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Abstract: Light absorption coefficients of black carbon (B, ) 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 Babs . 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 (29.24ug/m’) and in winter (13.27pg/m?*). Ibbeen and Irbid
city center had relatively high values of BC in winter: 11.75ug/m’ and 12.48pug/m’,

respectively.

Keywords: Black carbon; Absorption coefficients; Urban air pollution.

I ntroduction

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

Corresponding Author: K. M. Hamasha. Email: khadeejehh@yahoo.com
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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 SO, causes the impairment of the
respiratory function and aggravates existing
respiratory and cardiac illnesses [11]. Long-
term exposure to NO, 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

Hamasha et al.

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.

Theor etical 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, B, and the
corresponding black carbon mass
concentration (BC) is established by the
aerosol specific mass absorption efficiency
a , via the relationship [21]:

Bu(Mm™) = BC(ug/m’)x & o(m’/gm) (1)

The magnitude of & , ranges from 2 to 20
mz/g [20]. Black carbon mass concentrations
(BC) are calculated from B, using the light
absorption efficiency for black carbon, « ,,
such that [21]:

BC(ug/m’) = Bus(Mm™) / & o(m*/gm) ~ (2)

and,
a ,=10m?*/gm for A = 532nm 3)

Since B,y is proportional to 1/A [19]; then
« , is also proportional to 1/A. Therefore,

a (870nm) = ,(532nm)(870/532)" 4)
=6.11m%/g
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Substituting back in equation (2) yields statistics  about targeted governorates,
_ including their areas, rural population, urban
BC(870nm) = Byy(870nm) /6.1 ) population and population density [1].

M ethods B, coefficients were measured at selected

_ _ cities taking into consideration population
Sampling Sites density, number of motor vehicles, winter
Jordan is divided into 12 governorates: heating devices and industrial impact. A
Ajlun, Amman, Aqaba, Balqa, Irbid, Jerash, summary of the characters of measurement
Kerak, Ma'an, Madaba, Mafraq, Tafilah and sites is given below:
Zarqa (Figure 1) [22]. Table 1 provides

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

. Population Urban Rural
. Total Population Area . . .
Province (2008 est.) (k) Density (person/ Population  Population
' km?) (%) (%)
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 3249 63.9 36.1
Irbid 950,700 1621 570.3 76.4 23.6
Zarqa 838,250 4080 205.5 95.3 4.7
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FIG. 1. Map of the Governorates of Jordan (from the United States Agency for International Development
(USAID) regional website (http://jordan.usaid.gov/images/maplcopy.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].

Zarga

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 PM;j. 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 PM,, in the area
of Al-Hashemeyyah, where most of the Zarqa
industries are concentrated. PM;o
measurements taken by Asi et al. (2001)
between March, 2000 and February, 2001
showed that PM,, concentrations were higher
than the Jordanian 24-hour standard of 120
pg/m’ for 20 of the 50 days sampled [12]. No
chemical analyses were conducted on the
PM,o samples collected in that study.

Hamasha et al.

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 PMI10 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 (§abs ), the average relative humidity for

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

Results and Discussions

For the summer measurements, B,  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 B, (178.68+27.300) Mm" during a
summer day and (81.07+4.860) Mm™ during

B, at the

industrial locations had very low values. A
measurement at Ibbeen town center shows
that this location had a high value of

a winter day. The measured

B, 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 B, . 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.

Hamasha et al.

Measurement

S -1 3 DI o T 10

PR Date B [Mm™'] BC[ug/m’] RH % T[C]
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 1248  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 68.0842.63  15.61£0.163
Zarqa City Center  16/8/2007 178.68427.300  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 28/2/2008  71.79+8.840 1175 212240394 24.85+0215
Center/Ajlun
Jordan Cement 12/8/2007  7.36+0.564 1.20 31.99+0.432 31.50+0.104
Factories/Fuhais
Jordan Industries 13/8/2007  13.18+0.969 2.16 30.4140.433 32.12+0.131
Estates/Sahab
Jordan Petroleum 567007 9741 142 159 302440797 29.46+0.265
Refinery/Zarqa

Measurements performed near industrial
complexes indicate low values of black

carbon. During summer, B,  values were

7.36£0.56 Mm", 9.70+1.14 Mm" and
13.18+0.97 Mm™' 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 B, obtained during winter

were 22.74+1.67 Mm’', 76.24+4.43 Mm’
81.07+4.86 Mm™' at Amman downtown, Irbid
downtown and Zarqa downtown,
respectively. It is evident that winter values

of B, were lower than summer values at
Amman and Zarqa downtowns. Winter value
of B, 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™") 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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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 O,> ions colliding with Ar,
He and N, have been measured at an impact energy of 100 eV and 0° scattering angle by
means of translational energy-gain spectroscopy. In O, - Ar and N, 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 '%,") of O,°" ions into the A °TI,
state of O,". However, for the O,*" - He collision system, the dominant channels are due to
capture into the ground state X 21'[g of O," from W °A,, B * I1, and B’ *%, metastable states
of the O,*", 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 0,* 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 (O,", N;',
CO" and CO,") 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 O,>" 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
0,”" ions with O, and Ne at different
scattering angles.

