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Abstract: Light absorption coefficients of black carbon ( absB ) were measured at several 
urban and industrial locations in Jordan during the summer of 2007 and the winter of 2008 
using the photoacoustic instrument at a wavelength of 870 nm. Black carbon mass 
concentration (BC) was calculated using absB . Black carbon levels at urban locations in 
the summer of 2007 were higher than those obtained at industrial centers. Zarqa had the 
highest value of BC in summer (29.24µg/m3) and in winter (13.27µg/m3). Ibbeen and Irbid 
city center had relatively high values of BC in winter: 11.75µg/m3 and 12.48µg/m3, 
respectively. 
Keywords: Black carbon; Absorption coefficients; Urban air pollution. 
 

 
Introduction 

Jordan is located between 29°10΄ N - 
33°45΄ N and 34°55΄ E - 39°20΄ E. The 
discovery of oil in the Arabian Peninsula has 
resulted in a fast growth and a social and 
economical development in the Gulf States 
and their neighboring countries, including 
Jordan which provides skilled workers. The 
social and economic development in Jordan 
has been accompanied by an increase in the 
consumption of oil for different needs, 
including residential, commercial, industrial, 
transportation and power generation. 
According to figures published by the 
Department of Statistics (DOS), Jordan 
imported about six million tons of crude oil in 
2005 [1]. 

Emissions from motor vehicles account 
for 50–90 percent of air pollution in urban 
centers [2,3]. There are just over 750,000 

vehicles licensed in Jordan, of which 77.5% 
are registered in the capital, Amman [4]. 
More than 31% of the vehicles in Jordan are 
diesel-powered. Vans and trucks represent 
33% and 42.7% of the total diesel-powered 
vehicles, respectively. Most public 
transportation vehicles work inside cities, 
especially Amman and Zarqa. Particles 
emanating from motor vehicles contain 
sulfate, carbonaceous particles and a large 
number of chemicals [5].  

Other sources of air pollution in Jordan 
include: power generation which uses heavy 
oil and natural gas; cement production which 
uses oil shale; cooking; home furnaces fueled 
by diesel, natural gas or kerosene; in addition 
to wood stoves. The unexpected jump in oil 
prices experienced during the winter of 
(2007/2008) has forced people with low 
income in the countryside and mountainous 
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areas to switch to wood stoves because they 
use either olive husk or wood, which are 
available at low, or no cost in their immediate 
surroundings.  

The negative health impact of air pollution 
on humans and animals has been widely 
studied. Findings of several epidemiology 
studies pointed out that high level of air 
pollution may result in several health 
problems, including eye irritation, skin 
irritation, asthma, lung cancer, cardiovascular 
problems, high blood pressure, lung tumors 
and increasing mortality rate [6-10]. Over 
300,000 cases of chronic bronchitis, 500,000 
asthma attacks and 16 million cases of 
activity loss recorded in Europe were blamed 
on vehicle emissions [7]. Exposure to high 
levels of SO2 causes the impairment of the 
respiratory function and aggravates existing 
respiratory and cardiac illnesses [11]. Long-
term exposure to NO2 lowers the resistance to 
respiratory infections and aggravates existing 
chronic respiratory diseases. In addition to its 
adverse impact on humans, air pollution has 
adverse impacts on animals and vegetation, in 
addition to loss of crops.  

In spite of the fast growth of urban areas 
and industrial activities in Jordan, air 
pollution has not received due attention. Air 
quality is not routinely monitored anywhere 
except at Al-Hashemeyyah (located in the 
Zarqa governorate to the northeast of Zarqa 
city) which experiences high levels of sulfur 
oxides and particulates. There have been a 
few studies that tackled air pollution in 
Jordan, but they have been limited to three 
stations only: Downtown and Shmeisani areas 
in Amman, as well as Al-Hashemeyyah. 
Those studies have pointed out that local air 
quality is poor, where concentrations of 
criteria pollutants (NOx, SOx, CO, PM10, 
TSP, lead and hydrogen sulfide) exceed the 
National Air Quality Standards [12,13]. The 
Jordanian Ministry of Environment has 
recently launched a project to establish an air 
quality monitoring network throughout the 
country, but actual steps towards that goal 
have not been taken yet.  

In light of the above discussion, it is 
therefore clear that there is a real need to 
investigate the air pollution problem in 
Jordan. In this study, air pollution is 
investigated through measuring black carbon 

light absorption coefficients at different 
locations in Jordan. Black carbon, the main 
constituent of soot, is almost exclusively 
responsible for aerosol light absorption at 
long wavelength visible radiation and near 
infrared wavelengths. This type of pollution 
is sometimes referred to as black carbon 
pollution. The exhaust from burning fuels in 
automobiles, homes and industries is a major 
source of pollution in the air. Even the 
burning of wood and charcoal in fireplaces 
and barbeques can release significant 
quantities of soot into the air.  

Theoretical Background 
Black carbon aerosol is a component of air 

pollution that is emitted by combustion 
sources including vehicles, especially those 
with diesel engines. Black carbon and 
organic carbon are the most efficient light-
absorbing aerosol species in the visible 
spectral range. Organic carbon is strongly 
wavelength dependent, with increased 
absorption for UV and short wavelength 
visible radiation, but hardly at all at 870 nm. 
Black carbon is very likely to dominate at 
870 nm [14-16]. Thus the measurement of 
aerosol light absorption at wavelengths in the 
long wavelength visible radiation is 
correlated to the measurement of black 
carbon. Light absorption by particles depends 
on the wavelength of the incident light [17-
19]. The relationship between the aerosol 
absorption coefficient, Babs, and the 
corresponding black carbon mass 
concentration (BC) is established by the 
aerosol specific mass absorption efficiency 
α a via the relationship [21]:  

Babs(Mm-1) = BC(µg/m3)× α a(m2/gm)    (1) 

The magnitude ofα a ranges from 2 to 20 
m2/g [20]. Black carbon mass concentrations 
(BC) are calculated from Babs using the light 
absorption efficiency for black carbon, α a, 
such that [21]:  

BC(µg/m3) = Babs(Mm-1) / α a(m2/gm)       (2) 

and,  
α a =10m2/gm for λ = 532nm                      (3) 

Since Babs is proportional to 1/λ [19]; then 
α a is also proportional to 1/λ. Therefore,  

α a(870nm) =α a(532nm)(870/532)-1         (4) 
                    = 6.11m2/g 
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Substituting back in equation (2) yields 

BC(870nm) = Babs(870nm) / 6.11               (5)  

Methods 
Sampling Sites 

Jordan is divided into 12 governorates: 
Ajlun, Amman, Aqaba, Balqa, Irbid, Jerash, 
Kerak, Ma'an, Madaba, Mafraq, Tafilah and 
Zarqa (Figure 1) [22]. Table 1 provides 

statistics about targeted governorates, 
including their areas, rural population, urban 
population and population density [1]. 

absB coefficients were measured at selected 
cities taking into consideration population 
density, number of motor vehicles, winter 
heating devices and industrial impact. A 
summary of the characters of measurement 
sites is given below: 

TABLE 1. Statistics of Jordan governorates according to 2008 estimate [1].  

Province Total Population 
(2008 est.) 

Area 
(km2) 

Population 
Density (person/ 

km2) 

Urban 
Population 

(%) 

Rural 
Population 

(%) 
Ajlun 118,496 412 287.1 67.4 32.6 

Amman 1,939,405 8231 246.3 91.4 8.6 
Balqa 349,580 1076 324.9 63.9 36.1 
Irbid 950,700 1621 570.3 76.4 23.6 
Zarqa 838,250 4080 205.5 95.3 4.7 

 

 
FIG. 1. Map of the Governorates of Jordan (from the United States Agency for International Development 

(USAID) regional website (http://jordan.usaid.gov/images/map1copy.gif.). Retrieved at 4:05 p.m, on 
19/10/2008). 
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Amman 

Amman is the capital and the commercial 
center of Jordan. It spans over an area of 
nineteen hills. Amman Downtown is 
characterized by a U-shaped basin surrounded 
by three mountains. Amman’s climate is 
moderate, where air temperatures range 
between 20 °C and 30 °C with moderate 
humidity and frequent westerly breeze for 
most of the year. Temperatures seldom fall 
below freezing during winter, which is the 
rainy season, during which different types of 
precipitation (rain, snow and frost) take place. 
There are more than 300,000 motor vehicles 
(gasoline and diesel) registered in Amman 
serving 1,140,000 persons [4].  

Zarqa 

Zarqa is a growing industrial city with a 
population of about a half million persons 
(2008 estimate) [1]. It hosts about 35% of the 
heavy industry in Jordan, including the only 
oil refinery, an oil-based power plant, steel 
factories, a pipe factory and a wastewater 
treatment plant, to mention a few. A total of 
2400 industrial activities are registered in the 
Zarqa Industrial Chamber. Motor vehicles are 
also a major source of PM10. As a result of 
such concentrated anthropogenic activities, 
the air quality in Zarqa is of concern. 
Residents of Zarqa often complain about 
odors from the oil refinery and from 
Alkherbeh Alsamra, where a domestic 
wastewater treatment plant is located. It is not 
difficult for travelers passing by Zarqa to 
notice that there is a real air pollution 
problem. A clear gray plume emanating from 
the oil refinery, odors from Alkherbeh 
Alsamra, in addition to morning haze are 
easily noticeable in the area.  

Information about air pollution in Zarqa is 
scarce. Few studies were conducted to assess 
the air quality in the area. The Royal 
Scientific Society monitored PM10 in the area 
of Al-Hashemeyyah, where most of the Zarqa 
industries are concentrated. PM10 
measurements taken by Asi et al. (2001) 
between March, 2000 and February, 2001 
showed that PM10 concentrations were higher 
than the Jordanian 24-hour standard of 120 
µg/m3

 for 20 of the 50 days sampled [12]. No 
chemical analyses were conducted on the 
PM10 samples collected in that study. 

Irbid 

Irbid is the second largest city in Jordan. It 
is located 90 km to the north of Amman on 
the northern ridge of the Gilead. The 
population of Irbid is about 650,000 citizens 
(2008 estimate [1]). Irbid is the center of Irbid 
Governorate. The city has a bustling 
community and is a major ground 
transportation hub between Amman, Syria to 
the north and Mafraq to the east. No previous 
attempts were made to assess air quality in 
Irbid. In addition to motor vehicles, the main 
source of air pollution during summer, home 
heating is a potential source of air pollution in 
winter. Irbid’s residents depend on fossil 
fuels, including kerosene, diesel and natural 
gas for heating and other household needs.  

Ibbeen 

Ibbeen is located in Ajlun Governorate. 
The population of Ibbeen is 8363 inhabitants 
according to a 2008 estimate [1]. Ibbeen is 
known for its high altitude, which makes it 
among the coolest cities in Jordan. Maximum 
temperatures during January hardly exceed 
8.2°C, while minimum temperatures often 
fall below 0°C. Snow is common in winter, 
which extends from early November to early 
May. Several snow storms hit Ibbeen every 
year, often producing a snow layer as thick as 
one meter over the highlands in the 
governorate. The high cost of traditional 
heating fuel compels people to burn wood, 
olive cake, agricultural residues and any 
available combustible materials, including 
tires. Also, diesel-fueled vehicles (small 
trucks and mini vans) are very common in 
Ibbeen.  

Fuhais  

Fuhais is a city in the Balqa Governorate, 
situated 15km west of Amman, with about 
20,000 residents [1]. Between Amman and 
Salt (center city of the Balqa Governorate), 
Fuhais is situated on several freshwater 
streams that run through the forested area 20 
km west of Amman. Fuhais is home to the 
first constructed cement factory in Jordan, 
which has been in operation since the fifties 
of the past century. On several occasions, the 
factory uses crude oil shale for fuel. People 
often complain of the environmental 
problems associated with the factory 
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activities, which are considered a potential air 
pollution source in Fuhais. Among the 
substances which emanate from the factory 
are soot, sulfur compounds, hydrocarbons, 
PM10, PM2.5 and TSP, in addition to other 
carbon compounds. RSS is monitoring TSP 
and PM10 in Fuhais, but fine particles have 
not been monitored anywhere in the town.  

Sahab 

Sahab is an industrial/residential town in 
Amman Governorate, located 20 km to the 
south east of Amman, the city. The 
population of Sahab is about 53,000 residents 
according to 2008 estimate [1].  

