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Abstract: This paper reports on the synthesis and characterization of Fe-doped ZnO thin 
films deposited onto gold coated glass substrates, using electrochemical deposition (ECD) 
technique at room temperature and different concentrations of Fe. X-ray diffraction (XRD), 
scanning electron microscopy (SEM), photoluminescence (PL) and optical transmission 
measurements were used to characterize the films. The effect of iron doping on the 
structural, morphological and optical properties of the films was studied. The XRD spectra 
of the Fe-ZnO films indicate the polycrystalline nature having hexagonal crystal structure. 
From the XRD pattern, it is observed that peak positions shift toward lower angles with Fe 
doping. The change in the peak positions with increase in Fe content clearly indicates that 
Fe ions replace Zn ions in the ZnO films. The SEM images showed different surface 
morphologies of the grown structures on the gold layer according to the doping 
concentration. The shape and dimensions of the structures depend on the doping level. The 
PL spectra illustrate that there is an obvious red-shift for the emission centre from 
ultraviolet to blue region. The intensities of emissions from defects increase with the 
increase of Fe doping. The growth and doping mechanism was also briefly discussed.  
Keywords: Fe-doped ZnO thin films; Nanomaterials; Doping; Electrochemical deposition; 
ZnO. 
 

 
Introduction 

Transparent metal oxide films are of 
paramount technological importance for solar 
cells, chemical sensors, liquid crystal displays 
and as nano porous films for dye sensitized solar 
cells. Among these metal oxides, wide direct 
band-gap zinc oxide (ZnO) has gained increasing 
attention because of its promising properties. 
ZnO has a broad range of applications, such as 
light-emitting diodes, photo detectors and gas 
sensors [1-4]. The interest in ZnO is due to its 
unique properties, such as a relatively high 
exciton binding energy (60 MeV), wide band 
gap (3.34 eV at 300 K), piezoelectric behavior 
and the fact that it is a biocompatible material.  

The undoped/doped ZnO can be fabricated 
using various methods, such as radio frequency 

plasma [5], ion-assisted cyclic sputtering [6], RF 
sputtering [7], thermal oxidation [8], electron 
beam evaporation [9], activated reactive 
evaporation [10], spray pyrolysis [11], low-
pressure metal organic chemical vapor 
deposition (MOCVD) [12], chemical bath 
deposition [13] and electrodeposition [14].  

Compared to other techniques, 
electrochemical methods offer several 
advantages including fast, simple, low cost 
operation at near room temperature, large-scale 
deposition area and the ability to control 
composition, crystallinity and the properties of 
the deposit by adjusting deposition conditions. It 
is interesting that the electrodeposition of ZnO 
can also produce a variety of different 
morphological deposits [15]. In addition, the 
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preparation of ZnO by electrodeposition is also 
eco-friendly because normally no toxic 
chemicals are used in the electrolytic bath [15-
17]. Moreover, the deposition process can be 
carried out on various substrates such as glass, 
polymers, semiconductors and templates. There 
are no special requirements needed for the 
substrates, except that they should be 
conductive. Therefore, this technique is well 
adapted for industrial procedures in the 
fabrication of ZnO thin films. 

Furthermore, ZnO thin films are also 
considered as a host material for diluted 
magnetic semiconductors (DMS) by transition 
metal elements doping [18-21]. The possibility 
of synthesizing ferromagnetic ZnO 
nanostructures is particularly encouraging, since 
this will enable several promising applications in 
the fields of spintronics and optoelectronics. 

However, several inconsistent results have 
been obtained for the Fe-doped ZnO films. 
Polyakov et al. [22] found room temperature 
ferromagnetism by implanting Fe ions in a ZnO 
crystal grown by vapour phase, while Janisch et 
al. [23] reported that Fe-doped ZnO showed a 
paramagnetic behavior. In order to clarify this 
discrepancy, it is important to disclose the effect 
of doped-Fe on the structure and properties of 
ZnO thin films. For the Fe-doped ZnO materials, 
the results of some theoretical studies show that 
they can possess ferromagnetic properties at 
room temperature [24, 25]; therefore, most of the 
researchers mainly studied the ferromagnetic 
behavior of Fe-doped ZnO thin films [26-28]. 
There are few reports on their structural, optical 
and electrical properties. However, Fe-doped 
ZnO thin film could be an important multi- 
functional material; hence, it is important to 
study its structural, optical and electrical 
properties and the correlation between them. 

In this work, we prepared Fe-doped ZnO 
nanostructures at room temperature by 
electrochemical techniques on gold coated glass 
substrates in an aqueous solution. The novelty of 
synthesis of thin films at room temperature is to 
reduce the thermal mismatch between films and 
substrates. The effect of Fe-doping concentration 
on the structural and optical properties of ZnO 
nanostructure was investigated. Structural and 
optical properties were investigated by scanning 
electron microscopy (SEM), X-ray diffraction 
(XRD) and photoluminescence (PL) 
spectroscopy.   

Experimental Procedure 
Fe doped ZnO nanostructures were deposited 

by electrochemical deposition (ECD) using 0.1 
M Zn (NO3)2 aqueous solutions and a stock 
solution of 4.13 mM Fe (NO3)3 dissolved in 
deionized water. To adjust the composition of 
the deposits, the concentrations of Fe (NO3)3 in 
the baths were 10 μl, 20 μl, 30 μl and 40 μl. 
These correspond to the concentrations of Fe 
ions in the bath of 0.06 mM, 0.12 mM, 0.18 mM 
and 0.24 mM, respectively.  

A simple two-electrode homemade Teflon 
cell was constructed using a platinum wire as an 
anode and the gold coated glass substrate as a 
cathode. The gold coating is sufficiently thin 
such that it allows transmittance measurements 
unhindered. The thicknesses of gold layers were 
about 20 nm. The distance between the anode 
and the substrate was about 5 mm. A constant 
electrodeposition current density of 3 mA/cm2 
producing the highest deposition rate was 
applied for 30 min. The good conducting gold 
layer was used to reduce the stress in the 
deposited films and to increase the deposition 
rate.  

The possible electro-deposition mechanism of 
ZnO through nitrate precursors can be 
summarized as follows:  

First, the reduction of nitrate ions produces 
nitrite and hydroxide ions in water. Then, Zn 
ions interact with hydroxide ions, forming Zinc 
Hydroxides. After dehydration of Zn (NO3)2,

 the 
final product ZnO forms [29].  

Zn(NO3)2 + H2O  Zn2+ +NO3
1-                             (1) 

NO3
1- + H2O +2e-  NO2

1- +2OH-                     (2) 

Zn2+ + 2OH1-  Zn(OH)2                             (3) 

Zn (OH) 2  ZnO + H2O                               (4) 

Since iron oxides thin films were 
electrodeposited in an aerated solution, there are 
two possible reactions to accomplish the 
formation of Fe2O3.  

Reaction 1 
Dissolved oxygen can be reduced and then 

react with ferric ions to form Fe2O3 as in the 
following reaction: 

4Fe3+ + 3O2 + 12e-  2Fe2O3                        (5) 

This reaction is limited by the concentration 
of the dissolved oxygen.  
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Another possible reaction is manifested via 
water dissociation as shown in Eq. (6a). This 
enhances the formation of ferric hydroxide as in 
Eq. (6b). Ferric hydroxide is converted into 
Fe2O3 as in Eq. (6c). The overall reaction is 
shown in Eq. (6d). Due to the low dissolved 
oxygen concentration in the reaction cell, this 
suggests that reaction 2 is the predominant 
electrodeposition reaction pathway [30].   
Reaction 2  

6H2O + 6e-  3H2 (g) + 6OH-
                      (6a)   

2Fe3+ + 6OH-  2 Fe(OH)3                               (6b)   
2 Fe(OH)3  Fe2O3 + 3H2O                               (6c) 

____________________________________  
2Fe3+ + 6H2O + 6e-  Fe2O3 + 3H2 (g)         (6d)  

Finally, the synthesized products were 
characterized by X-ray diffraction (XRD), 
scanning electron microscopy (SEM) and 
photoluminescence (PL) spectroscopy. 

High resolution XRD (PANalytical X’pert 
Pro MRD) with a Cu-K1 radiation source ( = 
1.5406 Å) is used to assess the crystalline quality 
and the lattice parameters of the samples which 
can also be determined from the peak position. 
Under high resolution measurements, this system 
has a resolution of 12 arcsec. The grain structure 
and stoichiometry of the prepared samples were 
examined by scanning electron microscope 
(SEM FEI Quanta 200) equipped with energy 
dispersive X-ray spectroscopy (EDAX) facility 
for elemental analysis. 

For SEM characterization, normally the 
measurements were performed at 10 kV to 
measure the surface morphology of the samples.  

Photoluminescence (PL) measurements were 
performed by using Jobin Yvon HR800UV 
spectrometer system that is an integrated 
confocal micro-photoluminescence spectrometer. 
A helium cadmium (He-Cd) laser (325 nm) and 

an argon ion laser (514.5 nm) were used as 
excitation sources for PL measurements; the 
incident laser power was 20 mW.    

Results and Discussion   
Fig.1 (A) shows XRD spectra of (a) pure 

ZnO, (b) 0.06 mM Fe, (c) 0.12 mM Fe, (d) 0.18 
mM Fe and (e) 0.24 mM Fe-doped ZnO thin 
films, respectively. In all cases, the observed 
diffraction peaks can be indexed to standard 
hexagonal wurtzite ZnO structure, indicating that 
Fe-doping did not change the hexagonal wurtzite 
structure of ZnO films. Seven peaks appear in 
the diffraction spectrum in the 2θ interval of 30-
70o and correspond to (100), (002), (101), (102), 
(110), (103) and (112) orientations of the ZnO 
hexagonal structure. The film formed is 
polycrystalline with a preferential orientation of 
the (002) diffraction peak, showing that the film 
is preferentially oriented along the c-axis 
direction. This indicates that this axis in the ZnO 
film tends to grow perpendicular to the substrate 
surface [31]. In the XRD pattern, characteristic 
peaks of the (111) gold substrate also appears. 

Fig. 1B shows the main characteristic peaks 
((100), (002), (101)) of wurtzite structure in 
order to see a close view and the impact of the 
dopant ions in the pristine ZnO lattice. The peaks 
are shifted to lower angles and the intensity 
decreased with increasing Fe doping 
concentration compared to those of pure bulk 
ZnO, which is consistent with that of other Fe-
doped ZnO films [31]. This shift in peak 
positions clearly reflects that Fe replaces Zn in 
the ZnO films. Meanwhile, it was apparent that 
the intensity and the full width at half maximum 
(FWHM) of (002) diffraction peak decreases 
with the increment of Fe concentration, implying 
that more Fe concentration in ZnO films 
improves the ZnO film crystallinity. 
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FIG. 1. (A) XRD spectra of of (a) pure ZnO, (b) 0.06 mM Fe, (c) 0.12 mM Fe, (d) 0.18 mM Fe and (e) 0.24 mM 

Fe-doped ZnO thin films. FIG. 1(B) shows an XRD pattern of the three most intense peaks ((100), (002) and 
(101), showing shifting of the centre of diffraction toward the left. 

 
This might be due to the lattice disorder and 

strain induced by interstitial Fe atoms or the 
substitution of Fe for Zn. The lattice constants of 
Fe doped ZnO were found to be slightly larger 

than those of pure bulk ZnO. The larger ionic 
radii of Fe+2 ions (0.63 Å) compared to Zn+2 ions 
(0.60 Å) in the tetrahedral coordination [33] tend 
to increase the size of the lattice in doped ZnO 
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films. An approximate average size, D, of Fe-
ZnO crystal was calculated from the well-known 
Scherrer formula:   

cos
KD 

 
              (7)  

where; k is a constant equal to 0.9,  is the 
incident X-ray wavelength and  is the FWHM 
in radian. For the pure ZnO sample, the average 
size D was found to be 70 nm, meanwhile the 
values of D for all doped samples are listed in 

Table 1. They obviously increased with doping 
concentrations. The out-of -plane (along c-axis) 
strain, εc, has been calculated from the relation 
εc= Δc/c0 [34] and presented in Table 1,where; 
Δc is defined as the deviation of the calculated 
lattice parameter c from the corresponding 
unstrained values of bulk ZnO co = 5.206 Å. The 
positive values of the out-of-plane strain εc 
indicate that the strain caused by the substrate is 
tensile in all doped samples. 

 

TABLE 1. Lattice constant (c), out-of -plane strain (εc) and average crystal size( D) determined for the 
Fe-ZnO samples deposited for different durations 

Sample c (Å) c () D (nm) 

0.06 mM Fe 5.216 0.192 31 

0.12 mM Fe 5.230 0.461 61 

0.18 mM Fe 5.242 0.691 65 

0.24 mM Fe 5.242 0.691 86 
    

Fig. 2 shows the scanning electron 
micrographs of the morphology of ZnO films 
deposited on gold coated glass substrates using 
ECD. The films were deposited for different 
additions of Fe; (0.06, 0.12, 0.18 and 0.24) mM, 
keeping the current density constant at 3 mA/cm2 
(corresponding to the applied potential voltage 
of 15 V). The SEM images show different 
surface morphologies of the grown structures 
according to the concentration of Fe. As the Fe-
concentration increases, changes in the 
morphology of the films are observed. The 
surface morphology of the Fe-ZnO thin films 
shows a network of flake-like nanostructures and 
clearly revealed that the average size of surface 
flakes is increased with increasing the 
concentration of Fe doping, which is in 

agreement with other results [25]. The flakes are 
a mixture of small sizes from a micron to100 nm 
for 0.06 mM Fe (Fig.2b), larger, denser and 
more uniform flakes with two forms for 0.12 
mM Fe (Fig.2c). As the concentration of Fe is 
increased over 0.18 mM Fe, the flakes become 
denser and like a continuous structure and the 
Fe2O3 becomes more dominant as shown in 
(Fig.2d) and (Fig.2e). That is to say, when Fe-
doping concentration is less than 0.18 mM Fe, 
the Fe2O3 has little effect on the morphology of 
ZnO nanostructures. One could observe that the 
concentration of Fe has a significant effect on 
the morphology, the shape and the size of the 
films, such that the dimensions of the structures 
were observed to increase with increasing the 
concentration. 
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FIG. 2. The surface morphology (SEM) micrographs of (a) pure ZnO, (b) 0.06 mM Fe, (c) 0.12 mM Fe, (d) 0.18 

mM Fe and (e) 0.24 mM Fe-doped ZnO thin films 
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FIG. 3 demonstrates the EDX image of pure 
and Fe-doped ZnO thin films. The ratios of 
Fe2O3 and ZnO were printed in the figure which 

shows that the ratio of Fe2O3 increased with 
doping. 

 
FIG. 3. The EDX spectra of (a) pure ZnO, (b) 0.06 mM Fe, (c) 0.12 mM Fe, (d) 0.18 mM 

Fe and (e) 0.24 mM Fe-doped ZnO thin films 
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FIG. 4. Room temperature photoluminescence (PL) spectra of (a) pure ZnO, (b) 0.06 mM Fe, (c) 0.12 mM 

Fe, (d) 0.18 mM Fe and (e) 0.24 mM Fe-doped ZnO thin films 

 

FIG. 4 shows the room-temperature 
photoluminescence spectra (330-700) nm of pure 
and Fe-doped ZnO thin films deposited on gold 
coated glass substrates. All the samples have an 
ultraviolet emission peak centered at 381 nm and 
a broad green-orange emission band ranging 
from (400 - 650) nm. The near band edge 
emission (NBE) centered at 381 nm is attributed 
to the irradiative recombination of a hole in the 
valence band and an electron in the conduction 
band also from free exciton [35, 36]. Therefore, 
the density of free exciton in ZnO thin films is 
the major factor affecting the intensity of 
ultraviolet emission. This tends to shift the peak 
continuously toward higher wavelength and 
broaden the peak with increasing doping 
concentration. The shift of the NBE emission 
peak has been attributed to the strong exchange 
interactions between the ‘d’ electrons of the 
doping ions, and the ‘s’ and ‘p’ electrons of the 
host [37]. The green-orange emission band was 
related to defects; in addition, by increasing the 
concentration of the doping ions, there is a 
gradual increase in the intensity of the defect 
related peak. This indicates that the 
concentration of intrinsic defects (responsible for 
broad-band emission) increase with Fe doping in 
ZnO films. The doped captions may provide 
competitive pathways for recombination and 
result in quenching of the broad green-orange 

emission. It is clear from Fig. 4 that the intensity 
of ultraviolet emission has obviously decreased 
while the intensity of the green-orange emission 
band increased as Fe is added to ZnO thin film. 

The above results show that the effect of Fe-
doping on the luminescence behavior of ZnO is 
complex. The complexity is mainly associated 
with the following factors: 

(1) The native point defects (including type and 
density) in ZnO are different due to the 
different preparation techniques of ZnO 
materials. 

(2) The valence state of Fe in ZnO is not unique; 
that is to say, the doped Fe in ZnO may exist 
either in the form of Fe2+ or Fe3+ and even 
coexist in the form of Fe2+ and Fe3+. 