Presented herein are energy-gain spectra
for state-selective non-dissociative single-
electron capture in collisions of O, recoil
ions with N, Ar and He targets at a
laboratory impact energy of 100 ¢V and 0°
scattering angle.

measurements
differential

The  present
performed on a

were
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 F*" ions from the Western Michigan
University tandem Van de Graaff accelerator
as a pump beam. After being mass analyzed
by a 180° 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 90° double-focusing
electrostatic analyzer (ESA). These ions were
scattered through a nominal angle 6 into a
solid angle (AQ) of about 3 x 107 sr. The
scattering angle € 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:

0,"+X >0, +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 E
of the scattered projectile ion and the initial
kinetic energy E, of the incident projectile
ion, Q = E,— E(. However, the relationship of
the energy gain Q to the energy defect AE,
which is defined as the difference in the
binding energies of the collision products, is
found to be [8]:

Q=AE-AK )

where AK, defined below, is the translational
energy given to the target and AE is

10
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calculated from spectroscopic data according
to the following formula:

AE =1,(0,") - [(X) - Ey, 3)

where 1,(0,") and 1(X) are, respectively, the
ionization energies of the projectile product
ion (O,") 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 E, is the excitation energy
of the x™ level of the projectile product ion
(0,") or the target product ion X'. The
general expression of the translational energy
AK given to the target is given by [9]:

AK = M (l—cose)[szo —AE}
M+m M+m
2 bl
M(AE
+Mcos9

4mE,

(4)
where M and m are, respectively, the
projectile and target masses, E, is the
laboratory translational energy of the
projectile and 0 is the laboratory scattering
angle of the projectile. It should be pointed
out that for these collision systems, the
calculated values of AK are very small and
can be neglected, giving Q = AE. Therefore,
the energy spectra are expressed in terms of
the Q values. The energy levels for O,*" and
O, 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 O,>"; o, p and
vy represent the ground and subsequent
electronically excited states of O, 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 O,*" ions
with Ar, N, and He are presented and
discussed.
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TABLE 1. Description and nomenclature of O, ionic states and ionized target states.

Projectile O,"" 0," Products Target Products
State Symbol  State  Symbol State Symbol
X'z, I X 11, o Ar (3p° 2P°%)) X
AL II a ‘I, B Ar (3p°°Syp) A
WA, 11 A I, y Ny (CZ) X
B I, v bz, & N, (I1,) A
Bz, \Y% B°’Y, € He" (1s *S)») X
1°A, VI C*z, ¢ He' (2p) A

Sources: [10-14].

I.0,2" + Ar Collisions

Fig. 1 shows the translational energy-gain
spectra obtained for single-electron capture
by 100 eV O,*" ions from Ar at different
scattering angles. At 0° 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
'$,") of 0, ions into the A °TI, state of O,".
There are smaller contributions due to capture
into the B °Z, and b *X, states of O," from the
low-lying metastable state A %, of the 0,*"
ions via reaction channels [leX and II3X. It is
of interest to compare our data with the
earlier spectrum of Hamdan and Brenton [5].
The spectrum was measured at O, 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 O,° (A *Z,") 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
IyX channel remains dominant and
contributions from reaction channel 11eX and
II6X remain the same with increasing the
scattering angle. At a scattering angle of
1.87°, peak IyX is observed to be shifted
toward a larger Q-value due to the
populations of different vibrational states of
the A °Il, state of O,". 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 wvalues
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 IyX 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 IyX 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 O,*" 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 (do/dQ)) for single-electron capture
by 100 eV O,*" 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 6.,

12

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, 0. = Q/2E,,
where Q is the exoergicity of the collision
and E, 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 IyX channel is
the only dominant reaction channel with the
[IeX channel strongly promoting the entrance

forward peak inside the critical angle 6, =
1.01°, which corresponds to the IyX 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 0, and underestimates the contribution
from capture on the way-out of the collision.

channel. The experimental data show a
T I T I T r T q T
20000 1 o =
_ O, -Ai
] —-—————

™ ; i _- -~ 100 eV :
= . T
C = B - - | N ~~
3 150004 . - ~ -
D‘ = ~
S
S ~ a
_g T %

10000 + .
- .
: L 3
e ~
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T I T I T [ T ] T
0.0 0.5 1.0 1.5 20 2.5
0 (deg)

FIG. 2. Experimental and calculated differential cross sections (do/dQQ) for single-electron capture by 100
eV 0,>" ions from Ar. m, present results; the broken curve is the theoretical calculation folded with

experimental resolution.