Sampling Procedure 

A DRI photoacoustic instrument [21] was 
used at a wavelength of 870 nm to measure 
the black carbon light absorption coefficients 
at different locations in Jordan. The 
experimental procedure is to install the setup 
of the photoacoustic spectrometer instrument, 
then collect data. The instrument is controlled 
by a Labview program. Before installation, 
the instrument should be located in a well-
ventilated area, where the air could be 
brought in. When it is ready to sample air, the 
instrument inlet flexible tubing is connected 
to the inlet of copper tubing, so that an air 
sample can be pulled in. This copper tubing 
was fixed to some stable wall with its inlet 
open all the time during the sampling. 

The light absorption measurements were 
performed approximately every two minutes 
during the observational periods (from 7:00 
am to 6:00 pm) at the selected sites. The 
selected sites were: 

1) The city centers of the three largest cities 
in Jordan; Amman, Irbid and Zarqa. 
Measurements at these locations were 
carried out twice: once in summer 2007 
and the other time in winter 2008. The 
chosen locations for the three cities were 
close to main streets that have very 
crowded traffic. The inlet tubing was two 
meters high from the ground and about 
three to four meters away from the street.  

2) Locations at industrial centers; Jordan 
Cement Factories at Fuhais, Jordan 
Petroleum Refinery in Zarqa and Jordan 
Industrial Estates Corporation at Sahab. 

Measurements at these locations were 
conducted in summer 2007. These 
measurements were made inside the 
parking lots of these industrial centers. 

3) A location in a town that heavily use wood 
heaters during winter; Ibbeen town center. 
This measurement was conducted during 
the winter of 2008. The measurement site 
was close to the main street (no heavy 
traffic at this town compared with the 
three big cities) in the town center. 

Since there is just one instrument, and the 
simultaneous measurements in different cities 
are impossible, the measurement days were 
chosen to have very similar weather 
conditions for each type of measurement 
(summer and winter measurements). 

Table 2 summarizes the results of all the 
measurements, showing for each location the 
dates of the measurements, the average black 
carbon light absorption coefficient for that 
day ( absB ), the average relative humidity for 

that day ( RH ) and the average temperature 
for that day (T ).  

Results and Discussions 

For the summer measurements, absB  is 
higher for the locations in the city centers 
than for the locations in the industrial centers. 
Zarqa city center had the highest value 
of absB  (178.68±27.300) Mm-1 during a 
summer day and (81.07±4.860) Mm-1 during 
a winter day. The measured absB at the 
industrial locations had very low values. A 
measurement at Ibbeen town center shows 
that this location had a high value of 

absB during a winter day. 

The BC values calculated using equation 
(5) are shown in Table 2. As can be learned 
from Table 2, city centers experience high 
values of absB . Measurements carried out at 
Zarqa downtown gave the highest levels of 
black carbon concentration during summer as 
well as during winter, because of numerous 
air pollution sources concentrated in the city.  
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TABLE 2. Measured parameters and measurement locations.  
Measurement 

Location Date 1[ ]absB M m −  BC[µg/m3] %RH  ][ 0CT  

Irbid City Center 9/7/2007 61.24±2.748 10.02 36.47±0.519 32.25±0.139 
Irbid City Center 3/2/2008 76.24±4.430 12.48 86.26±0.317 15.58±0.072 
Amman City Center 14/8/2007 67.26±2.418 11.00 30.24±0.640 31.31±0.149 
Amman City Center 5/2/2008 22.74±1.666 3.72 68.08±2.63 15.61±0.163 
Zarqa City Center 16/8/2007 178.68±27.300 29.24 27.35±0.477 33.00±0.180 
Zarqa City Center 27/1/2008 81.07±4.860 13.27 85.75±0.442 19.64±0.338 
Ibbeen Town 
Center/Ajlun 28/2/2008 71.79±8.840 11.75 21.22±0.394 24.85±0.215 

Jordan Cement 
Factories/Fuhais 12/8/2007 7.36±0.564 1.20 31.99±0.432 31.50±0.104 

Jordan Industries 
Estates/Sahab 13/8/2007 13.18±0.969 2.16 30.41±0.433 32.12±0.131 

Jordan Petroleum 
Refinery/Zarqa 15/8/2007 9.7±1.142 1.59 30.24±0.797 29.46±0.265 

 

Measurements performed near industrial 
complexes indicate low values of black 
carbon. During summer, absB  values were 
7.36±0.56 Mm-1, 9.70±1.14 Mm-1 and 
13.18±0.97 Mm-1 at Fuhais Cement Factories, 
Zarqa Petroleum Refinery and Sahab 
Industrial Complex, respectively. Low black 
carbon concentrations in the vicinity of 
industrial zones are attributed to the 
efficiency of tall stacks in reducing ground 
level concentrations of emitted substances. 
However, tall stacks do not really make air 
cleaner; they only carry black carbon and 
other pollutants to distant locations as seen 
from the results at the location in Zarqa 
downtown.  

Values of absB  obtained during winter 
were 22.74±1.67 Mm-1, 76.24±4.43 Mm-1 
81.07±4.86 Mm-1 at Amman downtown, Irbid 
downtown and Zarqa downtown, 
respectively. It is evident that winter values 
of absB  were lower than summer values at 
Amman and Zarqa downtowns. Winter value 
of absB  at Irbid downtown was higher than 
its summer value. Throughout the sampling 
locations, air temperatures were thirteen to 
seventeen Celsius degrees lower in winter 
than in summer, while relative humidity was 
38 % to 58% higher. This means that airborne 
particulates have a better chance to settle 
down through wet or dry deposition, resulting 
in lower black carbon concentrations in 
winter, such as the case in Amman and Zarqa. 

Higher values of carbon concentration during 
winter in Irbid indicate that there is a winter-
associated source of black carbon. Irbid 
residents use kerosene heaters, gas heaters, 
diesel heaters and wood heaters. All of these 
types of heaters can add a lot of black carbon 
particles to the environment. In Irbid city, 
people use more kerosene and wood heaters 
than other types of heaters. Both types have 
chimneys outside that could add a lot of black 
carbon to the air as seen from the 
measurements on winter days. People in 
Amman and Zarqa use more gas heaters than 
other types of heaters. Gas heaters do not 
have chimneys outsides, and the black carbon 
released from the incomplete combustion in 
this type of heaters is normally less than that 
in the other types of heaters.  

As can be learned from Figure 2 and 
Figure 3, BC increases with population 
during summer, but the trend is reversed 
during winter. This is likely due to the fact 
that people in small towns use primitive 
heating methods that emit greater amounts of 
black carbon.  

Measurements at Ibbeen town center on a 
winter day (28/2/2008) show that the city had 
relatively high levels of black carbon (about 
71.79±8.840 Mm-1) for such a small town that 
is not crowded with automobiles, especially 
during winter. Ibbeen is very cold in winter, 
and people usually use wood heaters. These 
heaters have chimneys outside that release 
significant amounts of black carbon particles 
as well as other polluting gases. 
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FIG. 2. Dependence of BC on population during summer time. 
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FIG. 3. Dependence of BC on population during winter time. 

 
Conclusions 

This study showed that the city of Zarqa 
had the highest black carbon levels in 
summer and in winter. Black carbon levels at 
the sampling sites in industrial centers are the 
measure of how these centers add the 
pollutant black carbon to the environment. 
Measurements in winter showed that black 

carbon levels are higher at locations where 
people heavily use wood heaters. In addition 
to the local impact of this pollutant on the 
local environmental quality, it also 
contributes to the global environmental 
pollution problem. 
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Abstract: Energy-gain spectra for single-electron capture by O2

2+ ions colliding with Ar, 
He and N2 have been measured at an impact energy of 100 eV and 0º scattering angle by 
means of translational energy-gain spectroscopy. In O2

2+ - Ar and N2 collisions, only one 
peak is observed at the energy-gain around 3.5 eV, which is correlated with non-
dissociative single-electron capture from ground state (X 1Σg

+) of O2
2+ ions into the A 2Πu 

state of O2
+. However, for the O2

2+ - He collision system, the dominant channels are due to 
capture into the ground state X 2Πg of O2

+ from W 3∆u, B 3Πg and B/ 3Σu
- metastable states 

of the O2
2+, respectively. A reasonable description of the dominant final states is obtained 

qualitatively in terms of the reaction windows, which are calculated using the Landau-
Zener (LZ) model and the extended version of the classical over-the-barrier (ECOB) 
model. Differential cross sections for single-electron capture by 100 eV O2

2+ ions from Ar 
have also been measured. The results are quantitatively explained by semi-classical model 
based on Coulomb potential energy curves. 
 
Keywords: Single-electron capture; Non-dissociative electron capture; Reaction window. 
 

 
Introduction 

Experimental and theoretical 
investigations of electron capture processes 
occurring in collisions between doubly 
charged molecular ions and atomic/molecular 
targets have recently received considerable 
attention. The need to understand ion-
atom/molecule collision processes is 
important in a number of applications, such 
as: material science, plasma science -where 
low temperature plasmas play a key role in 
determining characteristics of target materials 
and of plasma behavior- and astrophysics. 
Also, atmospheric molecular ions (O2

+, N2
+, 

CO+ and CO2
+) are important constituents of 

the earth’s upper atmosphere. Information on 
mechanisms responsible for their excitation is 
crucial to a complete understanding of 
atmospheric phenomena [1-4]. Single-
electron capture by doubly charged molecular 

ion O2
2+ from atomic targets has been studied 

previously in the keV region [5]. However, in 
the case of molecular targets, the only 
experimental measurement at low-energy 
collisions has been recently made by Kamber 
[6]. In his work, the translational energy-gain 
spectroscopy technique has been used to 
measure the energy gain spectra of 100 eV 
O2

2+ ions with O2 and Ne at different 
scattering angles. 

Presented herein are energy-gain spectra 
for state-selective non-dissociative single-
electron capture in collisions of O2

2+ recoil 
ions with N2, Ar and He targets at a 
laboratory impact energy of 100 eV and 0o 
scattering angle. 

The present measurements were 
performed on a differential energy 
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spectrometer, which has been fully described 
previously [7]. Briefly, doubly molecular 
oxygen ions were produced in a recoil ion 
source from oxygen molecules by using 25 
MeV F4+ ions from the Western Michigan 
University tandem Van de Graaff accelerator 
as a pump beam. After being mass analyzed 
by a 180o double-focusing magnet, the ions 
were guided with the aid of horizontal and 
vertical parallel deflection plates into the 
entrance of a gas cell containing a low-
pressure target gas. The projectile ions that 
had undergone capture were energy analyzed 
by means of a 90o double-focusing 
electrostatic analyzer (ESA). These ions were 
scattered through a nominal angle θ into a 
solid angle (∆Ω) of about 3 x 10-3 sr. The 
scattering angle θ is selected by means of an 
aperture located in front of the ESA. The 
analyzed ions were then detected by a one-
dimensional position sensitive channel-plate 
detector located at the focal plane of the ESA. 

Results and Discussion 
When doubly charged molecular oxygen 

ions collide with atomic/molecular targets, a 
variety of reaction channels is possible 
through which electron capture may take 
place. Non-dissociative single-electron 
capture has been found the most probable 
event as a result of low-energy ion-
atom/molecule collisions. This process of 
charge transfer, by which an electron from a 
neutral target is captured to a doubly charged 
ion, can be presented by the expression: 

O2
2+ + X → O2

+ + X+ + Q,      (1) 

where Q is the energy gained by the projectile 
ion during the collision. In classical two-body 
dynamics, the energy gained by the projectile 
ion during a collision can be expressed as the 
difference between the final kinetic energy Ef 
of the scattered projectile ion and the initial 
kinetic energy E0 of the incident projectile 
ion, Q = Ef – E0. However, the relationship of 
the energy gain Q to the energy defect ∆E, 
which is defined as the difference in the 
binding energies of the collision products, is 
found to be [8]: 

Q = ∆E - ∆K       (2) 

where ∆K, defined below, is the translational 
energy given to the target and ∆E is 

calculated from spectroscopic data according 
to the following formula: 

∆E = Ip(O2
+) - Ip(X) - Ex,     (3) 

where Ip(O2
+) and Ip(X) are, respectively, the 

ionization energies of the projectile product 
ion (O2

+) and the target atom/molecule X, 
with the target atom/molecule being assumed 
to be in its ground electronic state and the 
captured electron being in the most loosely 
bound orbital and Ex is the excitation energy 
of the xth level of the projectile product ion 
(O2

+) or the target product ion X+. The 
general expression of the translational energy 
∆K given to the target is given by [9]:  

( )

( )

0

2

0

2mEMK = 1 cosθ E
M m M m

M E
cosθ

4mE

⎫⎡ ⎤∆ − −∆ ⎪⎢ ⎥+ +⎣ ⎦⎪
⎬

∆ ⎪+ ⎪⎭

,

                    (4) 

where M and m are, respectively, the 
projectile and target masses, E0 is the 
laboratory translational energy of the 
projectile and θ is the laboratory scattering 
angle of the projectile. It should be pointed 
out that for these collision systems, the 
calculated values of ∆K are very small and 
can be neglected, giving Q = ∆E. Therefore, 
the energy spectra are expressed in terms of 
the Q values. The energy levels for O2

2+ and 
O2

+ ions used in calculating the energy defect 
of the reaction were taken from published 
tables [10-14]. 