(3) The inclusion of iron ion which is larger than 
zinc ion by 6% into the ZnO thin films leads 
to an increase in the lattice parameter as in 
table 1 which in turn causes lattice strains by 
generating intrinsic defects or induces phase 
separation and/or precipitation of the dopant 
ions into interacting clusters [38]. This result 
is clearly manifested by the reduction of 
luminescence efficiency shown in Figure 4 
and the appearance of clustering in SEM 
micrographs as the concentration of the 
dopant increases.  
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FIG. 5 shows the optical transmission spectra 
of Fe-doped ZnO thin films deposited on gold 
coated glass substrates at room temperature for 

different Fe doping concentrations in the 
corresponding wavelength range of 200-500 nm.  

 
FIG. 5. Transmittance spectra of Fe-doped ZnO thin films. 

 

It is interesting to note that for higher 
wavelengths ( > 370 nm), transmission (%) is 
gradually reduced with Fe doping. The 
transmittance of Fe-ZnO films in the visible 
region decreases from 25% to10% as the Fe 
doping percentage increases. This decrease in the 
transmittance value of the Fe-ZnO thin films is 
due to the grain boundary scattering and 
attributed to the increased scattering of photons 
by crystal defects created by doping [39]. The 
free carrier absorption of the photons also 
contributes to the observed reduction in the 
optical transmission of heavily doped films. This 
decrease agrees with other workers. For 
example, Chen et al. [40] found that the 
transmittance in the visible region obviously 
decreased when ZnO thin films were doped with 
high Fe concentration, which is consistent with 

our observations. The transmittance curves show 
that for high energies (lower wavelengths) there 
is no transmission, because all the light is 
absorbed. For low energies (higher 
wavelengths), however, there are no appropriate 
electronic transitions possible, so the 
transmission is very high in this range. From 
transmittance spectra, it is observed that the Fe-
ZnO samples show a decrease in the energy band 
gap from 3.5 eV for pure ZnO to 3.19 eV for Fe-
ZnO. A blue shift in the band gap was observed 
in films as the doping concentration was 
increased. Band gaps estimated from these 
spectra were 3.5, 3.3, 3.2, 3.2 and 3.19 eV 
corresponding to the films deposited at 0.0 mM 
Fe, 0.06 mM Fe, 0.12 mM Fe, 0.18 mM Fe and 
0.24 mM Fe, respectively. 

  

 
 

 

Conclusions 
Pure and Fe-ZnO thin films have been 

successfully synthesized on gold coated glass 
substrates by low-cost one-step electrodeposition 
technique. The ZnO film presented a pure phase 
and a crystal size on the nano-metric scale. From 
X-ray diffraction analysis, the polycrystalline 
ZnO with wurtzite structure and the formation of 
Fe-ZnO composite were also confirmed. Also, 
the XRD analysis showed that the Fe ions 
replaced Zn atoms and are incorporated into the 

crystal lattice positions of ZnO. The surface 
morphology of the Fe-ZnO thin films shows a 
network of flake-like nanostructures and clearly 
revealed that the average size of surface flakes 
increased with increasing the concentration of Fe 
doping.  

The PL spectra of ZnO films illustrate that 
the concentration of Fe doping plays an 
important role in the evolution of PL properties. 
The intensities of defects emissions increase 
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with the increase of Fe concentration, resulting 
in the red-shift of emission centre in the PL 
spectra indicating that more defects were formed 
in Fe-ZnO doped films. The undoped ZnO thin 
films exhibited a pure excitonic emission centred 

at 382 nm, whereas the Fe-ZnO films showed a 
red shift in UV emission. The transmittance of 
Fe-ZnO films in the visible region decreases as 
the Fe doping percentage increases      
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Abstract: In this paper, I will study some parameters that affect the motion behavior of a 
Paramecium which is exposed to stimulation by electrical pulses. This study is conducted 
by simulation using a two – segment electrophysiological model computer program. The 
goal of the simulation program is to find the relation between the intraciliary calcium 
concentration, [Ca2+]i and the electric pulses’ amplitude applied to a free swimming 
Paramecium, as well as to explore the relationship between the electric pulse amplitude 
and the ciliary reversal time. I have found that when the anterior segment of the model lies 
toward the anode before application of the electric pulses across the cell, the membrane 
potential of the cell will be depolarized at some electric pulses of different amplitude and 
duration. This depolarization causes the cilia to reverse their beating direction which makes 
the cell swim backward. The longest time for this reversal, about 2s, is found at the pulse of 
80 mV and 0.6 ms. In contrast, the model shows that there are very small depolarization 
and no depolarization when the anterior segment lies toward the cathode before the electric 
pulses are applied.  
Keywords: Computer model; Two–segment; Intraciliary calcium concentration [Ca2+

 ]I. 
 

 
Introduction 

Paramecium is a unicellular micro-organism 
with a slipper – like shape. Its membranes are 
covered with tiny hair – like projections called 
cilia. This organism swims in a spiral path on its 
long axis due to beating the cilia. It swims 
forward when the cilia beat at angle backwards 
in unison, while it swims backward when the 
cilia reverse their beat (i.e., beating forward).  

Many computer models were constructed for 
studying motile responses of cilia and flagella 
due to different stimulations [5–15]. A computer 
model was designed for simulation to study the 
responses of swimming Paramecium due to 
electric field (galvanotaxis) [16, 17]. 
Chemotactic behavior (Chemotaxis) of the 
Paramecium was also simulated by a computer 
model [18]. The effect of gravity on the 
Paramecium movement (gravitaxis) [19] and 
ciliate cell responses such as Fabra salina to 

light (Phototactic-behavior or Phototaxis-) had 
been studied by a computer model [20]. Other 
models simulated Paramecium's swimming 
orientation due to magnetic field (magnetotaxis) 
[21]. A considerable amount of information is 
now available on ionic relations and gating 
processes in Paramecium. Hook and 
Hildebrand's physiological model [2, 3] accounts 
well for available electrophysiological data on 
clamped cells and for variable ciliary reversing 
time which is observed when ionic 
concentrations in the medium are changed. A 
theoretical electrophysiological two – segment 
model for Paramecium based on Hook and 
Hildebrand’s model is constructed to give an 
explanation to experimental results of freely – 
swimming Paramecia behavior when they are 
excited by electric pulses [1, 4]. Analysis of the 
experimental results [4] shows that the reverse 
swimming (backward swimming) due to external 
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electric field pulses applied across a trough 
containing a free swimming Paramecia occurs 
among those cells which are swimming forward 
toward the anode (i.e., cell's anterior toward the 
anode) before the electric pulses are applied. In 
contrast, those cells swimming toward the 
cathode before the application of pulses 
generally increase their forward swimming 
velocity afterwards. It is found that there is a 
direct proportional relationship between the 
percentage increase or decrease in forward 
swimming velocity of the cells after the pulse 
and the initial (pre-pulse) swimming velocity [4]. 
In this paper, the simulation of a two-segment 
model is done to see if there is an effect of 
intraciliary calcium concentration and the 
membrane potential on the swimming of the 
Paramecium.  

Computer Simulation 
The two-segment model computer program 

was run on a computer for an extended period, 
sometimes for two days, to enable the steady-
state (unexcited) parameters to be determined. In 
the steady-state, the intraciliary calcium 
concentration for both cell segments (interior 
and posterior of the cell) and the cytoplasmic 
calcium concentration are both about 26 n.mol. 
dm–3. The intraciliary calcium concentration 
required to initiate ciliary reversal in the two-
segment model is chosen to be 500 n.mol.dm- 3. 
Table 1 shows some parameters which are used 
in the two – segment model. Other models’ 
parameters are the same as shown in previous 
work [1]. 

TABLE 1. Some of the parameters used in the two – segments model 

Parameter Symbol  Value 
Ca2+ - conductivity per cilium 
K + - conductivity per cilium  
Intracellular Ca 2+ - concentration 
Intracellular K + - concentration 
Extracellular Ca 2+ - concentration 
Extracellular K + - concentration 
Steady – state membrane potential 
Overall membrane capacitance of the cell body 
Number of cilia 
Volume of cilia 
Effective volume of the cell body 

gCa 
g K 
[Ca2+] i 

[K +] i 
[Ca 2+]o 
[K +]o 
Vm 
C 
N 
∆i 
∆c 

3.75 x 10 5 1 / mV. s 
2.5 x 10 8 1 / mV. s 
10 nmol. dm – 3  
20 x 10 6 nmol. dm – 3 
10 nmol. dm – 3 
2 x 10 6 nmol. dm - 3 

- 30 mV 
10.4 x 10 – 13 C / mV 
10 4 

3 x 10 – 13 cm – 3 
10 – 5 cm - 3 

 

Anterior Segment toward Anode before the 
Application of Electric Pulses  

The two-segment asymmetric model predicts 
a reverse in cell swimming (backward 
swimming) after applying an electric pulse when 
the anterior segment faces the anode before the 
pulse. For pulses of a duration of 0.6 ms and 
varying amplitude, the simulation of the two – 
segment model shows that the membrane 
potential is depolarized (above 0mV) within 20-
250 ms according to the amplitude of the pulse 
(FIG.1); then the membrane potential sharply 
drops around - 30 mV; i.e., the steady – state 
value. 

The maximum value of membrane potential 
depolarization for each pulse increases as the 
pulse amplitude increases until it reaches a 
maximum peak at a pulse of 80 mV, then 
decreases for further increases in pulse 
amplitude (FIG.2). 

The average intraciliary calcium 
concentration, [Ca2+]i.ave., of both segments 
following a pulse amplitude of 80 mV and 
duration of 0.6 ms, remains on the plateau of 
about 6x10-5 mol. dm-3 for about 1.5s, then drops 
to around 6x10-6 mol. dm-6 and remains at this 
level for more than 20s without showing any 
indication of returning to the original steady 
level, while at 65 mV and 100 mV for 0.6 ms 
[Ca2+]I shoos within a very short time to peak, 
then drops sharply to steady state level (FIG.3). 

The maximum value of [Ca2+]i.ave for different 
pulse amplitudes increases with increasing 
amplitude until it reaches maximum, then 
decreases with further increase in pulse 
amplitude (FIG.4). These findings suggest that 
the pulse of 80 mV and 0.6 ms has strong effects 
on the depolarization of the membrane potential 
and increase in intraciliary calcium 
concentration; hence, the cell will undergo a 
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longer ciliary reversal time than for other pulses. 
Cytoplasmic calcium concentration, [Ca2+]c, 
builds up to a maximum plateau due to a pulse 
(FIG.5) and remains at this level for a long time 
before returning to the steady – state level. This 
may be caused by slow diffusion process of Ca2+ 

ions from cytoplasm to cilia. The peak of [Ca2+] 
increases as the strength of the pulse increases 
until it reaches a maximum (peak) value of about 
6x10-6 mol.dm-3 at a pulse of 80 mV and 0.6 ms 
and then decreases with further increase in pulse 
strength until reaching 0 mV (FIG.6). 

 
FIG. 1. Computed change in membrane potential in response to electric pulses. T is the time in seconds for 

depolarization of membrane potential (i.e., above 0 mV) and returning to steady – state level – 30 mV. a-
Curve 1 is for a pulse of 80 mV and 0.6 ms. b – Curve 2 is for a pulse of 100 mV and 0.6 ms. c- Curve 3 is 
for a pulse of 65 mv and 0.6 ms 

 
 

  
FIG. 2. Computed relationship between maximum membrane potential, (Vm)max, in mV and pulse amplitude, V, 

in mV 
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FIG. 3. Computed average interaciliary Ca2+ concentration, [Ca2+]i, in response to electric pulses. T is the time 

lasting for increasing Ca2+ within cilia and then returning to steady – state level. a – Curve 1 is for a pulse of 
80 mV and 0.6 ms, b – Curve 2 is for a pulse of 100 mV and 0.6 ms, and c – Curve 3 is for a pulse of 65 mV 
and 0.6 ms 

 
 

 
FIG. 4. Computed relationship between the maximum average intraciliray calcium concentration, [Ca2+]i.ave., and 

the pulse amplitude,V 
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FIG. 5. Computed cytoplasmic calcium concentration, [Ca2+] c, in response to electric pulses. Curve 1 is for a 

pulse of 80 mV and 0.6 ms, Curve 2 is for a pulse of 100 mV and 0.6 ms, and Curves 3and4 coincide with 
each other because there are very little differences between their values. Curve 3 is for a pulse of 65 mV and 
0.6 ms, and curve 4 is for a pulse of 130 mV and 0.6 ms. T is the time for [Ca2+]c level in the cell due to a 
different pulses 

 

 
FIG. 6. Computed relationship between the maximum cytoplasmic calcium concentration, [Ca2+] c. max., and pulse 

amplitude, V 

 
Table 2 shows the relationship between 

pulses of varying amplitude and duration, and 
ciliary reversal time (Ts.r.; i.e., the time during 
which the cilia beat forward opposite to normal 
backward beating).  

The table was analyzed in the direction of 
fixed pulse duration (τ) and varying pulse 
amplitude (V). When τ is 0.2 and 0.4 ms, there is 
no reversal and very weak reversal, respectively.  

H represents a ciliary reversal time, Tcr, 
greater than 20s, τ is the pulse duration in ms, 
and V is the pulse amplitude in mV. 

 At further increase in τ, the ciliary reversal 
time (Tcr.) reaches the maximum value 
immediately after the threshold where it remains 
on a plateau as long as the pulse amplitude 
increases. The plateau represents a long Tcr.of 
more than 20 s, as the cell needs more time to 
resume its forward swimming (i.e., the cilia 
return to normal beating) by pumping out the 
calcium to reach a level below 5x10-7 mol.dm-3 
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(the suggested amount of [Ca 2+]i which causes a 
ciliary reversal). As the pulse amplitude 

(strength) increases further, the duration of 
ciliary reversal falls very sharply. 

TABLE 2. Computed effects of varying duration and amplitude on the duration of ciliary reversal 
time, Tcr, in ms 

  
 
V in mV 

 
0.2 

 
0.4 

 
 

0.6 
 

τ in ms 

0.8 

 
1.0 

 
1.2 

 40 0 0 0 10 25 33 
 60 0 20 30 H H H 
 70 0 25 H H H H 

 80 0 25 H H H H 
 90 0 20 H H H H 

 100 0 15 450 H H H 
 110 0 13 30 H H H 

 120 0 13 25 30 45 H 
 150 0 12 13 16 19 21 

 

The Anterior Segment Facing the Cathode 
before the Application of Electric Pulses 

We find that both the membrane potential, 
and the average intraciliary calcium 
concentration, [Ca2+]i.ave., are responding very 
weakly to different pulses when the anterior 
segment lies toward the cathode before the 
electric pulses are applied. The overall 
membrane is depolarized very little and for a 
short time (about 20 ms) due to a pulse of 80 mV 
and 1.2 ms, whereas a pulse of 100 mV and 1.2 

ms causes a slight hyperpolarization before 
returning to steady – state level of -30 mV (FIG. 
7).  

[Ca2+]i.ave. increases above 5 x 10 -7 mol. dm-3 
for about the 20 ms following the pulse of 80 
mV and 0.6 ms, and then drops sharply to the 
steady – state level of about 3.5 x 10 – 8 mol. dm3, 
whereas a pulse of 100 mV and 0.6 ms causes no 
effect on the steady –state level of [Ca2+] i. ave. 
(FIG. 8). 

 
FIG. 7. Computed membrane potential responses to electric pulses when the anterior segment lies toward the 

cathode during the pulse. Curve 1 is for a pulse of 80 mV and 0.6 ms, and curve 2 is for a pulse of 100 mV 
and 0.6 ms. T is the time of membrane potential response in ms. 
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FIG. 8. Computed average intraciliray calcium concentration, [Ca2+] i ave., in response to electric pulse, when the 

anterior segment lies toward the cathode during the pulse. Curve 1 is for a pulse of 80 mV and 0.6 ms, and 
curve 2 is for a pulse of 100 mv and 0.6 ms. T is the time of [Ca2+] i.ave. after the application the electric 
pulses. 

 
 

Discussion 
The two – segment model is designed to 

simulate the reversal movement of the cilia on 
the anterior part of the Paramecium facing the 
anode before the application of electric pulses. 
This simulation is done by an uneven 
distribution for Ca2+ and K+ channels over the 
cell body. The ionic channel asymmetry (Ca2+ 
and K+ channels) implies that the posterior 
segment of the model plays the more important 
role in controlling ciliary reversal, because the 
majority of the Ca2+ - channels are assumed to be 
located there. According to the two – segment 
model, the cell is considered to be in a fully 
reversed state (i.e., the cilia beat toward the 
cell’s anterior) as long as [Ca2+]i. ave. – level in 
both segments is above 5 x 10 2 n.ml. dm – 3. 

The experimental observation that the 
Paramecia resume their forward swimming after 
a period of reverse swimming [4] is successfully 
interpreted by the two – segment model. The 
argument on this can be put as follows: As the 
level of the intraciliary calcium concentration, 
[Ca2+]i, falls below 5 x 102 n.mol.dm-3 (the 
minimal level for initiating reversal), and the 
membrane potential repolarizes the steady – state 
level of -30 mV (FIG. 1 and FIG. 3), the cilia 
start beating in the normal direction (i.e., toward 
the posterior end), and cause the cell to swim 
forward. The cell reversal due to electric field 

pulses must be caused by perturbation of the 
membrane potential (depolarization) which then 
leads to an increase in calcium conductance, gCa, 
and thereby allows more Ca2+ - ions rush into the 
cell. As a consequence, the intraciliary calcium 
concentration, [Ca2+], increases causing a ciliary 
reversal [22]. This sequence, leading to ciliary 
reversal, can be explained by comparing the 
membrane potential and [Ca2+]i. ave. – level 
responses (FIG. 1 and FIG. 2). It is noticeable 
how these two responses have similarity in their 
shapes which implies that as the membrane 
depolarizes, [Ca 2+]i increases. 