I1.0,>" + N, Collisions

Fig. 3 shows the translational energy-gain
spectrum obtained for single-electron capture
by O,*" ions from N, 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 1Eg+) of incident ions into
the A °Il, state of O, . The reaction channel
IyX 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.

I11. 0,2 + He Collisions

Fig. 4 shows the translational energy-gain
spectrum for the formation of O," ions from

the reaction of 100 eV O,*" 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 “TI, of O," from W °A,, B °I1,
and B’ *Y, metastable states of the 0,
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 IloX, 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 O,*" ions from N, 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
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FIG. 4. Translational energy-gain spectrum for single-electron capture by 100 eV O,>" 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.



Non-Dissociative Single-Electron Capture Studied for 0,%" Tons on Ar, N, and He at 100 eV

It is interesting to note that the Q-scale
distribution of translational energy gain for
single-electron capture by 100 eV O,”" ions
from Ar and N, appear Gaussian whereas the
distribution from He is Pearson or Lorentzian
in shape. This is probably due to the fact that
for Ar or N, 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
0,*" ions with Ar, N, and He by means of
translational ~ energy-gain  spectroscopy.
Translational energy-gain spectra for single-
electron capture by O,°" ions from Ar and N,
indicated that the dominant reaction channels
were correlated with non-dissociative single-
electron capture from the ground state (X
'$,") of 0,”" ions into the A °TI, state of O,",

while for He target the dominant channel is
due to capture into the ground state X 2Hg of
0," from W *A,, B 3Hg and B’ *S, metastable
states of the O,”", 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 paralldl to the chain. We found that the initial
susceptibility follows Curie — Weiss behavior with positive ordering temperature T, 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 & 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 angle& .

PACS: 75.30.Gw, 47.65.Cb, 75.50.Gg, 75.50.Ee
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I ntroduction

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 tota
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 FesN 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 mgjor role in determining
the magnetic state.

In this paper, we will use a statistica
mechanical approach to investigate the effect
of anisotropy energy dominated by the dipole
— dipole interaction on the initia
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 moddl. 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 x 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 paraléel 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:
2"

Z, :m : (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
Z = [ Expl kBT] dr. @

18

Gharaibeh et al.

Theintegral isto be taken over the volume
phase spacedl” . The total energy Er of our
system can be represented as:

Er =E,+E, ,+E,, €)

where E, is the external field dipole
interaction energy, E,., is the total dipole —
dipole interaction energy among the particles
of a single system and E, is the anisotropic
energy of the system. The external energy is
given by:

3 —
Eo=-> 4 -H
1

=—uH (cosé, +cosb, + cosb, )

G

where 6, is the angle between the direction

of the externa 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 7.1 TR AT
g - gy =300 - 1) - )
Epp = ZZ 3 ’
i>j j=1 0y
(5)
where g and u; are the dipole moments of

particle i and particle j, respectively and rj; is
the separation between the two particles. The
anisotropy energy is given by:

E, =KV sn’ 4 | ©
i=1

where K, V and p; 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:

v Nt a2 0
3Z oH

The initial susceptibility of the system can
be calculated as:

X = Ll—rga_H : (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

that the particle — particle interaction energy
and the anisotropy energy are very small, one
can expand the exponential term in the

partition function as:
In this case the applied magnetic field is
paralel to the chain axis (Fig. 1). In the limit

3KV
Z=e' I Exp{% (cosé, + cosb, + cosb, )}

B

2
x{1+“ (g—;+%+ % J+K\_I/_(Jf+\]22+\]32) ©)

where
9,(61,0,,9,,9,) = 2c0s6, c0sO, —sin b, sSin b, cos(p; — ;)
9,(6,,05,¢,,0;) = 2c0s0, cosd, —sinf, sing; cos(p, — @)

o (10)
95(0,,05,0,,9,) = 2€0s0, COSO, —sind, sin 6, cos(p, — @)

J, =cospf, = cosé, cosy, +sind, siny, cosg, —y,)

In Eqg. 9, X; isthe separation between the
first and the second particles, while x, isthe

separation between the first and the third
particles.  Performing  the  necessary
calculations, the initial susceptibility for the

uH
B
having the following expression:
Ng?