The reaction channels observed in the 
measured energy gain spectra have been 
labeled according to the notation previously 
described by Kamber et al. [15]. The 
designations I, II and III represent, 
respectively, the ground, first and second 
electronically excited states of O2

2+; α, β and 
γ represent the ground and subsequent 
electronically excited states of O2

+ ion; X 
represents the ground state of the target 
product (see Table 1). In the following 
sections, the results for single-electron 
capture processes in collisions of O2

2+ ions 
with Ar, N2 and He are presented and 
discussed. 
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TABLE 1. Description and nomenclature of O2 ionic states and ionized target states. 
Projectile O2

2+ O2
+ Products Target Products 

State Symbol State Symbol State Symbol 

X 1Σg
+ I X 2Πg α Ar+ (3p5 2Po

3/2) X 

A 3Σu
+ II a 4Πu β Ar+ (3p6 2S1/2) A 

W 3∆u III A 2Πu γ N2
+ (2Σg

+) X 

B 3Πg IV b 4Σg
- δ N2

+ (2Πu) A 

B/ 3Σu
- V B 2Σg

- ε He+ (1s 2Sl/2) X 

1 3∆g VI C 4Σu
- ζ He+ (2p) A 

              Sources: [10-14]. 
 

I. O2
2+ + Ar Collisions 

Fig. 1 shows the translational energy-gain 
spectra obtained for single-electron capture 
by 100 eV O2

2+ ions from Ar at different 
scattering angles. At 0o scattering angle, only 
one peak is clearly seen at energy-gain 
around 3.5 eV. This peak is correlated with 
non-dissociative single-electron capture 
reaction channel from the ground state of (X 
1Σg

+) of O2
2+ ions into the A 2Πu state of O2

+. 
There are smaller contributions due to capture 
into the B 2Σg

- and b 4Σg
- states of O2

+ from the 
low-lying metastable state A 3Σu

- of the O2
2+ 

ions via reaction channels IIεX and IIδX. It is 
of interest to compare our data with the 
earlier spectrum of Hamdan and Brenton [5]. 
The spectrum was measured at O2

2+ incident 
energy of 6 keV. Their measurements 
disagree with the present results for which the 
dominant peak was observed to be due to 
electron capture by O2

2+ (A 3Σu
+) excited state. 

This is attributed to the high collision energy 
they used in their measurements, since the 
reaction window depends modestly on the 
collision energy.  

 

As the scattering angle is increased, the 
IγX channel remains dominant and 
contributions from reaction channel IIεX and 
IIδX remain the same with increasing the 
scattering angle. At a scattering angle of 
1.87º, peak IγX is observed to be shifted 
toward a larger Q-value due to the 
populations of different vibrational states of 
the A 2Πu state of O2

+. The amount of the 
energy given to the target in this collision 
system is very small (less than 0.1 eV, see 
equation (4)). Also shown are our calculated 
reaction windows, the range of Q values 
where the probability for single-electron 
capture is large, using both a single-crossing 
Landau-Zener (LZ) model [16-18] and the 
extended version of the classical over-the-
barrier (ECOB) model [19]. Calculated peak 
values have been normalized to our observed 
peak values in the energy spectrum. The 
reaction window based on a single-crossing 
LZ model predicts the IγX channel to be the 
dominant process, since its Q value lies very 
close to the maximum of the reaction 
window. The reaction window based on a 
single-crossing ECOB model accommodates 
the IγX channel and favors larger Q values 
compared to the dominant channel. 
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FIG. 1. Translational energy-gain spectra for single-electron capture by 100 eV O2

2+ ions from Ar at 
different projectile laboratory scattering angles. Also shown are reaction windows calculated on the 
basis of a single-crossing LZ model (full curve) and the ECOB model (dashed curve). Smooth lines 
are drawn to guide the eye. 
 
The experimental differential cross 

sections (dσ/dΩ) for single-electron capture 
by 100 eV O2

2+ ions from Ar were found 
using the translational energy-gain technique, 
by calculating the area under the peaks (total 
intensity) in the energy-gain spectra at 
different projectile laboratory scattering 
angles using curve fitting program. The 
general features of the distributions are 
qualitatively explained in terms of a semi-
classical model based on Coulomb potential 
curves [20]. The traditional two-state model 
has been used to estimate the critical angle θc, 

which corresponds to capture at an impact 
parameter equal to the crossing radius, by 
assuming that capture occurs at a localized 
curve crossing between the potential energy 
curves for entrance and exit channels. For 
small laboratory scattering angles, θc = Q/2E0, 
where Q is the exoergicity of the collision 
and E0 is the laboratory impact energy. This 
angle separates the events scattered at smaller 
angles due to capture on the way-out and 
events scattered at larger angles due to 
capture on the way-into the collision. The 
experimental differential cross sections and 
the theoretical calculations folded with the 
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experimental resolution are shown in Fig. 2. 
The value of the largest calculated cross 
section has been normalized to the 
experimental value of the peak observed in 
the spectrum. The calculation is performed 
assuming that capture through IγX channel is 
the only dominant reaction channel with the 
IIεX channel strongly promoting the entrance 
channel. The experimental data show a 

forward peak inside the critical angle θc = 
1.01o, which corresponds to the IγX capture 
channel. The forward peak clearly represents 
contributions from electron capture that takes 
place on the way-out of the collision. The 
calculated distribution shows a peak lying 
near θc and underestimates the contribution 
from capture on the way-out of the collision. 

 
FIG. 2. Experimental and calculated differential cross sections (dσ/dΩ) for single-electron capture by 100 

eV O2
2+ ions from Ar. ■, present results; the broken curve is the theoretical calculation folded with 

experimental resolution. 
 

II. O2
2+ + N2 Collisions 

Fig. 3 shows the translational energy-gain 
spectrum obtained for single-electron capture 
by O2

2+ ions from N2 at zero-degree scattering 
angle. The shape and the peak position are 
almost the same as those for the Ar target. 
The peak in the spectrum is due to the non-
dissociative single-electron capture from the 
ground state of (X 1Σg

+) of incident ions into 
the A 2Πu state of O2

+. The reaction channel 
IγX is positioned near the center of the 
reaction windows based on the ECOB model 
and LZ model. Both reaction windows 
accommodate most of the observed features 
in the spectrum. 

III. O2
2+ + He Collisions 

Fig. 4 shows the translational energy-gain 
spectrum for the formation of O2

+ ions from 

the reaction of 100 eV O2
2+ ions with He at 

zero-degree projectile scattering angle. The 
spectrum shows only one peak centered at 
about 5.8 eV. This peak correlates with non-
dissociative single-electron capture into the 
ground state X 2Πg of O2

+ from W 3∆u, B 3Πg 
and B/ 3Σu

- metastable states of the O2
2+, 

respectively. Again, the comparison with the 
results of Hamdan and Brenton [5] at 6 keV 
impact energy shows good agreement with 
the present measurements. The reaction 
window based on a single-crossing LZ model 
favors Q values smaller than those observed 
and is positioned near the dominant reaction 
channel IIαX, while the reaction window 
based on the ECOB model provides the best 
description of the observed spectrum.
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FIG. 3. Translational energy-gain spectrum for single-electron capture by 100 eV O2

2+ ions from N2 at 
zero-degree projectile laboratory scattering angle. Also shown are reaction windows calculated on the 
basis of LZ model (full curve) and the ECOB model (dashed curve). Smooth line is drawn to guide the 
eye. 

 
FIG. 4. Translational energy-gain spectrum for single-electron capture by 100 eV O2

2+ ions from He at 
zero-degree projectile laboratory scattering angle. Also shown are reaction windows calculated on the 
basis of LZ model (full curve) and the ECOB model (dashed curve). Smooth line is drawn to guide the 
eye. 
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It is interesting to note that the Q-scale 

distribution of translational energy gain for 
single-electron capture by 100 eV O2

2+ ions 
from Ar and N2 appear Gaussian whereas the 
distribution from He is Pearson or Lorentzian 
in shape. This is probably due to the fact that 
for Ar or N2, only one reaction channel 
contributes to the capture process, while for 
the He target, more than one channel 
contribute to the capture process.  

Conclusion 
The main objective of the present 

investigation has been to study single-
electron capture in low-energy collisions of 
O2

2+ ions with Ar, N2 and He by means of 
translational energy-gain spectroscopy. 
Translational energy-gain spectra for single-
electron capture by O2

2+ ions from Ar and N2 
indicated that the dominant reaction channels 
were correlated with non-dissociative single-
electron capture from the ground state (X 
1Σg

+) of O2
2+ ions into the A 2Πu state of O2

+, 

while for He target the dominant channel is 
due to capture into the ground state X 2Πg of 
O2

+ from W 3∆u, B 3Πg and B/ 3Σu
- metastable 

states of the O2
2+, respectively. The energy-

gain spectra were interpreted qualitatively in 
terms of the reaction windows, which are 
calculated using the single-crossing LZ model 
and the ECOB model. The reaction windows 
based on the ECOB model provide the best 
description of the observed spectra. 
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Abstract: Using a statistical approach, the magnetization and the initial susceptibility for a 
one – dimensional chain of a dilute ferromagnetic fluid have been investigated. Our 
assembly consisted of an N – particle chain with N/3 non - interacting systems. We have 
studied three distinct cases: case 1 with randomly oriented easy axis of the particle 
assembly and the applied magnetic field is parallel to the chain. We found that the initial 
susceptibility follows Curie – Weiss behavior with positive ordering temperature To that 
does not depend on the anisotropy constant K of the particles. In case 2, the applied field is 
perpendicular to the chain with randomly oriented easy axis. In this case, we found an 
antiferromagnetic transition with no dependence on K. In case 3, when the easy axis is 
fixed at an angle ξ  relative to H, we found that whether H parallel or perpendicular to the 
chain there is an interplay between ferromagnetic-like and antiferromagnetic-like behavior, 
depending on K, particle separation within the system and the angleξ . 
PACS: 75.30.Gw, 47.65.Cb, 75.50.Gg, 75.50.Ee 
Keywords: Magnetic anisotropy; Ferromagnetism; Antiferromagnetism; Ferrofluid. 
 

 
Introduction 

Many scientists have been interested in 
studying the magnetic behavior of the 
magnetic fine particle systems in liquid and 
solid states [1–4]. Many different models 
have been introduced to study the magnetic 
behavior analytically or numerically. Morup 
[5] showed that the magnetic interaction leads 
to spontaneous ordering, and he was able to 
give a good description of the magnetic 
properties above the ordering temperature. 
The effect of orientation texture has been 
considered analytically by Chantrell et al. [6] 
and numerically be Raikher [7]. Odeh et al. 
[8] used the Dimer model and found that the 
magnetic behavior of ferro-fluids depends on 
the direction of the external magnetic field 
with respect to the particle chain. Ayoub et 
al. [9] suggested interactions other than the 

dipole – dipole interaction to explain the 
Curie – Weiss behavior for a three - 
dimensional Dimer model. Smirnov and 
Komogortsev [10] used the generalized SW 
model [11, 12] in order to numerically 
investigate the magnetization curves of an 
ensemble of randomly oriented ferromagnetic 
single-domain nanoparticles. They discussed 
the possibility of estimating the ratio of the 
uniaxial anisotropy energy to the total 
magnetic anisotropy energy at low fields. For 
the case of transition between different 
symmetries of local magnetic anisotropy 
energy, they suggested that a more 
complicated form of nonlinear variations of 
the magnetic properties must be considered. 
A hint of possible ferromagnetic transition 
was shown experimentally by Mamiya et al. 
[13]. They have conducted their experiments 
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on strongly interacting Fe3N ferrofluids. 
Magnetic properties of two-dimensional 
layers of interacting nanoparticles with 
random anisotropy were calculated using 
Monte Carlo simulations [14]. The model 
refers to thin granular antiferromagnetic 
films. The effect of shape anisotropy on 
magnetic properties of ferrofluids has been 
calculated [15]. Two particle interactions 
were considered, and it was found that the 
anisotropy plays a major role in determining 
the magnetic state.  