The two – segment model simulation shows 
that ciliary reversal time attains a plateau due to 
pulses of varying duration and amplitude 
(TABLE 2), which is in agreement with 
experimental results [4]. This may be interpreted 
as follows: For each pulse duration, there is an 
optimum pulse amplitude each one of which 
causes the same ciliary reversal time. This result 
can be used to explain the plateau which is 
formed by the percentage of cells reversing due 
to electric pulses of varying duration and 
amplitude [4].  

The analysis of TABLE 2 in the direction of 
varying pulse in ciliary reversal time shows that 
there is no decrease in the ciliary reversal time 
following the plateau for further increase in 
pulse duration, because the intraciliary calcium 
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concentration, [Ca2+]i, in both segments remains 
above 5x102 n.mol.dm-3 (FIG.5). In contrast, the 
experimental results show the existence of a 
decrease in ciliary reversal time as the pulse 
duration is increased further [4]. Analyzing 

TABLE 2 in the direction of varying amplitude 
and fixed duration of pulse shows the existence 
of a decrease in reversal time as the pulse 
amplitude increases, which agrees with 
experimental results. 
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Abstract: We studied the number based particle size distribution (diameter 0.3–10 µm with 
high time-resolution) inside an office (naturally ventilated) at a university building in 
Jordan during two weeks (18.09.2013 – 01.10.2013). We analyzed and investigated the 
particle number and mass concentrations, their differences between workdays and 
weekends and the effect of tobacco smoke and worker activities inside the office. We also 
focused on three scenarios of office conditions: totally closed, totally open and open 
window. The 24-hour means of the PM10-0.3 were 16.4–43.2 µg/m3 on workdays and 4.4–
8.5 µg/m3 on weekends. The concentrations ranged from 4.3 µg/m3 to 7.7 µg/m3 (30.0–42.1 
cm-3) when the office was kept closed at nighttime and weekends. They also ranged from 
5.2 µg/m3 to 25.8 µg/m3 (50.0–83.2 cm-3) when the window was open at night. The highest 
concentration ranged from 2.5 µg/m3 to 261.9 µg/m3 (15.5–906.4 cm-3) during the daytime 
on workdays when the office was open. The variation of aerosol concentrations is believed 
to be caused by increased urban activities on daytime and workdays, enhanced ventilation 
rate and penetration factor when the office was open, and the resuspension of carpet-dust 
by the office occupants and visitors. Smoking inside the office increased the aerosol 
concentration to 3729.2 µg/m3 (4854.5 cm-3) and the tobacco smoke remained sensible 
inside the office for more than 40 minutes. Since the mass concentrations presented here 
were calculated by assuming spherical particles and unit density and the measured size-
range was larger than 300 nm in diameter, the PM10 is expected to be at least double the 
numbers shown in this study, and thus the 24-hour PM10 in the office would exceed the 
maximum value recommended by the WHO guidelines, which is not to exceed 50 µg/m3 
for more than 35 days per year. 
Keywords: Indoor air quality; Particulate matter; Re-suspension; Natural ventilation; 
University building. 
 

 
Introduction 

According to activity diary studies, offices 
and workplaces are the second indoor 
environments where people spend most of their 
time [1]. Therefore, work places ought to be 
comfortable, because workers’ performance and 
health are affected by thermal discomfort and 
poor air quality inside their offices [2]. For 
example, a worker’s task performance decreases 
when he feels hot. Feeling hot at office might 
increase the worker’s heart rate, respiratory 

ventilation and end-tidal partial pressure of 
carbon dioxide; and on the other hand, his/her 
arterial oxygen saturation decreases [2]. Besides 
environmental factors, symptoms in office 
workers can be also associated with psychosocial 
stress or even poor psychosocial conditions [3–
4]. 

Beside the outdoor air as the main source of 
aerosol particles inside offices, these are 
produced during operation of office appliances 
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such as printers [5–6]. Re-suspension can be also 
a significant source when occupants move 
intensively [7–10]. Smoking is another potential 
source of indoor aerosols when individuals 
violate smoking prohibition inside offices and 
public buildings. Slezakova et al. [11] confirmed 
that tobacco smoking significantly influences the 
composition of fine particles, and the particulate 
mass concentrations of five carcinogenic 
elements (Cr, Ni, As, Cd and Pb) were increased 
by one to three orders of magnitude. They also 
reported that S, K and Zn were predominantly 
present in the fine fraction and associated with 
tobacco smoking. 

Recently, the Indoor Air Quality (IAQ) at 
workplace has been given increased attention. 
For instance, Fisk et al. [12] found out a large 
rate of submicron particles removal and a 
significant source/resuspension of micron 
particles inside mechanically ventilated office. 
Zuraimi and Tham [13] quantified the efficiency 
of dry-media and electrostatic precipitation 
filters used in mechanically ventilated offices; 
they reported that electrostatic precipitation 
filters are superior to media filters in removing 
fine particles with aerodynamic diameters >300 
nm. Smolík et al. [14] evaluated fine and coarse 
particle deposition inside a naturally ventilated 
office. Among the main electrical machines used 
in offices, printers and photocopiers generate 
fine particles with high amounts that exceed 
several orders of magnitude what can be found 
in normal conditions [4–5, 15–16]. Hussein et al. 
[17–19] analyzed and modeled the fine particle 
number concentrations and size distributions 
inside mechanically ventilated offices; they 
showed that during the absence of indoor sources 
the indoor-to-outdoor relationship of fine aerosol 
particles is affected by three main parameters: 
ventilation, deposition and penetration. Quang et 
al. [20] also reported that PM2.5 and number 
concentrations of particles smaller than 3 µm in 
diameter inside three mechanically ventilated 
urban offices are mainly from outdoor origin and 
that the ventilation and penetration are main 
factors controlling their transport from the 
outdoor air into the indoor air. 

Industrially synthesized nanoparticles hold a 
big risk on workers [21–22], and therefore, 
Koivisto et al. [23] presented a concept to 
estimate the inhaled dose of industrially 
synthesized nanoparticles at workplace. Zitnik et 
al. [24] quantified the elemental composition of 
PM10 at a medium-sized mechanical workshop 

and a chemistry laboratory dealing with 
processing advanced nano-particulate materials; 
they recommended an hourly time-resolution to 
be used for elemental analysis because 24-hours 
is too coarse and high-time resolution contains 
large variability. 

With respect to educational buildings and 
exposure of teachers and students, Buonanno et 
al. [8] and Branis and Safranek [9] showed that 
the dominant source of the coarse fraction inside 
school gyms is particle re-suspension due to 
exercising activities by pupils. Gaidajis and 
Angelakoglou [25] showed that PM10 and PM2.5 
concentrations were significantly higher in the 
open access meeting place of common use as a 
result of student trespassing and occasional 
smoking. Salma et al. [26] identified two classes 
of coarse particles inside university buildings: 
general indoor dust particles with a residence 
time ~35 min and chalk particles with a 
residence time more than 20 min. Tran et al. [27] 
reported that elemental analysis of PM10 in 
French classrooms is increased during children’s 
activities, but the elemental distribution was 
unaltered. 

However, the number of investigations 
regarding the indoor air quality (IAQ) at work 
place is still very small when compared to other 
indoor environments such as houses and 
apartments. Also, the focus of previous studies 
has been very sparse. Beside that, measurements 
of particle size distributions inside offices are 
very few and need more attention. Furthermore, 
measurements of aerosols and their size 
distributions have never been reported in Jordan. 
In this study, we aim at investigating the particle 
size distributions inside a naturally ventilated 
office in a university campus in Jordan. We 
measured particle number size distributions 
(diameter between 0.3–10 µm and 1 minute 
time-resolution) during two weeks in autumn 
2013. We analyzed the particle number and mass 
concentration differences between workdays and 
weekends and the effect of tobacco smoke and 
worker activities inside the office. We also 
focused on three scenarios of office conditions: 
totally closed, totally open and open window. 
We utilized a simple indoor aerosol model to 
estimate the ventilation rate of the office. 
According to our knowledge, this is the first 
study of its own to be presented for the scientific 
community. 
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Materials and Methods 
Measurement Location 

The measurement campaign was performed 
during the autumn (18.09. – 01.10.2013) inside 
an office in the building of the Faculty of 
Science at the University of Jordan, Amman. 
The dimensions of the office are 3m×6m×3m. 
The whole building was naturally ventilated via 
the main gate and windows. The office was 
furnished with a desk, a working chair, a PC 
table, four chairs, a middle and two side coffee 
tables, a folder metal-cabin, a safe, shelves, 
window curtains and a carpet which covered the 
whole floor. The office was located on the south-
western corner of the building. The southern and 
western walls of the office contained large 
windows to allow air exchange with the ambient 
air. 

The building itself was a two storey 
construction situated at the middle of the 
university campus, which is located in a 
suburban area at about 15 km north-west the city 
center. The surrounding is a residential area 
mixed with an urban forest and main streets. The 
main entrance was in the middle of the first 
storey facing the west and leads to the stairs way 
that divided the building into two unequal 
halves. 
Aerosol Measurements and Data Handling 

We measured the number size distributions of 
particles between 300 nm and 10 µm in diameter 
with an Optical Particle Sizer (OPS 3330, TSI). 
The instrument was calibrated by the 
manufacturer two months prior to the start of the 
measurement campaign. The OPS measurement 
is based on the optical diameter of the aerosol 
particle. The instrument also records the ambient 
temperature and pressure. We setup the OPS to 
operate in “TSI default” mode and the dead-time 
correction was performed throughout the 
measurement campaign. The sampling was 
carried out directly without using additional 
tubing at a height of about 1.3 m from the 
ground. Sampling time-resolution was set to 1 
minute and sampling flow rate was 1 L/min. 

The particle number size distributions were 
routinely checked for quality assurance. 100% of 
the measured data was valid and processed 
further to be prepared for data analysis. We 
calculated the 5-minute average and illustrated 
the data with 30-minute average. We also 

calculated average concentrations during longer 
time periods such as daytime or nighttime. 

In order to attain an indication of the PM 
concentration level inside the office, we 
generated the number size distributions into 
mass size distributions by assuming spherical 
particles with unit density. 
Office Occupancy and Scenarios 

The office was occupied by the worker during 
the working hours between 08:00 and 17:00. It 
was very seldom when there were visitors or 
students in the office. During working hours, the 
main door of the building as well as the office 
window and door were all opened. Although the 
main door and all offices in the building were 
totally closed outside the working hours, we 
believe that the building was leaking air across 
the window shells. In order to investigate a 
different condition, we left the office’s window 
opened during the last three days of the 
measurement campaign; i.e. after 29.09.2013 for 
which we shall refer to as Period II and we shall 
denote Period I for the time period before that. 

Even though smoking was not allowed inside 
the building, workers/visitors often smoked in 
other offices in the same floor. We also wanted 
to test the effect of smoking inside the office by 
performing a smoking event (three cigarettes 
during 10 minutes) by two persons on 
26.09.2013. Another smoking event was 
performed with a single cigarette by a visitor on 
19.09.2013. 
Ventilation Rate Quantification 

According to a previous model investigation 
for the indoor air by Molgaard et al. [28], it was 
evident that the ventilation rate can be quantified 
by considering the variation in the number 
concentration of aerosol particles within the 
diameter range 0.1–1.0 µm emitted indoors and 
causing significantly high concentrations. This 
condition was valid during the smoking event on 
26.09.2013, when the building and the office 
were opened. It was also possible to estimate the 
ventilation rate when the office was totally 
closed on 24.09.2013 right after leaving the 
office. 

The approach of the ventilation rate 
estimation was previously described in details 
elsewhere [29]. The principle is based on the fact 
that aerosol particles within the diameter range 
0.1–1.0 µm have the lowest deposition velocity; 
and thus, they remain airborne for a long time. 
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Assuming that the indoor air is well mixed, the 
indoor particle concentration of a certain particle 
size follows the mass-balance equation: 

  iidiii IOPI
dt
d

,                                   (1) 

where Ii and Oi [µg/m3 or cm-3] are the indoor 
and outdoor particle concentrations, respectively; 
P [--] is the penetration factor of aerosol 
particles into the office,  [h-1] is the ventilation 
rate and d [h-1] is the deposition rate of aerosol 
particles onto available indoor surfaces. 
According to the model application requirement, 
additional terms can be added to the right side of 
the equation to denote for the change rate due to 
other processes such as emissions, re-suspension, 
coagulation… etc. Here, the subscript i denotes 
that the equation is applied for a certain particle 
size-range having the same physical properties 
and dynamic behavior. 

Assuming further that the outdoor particle 
concentration remains rather constant as well as 
the parameters P,  and d that define the indoor-
to-outdoor relationship of aerosol particles, then 
a simple mathematical solution can be found for 
this mass-balance equation [30–31]: 
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where t [h] is time and Ii(t0) is the initial particle 
concentration at time t0. 

Generating a large amount of indoor aerosols 
(e.g. a smoking event) that increases their 
concentrations to values higher than those found 
outdoors can simplify this solution and allow for 
an estimation for the combined term ventilation 
rate and deposition rate: 
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Therefore, the ventilation rate () can be 
calculated by using Eq. 3 as the best-fit line to 
the variation of the particle number 
concentration within the diameter range 0.1–1.0 
µm, which has a small deposition rate compared 
to the ventilation rate (i.e. ), right after an 
indoor source that generated the high 
concentrations of indoor particles with the initial 
condition at t0 assigned at a time after turning off 
the indoor source. We have to keep in mind that 
the time period used to fit Eq. 3 requires one 

more assumption stating that we can neglect the 
change rate due to coagulation and other 
processes [32]. 

Results and Discussion 
Indoor Ambient Conditions and Office 
Ventilation 

Air temperature inside the office varied 
between 33.5 and 41 Celsius degrees. It showed 
a clear daily pattern with maxima in the 
afternoon and minima in the morning (FIG. 1e). 
That was mainly because the office orientation 
with respect to the sun; it is located in the south-
western corner of the building. The ambient 
pressure varied between 90.1 and 90.9 kPa and 
also showed a clear daily pattern with two peaks: 
one around noon and one around midnight. 

According to Eq. 3, the ventilation rate 
estimation () requires an indoor source of 
aerosol particles that produces significantly high 
concentrations within a certain time. Once the 
source is terminated, it is possible to follow the 
concentration decay of particles within the 
diameter range 0.1–1.0 µm. This condition was 
satisfied during and after the smoking event that 
occurred during the working hours on 
26.09.2013. This yields an estimated ventilation 
rate ~2 h-1 during the open office conditions. 

We also checked the measured data and the 
marked information in the log-book looking for 
other situations that are valid to apply Eq. 3. We 
figured out that on Tuesday 24.09.2013 around 
16:00 there were several persons in the nearby 
office smoking heavily causing an increase in the 
concentrations inside the office, where the 
measurement was performed. After closing the 
office (around 16:30), the concentrations inside 
the office started to decay; and from this 
situation we estimated the ventilation rate  ~0.5 
h-1 for the closed office condition. 

According to these estimates, the ventilation 
rate would vary between 0.5 and 2 h-1 with low 
ventilation during the closed office situations 
and high values during the open office situations. 
These values compare rather well with available 
estimates for natural ventilation inside offices 
and dwellings [30–31]. 
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FIG. 1. Time series based on the 5-minute average: (a) integrated particle number concentrations, (b) particle 

number size distribution spectrum, (c) particle mass size distribution spectrum, (d) integrated particle mass 
concentrations and (e) indoor temperature and pressure 

 
Average Concentrations and Size 
Distributions 

The measured particle number size 
distributions and the calculated particle mass 
size distributions are presented in FIG. 1b and 
1c, respectively. As mentioned in the methods 
section, we calculated the mass concentrations 
by assuming spherical particles and unit particle 
density. According to the measurement 
scenarios, the office (also the whole building) 
was open in the daytime (working hours) on 
workdays. The office was totally closed at night 
before 29.09.2013 and after that we left the 
window open overnight. These would be three 

different scenarios as: (1) totally closed office 
during weekends and nighttime, (2) open 
window at nighttime after 29.09.2013 and (3) 
open office during daytime on workdays. We 
considered daytime hours as 08:00 – 18:00, and 
nighttime hours starting from 22:00 and ending 
at 06:00 on the next morning. 

During the weekends (totally closed office), 
the PM10–0.3 inside the office was on average 
5.7±2.9 µg/m3 (37.0±13.3 cm-3), and ranging 
between 1.3–15.2 µg/m3 (12.1–74.3 cm-3) with 
values higher than 2.5 µg/m3 (20.9 cm-3) 
recorded during the daytime (TABLE 1). The 
daytime values on weekends were on average 
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7.7±3.2 µg/m3 (42.1±11.3 cm-3), indicating that 
the concentrations of aerosol particles within the 
measured size range increase during the daytime 
due to urban activities (FIG. 1a and GIG.1d). 
The nighttime values inside the closed office 
were on average 4.3±1.9 µg/m3 (30.0±12.7     
cm-3). 

