 74-0365. 
The average crystal size was determined by 
Debye Scherer formula [15].  

ܦ = ௄ఒ
ఉ஼௢௦ఏ

 ;            (1) 

where D is the crystallite size, K (= 0.89) is a 
constant related to the shape of the crystal,  is 
the wavelength of the radiation employed,  is 
the full width at half maximum (FWHM) of the 
obtained reflection peak in radians and  θ is the 
Bragg diffraction angle. The calculated mean 
crystalline size was found to be 25 nm. The 
XRD study confirmed that the as prepared 
sample was cubic structured CoSn(OH)6 
nanoparticles without any impurities and with 
primitive lattice Pn3m space group. 

 
FIG. 1. XRD pattern of CoSn(OH)6 nanoparticles. 
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The morphology of CoSn(OH)6 nanoparticles 
was observed by FE-SEM micrograph 
measurements. FIG. 2 shows the FE-SEM image 
of CoSn(OH)6 nanoparticles. It clearly 
demonstrates that the nanoparticles are 
aggregated in polyhedral and cubic shape [16]. 

From the figure, it can be seen that the 
CoSn(OH)6 nanoparticles are evenly distributed 
in the range of 20-50 nm, which indicates that 
the FESEM result of CoSn(OH)6 nanoparticles 
closely matches the XRD result. 

 
FIG. 2. FE-SEM image of CoSn(OH)6 nanoparticles. 

 
For investigating electrochemical 

performance, the CV analysis was carried out in 
the potential window between -1.5 V and 2 V at 
different scan rates as shown in FIG. 3. The 
CoSn(OH)6 nanoparticles were tested as an 
electrode to evaluate the electrochemical 
performance in a three-electrode system [17]. It 
exhibits quasi rectangular shape of CV curve 
with scan rate values from 2 to 50 mVs-1. The 
specific capacitance of synthesized CoSn(OH)6 
nanoparticles can be calculated using the 
following formula [18]: 

ݏܥ = ொ
∆௩.௠

 (2) 

where Cs is the specific capacitance, Q is the 
anodic charge, m is the mass of the electrode 
material (mg) and Δv is the scan rate (mV s-1). 
While increasing the scan rate, the shape of 
curve reduction indicates that the change in the 
specific capacitance value gets decreased from 

450 Fg-1 at  2 mVs-1 to 23 Fg-1 at 50 mVs-1 as 
shown in Table 1. The CV curve exhibits a shape 
different from the identical rectangular shape, 
which indicates the pseudo capacitance nature of 
the CoSn(OH)6 nanoparticles [19]. In addition, it 
confirms the changes in specific capacitance 
while increasing scan rate owing to the pseudo 
capacitance nature of CoSn(OH)6 nanoparticles. 
It indicates that at lower scan rates, ionic 
diffusion takes place and electrons interact with 
the inner and outer surfaces of the nanoparticles 
due to Faradaic reaction [16]. At increased scan 
rates, ionic diffusion takes place only at the outer 
surface of the nanoparticles [20]. The 
CoSn(OH)6 nanoparticles have a high specific 
capacitance value of 450 Fg-1 at a scan rate of 2 
mVs-1. It can be concluded that CoSn(OH)6 
nanoparticles are suitable for supercapacitor 
applications. 
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FIG. 3. Cyclic voltammetry curves of CoSn(OH)6 nanoparticles at different scan rates. 

 
TABLE 1. Specific capacitance of CoSn(OH)6  nanoparticles at different scan rates. 

 CoSn(OH)6   nanoparticles  
Scan rate (mVs-1)                             2             10       20       30         40         50         
Specific capacitance (Fg-1) 450            136       65      44          32         23         

 
Conclusions 

CoSn(OH)6 nanoparticles were synthesized 
successfully by using the facile hydrothermal 
method. The XRD analysis confirmed cubic 
structure of CoSn(OH)6 and a mean crystal size 
of 25 nm. FE-SEM reveals the synthesized 
product to be in polyhedral with agglomerated 
cubic shape. The average crystalline size from 

XRD matches well the FE-SEM result. The 
superior specific capacitance value of 450 Fg-1 
was obtained at the scanning rate of 2 mVs-1. We 
deem that this facile process and specific 
capacitance performance enlighten the 
CoSn(OH)6 nanoparticles to be a potential 
candidate for supercapacitor applications. 
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Abstract: CuMS2 (M= Bi, Sb) thin films (0.1 M) were deposited by chemical bath 
deposition (CBD) method and characterized by X-ray diffraction (XRD) and UV-Visible 
(UV) analyses. The XRD pattern confirms the formation of orthorhombic structured 
CuBiS2 with Cu2S phases as an impurity and orthorhombic structured CuSbS2. UV studies 
show higher optical absorption in the visible region, which indicates that the resulting 
material can be used as an absorbing material in solar cells.  
Keywords: CuBiS2, CuSbS2, CBD, XRD, Orthorhombic, Absorbing materials. 