In this paper, we will use a statistical 
mechanical approach to investigate the effect 
of anisotropy energy dominated by the dipole 
– dipole interaction on the initial 
susceptibility of a ferro-fluid chain. We will 
consider an assembly consisting of N single 
domain fine magnetic particles constrained to 
move in one dimension. We will propose a 
three particle interaction that we shall call the 
Trimer model. In the Trimer model, the 
particles are approximated to a set of N/3 
independent systems. Each system consists of 
three interacting identical spherical particles. 
Each particle has an average magnetic dipole 
moment µ  which is randomly oriented and 
each particle has an easy axis. We will 
investigate three distinct configurations. The 
first two are with randomized easy axis and 
applied field H parallel or perpendicular to 
the assembly. The last case is with a fixed 
orientation of the easy axis and H parallel or 
perpendicular to the assembly. The first two 
cases are applicable for the ferromagnetic 
fluids, while the third is applicable for a solid 
matrix. 

Results and Discussion  
Consider an assembly of N/3 systems; the 

total partition function is given by:  

( )
3

,
!3

N

T
ZZ
N

=        (1) 

where Z is the partition function for a single 
system. A single system is consisting of three 
interacting particles. The single system 
partition function is given by:  

B
Exp[- ] d .TEZ

k T
= Γ∫      (2) 

The integral is to be taken over the volume 
phase space Γd . The total energy ET of our 
system can be represented as:  

0 ,T p p aE E E E−= + +      (3) 

where E0 is the external field dipole 
interaction energy, Ep-p is the total dipole – 
dipole interaction energy among the particles 
of a single system and Ea is the anisotropic 
energy of the system. The external energy is 
given by:  

( )

3
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1
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iE H
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µ θ θ θ
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∑
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where iθ  is the angle between the direction 
of the external applied magnetic field H and 
the magnetic dipole moment of each particle 
within the single system. The dipole – dipole 
interaction energy is given by: 

3 3

3
1

ˆ ˆ3( )( )i j ij i ij j
p p

i j j ij

r r
E

r
µ µ µ µ

−
> =

⋅ − ⋅ ⋅
= ∑∑ , 

                        (5) 

where iµ  and jµ  are the dipole moments of 
particle i and particle j, respectively and rij is 
the separation between the two particles. The 
anisotropy energy is given by: 

∑
=

=
3

1

2sin
i

ia KVE β ,       (6) 

where K, V and iβ  are, respectively, the 
anisotropy constant, the volume of each 
particle and the angle between the magnetic 
dipole moment of the particle and its easy 
axis.  

The magnetization M of the system can be 
calculated using the equation: 

H
Z

Z
TNkM B

∂
∂

=
3

 .      (7) 

The initial susceptibility of the system can 
be calculated as: 

H
M

H ∂
∂

=
→0

limχ  .      (8) 

Now, we will discuss in detail each of the 
three cases mentioned above. We will use 
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Eq.7 to calculate the magnetization and Eq. 8 
to calculate the susceptibility.  

Parallel Configuration 

In this case the applied magnetic field is 
parallel to the chain axis (Fig. 1). In the limit 

that the particle – particle interaction energy 
and the anisotropy energy are very small, one 
can expand the exponential term in the 
partition function as: 

( )

( )
( )

( )
( ) Γ

⎪⎭

⎪
⎬
⎫

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+++⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
+++

⎪⎩

⎪
⎨
⎧

+++⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
+++×

⎥
⎦

⎤
⎢
⎣

⎡
++= ∫

d
2
1

1

coscoscosExp

2

2
3

2
2

2
13

12

3
3
2

2
3
1

1
2

2
3

2
2

2
13

12

3
3
2

2
3
1

1
2

321
B

3

JJJ
Tk

KV
xx

g
x
g

x
g

Tk

JJJ
Tk

KV
xx

g
x
g

x
g

Tk

Tk
HeZ

BB

BB

Tk
KV

B

µ

µ

θθθµ

                    (9) 
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In Eq. 9, 1x  is the separation between the 

first and the second particles, while 2x  is the 
separation between the first and the third 
particles. Performing the necessary 
calculations, the initial susceptibility for the 

system in the limit 1<=
Tk

H

B

µα  is obtained 

having the following expression:  
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Here, the function ),,,( 2211
fifi xxxxU  is 

defined as: 
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where fx1  and ix1  are the maximum and 
minimum separation between the first and the 
second particles. fx2  and ix2  are the 
maximum and minimum separation between 
the first and the third particles. The function 
L1 is defined as: 
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      (13) 

By comparing Eq. 11 with the well-known 

Curie-Weiss law
oTT

C
−

=χ , one can obtain 

the following expressions for the constant C 
and the ordering temperature oT : 

Bk
NC
3

2µ
=      (14) 

U
k

T
B

o 9
2 2µ

=  .     (15)  

oT does not depend on the anisotropy 
constant. Eq. 11 suggests a ferromagnetic 
behavior of the system. Therefore, a 
ferromagnetic state will exist in this type of 
configuration. Moreover, a three - body 
interaction leads to the same behavior as for a 
two - body interaction. Similar magnetic 
behavior has been found by Odeh et al. [8] 
and Obeidat et al. [15] for the Dimer model.
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FIG. 1. Parallel configuration: Trimer model in a parallel applied magnetic field. The angles θ and ϕ are 

the polar and the azimuthal angles of the vector µ. The angles β and ψ are the polar and the azimuthal 
angle of the easy axis E. 
 

Perpendicular Configuration 

Fig. 2 shows the second case, where the 
applied magnetic field is perpendicular to the 
chain. In this case, the interaction energy is 
given by: 
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where 1y  is the separation between the first 
and the second particles, while 2y  is the 
separation between the first and the third 
particles. The functions 1 2,q q  and 3q  are 
given by: 
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We have calculated the initial 
susceptibility by applying the same 
assumption as above ( 1<α ), and we have 
found that:  
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In this form, the ordering temperature is 
given by: 

U
k

T
B

o 9

2µ
−=  .    (19) 

Here, U is the same function as for the 
previous case. Eq. 18 and Eq. 19 show that 
the initial susceptibility and the ordering 
temperature do not depend on the anisotropy 
constant. However, in this case, the ordering 
temperature oT  has a negative sign and its 
magnitude is half that of the parallel case. 
The negative sign of the ordering temperature 
suggests an anti-ferromagnetic behavior of 
the system. Therefore, an antiferromagnetic 
state exists for such configuration. Also, our 
results indicate that the system has the same 
behaviour as for the two body interaction [8, 
15]. 

 
FIG. 2. Perpendicular configuration: Trimer model in a perpendicular applied magnetic field. The angles 

have the same meaning as in Fig. 1. 
 

Easy Axis is Fixed Relative to the Applied 
Magnetic Field  

As a last case, we will assume that the 
easy axis of the fine magnetic particles has a 
fixed orientation with respect to the external 
magnetic field. Fig. 3 shows the parallel 
applied magnetic field with respect to the 
assembly. The angle between the field and 

the easy axis for each particle is considered 
fixed atξ . Using the same approximations as 
before, we have calculated the ordering 
temperature and found that: 
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sin32
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As can be seen form Eq. 20, the ordering 
temperature depends on the anisotropic 
constant K and the angle between the easy 
axis and the applied fieldξ . The magnetic 
behavior of the system interplays between 
ferromagnetic and antiferromagnetic states.  

Under the same condition, we have 
calculated the ordering temperature when the 

applied magnetic field is perpendicular to the 
chain. We found that the initial susceptibility 
and the ordering temperature depend on the 
anisotropic constant K. Our results of the 
ordering temperature is:  

( )ξµ 2
2

sin32
39

−+−=
BB

o k
KVU

k
T  .  (21) 

 
FIG. 3. Trimer model with fixed easy axis in a parallel applied magnetic field. The angles have the same 

meaning as in Fig. 1. 
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In Eq. 21, an antiferromagnetic state or a 
ferromagnetic state can be established 
depending on the parameters U, K and the 
angleξ . In case of 2

πξ = , the ordering 

temperature is negative and an anti-
ferromagnetic state is possessed by the 
system which reduces to case 2. 

Table 1 shows the calculated results of the 
ordering temperature for Fe3O4. We have 
taken the average diameter to be 7.4 nm and 
the surfactant layer to be 2 nm. In the Table, 
the calculated values have been compared 
with the experimental values obtained by 
Popplewell et al. [3] and the calculated values 
for the Dimer model using expressions 
obtained by Obeidat et al. [15]. One can see 
that our model has much better results than 
those of the two - body particle interaction. 
TABLE 1. The calculated values for the 

ordering temperature compared with the 
experimental values (Ref. [3]) and the 
calculated values from the expression 
obtained in Ref. [15] 

Packing fraction 0.03 0.05 0.07 

Trimer model 19 32 45.4

Dimer model 
Ref. [15] 11.37 13.26 15.5

O
rd

er
in

g 
Te

m
pe

ra
tu

re
 

Exp. Values 
Ref. [3] 19 38 48 

Conclusion 
We have studied a statistical assembly 

consisting of a chain of N identical spherical 
particles each with a magnetic moment µ  

and a preferred easy magnetization axis. Our 
approach was carried out by considering three 
- body magnetic interactions (Trimer model). 
We have investigated three different cases. In 
cases 1 and 2, we have assumed a randomly 
oriented easy axis with the applied magnetic 
field parallel to the chain in case 1 and 
perpendicular to the chain in the second case. 
Our results for case 1 showed that a transition 
into ferromagnetic state can occur, where the 
ordering temperature was found to be 
positive. In case 2, we found that an 
antiferromagnetic state exists with negative 
ordering temperature. In the third case, where 
we assumed that the easy axis has a fixed 
direction relative to the applied magnetic 
field, our calculations showed that whether 
the applied magnetic field is parallel or 
perpendicular to the chain, there is a presence 
of both ferromagnetic and antiferromagnetic 
states depending on the anisotropy constant 
K, the particle separations through the 
parameter U and the orientation of the easy 
axis relative to the applied fieldξ . Moreover, 
one can adjust the parameters ξ  and U in a 
solid matrix and predict the magnetic state. 
The calculated ordering temperature for 
Fe3O4 shows much better values than those of 
the Dimer model. 
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Introduction 

At low energies, as in diagnostic radiology 
or nuclear medicine, coherent and incoherent 
scattering play an important role in the 
interaction of photons with matter. 

Coherent and incoherent scattering are 
subject to some limitations, mainly self- 
attenuation of the primary and scattered 
radiations within the material and the 
multiple scattering of the radiation. But this 
doesn’t limit the interest increase of using 
them in the public safety sector, detection of 
explosives in the passenger luggage and food 
inspection [1-3]. The unique scattering 
signature they gave, which is characteristic of 
the material, enhanced their use in the field of 
tissue characterization in the medical 
environment and in other industrial 
applications [4].  

In diagnostic problems, using of tissue -
equivalent materials is recommended to 
detect any change in the radiological 
properties of tissues, because of the similar 
density and elemental composition to real 
human tissues. Also, other studies support the 
close match with its scattering characteristics 
[5-7]. 

Experimentally, the intensity fluctuations 
of x-ray tubes limit their use as a photon 
source, and instead of that many 
measurements in this field were performed 
during the past (50) years using a narrow 
beam of γ-rays emitted by radioactive 
isotopes. However, these sources suffer from 
weak intensities and high energy backgrounds 
[8-11].  

In this work, the coherent scattering cross-
section and the atomic form factor of 25.2 
keV photons from a set of low and close Z 
tissue - equivalent materials (5.4<Z<7.6) 
were calculated by simulation using CERN’s 
toolkit “Geant4” as introduced by Gupta et al. 
[12] and compared with values obtained 
theoretically. The atomic form factor 
provides information about the inner structure 
of the atoms and macro - molecules which 
can be widely utilized in medical diagnostics 
and imaging. 

Many measurements were conducted to 
obtain this scattering cross - section, but for 
larger energy and for other atomic number 
materials [13-14]. At 25.2 keV, we cannot 
resolve experimentally the coherent peak 
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from the incoherent one, but this can be 
achieved in simulation. 

Theoretical Concepts 
The scattering spectrum from the 

scattering material can be analyzed in such a 
way that one can obtain the coherent and the 
incoherent peaks separately. So, one can 
obtain the coherent scattering cross-section 
by comparing the area of the coherent peak 
with that of the incoherent peak in the 
spectrum and using the relation [12]; 
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where: 

cohN )(θ  and incN )(θ  are the photo-peak 
area of the coherent and incoherent 
spectrums, respectively, at an angle θ from 
the scatterer. 
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coh∈  and inc∈ are the photo-peak 
efficiencies of the detector for the coherently 
and incoherently scattered photons, 
respectively. 