Obviously, the concentrations increased by 
opening the window and keeping the door closed 
(nighttime after 29.09.2013); in that case the 
nighttime values were on average 15.0±6.5 
µg/m3 (63.1±7.5 cm-3) and ranging between 5.2–
25.8 µg/m3 (50.0 – 83.2 cm-3). The highest 
concentrations were recorded during the daytime 
on workdays (open office); these ranged between 
2.5–261.9 µg/m3 (15.5–906.4 cm-3) with an 
average value of 43.7±37.0 µg/m3 (54.6±49.6 
cm-3). The high concentrations during the 
workdays’ daytime period were mainly due to 

three reasons: First, the urban activities are 
expected to be more on workdays usually 
causing higher outdoor concentrations in the 
daytime than at night; second, both the 
ventilation rate and the penetration factor are 
enhanced during the daytime because the office 
was totally open; and third, the office was 
occupied by at least the worker himself, who can 
be considered as a cause of particle re-
suspension from the carpet and other surfaces in 
the office as will be discussed in the next 
section. According to estimations, the ventilation 
rate () was ~2 h-1 when the office was open and 
~0.5 h-1 when the office was totally closed. In 
general, the higher the penetration factor is, the 
higher are the concentrations inside an office and 
an enhanced ventilation rate enhances the 
response in the change-rate of the indoor 
concentrations [29–33]. 

TABLE 1. Particulate mass and particulate number concentrations within the measured size-range 
  PM10-0.3 [µg/m3] PN10-0.3 [1/cm3] 

Office Condition Time Period 
mean 

 ± 
std.dev. 

25% median 75% mean 
± std.dev. 25% median 75% 

Totally closed  Period I – 
Weekends(a) 

5.7 ± 
2.9 3.5 4.7 7.4 37.0  ± 

13.3 27.5 36.7 45.9 

Totally closed  Period I – Weekends 
(Daytime) (b) 

7.7 ± 
3.2 4.6 8.3 10.6 42.1 ± 

11.3 33.8 40.3 47.6 

Totally closed  
Period I – Weekends 
and Workdays 
(Nighttime) (c) 

4.3 ± 
1.9 3.0 3.9 4.8 30.0 ± 

12.7 19.9 28.8 37.3 

Open door or/and 
window 

Periods I and II – 
Workdays (Daytime) 
(b) 

43.7 ± 
37.0 17.4 34.2 58.4 54.6 ± 

49.6 29.1 43.2 62.3 

Open window Period II – Workdays 
(nighttime) (c) 

15.0 ± 
6.5 9.0 14.7 20.6 63.1 ± 7.5 58.5 62.2 66.1 

(a) This includes either weekends or workdays as specified by considering the time period 00:00 – 24:00. 
(b) Daytime period was defined between 08:00 and 18:00. 
(c) Nighttime period was defined before 06:00 or after 22:00. 

 
Based on the particle number, the coarse 

fraction was uni-modal (FIG. 2a). The average 
particle mass size distributions showed that the 
coarse mode extends beyond 10 µm in diameter 
(FIG. 2b). The average concentration of the 
coarse fraction was 6.4±3.0 cm-3 µg/m3 (0.7±0.4 
cm-3) during daytime on weekends and 3.3±1.7 
µg/m3 (0.5±0.3 cm-3) during nighttime; during 
these two cases, the office was totally closed. 
The average concentrations were 41.4±35.7 
µg/m3 (1.9±1.2 cm-3) when the office was open 
during the daytime on workdays. When the 
window was open, they were about 13.0±6.3 
µg/m3 (1.0±0.3 cm-3). Hussein et al. [34] 

previously measured the total particle number 
concentrations (Dp > 10 nm) at the same 
location; they reported the 5-minute average to 
vary from 104 cm-3 in the nighttime to a value as 
high as 105 cm-3 in the daytime. This indicates 
that the majority of the aerosol particles are in 
the fine particle size-range. 

Keeping in mind that we generated the mass 
concentrations by assuming spherical particles 
and unit density, the mass concentration of the 
coarse fraction is expected to be at least doubled. 
Furthermore, the measured particle size diameter 
was larger than 300 nm, and that suggests higher 
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values for the PM10. It is, however, difficult to 
make a reasonable guess for the PM10 here, 
because we do not have enough information 
about the size distribution of the fine fraction. 
Based on these two facts, the 24-hour values 
reported (TABLE 2) here for this office easily 
exceed what is recommended by the WHO 
guidelines as 50 µg/m3 for PM10 and 25 µg/m3 
for PM2.5. The reported numbers are also higher 
than those found in the literature regarding 
university buildings. For example, Salma et al. 
[26] measured the PM10 concentrations in a 
lecture hall at a university in Hungary during a 
week. The day-to-day variation showed a rather 
similar trend as that observed here in this study 
reflecting the high concentrations on workdays’ 
daytime and low concentration at nighttime and 

weekends. Their reported values for the PM10 
were as high as 100 µg/m3 with a median value 
of 15.3 µg/m3. Gaidajis and Angelakoglou [25] 
showed that the 24-hour concentrations of PM10 
and PM2.5 varied between 59–220 µg/m3 and 45–
118 µg/m3 in five classrooms, an office and a 
meeting room located within a university 
building in Greece. This indicates that the coarse 
fraction would be in the range 14–102 µg/m3. 
Tran et al. [27] reported PM10 concentrations in 
French classrooms: The weekly averages of 
occupied classrooms ranged between 72.7 – 85.3 
µg/m3 and those of unoccupied classrooms 
ranged between 13.2 – 24.8 µg/m3. The 
corresponding outdoor values were 29.6 – 51 
µg/m3 and 23.1 – 29.3 µg/m3, respectively. 

 
FIG. 2. (a) Average particle number size distributions and (b) the corresponding particle mass size distribution 
 
 
 
 
 



Article  Tareq Hussein 

 80

 
TABLE 2. Daily averages of the particle mass [µg/m3] and particle number concentrations [cm-3] 

within different measured size-fractions 
Date PM10-0.3 PM1-0.3 PM10-1 PN10-0.3 PN1-0.3 PN10-1 

19.09.2013 28.7 1.8 27.6 60.0 58.5 1.6 
20.09.2013 8.5 1.6 7.0 52.4 51.4 1.0 
21.09.2013 6.1 1.1 5.1 39.6 39.0 0.6 
22.09.2013 16.4 0.8 16.0 24.9 24.0 1.0 
23.09.2013 18.7 0.9 18.3 30.9 30.0 0.9 
24.09.2013 24.1 1.3 23.4 45.1 43.9 1.2 
25.09.2013 14.0 0.8 13.5 25.5 24.7 0.8 
26.09.2013 43.2 6.6 37.3 181.8 180.1 1.9 
27.09.2013 6.9 1.5 5.5 54.5 54.0 0.6 
28.09.2013 4.4 1.1 3.4 44.0 43.7 0.3 
29.09.2013 18.2 1.1 17.6 44.0 43.3 0.7 
30.09.2013 29.6 2.0 28.1 75.6 74.3 1.3 

 
Concentrations during Office Activities: 
Tobacco Smoke and Re-suspension 

So far, we have not considered the unusual 
activities (such as smoking or more than two 
visitors/students) in the office. The 
concentrations were as high as 3729.2 µg/m3 
(4854.5 cm-3) during the smoking event on 
Thursday 29.09.2013 (FIG. 1a and FIG. 1d). 
Another smoking event occurred in the nearby 
office on Tuesday 24.09.2013; that caused the 
concentrations to reach as high as 235 µg/m3 
(150 cm-3). The coarse particle size fraction did 
not show any change due to these smoking 
events and the increase in the concentrations was 
mainly observed in the particles smaller than 1 
µm in diameter (FIG. 3). It is very well noticed 
that the tobacco smoke remained in the office for 
longer than 40 minutes. 

Afshari et al. [35] considered cigarette 
smoking during 10 minutes and showed that the 
fine particle number concentration and also 
particles larger than 1 µm suddenly increased to 
more than 105 cm-3 and stayed airborne for more 
than 100 minutes. Hussein et al. [31] reported 
that smoking a cigarette in a living room 
increased the fine particle number concentrations 
from the background level (6×103 cm-3) to about 
3.6×104 cm-3 with a well-distinguished fine 
mode extending up to 600 nm. He et al. [36] also 
measured the fine particle number concentrations 
of tobacco smoke to be 2.7×104 cm-3, which was 
about 1.5 the background level. Morawska et al. 
[37] reported even concentrations as high as 
3.5×106 cm-3 during tobacco smoking. 

The concentrations during the daytime on 
workdays were significantly higher than those 

observed during the same time period on 
weekends. Entering the office when it was 
totally closed caused the concentrations of 
coarse particles to increase suddenly. For 
example, the routine check-up visit on Saturday 
28.09.2013 (around 14:00) increased the PM10-1 
from 5 µg/m3 to about 20 µg/m3 (PN10-1 from 0.3 
cm-3 to about 1 cm-3) (FIG. 1a and FIG. 1d). The 
size fraction below 1 µm did not show changes 
in concentration (FIG. 4). This is a strong 
indication of the re-suspension process by 
walking over the carpet and also probably 
disturbing the dust layer accumulated on other 
surfaces. 

At school gyms, Branis and Safranek [9] 
reported that the indoor-to-outdoor (I/O) ratio of 
the coarse particle fraction on workdays was 
higher than two, where the indoor PM10-2.5 varied 
between 1.2–29.4 µg/m3. During weekends and 
holidays, the I/O ratio was below 0.5 with the 
indoor PM10-2.5 varied between 0.5–4.9 µg/m3. 
According to Branis and Safranek [9], the 
differences were explained by sport activities in 
the gyms that enhance re-suspension of 
particulate matter. In another study about school 
gyms, Buonanno et al. [8] confirmed that the I/O 
ratio of the PM10-2.5 was 4.8±2.0 with the 
dominant indoor source being the particle re-
suspension due to exercising activities of pupils. 
Buonanno et al. [8] estimated the PM10-2.5 
emission factors in the range of 1.5–8.9 mg/min. 
These re-suspension rates were slightly higher 
than those presented by Ferro et al. [7] as 0.03–
0.5 mg/min for PM2.5 and 0.1–1.4 mg/min for 
PM5. The differences between Buonanno et al. 
[8] and Ferro et al. [7] are possibly due to the 
difference in the considered particle size range. 
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FIG. 3. Evolution of the particle number size distribution during the smoking event on Thursday 26.09.2013. 

The office was open 
 
 

 
FIG. 4. Evolution of the particle mass size distribution as an example of particle re-suspension due to walking 

into the office on Saturday 28.09.2013. The office was totally closed 

 
Conclusions 

We measured the particle number size 
distribution (diameter 0.3–10 µm and one minute 
time-resolution) inside a naturally ventilated 
office located at a university building in Jordan. 
The measurement campaign covered a time 
period of two weeks (18.09.2013 – 01.10.2013) 
with 100% valid data. We focused on the 
variation of the particle number and particle 
mass (assuming spherical particles with unit 
density) concentrations, their differences 
between workdays and weekends and the effect 
of special activities inside the office (tobacco 
smoking and re-suspension). We also focused on 
three scenarios of office conditions: totally 

closed, totally open and open window. The 
ventilation rate was estimated by utilizing a 
simple indoor aerosol model. 

The 24-hour means of the PM10-0.3 ranged 
between 16.4–43.2 µg/m3 and 4.4 – 8.5 µg/m3 on 
workdays and weekends, respectively. They 
ranged between 7.7±3.2 µg/m3 (42.1±11.3 cm-3) 
and 4.3±1.9 µg/m3 (30.0±12.7 cm-3) when the 
office was totally closed at daytime (weekends) 
and nighttime, respectively. The PM10–0.3 ranged 
between 5.2–25.8 µg/m3 (50.0 – 83.2 cm-3) when 
the window was open at night. The highest 
concentrations were observed during the daytime 
on workdays (open office); these ranged between 
2.5–261.9 µg/m3 (15.5–906.4 cm-3). The 
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differences in the closed office conditions 
between daytime and nighttime are simply 
explained by higher concentrations outdoors 
during the time reflecting the increased urban 
activities in the city. Opening the window caused 
an increase in the concentrations as a result of 
enhanced ventilation rate and penetration factor. 
The highest concentrations on workdays daytime 
are believed to be the result of several factors: 
(1) increased urban activities on workdays’ 
daytime, (2) enhanced ventilation rate and 
penetration factor, because the office was open 
and (3) the office was occupied by at least the 
worker himself who can be considered as a cause 
of particle re-suspension from the carpet and 
other surfaces. The concentrations were as high 
as 3729.2 µg/m3 (4854.5 cm-3) during the 
smoking events inside the office, where the 
tobacco smoke effect remained for more than 40 
minutes. 

The particle number size distribution of the 
coarse fraction was uni-modal, whereas the 

particle mass size distributions showed that the 
uni-mode extends beyond 10 µm in diameter. 
The average concentration of the coarse fraction 
was about 3.3±1.7 µg/m3 (0.5±0.3 cm-3) during 
nighttime, whereas during workdays’ daytime it 
was 41.4±35.7 µg/m3 (1.9±1.2 cm-3). 

It should be emphasized that the mass 
concentrations presented here were calculated by 
assuming spherical particles and unit density and 
the measured size-range was larger than 300 nm 
in diameter. Therefore, the PM10 is expected to 
be at least double the numbers shown in this 
study, which implies that the 24-hour PM10 in 
this office likely exceeds what is recommended 
by the WHO guidelines. 
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Abstract: Y-type hexaferrite samples Ba2ZnxCo2-xFe12O22 with x = 0, 1 and 2 were 
prepared from precursors synthesized by the citrate sol-gel auto combustion method. The 
powders were sintered at 1100° C for four hours. X-ray diffraction, scanning electron 
microscopy and Mössbauer spectroscopy were used to investigate the effect of ball milling 
on the structure, microstructure and on the hyperfine parameters. X-ray diffraction revealed 
the presence of a single Y-type hexaferrite in all sintered samples. This phase persisted in 
samples milled for periods up to four hours. Scanning electron microscopy images 
indicated that the particles changed shape, and their sizes reduced by a factor of 10 for 
milling times of four hours. Room temperature Mössbauer spectra of the hexaferrites 
elucidated the distribution of the various cations at the various sites of the hexaferrite 
lattice. The hyperfine field (Bhf) associated with each component was found to decrease 
almost exponentially with increasing milling time. The reduction in hyperfine field was 
associated with the weakening of the superexchange interactions between the spin-up and 
spin-down sublattices as a consequence of replacing Co2+ magnetic ions by non-magnetic 
Zn2+ ions and with the microstructure in the milled samples.  
Keywords: Y-type hexaferrites; Ball-milling; Sintering; XRD; Mössbauer spectroscopy. 
 

 
Introduction 

The fabrication and characterization of 
different types of hexagonal ferrites and their 
modification by selected types of cationic 
substitutions had attracted the interest of a large 
community of scientists and technologists in the 
past few decades. Interest in these materials was 
stimulated by their potential for a wide range of 
technological and industrial applications, 
specifically, in permanent magnets, high density 
magnetic recording, high frequency 
telecommunication devices and multi-layer 
electronic components [1 - 6].  

Hexaferrites can be classified as M-, W-, X-, 
Y-, Z- and U-type ferrites depending on their 
chemical formula and crystal structure [4, 6, 7]. 

The Y-type hexaferrite (also called ferroxplana), 
with the chemical formula Ba2Me2Fe12O22, has a 
unit cell TST’S’T”S”, where the primes indicate 
rotation by 120° about the c-axis. The Ba ions in 
the structure could be replaced completely or 
partially by other cations such as Sr or Pb, and 
Me are divalent ions. This structure has an easy 
plane perpendicular to the c-axis (thus the name 

ferroxplana) with space group ( mR 3 ) and 
lattice parameters: a = 5.89 Å and c = 43.56 Å 
[4]. The metallic cations (Me) and iron ions are 
distributed in six crystallographic sites: two 
tetrahedral sites (6cIV and 6cIV*) and four 
octahedral sites (3aVI, 18hVI, 6cVI and 3bVI) as 
indicated in Table 1 [2, 8, 9]. 
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TABLE 1. Metallic sublattices of Y structures and their properties 
Sublattices Coordination Block Number of ions per unit cell Spin 

6cIV Tetra S 6 Down 
3aVI Octa S 3 Up 

18hVI Octa S-T 18 Up 
6cVI Octa T 6 Down 
6cIV* Tetra T 6 Down 
3bVI Octa T 3 Up 

 
Recent Mössbauer and magnetic studies on 

BaM and SrM hexaferrites have demonstrated 
the importance of the type and concentration of 
metal substitutions for Fe on the magnetic 
anisotropy and saturation magnetization of the 
prepared systems [10-15]. However, little had 
been reported in the literature concerning the 
preferential site occupation of the metal cations 
in Y-type hexaferrites, with conflicting reports in 
some cases [16-18].  