 
Introduction 

Metal-based ternary chalcogenide semi-
conductors ABX2 (A= Cu, Ag; B= Bi, Sb, In; X= 
S, Se, Te) have considerable applications for a 
wide variety of IR detectors, p-n junction solar 
cells and thermoelectric materials [1]. CuSbS2 
and CuBiS2 are semi-conducting materials 
having the capability of covering maximum part 
of the visible region and infra-red region in the 
electromagnetic spectrum (Eg = 1.5 to 2.2 eV), 
higher optical absorption coefficient (>104 cm-1) 
[2] and can be easily obtained in the form of thin 
films. The advantages of these materials are: 1) 
earth abundance 2) low cost when compared to 
Ag, In and Te and 3) lower toxicity. Hence, the 
present study aims to deposit CuMS2 (M= Bi, 
Sb) thin films by simple CBD method and to 
study their structural and optical properties. 

Experimental Details 
AR grade chemicals were used in this study. 

CuMS2 (M = Bi, Sb) thin films have been 
prepared by CBD technique. For the preparation 
of CuBiS2 thin films, 0.1M of Cu(NO3)2 and 
0.1M of Na2S2O3 were dissolved in double 

distilled water and added into ethylene glycol 
dissolved 0.1M of Bi(NO3)3 solution at room 
temperature under vigorous stirring. Then, 
ultrasonically cleaned substrates were immersed 
in the prepared solution at rest for 24 h. The 
preparation of CuSbS2 thin film process was 
similar to that of CuBiS2; here, 0.1 M of acetone 
dissolved SbCl3 was used instead of Bi(NO3)3. 
After dipping for 24h, the substrates were taken 
out of the bath, rinsed with double distilled water 
and dried in room temperature. The prepared 
films were annealed at 200 °C in air atmosphere 
for 1h and characterized by X-ray diffraction 
(XRD) and UV-Visible (UV) analyses. 

Results and Discussion 
Film thickness was calculated by using 

Swanepoel method [3] and found to be 1191 nm 
for CuBiS2 and 303 nm for CuSbS2 thin films. 
Fig. 1 shows the XRD patterns of CuBiS2 and 
CuSbS2 thin films. The CuBiS2 film shows the 
prominent peaks at 2θ = 30.09° and 54.05° 
corresponding to the reflection of (013) and 
(216) planes, respectively, for orthorhombic 
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CuBiS2 [JCPDS Card No. 65-1300 and 89-
2670]. An additional peak is observed at 
2θ=37.88° belonging to (102) plane of hexagonal 
structured Cu2S [JCPDS Card No. 89-2670]. In 
the case of CuSbS2, the peaks at 2θ =28.78° and 

25.33° correspond to the planes of (111) and 
(011), which confirms the formation of 

orthorhombic CuSbS2.The low intensity of the 
peaks indicates that the films consist of coarsely 
fine grains/or are nanocrystalline in nature. 
Crystalline size was calculated using Scherrer 
formula and found to be 68 nm and 20 nm for 
CuBiS2 and CuSbS2, respectively. 

 
FIG. 1. XRD patterns of CuBiS2 and CuSbS2 thin films. 

 
Fig. 2 shows the optical absorption spectra of 

CuBiS2 and CuSbS2 thin films. It can be seen 
from the spectra that the CuBiS2 film showed 
better absorption in the visible region (300 -700 
nm) compared to CuSbS2 film. Optical 
absorption coefficient (α) was calculated and 
found in the range of 105 cm-1. This higher α 
value confirms that the deposited films are 
potential candidates for solar cell applications. 
Eg plot (Fig. 2 inset) was drawn using Tauc’s 
plot [1] and found to be 1.69 eV and 1.8 eV for 
CuBiS2 and CuSbS2 thin films, respectively, 
which is comparable to earlier literature (1.5 - 
1.9 eV) [1,2]. ON the other hand, the thin films 
are having direct bandgap energy [4-7]. In the 
case of CuBiS2, the band gap is comparatively 
lower than in the case of CuSbS2 because of Bi3+ 

having higher anisotropic electronic behaviour, 

low conduction band effective mass and high 
electron mobility [8]. The Eg values lie closer to 
optimum value for solar cells.  