The incoherent scattering cross-section is 
governed by Klein Nishina cross-section in 
the relation: 
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d
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S(x, Z) is the incoherent atomic scatter 
function that represents the effect of the 
electron binding energy, Z is the effective 
atomic number of the scatterer and x is the 
photon momentum transfer (= 

λθ /))2/(sin( ), where θ is the angle of 
scattering and λ is the wavelength of the 
incident radiation. In our case, all the samples 
were low Z materials, so the coupling 
between electrons and between electrons and 
nuclei is small compared to the photon 
energies used; i.e. ZZqS ≈),( . And  
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Substituting these values for Y, 
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K is the system constant that depends on 
the geometry of the experiment, the 
probability of scattering of photons and on 
the system parameters and can be calculated 
from the previous relations. 

With such ratio method, the effect of 
multiple scattering within the sample is 
illuminated.  

F(x, Z) can be calculated from the relation: 

2
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where (dσ/dΩ)T is Thomson scattering cross -
section.  

There are three main atomic form factor 
theories used in the literature; the non 
relativistic form factor (NRFF), the 
relativistic form factor (RFF) and the 
relativistic modified form factor (RMFF) 
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which give different theoretical values 
extending over a wide momentum transfer 
range for many elements. There are small 
discrepancies between their values, but all of 
them show a direct increase with increasing 

the atomic number of the sample and an 
indirect relationship with momentum transfer 
increase, as represented in Fig. 1. Extracting 
the results to 1.4344A-1 gives values which 
can be used for comparison. 
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FIG. 1. The atomic form factor vs. momentum transfer for different atomic number elements as obtained 

from (RFF) theory [15]. 
 

Geant4 and the Modeled 
Experiment 

Geant4 is a free Monte Carlo toolkit 
written in C++ for the simulation of the 
passage of particles in matter designed and 
developed at CERN by world wide 
collaboration [16]. It has a very rich set of 
physics models for a wide energy range to 
handle the interaction of particles with matter. 
Geant4 provides a diverse, wide-ranging, 
comprehensive toolkit that includes a 
powerful kernel for tracking, geometry, 
detector response, run, event, step 
management, visualization and user 
interfaces. 

The user of Geant4 must build his own 
code by himself that cover [17] the geometry 
of the system, materials and particles 
involved, the generation of primary events 
and tracking through materials and 
electromagnetic fields and the governing 
physics processes, the response of sensitive 
detector components, the generation of event 

data and also, the analysis of simulation data 
at different levels of detail. 

Fig. 2 provides the modeled experiment 
which is used in this work. The geometrical 
dimensions of the entire components of the 
detector are obtained from the manufacturer 
of a real one in the x-ray lab.  

A beam of 25.2 keV photons is generated 
by the gun and passes through a narrow 
collimator with a rectangular slit of (4×1) mm 
dimension to form a pencil like beam then 
directed towards the sample. Another 
identical collimator is used in the way of the 
scattered beam in front of the Si(Li) detector 
located at a scattering angle of 90º.  

Measurements were performed using 
some tissue - equivalent materials; 
Polyethylene, Cholesterol, Lucite, Water, 
White-matter, Muscle and Blood of 
cylindrical geometries of (12) mm radius and 
(15) mm length.  
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The stored energy deposition data 
resulting from the simulation is analyzed to 
generate a histogram, so one can resolve the 

coherent and incoherent peaks from the 
total histogram, as shown in Fig. 3. 

 
FIG. 2. Geometry of the setup as modeled in the simulation codes. 

 
FIG. 3. The output spectrum obtained by the simulation. 

 

Results and Discussion 
The scattered spectrums were collected 

using an old model of Si(Li) detector. Its 
efficiencies at the incident and the scattered 
energies were obtained by simulation.  

A million of photons were incident toward 
the detector first with the primary energy then 
with the scattered energy, and in every case 
we measured the number of photons in the 
full energy peak and divided it by one 

million. The relative efficiency 
coh

inc
∈

∈  is: 

1.0305inc
coh

∈ =∈ . 

For each sample, differential coherent 
cross - sections and their corresponding form 
factors are given in Table 1 along with the 
atomic form factor obtained theoretically. 

The results in the Table show that the 
differential coherent cross-section increases 
with increasing the atomic number of the 
sample. The form factors are in agreement 
with those obtained from previous theories. 
There is a better agreement with relativistic 
modified form factor (RMFF). Meanwhile, 
RFF predicts higher values. 

A graphical representation of the results, 
shown in Fig. 4, shows the closer agreement 
of Geant4 results with the RMFF theory.  
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TABLE. 1. Differential coherent cross-sections and form factors for 25.2 keV at (90  º ) obtained 
by simulation. 

Atomic Form Factor F(x,Z) 

NRFF[19]RFF[15] RMFF[18]Geant4 
cohd

d )(
Ω
σ

 

(barn/atom.st) 
Z  Sample 

0.57940.5860 0.54890.5173±0.00300.0106±0.00065.4439 PE 

0.59560.5898 0.57210.5458±0.00300.0118±0.00075.6483 Cholesterol 
0.66120.6849 0.66620.6723±0.00510.0179±0.00116.4673 Lucite 
0.7384 0.7952 0.7774 0.7631±0.0068 0.0231±0.0015 7.4167 Water 
0.74490.8045 0.78690.7819±0.00690.0243±0.00167.4965 W-matter 
0.74740.8080 0.79050.7889±0.00700.0247±0.00167.5269 Muscle 
0.7545 0.8181 0.8007 0.7997±0.00770.0254±0.00177.6132 Blood 
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FIG. 4. Atomic form factor as a function of atomic number. 

 
The error in the cross-sections arises from 

statistical errors and at most reaches a 
percentage of 5.8%. Increasing the number of 
incident primaries will decrease this error, but 
the cost of this process will be the increase in 
the simulation run-time and thus the need to 
more powerful computers. 

As the atomic number of the sample 
increases, the discrepancy about the RMFF 
theory values decreases, since the binding 
energy of the electrons participating in the 
scattering will decrease.  

The literature reviewed showed other 
experiments which assure the superiority of 
RMFF theory for intermediate (1<x<10A-1) 
and high momentum transfer (x>10A-1) [10, 
14].  

For heavier materials such as those used in 
[20], RFF gives higher values of the resulting 
form factor, but RMFF is still the most 
compliant. 

Conclusions 
The presented differential coherent cross-

sections and the atomic form factors for some 
low Z tissue-equivalent materials at 
intermediate momentum transfer 1.4344A-1 
are seen to be in good agreement with those 
obtained from the RMFF theory, which 
confirms its appropriateness in finding the 
coherent atomic form factor. The simulated 
results demonstrate the capability of using 
Geant4 to characterize tissue- equivalent 
materials of close low atomic numbers when 
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the sample length is 15mm, which encourages 
using it in further radiation and medical 
physics applications.  

A further study on biological and 
industrial materials, using Geant4 toolkit at 
higher momentum transfer is being 
demonstrated.  
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Abstract: Size, surface and temperature effects of first and second order phase transition of 
ferroelectric (FE) thin films have been discussed in detail in the literature. However, the 
reversal of polarization by an applied electric field in FE materials is an important 
phenomenon to the industrial and technological applications, and it is an active research 
area for experimentalists as well as for theories. The Tilley-Zeks model has well described 
the polarization profiles of FE thin films in the absence of electric field. Hence, we adopt 
the Tilley-Zeks model of free energy expression and a term P.E, which gives the energy 
due to the interaction of electric field E and polarization P, included in the free energy 
expression. We study the effects of electric field on polarization profile for second order FE 
thin films with different surface parameters for the case when the direction of electric field 
is along the direction of polarization (induced polarization phenomenon) and the case when 
the electric field is in opposite direction with the polarization (polarization reversal 
phenomenon). We have found that the switching time decreases with increasing the value 
of external electric field. 
PACS: 77.80.Fm. 
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Introduction 

Due to the recent development in thin-film 
fabrication techniques, there is an increasing 
number of applications of ferroelectric 
materials in microelectronics, such as 
nonvolatile memory, random access memory, 
microwave devices and micro-electro-
mechanical systems. A number of advantages 
are expected from thin film based devices; for 
example, light weight, small volume, high 
density, high switching speed and low power 
consumption [1, 2].  

Experimentally, finite size effect has long 
been studied since the 1960s. Various 
techniques including x-ray diffractometry 
(XRD), Raman scattering, second harmonic 
generation (SHG), differential scanning 
calorimetry (DSC), specific heat, dielectric 
constant and static polarization measurements 
have been employed [3-10]. 

Distinct physical properties have been 
observed in thin film from these experiments 
which are completely different from their 
counterparts in bulk form. Consequently, 
thickness dependence of various physical 
properties in ferroelectric films has been 
extensively studied [1]. 

Ferroelectricity is a result of collective 
behavior of many interacting dipoles. For a 
bulk sample, this interaction is so strong that 
the surface effect can be ignored. The size 
effect can be visualized as the influence due 
to the presence of a surface layer with 
completely different properties from those in 
the interior layers of the film[11-15] and the 
introduction of inhomogeneous polarization 
profile 2( / )dp dz  incorporation of the 
extrapolation length delta such that 

/ /dp dz p δ= ± [16, 17]. 
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Landau Devonshire (LD) theory is 
successfully applied to bulk ferroelectrics 
[18, 19]. Kretschmer and Binder [20] set out 
a framework for finite material in which 
polarization (p) is treated as a function of 
coordinate (z) normal to the film. Tilley and 
Zeks [16] and Ong et al. [21] showed that the 
polarization profile p(z) within the film can 
be expressed in terms of Jacobi elliptic 
functions for the symmetric second-order 
films. Tan et al. [22, 23] numerically studied 
the first order transition for thin film in detail. 
However, a group of authors investigated the 
properties of the polarization reversal of 
ferroelectric film for second order phase 
transition based on Tilley-Zeks model by 
using step field, sinusoidal and bipolar 
electric field [24-27]. For completeness, in 
this paper we study the effect of electric field 
on polarization profile when the electric field 
is in the same and the opposite direction to 
the polarization.  

Theory and Modeling 
In this paper, we study the effect of 

electric field on polarization, so we consider a 
symmetric thin FE film of thickness L  
extending along the z  axis, from / 2L−  to 

/ 2L . The FE material is assumed to undergo 
a second-order phase transition.  The model is 
one-dimensional with polarization and related 
physical quantities varying as a function of z . 
The direction of polarization may be parallel 
to the film surface, so the effect of the 
depolarization field is negligible.  We can 
also assume an FE film with a polarization 
direction normal to the film surface where we 
can ignore the depolarization field for FE 
materials with finite conductivity [28] or for 
FE materials in short-circuited capacitors 
[29]. The Landau-Devonshire free energy  per 
unit area for the thin film with thickness L  
under an action of an electric field E  is 
expressed as [16, 30]: 
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∫
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where S  is the cross-sectional area of the 
film with plane surface at ( / 2)z L= ±  and 

( / 2)P L± = ±  is the polarization value at the 
boundaries. Here, a  and B  are temperature-
independent parameters. For a second-order 
phase-transition material, B  has a positive 
value and cT  is the Curie temperature of the 
material. The coefficient D  is associated 
with the spatial variation of P  along the z  
direction. The factor of  0ε  in Eq. 1 is to 
ensure that a , B  and D  have simple 
mechanical dimensions [31] .The effect of 
electric field is included in -E.P term. The 
inhomogeneity of the film, where the 
polarization varies as a function of distance 
(z) across the film thickness, can be 
represented by the term (dp/dz) 2 . The surface 
and size effects of the film are studied by 
introducing the so-called extrapolation length 
δ  leading to the boundary conditions. 

dP P
dz δ

= ±  at 
2
Lz = ± .                 (2)    

For a positive δ , the polarization is 
depressed at the surface and for a negative 
value, it is enhanced [16]. For numerical 
presentation, it is convenient to scale all 
variables. We let / Ct T T= , 0/p P P=  with 

2
0 0 /CP aT Bε=  and 0/e E E=  with 

2 3 3
0 04 / 27CE a T Bε=  . 0P  and E 0  are the 

equilibrium bulk  polarization and the bulk 
coercive field at 0T = , respectively. With 
this scaling, we then have the reduced free 
energy as:  
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where: 
2 2

0/ CF BG a T Sξ= , 1/ 2 1/ 2 1/ 2/Ca T z Dζ = , 

with 2
0 / CD aTξ =  corresponding to the 

characteristic length of the material. 
0/rδ δ ξ=  and l  is related to L  in the same 
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way as ζ  to z . The scaled boundary 
conditions now become:  

r

dp p
dζ δ

= ±  at 
2
lζ = ± .      (4) 

This scaling has the advantage that all FE 
materials in the same class are represented by 
the same universal curves. For a film, the 
basic assumption is that the equilibrium p(ζ ) 
corresponds to a minimum of  F, so that  
p(ζ )  is a solution of the Euler Lagrange 
equation:  

2
3

2

2( 1)
3 3

d p t p p ep
dζ

= − + − .     (5)                      

We solve Eq. 5 numerically by the use of 
an error controlled fourth-order Runge-Kutta 
(RK) routine [32], and the forming of 
polarization profile will obey the boundary 
conditions in Eq. 4. The polarization reversal 
is studied by using the phenomenological 
Landau-Khalatnikov (LK) equation which 
can be written as [33]:  
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where τ  is the time.  The scaled form of LK 
equation is: 

3

2

2

(1 )
2

3 3

r

p f
p

t p p
d p e
d

τ

ζ

∂ ∂ ⎫= − ⎪∂ ∂ ⎪⎪= − − ⎬
⎪
⎪+ +
⎪⎭

     (7) 

where the reduced time rτ  is given by 

0 0( / )r CATτ τ ζ ε γ= .  The delay in domain 
movement is represented by the parameterγ , 
the coefficient of viscosity.  The kinetic term 

)/( 22 tPm ∂∂  is neglected in the LK 
equation, because it only contributes to 
phenomena in the higher frequency range. 