It is well known that the grain size of a 
magnetic powder has a significant influence on 
the magnetic properties of the substance. 
Hexaferrites prepared by the solid state reaction 
method have typical grain size exceeding the 
critical single domain size of about 0.5 µm. In 
such grains, magnetization processes are 
influenced by domain wall motion, which leads 
to significant reduction in the coercivity of the 
powder sample. However, if the grain size is 
reduced below this value, the grains become 
single-domain and the coercivity improves 
significantly. Further reduction of the grain size 
below 100 nm leads to the development of a 
superparamagnetic powder, with significantly 
reduced coercivity and remanance magnetization 
which approach zero at a grain size of 10 – 20 
nm. Although such systems are of no importance 
to applications requiring high coercivity and 
remanence, they are still of great importance for 
magnetic switching applications [4]. Further, 
magnetic nano-particles have promising 
biomedical applications such as MRI contrast 
agents, hyperthermia, target drug delivery and 
cellular imaging [4]. The range of grain size of 
the magnetic material is therefore of critical 
importance to the type of the required 
application.  

The present work is concerned with the 
synthesis of Co-Zn Y-type hexaferrite powders 
with reduced particle size. The samples were 
prepared using sol-gel method and appropriate 
sintering. To reduce the particle size, the 
prepared compounds were ball milled for 

different milling times, then characterized using 
X-ray diffraction and Mössbauer spectroscopy to 
have an understanding of the effect of milling on 
the hyperfine parameters of the system.  

Experimental Procedures 
A series of samples Ba2ZnxCo2-xFe12O22 with 

x = 0.0, 1.0 and 2.0 were prepared using the 
citrate sol-gel auto combustion method explained 
in a previous publication [17]. Appropriate 
amounts of high purity Fe (NO3)3 _ 9H2O, 
Ba(NO3)2, Zn(NO3)2 _ 6H2O and Co(NO3)2 were 
dissolved in distilled water, and an aqueous 
solution of citric acid was then added at 80 oC to 
chelate Ba+2  and Fe+3  ions in the solution. The 
pH of the solution was maintained at 7 by 
dropwise addition of ammonia. The solution was 
then slowly heated until the water evaporated 
resulting in a viscous gel, which has 
subsequently undergone a self-propagating 
combustion resulting in a loose powder. The 
resulting powder was preheated at 450 oC for 1 h 
and then sintered in air at 1100 oC for 4 h using a 
heating rate of 10 oC /min. 

Planetary ball mill is a useful tool for 
reducing the particle size of a powder to an order 
of 100 nm, and thus obtaining single-domain 
particles [19]. The samples were ball-milled at 
different times using a Fritch type planetary ball 
mill. The rotating speed of the mill was set to 
400 rpm. The bowls and balls of the mill are 
made of Tungsten Carbide and the powder-ball 
ratio was 1:20. 

Mössbauer samples were prepared as a thin 
circular layer of the system powder pressed 
gently between two Teflon disks with a diameter 
of 2 cm, which is small compared with the 
distance between the source and the sample in 
order to avoid angular broadening of the 
spectrum. Mössbauer spectra were collected 
using a standard constant acceleration 
Mössbauer spectrometer over 1024 channels. 
The Mössbauer spectra were analyzed using 
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standard fitting routines to obtain the hyperfine 
parameters.  

The samples for the structural studies were 
prepared by sprinkling the powders on a 
microscope glass that has no structural peaks. 
The crystalline structure of each sample was 
investigated using (θ-2θ) X-ray diffractometer 
(Philips PW1729). 

The morphology of the prepared samples was 
examined by scanning electron microscope 
(SEM FEI Quanta 200) equipped with energy 
dispersive X-ray spectroscopy (EDAX) facility 
for elemental analysis. 

Results and Discussion  
XRD Measurements 

The XRD patterns were obtained for the 
samples milled at different times. It is obvious 
that milling for relatively short time periods ( 4 
h) does not change the patterns appreciably as 
sown in Fig.1 – Fig. 3 for the samples with 

different x values. All patterns show single-
phase, and the pattern for the sample with x = 0 
is consistent with the standard pattern for Co2Y 
hexaferrite (JCPDS 00-044-0206), while the 
pattern for the sample with x = 2 is consistent 
with the standard pattern for Zn2Y hexaferrite 
phase (JCPDS: 00-044-0207). However, the 
XRD peaks broaden, and the intensities reduce 
with increasing milling time, indicating the 
reduction in crystallite size.  

The average crystallite sizes for the samples 
were calculated using Scherrer formula:  

D= k λ/βcosθ 

where; D is the crystallite size, k is the Scherrer 
constant (0.94), λ is the wavelength of radiation 
(1.542 Å), β is the peak width at half maximum 
measured in radians and θ is the peak position. 
Table 2 shows the crystallite sizes for samples 
milled at 4 h to be compared with those for the 
un-milled samples. 
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FIG. 1. XRD pattern for Ba2 Co2Fe12O22 with different milling times 
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FIG. 2. XRD pattern for Ba2 ZnCoFe12O22 with different milling time 

 
FIG. 3. XRD pattern for Ba2 Zn2Fe12O22 with different milling times 
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TABLE 2. Average crystallite size for Ba2ZnxCo2-xFe12O22 powders milled for 4 hours 

Zn concentration (x) Crystallite size before milling 
(nm) 

Crystallite size after 4 h milling 
(nm) 

0.0 61 ± 5 32 ± 2 
1.0 47 ± 5 35 ± 2 
2.0 41 ± 5 35 ± 2 

 
Milling the samples for longer milling times 

resulted in an appreciable broadening of the 
reflections and a reduction of the diffracted 
intensity while maintaining the general 
hexaferrite structure as shown in Fig. 4a for the 
sample with x = 2. The average crystallite size 

for this sample was reduced down to (27 nm) for 
the sample milled for 8 h, and to (21 nm) for that 
milled for 16 h. The variation of the crystallite 
size with milling time for x = 2 sample is shown 
in Fig. 4b. Similar behavior was also observed 
for the other samples with x = 0 and x = 1.  

 

 
FIG. 4a. XRD pattern for Ba2 Zn2Fe12O22 with longer milling times for crystallite size analysis 
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FIG. 4b. The variation of crystallite size for Ba2 Zn2Fe12O22 with milling time 

 
 Scanning Electron Microscopy (SEM) 

SEM photos for the un-milled and milled 
ferrite samples (4 h milling time) are shown in 
Figs. 5, 6 and 7 for x = 0, 1and 2, respectively. 
The images indicate that the milling process 
resulted in a change of the shape of the particles 
from platelet-like to a more or less spherical 
shape. In addition, the milled samples are 
composed of small particles which are about an 
order of magnitude smaller than the original 
particles. The particles in the un-milled samples 
have diameters ranging between 1 and 4 μm, 

while the samples milled for 4 h show that the 
majority of the particles have diameters in the 
range between 150 and 250 nm, with a small 
fraction of larger platelet-like particles, which 
indicates that the milling time was not sufficient 
for the production of a homogeneous powder. 
The physical particle size determined by SEM 
imaging is significantly larger than the crystallite 
size determined from the analysis of the XRD 
line profiles. This is indicative of the presence of 
crystal defects resulting in the formation of poly-
crystalline particles. 

 
FIG. 5. SEM images for the sample with x = 0. (a) The un-milled sample, and (b) The sample milled for 4 h 
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FIG. 6. SEM images for the sample with x = 1. (a) The un-milled sample, and (b) The sample milled for 4 h 

 

 
FIG. 7. SEM images for the sample with x = 2. (a) The un-milled sample, and (b) The sample milled for 4 h 

 
Mössbauer Spectroscopy 

Room temperature Mössbauer spectra of the 
samples of Ba2ZnxCo2-xFe12O22 (x = 0, 1 and 2) 
with different milling times (T = 0, 0.5, 1, 2, 4 
and 8 h) were recorded and then fitted using 
dedicated component fit routines. The spectra for 
the samples with x = 0 with different milling 
times are shown in Fig. 8. The figure shows 
similar spectral structure with slightly different 
spectral characteristics for the sample milled for 
different times. This is consistent with the results 
of XRD measurements which indicate that the 
Y-type hexaferrite phase does not change at four 
hour milling and is still a pure phase. Mössbauer 
spectra for the samples milled up to 4 h were 
fitted with three sextet components. The high 

field component (I) is associated with Fe3+ ions 
at the (6cIV

* + 3bVI) sites, the middle component 
(II) with the 18hVI sites and the low field 
component (III) with the (3aVI + 6cVI + 6cIV) sites 
in accordance with the assignment adopted in 
[17]. The spectrum of the sample milled for 8h 
was best fitted with the three above mentioned 
magnetic sextets and a broad, central 
paramagnetic component. This component could 
be an indication of the presence of small 
superparamagnetic particles in the powder, 
which were produced by virtue of the excessive 
grinding. 

The values of the hyperfine parameters for 
the three-component fit are listed in Table 3 (T = 
0 h). From the spectrum of the un-milled sample, 
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the first component (I) with Bhf = 49.0 T and a 
relative intensity of 20 % is associated with the 
(6cIV* + 3bVI) sites as indicated above. The 
second component (II) with Bhf = 46.4 T and a 
relative intensity of 45 % is associated with the 

18hVI sublattice, while the third component (III) 
with Bhf = 42.9 T and a relative intensity of 35 % 
is attributed to the combination (3aVI + 6cVI + 
6cIV) sites.  
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FIG. 8. Room temperature Mössbauer spectra of the sample Ba2Co2Fe12O22 sintered at temperature T = 1100o C 

and different milling times (T = 0, 1, 2, 4 and 8 h) 
 

TABLE 3. Room temperature Mössbauer parameters of Ba2Co2Fe12O22 sintered at T = 1100o C, 
hyperfine field Bhf, center shift CS, relative intensity of the spectral component and line width (W) 
for inner lines 

Mössbauer Parameters T = 0 h T = 1 h T = 2 h T = 4 h T = 8 h 
Bhf I(T) ± 0.5 T 49.0 48.6 48.4 48.2 48.3 
Bhf II(T) ± 0.5 T 46.4 45.9 45.5 45.5 45.4 
Bhf III(T) ± 0.5 T 42.9 42.1 41.4 41.5 41.2 
QQ(mm/s) ± 0.04 mm/s     0.06 
CS I (mm/s) ± 0.02 mm/s  0.3 0.34 0.28 0.32 0.31 
CS II (mm/s) ± 0.02 mm/s 0.39 0.42 0.36 0.31 0.38 
CS III (mm/s) ± 0.02 mm/s 0.34 0.37 0.33 0.33 0.10 
CS QQ(mm/s) ± 0.02 mm/s     0.41 
Relative Intensity I (%) 20 20 20 20 25 
Relative Intensity II (%) 45 45 45 45 35 
Relative Intensity III (%) 35 35 35 35 25 
Relative Intensity QQ (%)     15 
Width I (W) (mm/s) 0.31 0.3 0.30 0.29 0.39 
Width II (W) (mm/s) 0.50 0.50 0.48 0.49 0.46 
Width III (W) (mm/s) 0.61 0.61 0.58 0.59 0.62 
Width QQ (W) (mm/s)     4.74 
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For no milling time of x = 0, the maximum 
capacity of the (6cIV

* + 3bVI) sites for Fe3+ ions is 
3 ions per formula (25% of the 12 iron ions in a 
formula unit), and the maximum capacity of the 
18hVI site is 6 ions (50%), while the maximum 
capacity of the (3aVI + 6cVI + 6cIV) sites is 5 ions 
(41.7%). The relative intensity of 45% of the 
middle component suggests that 5.4 Fe3+ ions per 
formula occupy the 18hVI sites and the relative 
intensity of 20% and 35% of the low and high 
field components are consistent with 2.4 Fe3+ 
ions occupying the (6cIV

* + 3bVI) sites and 4.2 
Fe3+ ions occupying and the (3aVI + 6cVI + 6cIV) 
sites, respectively.  

It was previously reported that Co2+ ions 
prefer to reside in face sharing octahedral sites in 
the T block (6cVI and 3bVI) [2]. However, it was 
reported by others that Co2+ ions occupy 18hVI 
and 6cIV sites with marked preference for the 
18hVI octahedral sites [20]. Our results on the 
relative sub-spectral intensities of the three 
components indicate that the Co2+ ions are 
distributed almost randomly over the sites 
corresponding to these components. The 
relatively higher Co2+ ions for sites 
corresponding to the low field component could 
be interpreted as due to the preference of face-
sharing sites due to the lower charge of this ion, 
which leads to lowering the electrostatic energy 
of the crystal structure.  

Upon milling for 8 h, the relative intensities 
deviate appreciably from the above values and 

indicate that Co2+ ions are almost randomly 
distributed over octahedral sites in the T block 
and at the S-T interface.  

Mössbauer spectra at room temperature for 
the samples with x = 1.0 (Ba2ZnCoFe12O22) 
milled for different milling times are shown in 
Fig. 9. The spectra for the samples milled up to 
4h were fitted with three sextet components as in 
the previous case, with the high field component 
(I) associated with Fe3+ ions at the (6cIV

* + 3bVI) 
sites, the middle component (II) with the 18hVI 
site and the low field component (III) with the 
(3aVI, 6cVI and 6cIV) sites. The values of the 
hyperfine parameters for the samples are listed in 
Table 4. The appreciable drop in hyperfine field 
with Zn substitution is consistent with Zn2+ ions 
occupying 6cIV

*, thus weakening the 3bVI - 6cIV
* 

and 18hVI - 6cIV
* antiferromagnetic interactions. 

The relative intensities for the un-milled and 
milled samples are the same as in the previous 
samples with x = 0. This is an indication that a 
fraction of Zn2+ ions (with preference for 
tetrahedral coordination) occupy 6cIV* sites as an 
equal fraction of Co2+ ions were removed from 
3bVI sites and replaced by Fe3+ ions, maintaining 
the original relative intensity for the high field 
component. Similarly, a fraction of Zn2+ ions 
occupy 6cIV tetrahedral sites as an equal fraction 
of Co2+ ions were removed from 6cVI octahedral 
sites and replaced by Fe3+ ions [20], maintaining 
the relative intensity of the low field component. 

TABLE 4. Room temperature Mössbauer parameters of Ba2ZnCoFe12O22 sintered at T = 1100o C, 
hyperfine field Bhf, center shift CS, relative intensity of the spectral component and line width (W) 
for inner lines 

Mössbauer Parameters T = 0.0 h T = 1h T = 2 h T = 4h T = 8h 
Bhf I(T) ± 0.5 T 46.1 45.7 45.2 45.4 45.2 
Bhf II(T) ± 0.5 T 42.2 41.4 41.2 41.3 41.0 
Bhf III(T) ± 0.5 T 38.7 38. 8 38.3 37.8 37.8 
QQ(mm/s) ± 0.04 mm/s     0.08 
CS I (mm/s) ± 0.02 mm/s 0.36 0.33 0.35 0.34 0.38 
CS II (mm/s) ± 0.02 mm/s  0.4 0.24 0.33 0.33 0.36 
CS III (mm/s) ± 0.02 mm/s 0.4 0.22 0.38 0.38 0.41 
CS QQ(mm/s) ± 0.02 mm/s     0.42 
Relative Intensity I (%) 20 20 20 20 25 
Relative Intensity II (%) 45 45 45 45 35 
Relative Intensity III (%) 35 35 35 35 25 
Relative Intensity QQ (%)     15 
Width I (W) (mm/s) 0.33 0.31 0.35 0.35 0.41 
Width II (W) (mm/s) 0.51 0.43 0.50 0.50 0.46 
Width III (W) (mm/s) 0.61 0.48 0.76 0.77 0.60 
Width QQ (W) (mm/s)     3.06 
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FIG. 9. Room temperature Mössbauer spectra of the sample Ba2ZnCoFe12O22 sintered at temperature T = 1100oC 

and different milling times (T = 0, 1, 2, 4 and 8 h) 
 
Mössbauer spectra at room temperature for 

the sample with x = 2 (Ba2Zn2Fe12O22) milled at 
different milling times (T = 0, 1, 2, 4 and 8 h) are 
shown in Fig. 9. The spectra were fitted with 
three magnetic sextets (except for the 8h milled 
sample which was fitted with three magnetic 
sextets and one quadrupole doublet). The 
corresponding hyperfine parameters are listed in 
Table 5. The relative intensity of 50% of the 
middle component indicates a complete filling of 
the 18hVI sites by Fe3+ ions. However, the 
relative intensities (23% and 27%) of the other 

two components suggest that 0.24 Zn2+ ions in 
this sample occupy the 6cIV sites and 1.76 ions 
occupy the 6cIV

* sites resulting in the observed 
large drop of the intensity of the corresponding 
component down to 27%.  