3k
7= B . (11)

T—éﬁzu(xlf,xi,xzf,xiz)

B

system in the limit o = <1 is obtained

Here, the function U(x;,%,%},%X;) is
defined as:

L0
(X =X)(% =)

where x/ and X, are the maximum and
minimum separation between the first and the
second paticles. X, and X, ae the

maximum and minimum separation between
the first and the third particles. The function
L, isdefined as:;

U X %% %) =

x{ x§
A | 1 1
L,=2 St b ————— |dx, dX,
' >Z[>Z[[X13 X3 (Xz_X1)3] ' '

(13)
By comparing Eq. 11 with the well-known

Curie-Weiss law y =

, one can obtain

(o]

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

2

C= ';lf (14)
B
2

T, = éf: U . (15)
B

T,does not depend on the anisotropy

constant. Eg. 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 asfor 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 © and ¢ are
the polar and the azimuthal angles of the vector p. The angles 3 and y are the polar and the azimuthal
angle of the easy axisE.

Perpendicular Configuration

2
Fig. 2 shows the second case, where the E K @.6,,0,0,)
applied magnetic field is perpendicular to the PP yl2 446 a0
chain. In this case, the interaction energy is ,UZ
given by: +50,(4, 6,9, 93) (16)
Yo
ﬂz
+———03(6.6;, 0, 0)
(yZ -y
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where y; is the separation between the first

and the second particles, while y, is the
separation between the first and the third
particles. The functions ¢, g, and g, are

given by:

G (6 0 1, 02) =
3sing sing,sing sing,
—sing,sin6, cos(¢, —p,)
—C0S¢, cosd,

CACH RN
3sing sing;sing sing,
—sing,siné, cos( ¢, — ;)
— C0sd, cosé,

G (0, 0,00, 05) =
3sing,siné;sing, sing,

(17)

—siné, siné, cos(g, — @)

—Cos6, cosd, .

We have cdculated the initia
susceptibility by applying the same
assumption as above (« <1), and we have
found that:

2

N
3K
X = 7 2 . _ (18)
T+9kBU(yf,yLy£,y'2)

In this form, the ordering temperature is
given by:

2

T =-+ U
ok,

(19)

Here, U is the same function as for the
previous case. Eg. 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 T, has a negative sign and its

magnitude is half that of the paralel 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].

1 8 H jt_f_z iy
8,/ % & A
N The
& T &

W ¥

Z

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

have the same meaning asin 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 at £ . Using the same approximations as
before, we have caculated the ordering
temperature and found that:

2
T, =220+ Y (5 _3¢nz¢).
9Ky 3Kg

(20)
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As can be seen form Eqg. 20, the ordering
temperature depends on the anisotropic
constant K and the angle between the easy
axis and the applied field&. The magnetic
behavior of the system interplays between
ferromagnetic and antiferromagnetic states.

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

Gharaibeh et al.

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:

2
T,=- U zdn2e). (@
9, 3K

&

A

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

meaning asin 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

angleé. In case of 5:%, 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 Fe;0, 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 abtained 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 caculated 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 0.03 005 0.07
o Trimer model 19 32 454
g é Dimer model 14 57 1326 155
g % Ref. [15] ' - :
= E’éf_' [\é]a'”es 19 38 48
Conclusion

We have studied a datistical assembly
consisting of a chain of N identical spherical
particles each with a magnetic moment

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 paradlel 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 caculations 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 field£ . Moreover,

one can adjust the parameters & and U in a

solid matrix and predict the magnetic state.
The caculated ordering temperature for
Fe;O, shows much better values than those of
the Dimer model.
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I ntroduction

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 wunique 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 y-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

Corresponding Author: Hanan H. Saleh. Email: hanan_saleh@ahu.edu.jo
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from the incoherent one, but this can be
achieved in simulation.

Theor etical 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];

do(0

@O . _NO)oy £,(0) &,
do (6 0),. 1,0

( G(%Q)mc N( )mc fp( )EL‘Dh

(1)

where:

N(@9),,, and N(O)
area of the coherent and incoherent

spectrums, respectively, at an angle 6 from
the scatterer.

are the photo-peak

inc

f.(8) is the attenuation factor for the
incoherently scattered photons.

1
[ (0) =—=exp[—p4,.x ]
1y 2
= exp[—0;,. px |
f,(0) is the absorption factor for the

coherently scattered photons.