Conclusion 
In this work, CuMS2 (M= Bi, Sb) thin films 

(0.1 M) were deposited by chemical bath 
deposition method. The XRD pattern confirms 
the polycrystalline nature of orthorhombic 
structured CuBiS2 and CuSbS2. UV studies show 
higher optical absorption coefficient (α >104   
cm-1). Band gap energy was found to be 1.69 and 
1.8 eV for CuBiS2 and CuSbS2 thin films, 
respectively, which indicates that the materials 
have potential applications in the field of solar 
cells. 
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FIG. 2. UV-visible spectra of CuBiS2 & CuSbS2 thin films; inset: Eg plotplot. 
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يتم اعتماد 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 ،ةالحواشي التفسيري

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

 ، علــى ان تكــون أصــيلة دالأســووالأبيض بــتقبــل الرســوم التوضــيحية المســتخرجة مــن الحاســوب والصــور الرقميــة ذات النوعيــة الجيــدة   
لا تحتـاج   بحيـث يجب تزويد المجلة بالرسـومات بحجمهـا الأصـلي    و. المقابلبوكل منها على ورقة منفصلة ومعرفة برقمها  ،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. ت الملونةللرسوما 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 .مجلة الباحثين على إرفاق جميع المواد الإضافية التي يمكن أن تسهل عملية التحكيمتشجع ال: مواد إضافية
  .اشتقاقات رياضية مفصلة لا تظهر في المخطوط

قـديم نسـخة   علـى البـاحثين ت  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. كترونيالإتم تقديم الأشكال 

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

  حقوق الطبع

 أي جهـة أخـرى   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 الطبعأشترط على الباحثين ملء وي. كانت وبأي صيغة ورقية أو إلكترونية أو غيرها

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

  إخلاء المسؤولية

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

  .المنشورة في المجلة أو سوء استعمالها

  

  :المجلة مفهرسة في: الفهرسة

  

Emerging Sources Citation Index 
(ESCI) 

    

  
  

  



  معلومات عامة

، وزارة التعلـيم  بـدعم مـن صـندوق دعـم البحـث العلمـي      ة تصـدر  محكم ـمتخصصـة  ة عالميـة  هي مجلة بحـوث علمي ـ  للفيزياءالمجلة الأردنية 
وتنشـر   .ربـد، الأردن إمـي والدراسـات العليـا فـي جامعـة اليرمـوك،       وتقوم بنشر المجلة عمادة البحـث العل . 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 

  تقديم مخطوط البحث
  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  الفنيةويجري تحكيم البحوثِ الأصيلة والمراسلات القصيرة والملاحظات 
 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        من كاتب المقال الخاص  ويطْلَب. ويشار إليها كذلك عند النشر ،التحرير
 كتبيها علـى أو مسـتَ  ، 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 ملخصويرفَق مع البحث . إرسال مقترح من صفحتين إلى رئيس التحرير
  .الإنجليزية

  ترتيب مخطوط البحث

 × A4 )21.6ن ورق علـى وجـه واحـد م ـ    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  سم ، باسـتخدام معـالج كلمـات ميك    3.71مع حواشي ) سم 27.9

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

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

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

  .وذلك لأهمية هذا العنوان لأغراض استرجاع المعلومات

هـم مـا توصـل إليـه     أالنتـائج و وفيـه   والمـنهج المتبـع  موضـحة هـدف البحـث،     ،كلمـة  المطلـوب كتابـة فقـرة واحـدة لا تزيـد علـى مـائتي       : 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 ح الهدف من الدراسة وعلاقتها بالأعمال السابقة في المجال، يجب أن توض: المقدمة
  ).مطبوعة الصفحة صفحة ونصف

يل كــاف لإتاحــة إعــادة إجرائهــا بكفــاءة، ولكــن باختصــار  ق موضــحة بتفصــائ 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

  .جيجب أن تكون موجزة وتركز على تفسير النتائ: المناقشة

  .يجب أن يكون وصفا موجزا لأهم ما توصلت إليه الدراسة ولا يزيد عن صفحة مطبوعة واحدة: الاستنتاج

  .في فقرة واحدة تسبق المراجع مباشرة انالشكر والإشارة إلى مصدر المنح والدعم المالي يكتب: عرفانالشكر وال
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