The values of Bhf for the three components (I, 
II and III) are plotted versus milling time for the 
samples with three Zn2+ concentrations (x = 0, 1 
and 2) as shown in Figs. 11-13. 
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FIG. 10: Room temperature Mössbauer spectra of the sample Ba2Zn2Fe12O22 sintered at temperature T = 1100o C 

and different milling times (T = 0, 1, 2, 4 and 8 h) 

 

Table 5: Room temperature Mössbauer parameters of Ba2Zn2Fe12O22 sintered at T = 1100 oC, 
hyperfine field Bhf, center shift CS, relative intensity of the spectral component and line width (W) 
for inner lines 

Mössbauer Parameters T = 0.0 h T = 1h T = 2 h T = 4h T = 8h 
Bhf I(T) ± 0.5 T 37.1 36.5 34.4 34.3 33.8 
Bhf II(T) ± 0.5 T 33.4 33.1 31.6 30.6 29.3 
Bhf III(T) ± 0.5 T 26.2 25.7 24.1 23.9 23.2 
QQ(mm/s) ± 0.04 mm/s     0.7 
CS I (mm/s) ± 0.02 mm/s 0.31 0.23 0.24 0.25 0.33 
CS II (mm/s) ± 0.02 mm/s 0.39 0.36 0.42 0.35 0.41 
CS III (mm/s) ± 0.02 mm/s 0.4 0.38 0.39 0.41 0.4 
CS QQ (mm/s) ± 0.02 mm/s     0.01 
Relative Intensity I (%) 23 23 23 23 24 
Relative Intensity II (%) 50 50 50 50 38 
Relative Intensity III (%) 27 27 27 27 22 
Relative Intensity (QQ) (%)     16 
Width I (W) (mm/s) 0.45 0.53 0.42 0.39 0.51 
Width II (W) (mm/s) 0.51 0.57 0.52 0.39 0.51 
Width III (W) (mm/s) 0.46 0.55 0.44 0.39 0.51 
Width QQ (W) (mm/s)     0.51 
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FIG. 13. The distribution of hyperfine parameters of Ba2Zn2Fe12O22 with different milling times                          

(T = 0, 1, 2, 4 and 8 h) 
 

The values of the hyperfine parameters for 
(x= 0, 1 and 2) are decreasing exponentially with 
increasing milling time. The spectrum 
broadening is due to the presence of distributions 
of hyperfine fields which is partially attributed to 
the statistical distribution of neighbors around 
the iron sites in the lattice. This effect is a 
consequence of the mechanical milling which 
results in crystal defects and could change the 
distribution of Fe3+ ions over the different sites 
of the hexaferrite lattice. Further, the increasing 
in milling time leads to the increase of the ratio 
of surface atoms to volume atoms. This results in 
the reduction of the hyperfine field of the 
magnetic components corresponding to surface 
atoms, resulting in asymmetric broadened lines. 
The new component represented with the 
quadrupole doublet in the spectrum of the 8 h 
milled sample is associated with small 
superparamgnetic grains resulting from the 
relatively long ball-milling time, as confirmed by 
XRD and SEM results. 

Conclusions 

The system Ba2ZnxCo2-xFe12O22 with (x = 0, 1 
and 2) was prepared by sol-gel method. Milling 
in different parts of time (T = 0, 1, 2, 4 and 8h), 
XRD patterns indicate that the information and 
the analyses show that the system Ba2ZnxCo2-

xFe12O22 with (x = 0, 1 and 2) is a Y-type 
hexaferrite and it maintains the pure Y-type with 
milling up to 8 h. 

Mössbauer spectra at room temperature for 
all the samples Ba2ZnxCo2-xFe12O22 with x= 0, 1 
and 2 sintered at T = 1100o C show a gradual 
change in the relative intensities and a drop in 
the hyperfine field as Zn2+ ions replacing Co2+ 
ions increase. The variations in relative 
intensities are consistent with Co2+ ions 
occupying octahedral sites and Zn2+ ions 
occupying tetrahedral sites.  

The spectra of Ba2ZnxCo2-xFe12O22 with (x = 
0, 1 and 2) were fitted by 3 sextet components up 
to 4 h milling. After milling for 8 h, Mössbauer 
spectra were best fitted with three magnetic 
sextets and a quadrupole component; which 
indicates the presence of superparamagnetic 
particles with largely reduced particle size in 
these samples. The Bhf values decrease gradually 
with milling time, which is a consequence of the 
decrease in particle sizes with increasing the 
milling time. 
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  الخلاصة

الجسيمات المنبعثة في ن عدد نستخلص أ ،مما سبق
، كما مامي يزداد مع زيادة كتلة القذيفة وطاقتهاالاتجاه الأ

نصف ونات النسبية في الاتجاه الخلفي ن انبعاث الهادرأ
ما توزيعة التعددية أ. كروي مستقل عن طاقة القذيفةال

في حالة  أعرض للجسيمات الرذاذية المشحونة فستصبح
  .كروي من الاتجاه الخلفيالنصف الاتجاه الامامي 

 

نها ، فقد وجدنا أ)(قيم النسبة  وعند دراسة
  .هانفس المقذوف عند طاقة المقذوف ةتزداد مع زيادة كتل

ودراسة ، فعلاقات التعددية في الاتجاهين خطية خيراًوأ
على  القوي هذه العلاقات يوضح اعتماد

.  
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  مامية والخلفيةالنسب الأ .3

ى ـلإية ـامـمات الأـة الجسيمـح نسبـتتض )6( في جدول
، )رذاذية والرمادية ـمات الـالخلفية لكل من الجسي

-18( ،)17-8( ،)7-1( (هدف لة لـوم مختلفـد حجـعن
 نوىلتفاعلات الكربون مع  ،)28≥ و )27

 ),Ne,³²S²²²⁸Si(لعدة قذائف اخرى  بالإضافة,المستحلب
  .[12,11,10,5]نفسها  عند الطاقة

تتناقص بسرعة مع  )ن قيم أنرى من البيانات 
ما الجسيمات الرمادية أ ،)قيم (زيادة حجم الهدف 

عند القيمة  )< 7(لنسبة لها في المنطقة هذه ا تثبتفت
في هذا الجدول حقيقة زيادة تتضح كذلك  .)3.3(

 ،للمقذوف يعدد الكتلالالجسيمات الامامية الناتجة مع زيادة 
وهذا نتيجة لزيادة عدد  ،كذلك ) كما تزداد النسبة

  .الجسيمات الرذاذية مع حجم القذيفة

نسبة الإتجاهين للجسيمات ل العلاقة رسمت ،)6(شكل ال
ويبدو جليا ، )(الرذاذية كدالة للجسيمات كثيفة التأين 

) (تتناقص مع زيادة قيم  )(أن النسبة 
 (.khan, M.S. et al )[1] وقد توصل .للجسيمات الرذاذية
   .يضاًإلى هذه النتيجة أ

  

  مختلفة الخلفية لقذائف مختلفة عند فترات -ماميةلنسب الأا :)6(جدول ال
Projectile  28 ≥  18-27)(  8-17) (  1-7) (  Ref 

 
 49.57 22.41 15.09 6.47 Present Work 
 44.20 27.00 22.50 18.5 [5] 
 4.08  3.41  3.20  3.30  [10]  

 
 48.04  27.54  21.21  16.58  

[11]  
  4.80  3.30  3.10  2.90  

   62.04  44.04  23.64  17.88  
[12] 

  4.40  3.50  2.90  3.10  
 

 
  95.50  32.53  20.20  21.47  

[5]  
  6.70  3.51  3.06  4.13  
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  التأينتجاهين للجسيمات الرذاذية كدالة للجسيمات كثيفة نسبة الا ):6(شكل ال
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  سط تعددية الجسيمات الرذاذية في الاتجاه الخلفي والتعدديات المختلفةلعلاقة بين متوا :)5(شكل ال

  

  AGeV/c 4.5قدرها  لتفاعلات الكربون مع المستحلب عند كمية حركة للشعاع و  ينقيم البارامتر  :)5(جدول ال

      
0.0076  0.79    
0.022  0.69    

0.0082  0.73    
0.029  0.024    

0.0069  0.132    
0.0106  0.193    
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 نشكليالموضحة في  في الإتجاهينرتباطات التعددية ا
ة البيانات التجريبية للشكلين وقد تمت ملاءم .)5(و  )4(

   :السابقين بالمعادلة

                                   (3) 

 ،)(أو الأمامي  ،)(الخلفي  إلى الاتجاهترمز  حيث 
كثيفة جسيمات الرمادية أو السوداء أو لإلى ا)(بينما تشير 

موضحة في الجدول   bوa  ينقيم البارامتركما أن  .التأين
أن معدل تعددية  هذين الشكلينويتضح من  ).5(

 ادة قيمـيزداد مع زي الاتجاهينالجسيمات الرذاذية في 
عتماد أقوى لهذه الجسيمات للاتجاه امع  ،)(

 .الأمامي بشكل خاص
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  مامي وتعدديات الجسيمات المختلفةمتوسط تعددية الجسيمات الرذاذية في الاتجاه الأ :)4(شكل ال
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  في الاتجاه الخلفيللقذيفة ومتوسط عدد الجسيمات الرمادية  يعدد الكتلالالعلاقة بين  :)ب - 3(شكل ال

 
  ت التعدديةارتباطاـ  2

تعتبر دراسة العلاقة بين تعدديات الأنواع المختلفة من 
الجسيمات الأمامية والخلفية من أهم مصادر المعلومات عن 

) 4(جدول ال. تجاهينفي الاميكانيكية إنتاج الجسيمات 
يوضح قيم متوسط عدد الجسيمات الرذاذية المشحونة في 

) ( متر التماثلالاتجاهين، والنسب الامامية والخلفية وبارا
  : المعرف بالمعادلة

F B
S S
F B
S S

N N
A

N N





             (2) 

  

 النسب المختلفة لهاقيم متوسطات تعددية الجسيمات الرذاذية المشحونة في الاتجاهين و :)4( جدولال

         

8.62  10.95  7.10  7.38    
0.61  0.29  0.5  0.29    

14.24  37.76  14.20  25.39  /  

0.87  0.95  0.86  0.92    
ــــ  0.026  0.070     0.039  ــ
0.066  0.026  0.067  0.038    
0.934  .9710  0.934  0.962   

     
درجنا ضمن هذا الجدول القيم المناظرة لدراسات كما أ
ونلاحظ .النتائجنلاحظ التوافق الجيد بين و، [9,8]اخرى 

في أن معدل تعدديات الجسيمات الرذاذية  منها جميعاً
وهذا يعني أن  تجاه الخلفي،الإتجاه الأمامي أكبر منها في الا

من احتمالية  احتمالية الانبعاث الأمامي أعلى وأوفر حظاً

تعتمد  لا) (كما نلاحظ أن قيمة البارامتر .الانبعاث الخلفي
  . قذيفةعلى كتلة ال
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مامي والخلفي على ن الأتعني الاتجاهي B,F حيث
  .j=s,g ،الترتيب
  
  
  
  

  

في الاتجاهين للجسيمات الرذاذية  تم حساب قيم 
، وكانت القيم والرمادية بواسطة طريقة المربعات الصغرى

ن ، ومن ذلك يلاحظ أ)3(الجدول كما هي موضحة في 
بشكل اوضح مما هو عليه تزداد مع كتلة القذيفة  

  .(M.El-nadi)[3] من يضاًوقد لوحظ هذا أ.في 
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 والخلفية فيكون بالشكلأما تمييز الجسيمات الأمامية 
  = 

 
 

هي عدد الجسيمات   حيث ،للجسيمات الرذاذية
عددها في الاتجاه  ، وماميفي الاتجاه الأ ،الرذاذية
, وكذلك  ،الخلفي

الكيفية بللجسيمات الرمادية والسوداء ،
  .لى التواليوع هانفس

 النتائج التجريبية والمناقشة

ـ متوسط التعددية للجسيمات المشحونة النسبية 1

  الناتجة في الاتجاهين الأمامي والخلفي 

لقذائف ) 2(وضحنا هذه المتوسطات في الجدول 
تبقى ثابتة عند قيمة   وواضح أن قيمة .مختلفة

بغض النظر عن مع أخطاء تجريبية صغيرة  تقريباً) 0.4(
ن الهادرونات المنبعثة في ، وهذا نتيجة لأكتلة القذيفة

الاتجاه الخلفي تعتمد على عدد النيوكليونات المتفاعلة من 
للقذيفة  العدد الكتليمع زيادة  بينما تزداد  ،القذيفة

ويتضح من الجدول تطابق نتائج الدراسة الحالية ). (
ة ما للقذيفأ. [7,6,4]ع نتائج الابحاث الاخرى بشكل جيد م

نتاج الجسيمات في الواحدة، فمن الواضح من الجدول أن إ
ثير يذكر يزداد بزيادة طاقة القذيفة ولا تأالاتجاه الامامي 

  .على الجسيمات في الاتجاه الخلفي

  خلفي لقذائف مختلفةمامي والجسيمات الرذاذية في الاتجاهين الأمتوسطات التعددية لل: )2( جدولال

  
Ref.      

Incident 
energy per 

nucleon(GeV)  

Type of 
interaction  

 
[6] 
 

3.86±0.10  0.29±0.01  2.2    
    3.7  0.02±0.41  ـــــــــــــ

7.11±0.22  0.42±0.01  3.7    
Present Work 

  7.24±0.11  0.69±0.04  4.5    
[6] 9.85±0.04  0.45±0.01  3.3    
[7] 9.71±0.23  0.40±0.02  4.1    
[6]  11.36±0.09  0.44±0.02  3.7    
[4]  20.50±0.52  0.38±0.06  14.5    
[7] 11.43±0.09  0.35±0.02  4.5    

  مامي والخلفي للجسيمات الرذاذية والرمادية في الاتجاهين الأ و قيم  ):3(جدول ال
g particles  s particlec Particles  B  F B F  

0.009  1.42  0.18  0.62    
  

0.94  0.066  0.26  1.59    
          

رسمنا التعددية للجسيمات الرذاذية في ، )1(في الشكل 
ونلاحظ فيه  .لتصادمات الكربون مع المستحلب تجاهين،الا

من الجسيمات  أكثر انبساطاً أن توزيعة الجسيمات الأمامية
 من يضاًوقد لوحظ هذا السلوك أ. الخلفية

[4](N.Ahmad).  

 رسمت العلاقات بين، )3( و )2( الشكلينوفي 
من متوسط التعددية للجسيمات الرذاذية والرمادية  وكل

ة حيث تمت ملاءم كلا الاتجاهين لعدة قذائف نووية، في
  :البيانات بواسطة العلاقة

                                (1) 
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من  )البايونات(أما انبعاث الهادرونات السريعة والنسبية 
 Backward( كرويالنصف النواة في الاتجاه الخلفي 

Hemisphere,BHS(،  فيعد من أهم الخواص في تفاعلات
تنبعث هذه و ،)h-A(نواة  –وهادرون ) A-A(نواة  -نواة

تجاه الخلفي في نتاج الهادرون في الاأن إالأهمية من 
نيوكليون غير ممكن  - التصادمات الحرة لنيوكليون 

تبدو ميكانيكية هذا الإنتاج الغريب أشبه بما و ،كينماتيكياً
   ).Clustering(ينتج عن التعنقد 

تزودنا بمعلومات عن تأثيرات نووية  الانبعاث دراسة هذا
بتدائية مع الهادرونات من منطقة التفاعل الا أخرى كتفاعلات

وحركة النيوكليونات الداخلية  ،المادة النووية المحيطة
 بالمدى القصير بين النيوكليونات بداخل النواة وارتباطها

[2]. 

أن حركة  )Baldin et al. 1978(اقترح بالدن وآخرون 
رونات في فيرمي البسيطة لايمكن حسابها لإنتاج هذه الهاد

أن الميكانيكية السائدة لهذا الإنتاج الإتجاه الخلفي، وذكروا 
 وكتل القذيفة من هي تفاعل بين النيوكليونات الناتجة

 الميكانيكية هذه وأن ،الهدف في المتعددة ناتالنيوكليو

 )Cumulative production( تراكمـي إنتاج إلى ترجع
)Baldin, 1980([3]دو نواة الهدف كجسم ممتد إذ تب ؛

 )Time-Space(فرصــة استثنائية لنشــوء فضاء زمني معطيــة
وحتى الآن لا توجد  .[2]لعمليات انتاج الجسيم المتعدد 

تجاه شرح خصائص انبعاث الهادرون في الات نظرية واضحة
ـــاج إتنجح بعض النماذج في شرح كيفية  بينما ،الخلفي نت

 )Cascading(تدفــق الالجســيم المتــعدد وفــهم ظــاهرة 
للجسيمات في الجزء  )Rescattaring(ستطــارة وإعــادة الا
-A(من النواة في تصادمات  )Participant Part(المساهم 

A( [4] لنسبيةا. 