The global order parameter is the average 
polarization of the film which can be written 
as: 

( )
/ 2

/ 2

1 l

l

p p d
l

ζ ζ
−

= ∫           (8) 

The free energy of the bulk is: 

( ) 2 4
22 4

C

o o

A T T BF P P EP
ε ε
−

= + − ,        (9) 

and in the reduced form is: 

2 4 2[( 1) / 2] (1/ 4)
2 3

f t p p ep= − + − .(10) 

At equilibrium; / 0df dp = , 
2 2/ 0d f dp = , the coercive field of the bulk 

can be derived as: 
3 2 3 2

1 2 1 2
0

2 ( )
3 3

C
C

A T TE
ε β

⎡ ⎤−
= ⎢ ⎥

⎣ ⎦
    .  (11) 

The reduced form of coercive field is: 

( )3
1cbe t= −     .    (12) 

Results and Discussion 
 Fig. 1 shows the effect of electric field e 

on polarization profile in an FE film of 
thickness 1.5l =  with positive extrapolation 
length 4.0rδ = . The direction of the electric 
field is the same as the direction of 
polarization. The electric field induces 
polarization inside the film, and it is observed 
that by increasing the value of e, the 
polarization increases in the film center and 
on the film surface. In Fig. 1, we can see that 
the effect of e on the polarization at film 
center is different from the effect of e on the 
polarization on the film surface, so we 
manifest the difference in Fig. 2 for a wide 
range of e values. Fig. 2 shows that the 
polarization increment at the film center is 
slightly larger than the polarization increment 
on film surface and this increment increases 
with increasing the value of e. 
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FIG. 1. Polarization p versus  ζ  for electric field e equal to 0.0, 0.01, 0.1, 0.2 and 0.3. Thickness l = 1.5, 

extrapolation length 4.0rδ = , temperature t = 0.0. 

 
FIG. 2.  Polarization p versus electric field e. Curve (a) corresponds to electric field effects at the film 

center , curve (b) corresponds to the electric field effects on the film surface, curve (c)  represents the 
difference between curves (a) and (b). Film thickness l = 1.5, extrapolation length 4.0rδ = , 
temperature t = 0.0. Curve (c) zoom in inset. 
 

Fig. 3 shows the electric field e effect on 
polarization of an FE film with a thickness 

1.5l =  with negative extrapolation 
length 4.0rδ = − . The electric field direction 
is the same as the direction of polarization. 
Hence e induces polarization inside the film, 
so by increasing e the polarization increases. 
The figure shows that there is a difference in 

increment of induced polarization between 
the film center and the film surface which can 
also be visualized in Fig. 4. In the contrary to 
a film with positive extrapolation length (Fig. 
2), the polarization increment on the film 
surface is slightly greater than the 
polarization increment at the film center for 
films with negative extrapolation lengths. 
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FIG. 3. Polarization p versus  ζ  for electric field e equal to 0.0, 0.01, 0.1, 0.2 and 0.3. Thickness l = 1.5, 

extrapolation length 4.0rδ = − , temperature t =   0.0. 

 
FIG. 4.  Polarization p versus electric field e. Curve (a) corresponds to electric field effects at the film 

center, curve (b)  corresponds to the electric field effects on the film surface, curve (c) represents the 
difference between curves (b) and (a). Film thickness l = 1.5, extrapolation length 4.0rδ = − , 
temperature t = 0.0. Curve (c) zoom in inset. 
 

The polarization reversal of FE films is 
studied by applying the step electric field that 
is usually used in experiments [34].  The most 
significant quantity in polarization reversal is 
the switching time Sτ . There are several 
definitions of switching time in the literature 
[18, 35-41]. In this study, we adopt the 
switching time Sτ  to be the time taken when 
the switching current J drops to 90% of its 
maximum value maxJ [38-40]. The initial 

polarization in the film is switched from its 
negative value in all the simulations.  The 
form of the step field is: 

0 ( )re e θ τ=           (13) 

where ( )rθ τ  is a step function defined as:  

0

0

1    for 0
( )

0   for  
rτ τ

θ τ
τ
≤ <⎧

= ⎨
⎩

   (14)  
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where 0τ  is the time when the field is 
switched off and 0e  is the amplitude of the 
electric field.  By applying the step electric 
field, we present the effects of electric field 
on the switching of ferroelectric films. 

The study on domain formation and its 
movement in ferroelectricity is one of the 
important and complicated problems in 
switching phenomena.  Under a certain 
applied field at any time during switching, the 
polarization profile can be simulated from Eq. 
7.  This polarization profile during switching 
for an FE film with 2rδ = +  and a film 
thickness l = 5.4 is analyzed from the graphs 
in Fig. 5 and Fig. 6 by applying electric fields 
e = 0.9ec and e = 5ec, respectively at t = 0.0 
for both films. ec is the coercive field of the 
bulk given in Eq. 12.  A close look at Fig. 5 
and Fig. 6 shows that the dipole moments on 
the surface are switched before the dipole 
moments in the film interior.  This is because 
the polarization on the film surface is less 
than that at the film centre for an FE film 
with rδ+  (see Fig. 1). Hence, the polarization 
on the film surface would switch before that 
at the film center.  Experimentally, it is well 
known that polarization switches first on the 

film surface then in the bulk [42].  Fig. 5 and 
Fig. 6 show that by increasing the applied 
electric field e, the switching time Sτ  
decreases for a film of thickness 5.4l =  at 

0.0t = . It can be seen in Fig. 6 that the initial 
polarization of an FE film with rδ+ can be 
completely reversed by the applied electric 
field 0.9 ce e= . This value of e  is less than 
the bulk coercive field ce . The reason for 
that the film is switched by the electric field 
less than the value of ce can be explained 
based on the curves in Fig. 1 for ( )p ζ  of a 
film with positive rδ . The polarization is 
suppressed on the surface compared with the 
value at the center, and even at the center, 
polarization is lower than that of the bulk 
case, 1p =  for bulk at 0t =  and at 0e =  
(Eq. 10). In this respect, the value of average 
polarization (Eq. 8) of this film is less than 
the value of bulk polarization. Hence, we may 
deduce that switching would take place more 
readily in the film with rδ+  than in the bulk 
at lower applied field ( ce e< ). 

 
FIG. 5. Polarization profile ( )p ζ  during switching for thin film.  l = 5.4, δ  = +2, e = 0.9ec, t = 0.0. The 

number at each curve represents the time taken to reach the stage in terms of fraction of 12.392Sτ = . 
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FIG. 6. Polarization profile ( )p ζ  during switching for thin film.  l = 5.4, rδ = +2, e = 5ec, t = 0.0. The 

number at each curve represents the time taken to reach the stage in terms of fraction of 1.52Sτ = . 

 

Fig. 7 and Fig. 8 show the polarization 
profile during switching for an FE film with a 
negative extrapolation length 2rδ = −  for 
film thickness 5.4l =  at temperature 0t =  . 
It is obvious that switching of dipole 
moments at the film center takes place before 
that on the film surface.  This phenomenon is 

contrary to what we observed in the FE film 
with δ+  (Fig. 5 and Fig. 6); that is switching 
happens on the surface before at the film 
center. For an FE film with rδ− , the 
polarization on the surface is greater than that 
at the center due to the surface effect with 
negative extrapolation length (See Fig. 3).  

 
FIG. 7. Polarization profile ( )p ζ  during switching for film thickness l = 5.4, 2rδ = − , e = 1.5, t = 0.0. 

(Film parameters are the same as those of a film with + rδ , see Fig. 5). Polarization profile stages are 
taken from bottom to top at 0.0, 0.1, 0.4, 0.6, 0.7, 0.8, 0.85, 0.9, 0.95 and 1.0 in terms of fraction of 

9.633Sτ = . 
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Fig. 7 and Fig. 8 indicate that the 
switching time Sτ  of an FE film with a 
negative extrapolation length decreases with 
increasing the value of the applied external 
electric field. This result is the same as that 
for an FE film with positive extrapolation 
length. The switching time ( 1.52Sτ = ) of an 
FE film with 5.4l =  and 2rδ = +  is less 
than the switching time ( 1.661Sτ = ) of an 

FE film with 5.4l = and 2rδ = −  at 0t =  
by applying the same value of electric field e 
= 5ec as shown in Fig. 6 and Fig. 8, 
respectively. The author in Ref. [25] shows 
that for an FE film with a positive 
extrapolation length, the switching time and 
coercive field decrease with decreasing film 
thickness, and these characteristics may be 
useful for memory devices. 

 
FIG. 8. Polarization profile ( )p ζ  during switching for film thickness l = 5.4, 2rδ = − , e = 5ec, t = 0.0. 

(Film parameters are the same as those of a film with + rδ , see Fig. 5). Polarization profile stages are 
taken from bottom to top at 0.0, 0.1, 0.2, 0.3 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 in terms of fraction of 

1.661Sτ = . 

 

Conclusion 
Landau-typed TZ model is used to study 

the intrinsic switching phenomenon of a free 
standing FE film. We study the effects of 
electric field on polarization in FE films on 
the surface and at the center of the film. Two 
directions of applied electric field with 
respect to the polarization direction are taken 
into account. It is found that switching time 
decreases with increasing the value of the 
applied field for FE films with positive and 
negative extrapolation lengths. Polarization 
switching takes place on the film surface 

before that at the film center for an FE film 
with a positive extrapolation length, while for 
an FE film with a negative extrapolation 
length the matter is reversed. When the 
direction of the applied field is in the 
direction of polarization, we found that the 
increment of induced polarization of an FE 
film due to applied field on film surface is 
different from that at the film center for both 
FE films with different signs of extrapolation 
length. 
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أن ويتضح من الشكل  .)2(التي يوضح رسمها الشكل 

ءل عندما تبعد العدسة تضاتشدة تأثير بعد العدسة 

كثيراً عن الراصد، وأن اتجاه تغاير الشدة يكون معاكساً 

لاتجاه تغاير بعد العدسة، وهو ما تشير إليه الإشارة 

 .(14)معادلة الالسالبة في 

 بعد في Σولمعرفة شدة تأثير الكثافة السطحية 

)الصورة  )α θبة ، نأخذ مشتقة بعد الصورة بالنس

 : لنحصل على )9( المعادلة في) θ(بثبوت إليها 

(15)          
( )

critΣ
=

Σ∂
∂ θθα

  

 بعد فينلاحظ منها أن تأثير الكثافة السطحية التي 

 .الصورة يكون ثابتاً

 
  .لنسبة إليهباά(θ)  تغاير بعد الصورة عن المصدرفي) DL( شدة تأثير بعد العدسة: )2(الشكل 

=4( اعتمدنا في الرسم
Σ
Σ

crit

 .103pc =b( [Refsdal & Surdej, 1994][18]×5(و ،)

 

  العامةالاستنتاجات

 الأبعاد الهندسية في موقع الصورة تأثيراتإن 

 .تختلف باختلاف النموذج التقريبي الذي يتم اعتماده

التي وقد يكون هذا من أسباب تباين قيمة ثابت هبل 

ن وذلك لأ ،يتم إيجادها بواسطة عدسات الجاذبية

حساب ثابت هبل باستخدام العدسات الجاذبية يعتمد 

الذي يعتمد ) time delay(على حساب زمن التأخير

  .ةبدوره على علاقة الأبعاد الهندسية مع موقع الصور

التي تعطي الزاوية المحصورة بين ) 11(إن المعادلة 

قع الحقيقي للمصدر تعطي المحور البصري والمو

 التي تعطيها معادلة العدسات المعروفة هانفسالمعلومات 

 .-)3(معادلة ال-

أن تعطينا توزيع الكتلة ) 11(يمكن للمعادلة و

للمجرات أو لعناقيدها التي تتصرف كعدسة من خلال 

معرفة الأبعاد الهندسية للعدسة وموقع صورة مصدر 

فة الحرجة وموقع وذلك بتعويض مقدار الكثا، معلوم

 . الصورة والموقع الحقيقي للمصدر

إن العلاقة بين بعد الصورة والكثافة السطحية 

للعدسة علاقة خطية تشير إلى أن تمايز الصورة عن 

 كانت الكثافة السطحية للعدسة إذاالمصدر يكون أوضح 

  .كبيرة، وينطبق هذا أيضاً على عرض الحزمة
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 نعدها صيغة أخرى لمعادلة العدسة بدلالة أنالتي يمكن 