  وطريقة تحليل مصدر البيانات التجريبية

، اًحدث )490(فـي هذه الورقة البحثية، قمنا بتحليل 
نتجت من تعريض كومة المستحلب النووي، من نـوع 

(NIKFI-BR-2) ، ــربـون،  نوىلشعــاع عمـودي مـن الك
يوضح ) 1( والجدول .كــل نواةل 4.5 بطـاقـة

  .يميائي لهذا النوع من المستحلبالتركيب الك

  NIKFI-BR-2التركيب الكيميائي لشريحة المستحلب من النوع  :)1(جدول ال
108 80  16           

1.028  1.028  .9560  0.395  1.410  3.150     

 

 Dubna)مصدر هذه البيانات هومعجل دوبنا في روسيا 
Synchrophastron,Russia).  وباستخدام)Nikon 

Microscope (40 متحرك بقوة تكبير x Objective 
بتدائية على مسافة لتقطت الآثار الاا، 15xEye-pieceو

mm 3  من حافة الدخول إلى الكومة وجرى تتبعها للخلف
  . من تفاعل سابقناتجة تكن  للتأكد من أنها لم

حداث باستخدام عدسات ذات قوة تم فحص الأ
 95xoil Immersion)و )15xEye-pieces(تكبير

objectives)،  وبواسطة نظرية المسح السريع على طول
. تجاه المعاكسفي الا اتجاه القذيفة والمسح البطيالأثر في 

آثار  ـ كل1: تيكما تم اختيار الأحداث وفق المعيار الآ
مع الإتجاه الرئيسي  3°الشعاع بزوايا قذف أقل من 

الأحداث الناتجة لمسافة   -2 .تم استبعادها الإبتدائي،

، لم تؤخذ في  هاأو قاع من قمة شرائح المستحلب 30
  .التحليل

للمعايير المستخدمة  طبقاً،كما صنفت الآثار كلاسيكياً
 :صناف الآتيةفي طريقة المستحلب النووي إلى الأ

وهي بايونات  )Shower Tracks(الآثار الرذاذية  - 1 

 نسبيوتاين  )مشحونة بسرعة نسبية 
).( 

هي على الأغلب و ،)Grey Tracks(الآثار الرمادية  -2
400-( بروتونات ذات طاقة حركية  وتأين نسبي )26 

)( .  

وهي جسيمات  ،)(Black Tracks ار السوداءـ الآث3
وطاقاتها  )3mm≥(ذات مدى قصير في المستحلب 

   .)26 (الحركية اقل من 

 :تعدديات الآثار السابقة هي على التوالي
 نها مجموع كما تعرف الآثار كثيفة التأين بأ، )(

 . (Nh=Ng+Nb) 
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تجاهين الجسيمات النسبية المنبعثة في الالمعرفة خصائص أجريت هذه الدراسة  :الملخص
الكربون مع المستحلب النووي عند كمية حركة شعاع  نوىلتفاعل  والخلفي يالأمام

  . ونلكل نيوكلي 4.5 قدرها
توسط ن مووجد أ. رمادية، وارتباطات هذه التعددياتمتوسطات الجسيمات الرذاذية والب المتعلقةتمت مناقشة النتائج 

 ن النسبةكما وجد أ. للقذيفة وطاقتها العدد الكتليعلى  قوياً مامية تعتمد اعتماداًالقيم لتعدديات الجسيمات الأ
ما النسبة نفسها أ. ص مع زيادة حجم الهدفع زيادة كتلة القذيفة وتتناقتزداد م للجسيمات الرذاذية (

  ).( ثابتة في المنطقة فهي تقريباً) (للجسيمات الرمادية 
  

Features of the Forward-Backward Particles in the Collisions of Carbon with 
Nuclear Emulsion at High Energy  

 
Halima Al-Jamal and Mustafa Bayio 
Physics Department, Faculty of Science, Misrata University, Misrata, Libya. 

  
Abstract: Experimental data on relativistic (shower) and fast (grey) hadrons emitted in the forward 
and backward hemispheres ( , (FHS,BHS), in the collision of beam with 
emulsion nuclei at 4.5AGeV/c  are presented and analyzed. The correlations between multiplicities 
of shower particles are also investigated. The mean values of the multiplicities of the produced 
forward particles are strongly dependent on the projectile mass number, ,and its energy while those 
of the backward ones are nearly independent of .Finally, the ratio ( ) is found to increase 
with increasing the projectile mass and decrease rapidly with increasing the target size ( -value), 
while ( ) seems to exhibit a limited behavior in the region of  
Keywords: Forward hemisphere; Backward hemisphere; Nuclear emulsion; Collisions at high 
energy. 
PACS: 25.75.-q 

 

مقدمةال

يصعب  ،المعجلة لطاقات عالية النوىعند اصطدام 
فقد  .بعد الاصطدام النوىالتكهن بما ستؤول إليه هذه 

ما تنتج جسيمات  وغالباً ،هويتها تماماً النوىتفقد هذه 
وبزوايا انبعاث  ،جديدة بطاقات مختلفة وزخم مختلف

  .متعددة

الظواهر الشيقة انبعاث الجسيمات في مثل هذه  ومن
وخصائص هذا  .التفاعلات في الاتجاهين الأمامي والخلفي

الانبعاث توضح الميكانيكية التي يتأين بها الهادرون للحالة 
  .[1] النهائية للجسيمات الرذاذية المشحونة في الاتجاهين
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  ةوطاقات مختلف ةمختلفلنوى  وزخم مولر الثاني  ،الزخوم العيارية و ،ةالمنتج – اتلجسيم ةالقيم المتوسط :)7(جدول ال

           Energy 
(GeV) 200  14.6  4.5  3.7  3.7  3.7  200  60  14.6  3.7  

 
  

 
 
  

 
 
  

  
  

  
 
  

 
  

  
      

 
  

 
 
  

 
  

 
  

    
 
  

 
  

      

 
  

 
 
  

  
 
  

    
 
  

 
  

      

 
  

 
 
  

  
 
  

    
 
  

 
  

      

 
 

  

 
 
  

 
  

    
 
  

 
  

      

 
  

 
 
  

  
 
  

    
 
  

 
  

      

  [24]a[25]b[26]c[27]d[28]e[29]f [Present Work]* 
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 عتماد الزخوم العيارية على الطاقة،التوضيح عدم 
في ) ( حسبت الزخوم العيارية لإنتاج شظايا الهيليوم

،ومقارنتها مع 4.5GeV/cعند طاقة  تفاعل 

مع المستحلب  )(نوى  نتائج تفاعلات
  .عند طاقات مختلفة

لنوى  الزخوم العيارية ) 7(يوضح الجدول 

) Muller( ويتضمن زخم مولر، )(
  :الثاني الذي يعطى بالمعادلة ]9[

         (7) 

على  غير معتمدة تقريباً يتضح من الجدول أن 
على بزيادة قيم الزخوم الأتزداد بينما  الطاقة ورقم الكتلة،

  .رقم الكتلة

كما نلاحظ أن قيمة زخم مولر الثاني لا يعتمد على 
  .ختلاف رقم الكتلةاالطاقة بينما يختلف ب

  الاستنتاجات

  :على نتائج الدراسة الحالية نستنتج ما يلي استناداً

المستحلب  نوىمع  سيلكونال ىنوعند تصادمات  -1
نجد أن نسبة كبيرة من التفاعلات تحدث مع  ،النووي
وباقي التفاعلات ) (الثقيلة للمستحلب  النوى

ونواة ) (الخفيفة  النوىتحدث مع 
 ).(الهيدروجين

لتفاعلات القذيفة مع ) λ(متوسط المسار الحر يزداد  -2
ات الهدف بزيادة طاقة القذيفة ويتناقص كل مجموع

 . بزيادة كتلة القذيفة

لقذائف مختلفة مقطع العرضي النووي القيم التجريبية لل -3
 4.5AGeVمع أهداف المستحلب النووي عند طاقة 

 ةــتفاق جيد مع القيم المحسوبة باستخدام علاقاعلى 
Bradt - Peters النووي يزداد  يعرضال مقطعكما أن ال

 .بزيادة كتلة القذيفة

نتاج جسيمات ألفا المنبعثة لإالنووي  يالعرضمقطع ال -4
 من مصادر مختلفة مستقل عن طاقة القذيفة في مدى

 .هالقذائف تمتلك الكتلة نفس AGeV(3.7-200) طاقة

الناتجة من التصادمات ) (تم تقدير كثافة الطاقة  -5
تحلب النووي السيلكون مع المس ىالمركزية لنو

وجد انها و ،)(باستخدام نمودج بجوركن 
عتبارها ايمكن  لاهذه القيمة و ،تساوي 

 ىلإكثافة كافية لحدوث الانتقال من الطور الهادروني 
 . QGP حالة

ت اثابتة مع ثب تبقى تقريباً)(قيم الزخوم العيارية  -6
أي أنها لاتعتمد  ؛ف مختلفةالحدود الإحصائية لقذائ

كما  .إنما تعتمد على كتلة الهدفو على كتلة القذيفة،
  .kأن قيمة هذا البارامتر تزداد بزيادة قيمة الثابت 

عليها عند إيجاد  التي تم الحصولبمقارنة النتائج  -7
نواة مع النتائج  - الزخوم العيارية في تفاعلات نواة

درون عالية ها –المتحصل عليها في تصادمات نواة 
نواة  –الطاقة، نستنتج أن النتائج في تفاعلات نواة 

آلية وأن ، هادرون متماثلة تقريباً –نواة تفاعلات و
)Hadronization ( للمرحلة النهائية للجسيمات

 .المشحونة تكون نفسها

  شكر وتقدير

أقدم كل الشكر والعرفان الى كل من مد لي يد العون 
الأستاذ  وأخص بالذكر .عملوالمساندة في إنجاز هذا ال

الدكتور مصطفى عبد السلام بن نصر بعيو على نصائحه 
، علماً بأن يلزم لإنجاز هذا العمل وإرشاداته وتوفير كل ما

هذه الورقة هي جزء من بحث متطلبات الإجازة العالية 
  .في الفيزياء) الماجستير(

ونحن له من الذاكرين  ،ومن الله العون والسداد
  .الشاكرين  من لنعمائهو
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  ةمتقارب ةعند كميات حرك ةمع أهداف مختلف ةائف مختلفذلتصادمات ق كثافة الطاقه  :)5(جدول ال

Ref.   
Energy 

Density( ) 
Momentum 

AGeV/c 
Particles 

Multiplicity Interaction 

]19[  14    4.1      
]20[  21    4.5      

Present Work 21.67    4.5      
  

  الزخوم العيارية  .3

 )Normalized Moments(الزخوم العيارية 
للتوزيعات التعددية للجسيمات المشحونة النسبية الناتجة 

هادرون عالية الطاقة درست من -في تصادمات نواة
)Khushnood ( في مدى طاقة وآخرين 

AGeV[8])400-50.(  دراسة الزخوم  تهذا العمل تمفي
العيارية للتوزيعات التعددية للجسيمات المشحونة النسبية 

عتمادها على كتلة القذيفة او نواة،-الناتجة في تفاعلات نواة
  .تهاوطاق

تعطى الزخوم العيارية للتوزيعات التعددية للجسيمات 
  :المشحونة النسبية بالمعادلة

         (6)  

، 5، 4 ،3 ،2 :مختلفة اًقيم ذثابت ويأخ kحيث 
  .وهكذا...

 تم حساب على حجم نواة الهدف، عتماد الدراسة 

المستحلب في  نوىلمجموعات مختلفة ل قيم 
 قيم و ،4.5AGeV/cعند طاقة  تفاعلات 

ضحة في عليها في هذه التفاعلات مو التي تم الحصول
في تفاعلات  عليها سابقاً تم الحصولمع نتائج ) 6(الجدول 

  .نفسها عند طاقة القذيفة 

  لكل نيوكليون 4.5GeV/cشعاع  نواة عند كمية حركة- في تصادمات نواة  ةقيم الزخوم العياري :)6( جدولال

Ref.     
Type of 

Interaction 
]21[          
]22[       

Present Work          
]21[         
]23[  -        
]22[       

Present Work         
]21[          
]23[  -        
]22[        

Present Work         
Present Work      

  

 في تصادمات  من الملاحظ أن قيم 
تقريباً ثابتة  ،4.5GeV/cعند طاقة  وتفاعلات 

واضح بشكل كبير في  حصائية، وهذابات الحدود الإثمع 
تزداد بزيادة  حيث نلاحظ أن البارامترات  ،)6(الجدول 

ي تم بمقارنة نتائج العمل الحالي مع النتائج الت .kقيمة 

ت هادرون عند طاقا –ل عليها في تصادمات نواة وحصال

متماثلة  نلاحظ أن قيمة  ،
  . هانواع التفاعلات كلأفي  اًجد
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  .28تمثل رقم الكتلة لنواة السيلكون ويساوي  حيث 

عند  ل في حالة التصادمات المركزية 
 وعند حدث مفرد 4.5AGeV/cكمية حركة شعاع 

23=nh،53=ns  تم الحصول على أعلى تعددية لهذا

:التفاعل
max

20.67Sdn

d
 

 
 

كما هو موضح في الشكل  

 اع الزائف العياريتمثل الاسر ŋ حيث، )3(
)Normalized Pseudorapidity:(  

   min max min/        

0.0 0.2 0.4 0.6 0.8 1.0 1.2

dn
s /

d

0

5

10

15

20

25

 
  

سراع الزائف العياري للجسيمات الرذاذية الناتجة في حدث مفرد عند لإتوزيعات ا :)3(الشكل  s = 53 و h = 23  لتفاعلات
  4.5AGeV/cكمية حركة شعاع عند  النووي السيلكون مع المستحلب

  

يساوي  حيث متوسط الزخم المستعرض

 .و) 0.350(

  :حصل علىن) 4(وبالتعويض في المعادلة 

وهي كثافة الطاقة الناتجة من تحليل البيانات التي تم  
الحصول عليها من معجل دوبنا بروسيا، وهي غير كافية 

، حيث تصل QGPلحدوث الانتقال في الطور إلى حالة 
إلى كثافة عالية قدرت بحوالي  QGPكثافة الطاقة عند 

  

 Alternating(  جلمع فيوللمقارنة، وجد أنه 
Gradient Synchrotron(  الموجود في دوبنا

أجريت ، )Dubna and Brookhaven(وبروكهيفن 
وتم تقدير كثافة  ،ل  تجربة لتصادم مركزي

كثافة  وجد أن وقد .لنمودج  الطاقة طبقاً

غير وهي أيضاً كثافة طاقة  ،الطاقة 
   .كافية لإحداث انتقال في الطور

ل  للتصادم المركزي أيضاًكثافة الطاقة  كما قدرت
 Super Proton( معجل  في 

Synchrotron ( الموجود في سيرن)CERN( ،وكانت 

على خاصية  عتماداًا  كثافة الطاقة
وهذه الكثافة من  ،]4[ سراع الزائف للجسيمات الناتجةالإ

الجدير . الطاقة من الممكن أن يحدث فيها انتقال في الطور
بالملاحظة أنه لحدوث انتقال في الطور لابد من إحداث 

  .تصادم جسيمات ثقيلة بطاقة عالية جداً

 التي تم الحصولمقارنة القيمة  )5(يوضح الجدول 
حصل عليها باحثون آخرون  النتائج التيعليها ببعض 

  .ةائف وأهداف مختلفذات قلتصادم
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  .القذيفةالنووي يزداد بزيادة كتلة ي للتفاعل ع العرضمقطأن ال

ل عليها بواسطة وحصي تم المرن ومقارنتها بالقيم التالالنووي غير  لي للتفاعالقيم التجريبيه للمقطع العرض :)4(جدول ال
  4.5AGeV/cمع أهداف المستحلب النووي، عند كمية حركة  ةائف مختلفذلق   Bradt - Peters صيغة

Ref.      Projectile 

  
]18[  

1161.37  
)998.67(  

415.52  
)357.03(  

291.36  
)249.79(  

37.70  
)32.3(    

1618.57  
)1506.62(  

635.70  
)591.76(  

527.05  
)489.77(  

89.72  
)84.10(    

1568.97  
)1605.15(  

629.64  
)644.54(  

533.89  
)546.64(  

100.67  
)103.42(    

2074.12  
)1765.00(  

861.26  
)732.51(  

755.74  
)641.52(  

162.53  
)138.42(    

Present 
Work 

2575.327  
)2227.045(  

804.6  
)1521.394(  

371.474  
)445.710(  

284.900  
)182.753(    
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بالمستحلب النووي  ةبكتلة القذيفة وذلك في حالة تصادمات قذائف مختلفالنووي  ي للتفاعلالعرض مقطعيوضح علاقة ال )2(الشكل 

  4.5AGeV/cشعاع عند كمية حركة 

  : تقدير كثافة الطاقة .2

التي  )(energy density  إن معرفة كثافة الطاقة
تمكننا من البحث عن الطور  الشديدةدمات اصتنتجت في ال

-طور كوارك إلىالانتقال من الطور الهادروني (الجديد 

نستخدم صيغة  ، ولتقدير كثافة الطاقة )ون بلازماليق
  : بجوركن

 2 2 13

2
S

T

dn
P m V

d


 
     

 
     (4)  

المساحة العرضية لتداخل النواتين عند =  حيث 
 .التصادم

 (5)                         
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  ف مختلفة عند كميات حركه مختلفةئذاقل) λ(متوسط المسار الحر  :)3(جدول ال

Ref. 
Mean Free Path 

  
Energy(AGeV/c) Element 

Present work 1.56  4.5    
]15[  12.65  14.6    
]16[  7.53  1    
]17[  8.4  1.7    
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  يفةذورقم الكتلة للق العلاقة بين المسار الحر  :)1(الشكل 

  

باستخدام عرضي للتفاعل ال مقطعكذلك يمكن حساب ال
فيد هي تعبير هندسي مو ،]Bradt – Peters ]7علاقة 

يون الثقيل في حدود لتفاعل الألمقطع العرضي لحساب ا
  .وتعطى بالمعادلة ،منطقة الطاقة

 
2

1 1

2 2
p tr A A b 

  
    

   

          (2) 

بارامتر  ، ةكتلة القديف كتلة الهدف،  حيث 
  :ةالتصادم الذي يمكن حسابه من العلاق

1 1

3 31.3 0.4p tb A A fm
  

    
   

          (3) 

) 3(و )2(وبتطبيق المعادلتين  .حيث 
  :نجد أن

  )2( المعادلةستخدام ابالقيم  

ستخدام ابللمقاطع العرضية نلاحظ أن القيم المحسوبة 
لقيم التجريبية، تفاق جيد مع ااعلى    Bradt - Petersعلاقة

لعرضي ا مقطعالقيم التجريبية لل) 4(ويوضح الجدول 
قذائف مختلفة مع أهداف المستحلب النووي عند لتفاعل 

ومقارنتها بالقيم  4.5AGeV/cكمية حركة شعاع 
  .   Bradt - Petersالمحسوبة باستخدام علاقة

ي للتفاعل العرض مقطععلاقة ال) 2(كما نبين في الشكل 
بكتلة القذيفة في حالة تصادم قذائف مختلفة بالمستحلب 

حيث نلاحظ  ،4.5AGeV/c شعاعالنووي عند كمية حركة 
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، وطاقتها تتراوح بين وسرعة نسبية 
)MeV375-26.(  أغلب هذه الجسيمات عبارة عن

بروتونات الهدف المرتدة وبعض من الديوترونات 
Deuterons  والترايتوناتTritons .جدير بالذكر و

نبعاث امع زاوية يفة المشحونة الثنائية ذن شظايا القأ
ولكن  ،لمسارات الرماديةل نفسه تأينالتنتج ) (

  .لم تدرج ضمن حسابات المسارات الرمادية

لك تتمو ،)( Black Particles الجسيمات السوداء• 
وسرعة   ومدى) (اً نوعياً تأين

هذه . وطاقتها ،نسبية 
 لفا،أثار السوداء تنتج عن الشظايا،جسيمات الآ
وهي تبدو كجسيمات ثانوية وبروتونات  ،ديوتروناتو

بطيئة ذات تأين عال.  