طحية التي تحتوي ضمنياً على الأبعاد كثافة الكتلة الس

التي بافتراض ثبوتها تكون العوامل المؤثرة ، الهندسية

) Σ (في العدسة هي كثافة الكتلة السطحية للعدسة

 .والكثافة الحرجة

نه إذا كانت أ) 9(معادلة الإن أول ما يلاحظ في 

 :الكثافة السطحية مساوية للكثافة الحرجة فإن

(10)        ( ) θθα =  

 هاالتي تشير إلى الحصول على صورة واحدة يكون بعد

عن المصدر مساوياً لبعدها عن المحور البصري، وهي 

ينشتاين في عدسة الكتلة آحالة مماثلة لظهور حلقة 

النقطية التي تكون الصورة فيها بشكل حلقة محيطة 

 المحور ىالمصدر علبالعدسة، والتي تظهر عندما يقع 

من السهل ملاحظة أن الافتراض و ). β = 0(ري البص

)β = 0 (  الذي أدى إلى استنتاج ظهور الصورة على

شكل حلقة
]17,16[

هو في الحقيقة نتيجة مباشرة  

ومن  .)(3 معادلةال إذا ما تم تعويضها في (8)لمعادلة ل

 نصف قطر (10)المعادلة  في θ  أن تمثل يمكنثم

وإذا ما استخدمنا المعادلة ). Eθ(ينشتاين الزاوي آ

فسنحصل على صيغة ) 3(في معادلة العدسات ) 9(

 : جديدة لمعادلة العدسة

(11)       ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∑
∑

−=
crt

1θβ 

0β(تكون ) Σ >> Σcrit(نه عند أالتي توضح   ؛)=

بمعنى ظهور صورة المصدر على المصدر نفسه، فلا 

وهذا ما ينطبق مع شرط . ى الراصد صورة للمصدرير

 أنه يتضح منهاكما . المعروف) Σ > Σcrit(تعدد الصور 

0β(تكون  )Σcrit = Σ( عند ، وهذا يؤيد ما ذهبنا )=

ينشتاين آ تمثل نصف قطر (10)إليه من أن المعادلة 

. عتماد تقريب العدسة الرقيقةفي حال ا) Eθ(الزاوي 

 فبإجراء تعويضات جبرية بسيطة في شرط ظهور ،وعليه

ينشتاين آنحصل على نصف قطر  )Σcrit = Σ( الحلقة

 :الزاوي

(12-a)      
( ) 2

1

2 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Σ

=
crtL

E D
bM

π
θ  

 :أو

(12-b)         
2
1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Σ
Σ

=
crt

E θθ 

 9)(ننا من إعادة صياغة معادلة العدسات الذي يمكّ

 : لنحصل منها على المعادلة المعروفة) Eθ (دلالةب

θ
θ

θβ
2
E−=  

وهي كما يلاحظ معادلة غير خطية، تشير إلى أن 

 تحدد صورتين) β(للمصدر الذي في الموقع 

 : موقعهما العلاقة

( )22 4
2
1

Eθββθ +±=± . 

 ،أثير الأبعاد الهندسية في موقع الصورلدراسة ت

(نعوض 
L

b
D

θ  :لنحصل على )9(في المعادلة ) =

(13)              ( )ˆ
Lcrit

b
D

α θ = Σ
Σ

 

وهي علاقة تشير إلى السلوك الخطي للعلاقة بين 

 )b(وعرض الحزمة  (ά(θ)) رالمصدبعد الصورة عن 
تشير إلى السلوك كما ). Σ(وبين والكثافة السطحية 

مع بعد العدسة عن ر بعد الصورة عن المصدالعكسي ل

الراصد، أي أنه كلما ابتعدت العدسة عن الراصد 

 ويتضح من العلاقة أيضاً .اقتربت الصورة من المصدر

الذي صار خطياً ) b(الفرق في تصرف عرض الحزمة 

في هذه الحالة، بينما هو عكسي في التقريب ) طردياً(

النقطي
]18[

. 

 ا تربيعيًان لعرض الحزمة تأثيرًوذلك كما نرى لأ

 في الكتلة المولدة للمجال في حالة العدسة اطرديً

  .وليس له مثل هذا التأثير في العدسة النقطية ،الرقيقة

 تأثير بعد يبقىهل "وللإجابة عن سؤال محتمل هو 

 عند كل هانفسلشدة وباالعدسة في موقع الصورة فاعلاً 

نأخذ تغاير " كنة للعدسة عن الراصد؟الأبعاد المم

(ά(θ)) إلى بالنسبة )DL ( معادلة الفي)بثبوت كل ) 13

وعرض ) Σ(من الكثافة الكتلية السطحية للعدسة 

 :الحزمة، لنحصل على

(14)           
( )

2
LcritL D

b
D Σ

Σ
−=

∂
∂ θα
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θβ(المرصودة بعيدة جداً والمسافات الزاوية  , (

 لا تتعدى بضع ثوانٍ قوسيةصغيرة جداً
]12[

، وزاوية 

الانحناء صغيرة جداً، فإنه يتم استخدام العلاقة 

LsSS DbDD
∧

+= )(αβθ (2)، والمعادلة 

 : للحصول على معادلة العدسات المعروفة

)3(         ⎟
⎠
⎞

⎜
⎝
⎛−=
→→→→

θαθβ  

التي تربط بين الموقع الزاوي للصورة والموقع الزاوي 

 ويستثنى من هذا .اوية الانحناء المخفضةللمصدر وز

التقريب حالات كون العدسة ثقباً أسود أو نجماً 

ن زاوية الانحناء لا تكون صغيرة في هذه لأ ،نيوترونياً

) sin θ = θ(الحالات ومن ثم لا يمكن استخدام تقريب 

 .(3)معادلة الالذي يستخدم في الحصول على 

 السطحية تقريب العدسة الرقيقة ذات الكثافة

 المتجانسة 

لعدسات الجاذبية على  تقوم الدراسات النظرية

أهمها تقريب عدسة الكتلة نمذجتها وفق تقريبات، 

 الذي يفترض أن كتلة العدسة مركزة في نقطة، النقطية

وتقريب العدسة الرقيقة الذي يفترض أن كتلة العدسة 

منتشرة على شكل صفيحة، باعتبار أنه عندما تكون 

 فإن مقارنة ، من المجراتامجرة أو عنقودًالعدسة 

المسافة الفاصلة بين المصدر والراصد التي هي حوالي 

(1Gpc)مع قطر المجرة الموازي لخط الرؤية         

في حالة المجرة أو ) kpc 50(الذي هو  –سمكها–

(1000 kpc)،تيح اعتبار ت  في حالة عنقود من المجرات

ر العدسة صفيحة  ومن ثم اعتباهذا السمك صفراً،

العدسة ،وفي هذه الحالة تسمى العدسة .  رقيقةكتلوية

 ىالانحناء مستومنطقة تسمى و). thin lens(الرقيقة 

ويمثل الخط العمودي على مستويي العدسة . العدسة

وتمثل نقطة تقاطعه . والمصدر المحور البصري للعدسة

 .مع مستوى العدسة مركز العدسة

مل مع الأشعة التي تمر من يتيح هذا التقريب التعا

أية نقطة من مستوى العدسة كما هو الحال مع عدسة 

فتكون زاوية انحناء الأشعة بفعل المجال . شفافة

الجاذبي دالة في بعد موقع مرور الأشعة عن مركز 

وفي الكثافة الكتلية ) b (–عرض الحزمة–العدسة 

 :  فتكون الكتلة المسببة للانحناء.)Σ(السطحية للعدسة 

)4(       ( ) ( ) '''2
0

dbbbbM
b

∫∑= π  

تكون و. (b)كتلة دائرة نصف قطرها هي  M(b)حيث 

 :زاوية الانحناء المتجهة

(5)        '

'

''
4 2

22 bd

bb

bbb

c
Gb ∫ →

→

→→

→∧

−

⎟
⎠
⎞

⎜
⎝
⎛∑⎟

⎠
⎞

⎜
⎝
⎛ −

=⎟
⎠
⎞

⎜
⎝
⎛

→

α  

) حيث )bb  هي المسافة من نقطة الانحناء إلى −′

 .مركز العدسة

قطة  تؤخذ نفي حالة الكتلة المتجانسة والمتناظرةو

الأصل عند مركز العدسة فتكون الكتلة المولدة للانحناء 

)( ) 2bbM πΣ=(، زاوية الانحناءو : 

)6(                   ( ) 2
4Gb b
c

α π= Σ  

 اختيار مستوى واحد  بالإمكانه فإن،ولأنها متناظرة

. والمحور البصري، وعرض الحزمة، يضم المصدر

(طر الزاوي باستخدام تعريف القو
L

b
D

θ =( ،

 على صلنح، )6(في المعادلة ) 2(المعادلة تعويض و

 :زاوية الانحناء المخفضة

(7)   ( ) 2
4 L LS

S

D DG
Dc

πα θ θΣ
=  

 :Dللعدسة المسافة الفعالة فإذا استخدم تعريف 

)
S

sLL

D
DD

D مقداراً ثابتاً، ) 4πG/c2(وكون  ،)=

 ثابت خاص بكل عدسة هوفسيتم الحصول على 

)4πGD/c2( بالكثافة يمثل مقلوبه ما يعرف، الذي 

سةالحرجة للعد
]15,14,13[

: 

(8)     ( ) 1
2

4
−=∑ D

G
c

crit π
  

 : الصيغة(7)وتأخذ المعادلة 

(9)          ( ) θθα
Σ
Σ=

crit

ˆ  
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واستخدمت التشوهات الطفيفة التي يحدثها التأثير 

الجاذبي للمجرات البعيدة في مسارات الأشعة في رسم 

خرائط أكبر المجرات والعناقيد المجرية الموجودة في 

الكون
]5[

 التقصي عن واستخدمت عدسات الجاذبية في. 

 وطبيعتهاكمية المادة المظلمة
]6[

وعن الطاقة ، 

المظلمة
]7[

كما استخدمت في الحصول على .  في الكون

معلومات عن المعاملات الكونية مثل الكثافة الكونية 

)Ω (والتاريخ الديناميكي للعناقيد المجرية
]8[

 ومعامل 

q0( [9]( التعجيل الكوني
 ]Λ(]10(ووجود الثابت الكوني 

)H0(وحساب مقدار ثابت هبل 
]11[

.  

 عادلة العدسات م

كما يوضح الشكل  - ذبيةاتتكون منظومة عدسة الج

- من مصدر بعيد مضيء يرسل الأشعة، وعدسة - )1(

هي أي جسم ذي كتلة مولدة لمجال جاذبي قادر على 

، -إحداث انحناء قابل للرصد في مسار الأشعة

، و يمثل الخط الواصل بين الراصد والعدسة .والراصد

وتمثل الزاوية المتجهة . ةالمحور البصري للعدس

المحصورة بين المحور البصري والموقع الحقيقي 

 (للمصدر
→

β (ر عن المحور دالبعد الزاوي للمص

البصري، والزاوية المتجهة بين المحور البصري وموقع 

(الصورة 
→

θ (وتكون . البعد الزاوي للصورةDL ،DLS ،

DS  سافات القطر الزاوي بين الراصد والعدسة، مهي

. والعدسة والمصدر، والراصد والمصدر، على التوالي

 reduced( زاوية الانحناء المخفضة هيف α)θ(أما 
deflection angle( التي تمثل البعد الزاوي بين 

 .المصدر وصورته

 
 . الجاذبيةعدسةشكل يوضح  ):1(الشكل 

 S المصدر الضوئي )source(؛ L العدسة (Lens)؛ O الراصد )Observer(؛ I؛  بعد الصورة عن المحور البصري q بعد 

 زاوية b)(ά ؛ الموقع الزاوي للصورةθ ر؛ الموقع الزاوي للمصدβ ؛ بعد الصورة عن المصدرa ؛المصدر عن المحور البصري

 مسافة القطر الزاوي DL ؛(reduced deflection angle) زاوية الانحناء المخفضة θ(α (؛(deflection angle)  الانحناء

)angular diameter distance (بين الراصد والعدسة. 

 

يعاني شعاع الضوء بحسب نظرية النسبية العامة 

) O( يصل إلى الراصد قبل أن) S(القادم من المصدر 

بزاوية مقدارها ) L( في مساره عند العدسة انحناء

b)(άحيث ، 

)1(           ( )
bc

GMb 2

4
=

∧

α  

 :بزاوية الانحناء المخفضة بالعلاقةترتبط و

)2(     )()( b
D
D

s

Ls

→
∧→

= αθα  

 )c(و، ثابت الجاذبية) G( و،كتلة العدسة) M(حيث 
 المصادر ونظرًا لأن .عرض الحزمة) b(وسرعة الضوء 
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التي يكون  -  درس البحث تأثير الأبعاد الهندسية للعدسة،باستخدام تقريب عدسة الجاذبية الرقيقة :الملخص

ل على صيغة وحصتم الف. في بعد الصور عن المصدر - فيها الانحناء ناتجاً عن مجرة أو عنقود مجرات

دسة، وتساعد في دراسة توزيع الكتلة في جديدة لمعادلة العدسات تبين العلاقة بين المتغيرات الأساسية للع

 أن لنموذج العدسة تأثيرًا في قيمة ثابت هبل وبينت النتائج. المجرة أو مجموعة المجرات التي تتصرف كعدسة

 في موقع وأوضح البحث أن تأثير بعد العدسة عن الراصد. الذي يمكن إيجاده باستخدام عدسات الجاذبية

 في  في موقع الصورةدسة بعيدة جداً عن الراصد وأن تأثير عرض الحزمة يتناقص عندما تكون العالصورة

 . في تقريب عدسة الكتلة النقطية الذي يظهرتقريب العدسة الرقيقة يكون بعكس تأثيره

 .عدسة جاذبية؛ عدسة جاذبية رقيقة؛ انحناء الضوء؛ النسبية العامة :ةيكلمات مفتاح

 

The Effect of Geometrical Dimensions on the Image Position of the 
Thin Gravitational Lens 

 

Abstract: When the gravitational lens is a galaxy or a galactic cluster, the effect of 
geometrical dimensions of the lens on the separation between the source and the image has 
been studied by using the thin lens approximation. A new form of the lens equation has 
been found. This equation shows the relationships between the basic parameters of the lens 
and helps in studying the mass distribution in the galaxy or the galactic cluster that behaves 
as a lens. 
This research clarifies that, at a very large distance between the observer and the lens, the 
effect of distance from the observer to the lens on the image position decreases. Also, it 
shows that the effect of the impact parameter in the thin lens approximation is opposite to 
that which appears in the point mass approximation. 
Keywords: Gravitational lens; Thin gravitational lens; Light bending; General relativity. 

 

مقدمة

 1979 عدسة جاذبية في عام أولبعد اكتشاف 

تزايد اهتمام الفلكيين وعلماء الكون بظاهرة الإحناء 

 ،عدسات الجاذبيةو) gravitational lensing(الجاذبي 

 للدراسات الكونية رئيسيةأداة الأخيرة صارت و

لأنها  ،المعاصرة، ولاكتشاف أسرار الكون البعيد وخفاياه

ن من رؤية الأجسام طبيعية تمكّتتصرف كتلسكوبات 

البعيدة التي لا يمكن رؤيتها حتى باستخدام أكبر 

التلسكوبات الصناعية المتطورة وأضخمها
]1[

. 

واهتمت تطبيقات الإحناء الجاذبي بدراسة الأجسام 

التي تكون مسؤولة عن انحناء الضوء
]2[

، ودراسة 

 الكتلة على مختلف المقاييسانتشار
]3[

ودراسة الصور ، 

 وتكبير المصادر الأصلية وتصغيرها،وتشوهاتها
]4[

 .
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  وتشمل المواد الإضافية أي. المجلة الباحثين على إرفاق جميع المواد الإضافية التي يمكن أن تسهل عملية التحكيمتشجع: مواد إضافية

 .اشتقاقات رياضية مفصلة لا تظهر في المخطوط

ن تقـديم نسـخة   علـى البـاحثي  فبعـد قبـول البحـث للنشـر وإجـراء جميـع التعـديلات المطلوبـة،           : المدمجـة قـراص   الأو) لالمعـد  (المنقحالمخطوط  

 تحتوي على المخطوط كاملا مكتوبـا علـى    لكترونيةإنسخة   مزدوجة، وكذلك تقديم     بأسطرأصلية ونسخة أخرى مطابقة للأصلية مطبوعة       

Microsoft Word for Windows 2000 يجب إرفاق الأشكال الأصلية مع المخطوط النهـائي المعـدل حتـى لـو     و.  منهاستجد أو ما هو

م جميـع الرسـومات التوضـيحية بـالحجم الحقيقـي           د، وتق ـ )jpg(تخـزن جميـع ملفـات الرسـومات علـى شـكل             و. لكترونيـا إ تم تقديم الأشكال  

، مـدمج يجب إرفاق قائمة ببرامج الحاسوب التـي اسـتعملت فـي كتابـة الـنص، وأسـماء الملفـات علـى قـرص                    و. تظهر به في المجلة   سالذي  

 .  مغلف واقٍويحفظ في. عنوان المقالة، والتاريخو م المرجعي للمخطوط للمراسلة،، وبالرقم القرص بالاسم الأخير للباحثحيث يعلَ

 . المعنية لفهرستها وتلخيصها في جميع الخدمات الدولية  بالإجراءات اللازمةلفيزياءلتقوم المجلة الأردنية : الفهرسة

 حقوق الطبع

  أي جِهـة أخـرى  لـدى ن بـأن مخطـوط البحـث لـم ينْشـر ولـم يقَـدم للنشـر                يشكِّل تقديم مخطوط البحث للمجلة اعترافاً صريحاً مـن البـاحثي          

ملكـاً لجامعـة اليرمـوك     لتُصـبح   نموذجٍ ينُص على نقْـل حقـوق الطبـع        أويشترط على الباحثين ملء     . كانت وبأي صيغة ورقية أو إلكترونية أو غيرها       

ويمنـع  كمـا   .نموذج نقـل حقـوق الطبـع مـع النسـخة المرسـلَة للتنقـيح       إالبـاحثين ب ـ التحرير بتزويـد   رئيس ويقوم. قبل الموافقة على نشر المخطوط  

 .دون إذن خَطِّيٍّ مسبق من رئيس التحريرمن إعادة إنتاج أي جزء من الأعمال المنشورة في المجلّة 

 إخلاء المسؤولية

 هيئة التحرير أو الجامعة أو سياسة اللجنة العليـا للبحـث العلمـي أو    إن ما ورد في هذه المجلة يعبر عن آراء المؤلفين، ولا يعكس بالضرورة آراء             

ــالي والبحــث العلمــي    ــيم الع ــة أو مســؤوليات عــن اســتعمال المعلومــات         . وزارة التعل ــة أو معنوي ــة أي تبعــات مادي ولا يتحمــل ناشــر المجل

 .المنشورة في المجلة أو سوء استعمالها



 معلومات عامة

 العلمــي، وزارة التعلــيم العــالي والبحــث  عــن اللجنــة العليــا للبحــث ة تصــدر ة عالميــة محكمــ هــي مجلــة بحــوث علمي ــللفيزيــاءالمجلــة الأردنيــة 

 وتنشـر البحـوث العلميـة    .ربـد، الأردن إوتقوم بنشر المجلة عمادة البحـث العلمـي والدراسـات العليـا فـي جامعـة اليرمـوك،                  . العلمي، عمان، الأردن  

 Feature، والمقـالات الخاصـة   Technical Notesالفنيـة  ، والملاحظـات  Short Communications لمراسـلات القصـيرة  ا  إلـى ، إضـافة الأصـيلة 
Articles ومقالات المراجعة ،Review Articles، نجليزية، باللغتين العربية والإ النظرية والتجريبيةالفيزياء في مجالات. 

 تقديم مخطوط البحث

 : إلى رئيس التحرير،عن المراسلات الباحث المسؤول جانب مرفَقَةً برسالة تغطية من ،مخطوطالتُرسل نسخة أصلية وثلاث نسخٍ من 

 ابراهيم أبو الجرايش،. د.أ 

 للفيزياء،رئيس التحرير، المجلة الأردنية  

 ،عمادة البحث العلمي والدراسات العليا 

 .ربد، الأردنإجامعة اليرموك،  

 3735: يفرع / 00 962 2 72 11 111: هاتف  

 00 962 2 72 11 121: فاكس  

 jjp@yu.edu.jo: لكتروني إبريد  

 

 .عليمات في موقع المجلة على الشبكة العنكبوتيةاتبع الت: إلكترونياتقديم المخطوطات 

 

 . من ذوي الاختصـاص والخبـرة  اثنين في الأقلمين حكِّ مجانب من الفنيةويجري تحكيم البحوثِ الأصيلة والمراسلات القصيرة والملاحظات     

تم بــدعوة مــن هيئــة  يــ، فالفيزيائيــة النَشِــطَةالات المقــالات الخاصــة فــي المج ــنشــر أمــا . وتُشــجع المجلــة البــاحثين علــى اقتــراح أســماء المحكمــين  

 تمهيـداً تقـديم تقريـر واضـح يتّسـم بالدقـة والإيجـاز عـن مجـال البحـث               من كاتـب المقـال الخـاص         ويطْلَب.  ويشار إليها كذلك عند النشر     ،التحرير

  أو مسـتَكتبيها علـى  ، وتُشـجع كـاتبي مقـالات المراجعـة    غيـر الفيزيائيـة النشـطة سـريعة الت    وتنشر المجلةُ أيضاً مقالات المراجعة في الحقـول         . للمقال

باللغـة  ) Keywords (دالة وكلمات) Abstract (المكتوب باللغة العربية ملخص   ويرفَق مع البحث    . إرسال مقترحٍ من صفحتين إلى رئيس التحرير      

 .الإنجليزية

 ترتيب مخطوط البحث

 × A4 ) 21.6 علـى وجـه واحـد مـن ورق     مـزدوج، بسـطر  و ،Times New Roman نوعـه  12ط ن بب ـيجب أن تتم طباعـة مخطـوط البحـث   

 ويجـري تنظـيم أجـزاء المخطـوط     .منـه  أو مـا اسـتَجد   2000روسـوفت وورد  دام معـالج كلمـات ميك     سـم ، باسـتخ     3.71مـع حواشـي     ) سم 27.9

، المقدمة، طرق البحث، النتـائج، المناقشـة، الخلاصـة، الشـكر والعرفـان،      )PACS(رموز التصنيف صفحة العنوان، الملخص،   : وفق الترتيب التالي  

 بينمـا  ،غـامق وتُكْتَـب العنـاوين الرئيسـة بخـطٍّ     .  ثَـم الأشـكال والصـور والإيضـاحات    ،الإيضاحاتالمراجع، الجداول، قائمة بدليل الأشكال والصور و 

 .مائلتُكْتَب العناوين الفرعية بخطٍّ 

 ويكتـب الباحـث المسـؤول عـن المراسـلات اسـمه مشـارا        . كاملـة تشمل عنوان المقالة، أسماء الباحثين الكاملة وعنـاوين العمـل  و: صفحة العنوان 

 ،المخطــوط) محتـوى ( ويجــب أن يكـون عنــوان المقالـة مــوجزا وواضـحا ومعبــرا عـن فحــوى     .إليـه بنجمـة، والبريــد الإلكترونـي الخــاص بـه    

 .وذلك لأهمية هذا العنوان لأغراض استرجاع المعلومات

هــم مــا توصــل إليــه  أالنتــائج وو فيــه والمــنهج المتبــع موضــحة هــدف البحــث، ،ئتي كلمــةالمطلــوب كتابــة فقــرة واحــدة لا تزيــد علــى مــا : الملخــص

 .الباحثون

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

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

لا تزيـد المقدمـة عـن    ( مراجعة مكثفـة لمـا نشـر    ن تكونألا ح الهدف من الدراسة وعلاقتها بالأعمال السابقة في المجال،    يجب أن توض  : المقدمة

 ). مطبوعة الصفحةصفحة ونصف

تفصــيل كــاف لإتاحــة إعــادة إجرائهــا بكفــاءة، ولكــن باختصــار    ق موضــحة بائــالطرهــذه يجــب أن تكــون : )النظريــة/ التجريبيــة (طرائــق البحــث 

 . ق المنشورة سابقاائ حتى لا تكون تكرارا للطر،مناسب

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