 شظايا قذيفة: الجسيمات المنبعثة تكون فإن من ثم
 الشحنة ثنائيةو ،الشحنة مفردة ىلإمت ثانية سالتي ق(

شظايا و ،ذية الجسيمات الرذاو، )ومتعددة الشحنة
الجسيمات و ،الجسيمات الرمادية (الهدف 

 متكاملاً هذه الجسيمات وصفاً تحمل أثارو ).السوداء
  .لسلوك المادة النووية

  ةالنتائج والمناقش

  عرضي للتفاعلالمقطع ال .1

دراسة المقطع العرضي للتفاعل من المفاهيم الهامة  تعد
دراسة تصادم الجسيمات عالية الطاقة، حيث يعبر عن  عند

عند قذف جسيم مفرد  )Event( ثاحتمالية حدوث الحد
عمودياً على هدف يتكون من جسيم واحد لوحدة 

فكرة المقطع العرضي أنه يعطي مساحة تخيلية . المساحة
لكل جسيم، ويتم اختيار المساحة بحيث إذا مر خلالها 

، وإذا مر خارجها لا يحدث جسيم ساقط يحدث التفاعل
ويمكن تصور جسيم الهدف بأنه يشكل مساحة  .التفاعل

وعند توجه الجسيم الساقط . معينة بالنسبة للجسيم الساقط
إلى الهدف فإنه يتفاعل معه ضمن هذه المساحة، وكلما 
زادت مساحة الهدف زادت احتمالية التفاعل بين الجسيم 

مساحة مقطع  وتسمى هذه المساحة. الساقط والهدف
التفاعل، وتتباين مساحة مقطع التفاعل للهدف تبعاً لطبيعة 

  .التفاعل وطاقة الجسيم الساقط

 التجريبي) Cross-Section(مقطع العرضي ال
من  لتفاعلات كل مجموعات الهدف 

  :ةالعلاق

1



             (1) 

بوحدة البارن أو يقاس المقطع العرضي للتفاعل 
  ).(الميكرومتر المربع 

وهو  ،)Mean Free Path( متوسط المسار الحر 
متوسط المسافة المقطوعة بين التصادمات المتتالية التي 

  .يحدثها الجسيم مع النوى

مسار الجسيم نتيجة التصادم هو خط منكسر كما في 
كن الشكل التالي، والنقط على هذا الخط تمثل أما

  .التصادمات

     
المسافة الفعلية التي يقطعها الجسيم بين النقطتين  

AوB أكبر من طول الخط الواصل بينهما.  

  
علاقة متوسط المسار الحر بطاقة ) 3(يبين الجدول 

القذيفة، حيث نلاحظ أن متوسط المسار الحر يزداد بزيادة 
أن متوسط ) 1(من الشكل طاقة القذيفة، كما نلاحظ 

  .المسار الحر يتناقص بزيادة كتلة القذيفة

لمجموعة ) ( )Density( الكثافه 
ستخدام التركيب اب ].6[ )1(المعطاة في الجدول  النوى

 ،)1(الكيميائي للمستحلب النووي وباستخدام المعادلة 
في حالة تصادمات السيلكون مع  حيث 
  :وجدنا أن ،تحلب النوويالمس

  القيم التجريبية

A B 

  سار جسيم يتعرض للتصادمم
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المستحلب  نوىيمكن تقسيم التفاعلات النووية مع 
  :النووي كما يلي

 :ون عندـــتك الثقيلة  النوىلات النووية مع ـــالتفاع• 
 8 > nh.  

ــوىووية مع ـالتفاعلات الن•  ــتك فة ــيالخف النـ ون ـ
  .nh ≤ 2   ≥ 8 : عند

ــوىووية مع ــالتفاعلات الن•  ــتك دروجين ـــالهي نـ ون ــ
  .nh  ≥ 1 : عند

  :على أساس هذه التقسيمات تحصل على

 النوىمع  تتفاعلا 210، نوىمع  تفاعلاً 115
في  الثقيلة  النوىمع  تفاعلاً 223و ،الخفيفة 

تفاعلا في حالة تصادمات  548 فيها ةعين
شعاع قدرها  عند كمية حركة 

4.5AGeV/c،  وكل تفاعل من هذه التفاعلات ينتج عنه
  .انبعاث شظايا

نسبة تصادم المقذوف مع مختلف ) 2(الجدول  يوضح
ونلاحظ أن . في المستحلب النووي مجموعات النوى
بينما  ، تتزايد بزيادة كتلة الشعاع التفاعلات مع 

  .تتناقص بزيادة كتلة الشعاع التفاعلات مع 

  

  في المستحلب النوويالمختلفة  النوىنسبة تصادم المقذوف مع مجموعات  :)2(جدول ال

Ref. 
Ag Br 

  

CNO 
 

H 
 

Energy 
(AGeV/c)  Projectile 

]10[  54  32.9  12.7  2.1   
]11[  51.3  37.9  10.8  2   
]12[  54.49  34.45  11.06  4.5    

Present Work 40.69  38.74  20.99  4.5    
]13[  47.5  34.6  17.8  1.8    
]14[  47.8  35.6  16.6  1.8    

  

وعند حدوث تصادم  في تجارب المستحلب النووي،
نبعاث الجسيمات في ة، فإن اوإنتاج الشظايا النووي

. تمتلك خصائص مختلفةنواة عالية  –تصادمات نواة 
السرعة فصنفت آثار هذه الجسيمات الناتجة على أساس 

المتبقي لها في  والمدى  النسبية 

المستحلب وكثافة حبيبة الأثر المتكون في المستحلب 
 هو المتبع في المرجع قسيموهذا الت .) التأين النوعي(
]5:[  

 ،Projectile Fragments (PFs(شظايا القذيفة  .1
 Spectatorمتفاعلة اليفة غير ذوهي شظايا نواة الق

Projectiles  في  ستمرار الجسيم هابطاًاالناشئة من
هذه الجسيمات  .الساقطة بالنوىمساره بعد الاصطدام 

بمعنى أن  ة نفسهاقطسرعة النوى السا تمتلك تقريباً
  ابتثوهي ذات تأين  ،)( سرعتها النسبية

  .تتميز بمدى طويل وزوايا انبعاث صغيرةو

، تنتج )( Shower particlesالجسيمات الرذاذية  .2
هذه الجسيمات بشكل سريع ومباشرة بعد حدوث 

ذه ه .المتبقية في حالة إثارة النوىالتصادم مما يجعل 

ة، وتتميز آثار هذه الجسيمات مشحونة مفردة نسبي
وأغلب هذه  الجسيمات بمداها الطويل نسبياً،

وبروتونات  ،فوتونات سريعةوالجسيمات هي بايونات، 
اهمة صغيرة من شظايا القذيفة مس إلىبالإضافة 

اً تمتلك الجسيمات الرذاذية تأين. المشحونة المفردة
حيث   )Specific Ionization(نوعياً 

 تأين لأثر الجسيم الثانوي، ال يمثل ، )(

انبعاث  دنى التجريبي للتأين بزاويةيمثل الحد الأ
مثل هذه   نسبية وسرعة) (

على  بناءًو. ستطارة متعددة شديدةالجسيمات تخضع لا
يفة ذيونات الناتجة عن شظايا القذلك تنفصل البا
  .المشحونة المفردة

 وهي Target Fragments (TFs)شظايا الهدف  .3
عبارة عن شلال من الجسيمات أو النيوكليونات المرتدة 
التي تنبعث من تبخر النواة المتبقية، هذا الصنف قسم 

  :ىلإ

لك تتم، و)( Gray Particle الجسيمات الرمادية• 
 ومدى ) ( اً نوعياًينتأ
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، فإن المادة المتفاعلة بشكل قوي تمر )النووية العادية
 - كوارك باسم تعرف لمادةبمرحلة تحول لحالة جديدة من ا

تتغير ). Quark-Gluon Plasma )QGPقليون بلازما 
خلال مرحلة  )Degree of Freedom( درجة الحرية

 البارتونات ىلإالتحول من الهاردونات متعادلة اللون 
)Partons (2[ ذات الشحنة اللونية.[  

لابد من تصادم بين  ،لدراسة هذه المرحلة تجريبياً
ن نوى الاصطدام إ إذ ؛يلها بطاقة عاليةبعد تعج النوى

وتبدأ النيوكليونات بتبادل الطاقة  ،تخترق بعضها بعضاً
وبذلك تفقد نوى الاصطدام هويتها بالكامل  ،والزخم

 ]Fire Ball] (3(مكونة كرة نارية  هاوتندمج مع بعض
كليونات لى نيوإأولية ساخنة تتوسع وتبرد وتؤول في النهاية 

  .لخإ...وبايونات 

خر قترح من وقت لآج النظرية تُذفالعديد من النما ،لذلك
نواة وتفسير البيانات التجريبية  –لوصف تصادم نواة 

ج المختلفة ذهذه النما .المتعلقة بمختلف نواتج التصادم
وذلك لأنه لا يوجد  تصف مظاهر مختلفة من التصادم،

ادمات عند الطاقات نمودج يمكن أن يصف كل مظاهر التص
 )Bjorken( ج بجوركنذج نموذومن هذه النما. العالية

الذي يوضح كيفية تقدير كثافة الطاقة وإمكانية التحول  ]4[
قليون بلازما  –طور كوارك  ىلإمن الطور الهادروني 

)QGP.(  

  ةمصدر البيانات التجريبي

 Dubna هي لمعجلالبيانات المستخدمة 
Synchrophasotron ستخدام تقنية اب وذلك ،في روسيا

تم حيث  ،)Nuclear Emulsion(المستحلب النووي 
من المستحلب النووي من نوع ) Stack(تعريض كومة 

ذات أبعاد  
، لشعاع من أيونات 

 ،4.5AGeV/cالسيلكون ذات كمية حركة شعاع قدرها 
متحرك بقوة تكبير  Nikon Microscopeوباستخدام 

40x Objectives 15وx Eye-pieces  التُقطت الآثار
من حافة الدخول إلى الكومة  3mmالابتدائية على مسافة 

وجرى تتبعها للخلف للتأكد من أنها لم تأت من تفاعل 
  . سابق

وبهذه الطريقة، جرى تتبع جميع الآثار الابتدائية من 
مع الكومة أو غادرتها، كما  دخولها إلى الكومة حتى تفاعلت

التفاعل لكل نجم ) بارامترات(تم تعيين مختلف متغيرات 
Star )nb،ng،ns  تحت عدسات ) لكل جسيمزاوية الإنبعاث

 95xOilو  15xEye-piecesذات قوة تكبير 
Immersion Objectives.  

 هذه البيانات وزعت على عدة مراكز للطاقة العالية
بالهند، ومن هذا ) Aligarh(لتحليلها، ومن هذه المراكز 

المركز تم الحصول على هذه البيانات من الدكتور المشرف 
)Prof.Mustafa Bayio .( وقمت بتحليل هذه البيانات

التي تم الحصول عليها في قسم الفيزياء في جامعة مصراتة 
 548على  ةشملت البيانات في هذه الدراسبليبيا، حيث 

. من السيلكون مع المستحلب النووي قابلاً للتحليل اعلاًتف
الكثافة التي تقابل كل عنصر من ) 1(ويوضح الجدول 

  .مكونات المستحلب بوحدة 

من  ألفيتكون المستحلب النووي من مادة عجينية تت
بلورات دقيقة من هاليد الفضة يكون معظمها من البروم مع 

هذه البلورات تكون مغمورة في  مخلوط صغير من اليود،
، وهو عبارة عن مادة عضوية معقدة )(Gelatinالجيلاتين 

إن الوظيفة  .قادرة على امتصاص كميات كبيرة من الماء
الأساسية للجيلاتين هي التزويد بشبكة ثلاثية الأبعاد تعمل 
أساساً على تحديد مكان البلورات الصغيرة ومنعها من 

 Development and(والتثبيت الهروب أثناء الإظهار 
Fixation(.  لذلك فالجيلاتين يعتبر مادة ملينة تخفف من

  . هشاشة المستحلب

كذلك يحتوي المستحلب النووي على ماء بحيث يبقيه 
  .ويمنعه من التقشير اًرطب

  

  

 "NIKFI – BR2"نوع  من التركيب الكيميائي للمستحلب النووي :)1(جدول ال

          Element  
1.028  1.028  0.956  0.395  1.41  3.15   
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هذه المحاولة أجريت لدراسة بعض مميزات إنتاج الشظايا النووية في التصادمات النووية عالية الطاقة، وذلك  :الملخص
راسة ود الزخوم العيارية للجسيمات النسبية،و النووي، عرضي للتفاعلال مقطعمن خلال دراسة خصائص الانبعاث مثل ال

شعاع  عند كمية حركة  في تفاعلات عتماد هذه الخصائص على كتلة القذيفة والهدف وطاقة القذيفة،ا
  .لكل نيوكليون قدرها 
عليها في هذه الدراسة تمت مناقشتها ومقارنتها بنتائج باحثين آخرين،حيث لوحظ الاتفاق الجيد  التي تم الحصولالنتائج 
 نوىالسيلكون مع  لنوىفي هذا العمل حساب كثافة الطاقة الناتجة من التصادمات المركزية  كما تم أيضاً. ه النتائجمع هذ

  .ج ذستخدام نمواوذلك ب ،المستحلب النووي
  

Some General Properties of the Emitted Fragments in Interactions at 4.5GeV 
per Nucleon  

 
Fatima Abu Zaghia and Mustafa Bayio 
Physics Department, Faculty of Science, Misrata University, Misrata, Libya. 

  
Abstract: An attempt has been made to investigate some features of nuclear fragments produced in 
high energy heavy ion collisions. Emission characteristics such, as the nuclear cross- section and the 
normalized moments of relativistic charged particles and their dependence on the projectile and 
target mass and the projectile energy, produced in (4.5AGeV/c)silicon – emulsion interactions, are 
investigated. Results obtained in the present work are compared with those reported by other 
researchers.  
The energy density has been calculated using  the Bjorken model. 
Keywords: Nuclear emulsion; Quark-gluon plasma; Cross-section; Normalized moments; Energy 
density. 
PACS: 25.75.-q 

مقدمةال
نواة من العمليات النووية التي  -تعتبر تصادمات نواة

لى تقدير جيد لحالة المادة عند الكثافات العالية إتؤدي 
وذلك بسبب حدوث تصادمات  ،ودرجات الحرارة المرتفعة

  .نووية متعددة وإنتاج شظايا متعددة
لذا فالتشظي النووي عملية مهمة لدراسة التفاعلات 

فهي تزودنا بمعلومات دقيقة عن  ؛قة العاليةالنووية ذات الطا
  ].1[ تركيب النواة عن ميكانيكية التفاعل وكذلك

تعرف النظرية الكمية التي تصف هذه التفاعلات النووية 
 ساسية للمادةمن حيت مميزات وسلوك غالبية المكونات الأ

-Quantum Chromo(، بديناميكا الكم اللونية وسلوكها
Dynamics( )QCD(. ,فترض هذه النظرية انه عندما ت

معين،  ىتزيد درجة حرارة الجسم النووي أكثر من مستو
مقدارها ، وكثافة طاقة حوالي بقدر 

كثافة الطاقة للمادة ( حيث ، 
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