1 I,—1
£y ()=t T "L
? IO IO

=1- exp[_lucohx ] (3)

=1-exp[-0,,;, px ]

and €, are the

inc

ecoh

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:

do(6)
dQ

do(6)

( dQ

Jine =S (X, Z)(

) kv 4)
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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 =
(sin(@/2))/ A1), where 6 is the angle of

scattering and A 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. S(¢,Z)~ Z. And

do(0) 1y 1
P = X

dQ 2 [14+Y (1-cosO)] ‘
Y 2(1-cos @) } ’

(

1+cos’ 6+
1+Y (I1-cos®)

Y = £ »» I, 1is the classical electron
mc

radius.

Substituting these values for Y,
do-(e) Einc : :
(d—Q) xy and A ,» one can simplify

Eq. 1 to be:
do(0
( ( ))coh =
dQ )

(1 - exp[_o-coh pPx ]) N (e)inc

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:
(do(0)/dQ),,, ]%

P D=1 g a0,

(6)

where (do/dQ)r 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™" gives values which
can be used for comparison.

150 . .
—a— five
135 v . —@®— SiX
A\ 4 A seven
100 Ny ¢ —v— eight
N A ~ . ¢ nine
RS o A
L1054 N T . -
49 [ ] A \ *
% \. \V *
0.904 [ ] _
s \ \ A \
£ . * N
Q 0.75- \ N A ]
0 . ™~ 4
g 0.60 \l \o * N
< N \o
0.45 - . e
5 \.
\.
0.30 T~
I T I T T I T I
10 12 14 16 1.8
Momentum Transfer (A"
FIG. 1. The atomic form factor vs. momentum transfer for different atomic number elements as obtained
from (RFF) theory [15].
Geant4 and the M odeled data and also, the analysis of simulation data
Exper iment at different levels of detail.

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

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 (4x1) 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 90°.

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

Hanan H. Saleh

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

Scattered

Beam

Collimator

Sample

! Source

Collimator

Detector

FIG. 2. Geometry of the setup as modeled in the simulation codes.
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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 Ei% is:
coh
Eﬁ% =1.0305.
Seon
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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° ) obtained

by simulation.

(do-) Atomic Form Factor F(x,Z)
-2 "~/ coh
Sample Z dQ Geant4 ~ RMFF!'8! RFF!'S] NRFF!
(barn/atom.st)
PE 5.4439 0.0106£0.0006 0.5173£0.0030 0.5489 0.5860 0.5794
Cholesterol  5.6483 0.0118+0.0007 0.5458+0.0030 0.5721 0.5898 0.5956
Lucite 6.4673 0.0179£0.0011 0.6723£0.0051 0.6662 0.6849 0.6612
Water 7.4167 0.0231+£0.0015 0.7631+0.0068 0.7774  0.7952  0.7384
W-matter 7.4965 0.0243£0.0016 0.7819+£0.0069 0.7869 0.8045 0.7449
Muscle 7.5269 0.0247£0.0016  0.7889+0.0070 0.7905 0.8080 0.7474
Blood 7.6132 0.02544+0.0017 0.7997+£0.0077 0.8007 0.8181 0.7545
0.9 T T T T T T T T
@A
— 0.8 A Q —
3 o~
L v
: -
& 07 N -
e
S 8
L
RS
g 0.6 - N m Geant4 =
< V.o 0o O RMFF
° m A RFF
. v NRFF
0.5 .
T T T T T T T T
5.5 6.0 6.5 7.0 75 8.0

Atomic Number (2)
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™)
and high momentum transfer (x>10A™") [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™
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.

Hanan H. Saleh

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
ferrodectric (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.

Keywords: Polarization reversal; Tilley-Zeks model; Electric field; Switching time.

I ntroduction

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
caorimetry (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!***® and the
introduction of inhomogeneous polarization

profile (dp/dz)® incorporation of the

extrapolation length delta such that
dp/dz =+p/5[16, 17].

Corresponding Author: Ahmad M. Alrub. Email: AhmadAlrub@ahu.edu.jo
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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 reversa of
ferroelectric film for second order phase
transition based on Tilley-Zeks model by
using step field, sinusoidal and bipolar
dectric 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 —L/2 to
L /2. 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]:

al T,

L P*+—P*
G 32 25, 4s,
gzj dz
~;+R( j e
2, \ dz
+l 2+P2)
250
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where S is the cross-sectiona area of the
film with plane surface at z=+(L/2) and

P. =(xL/2) isthe 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 T, 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 &, in Eq. 1isto

ensure thata, B and D have simple
mechanical dimensions [31] .The effect of
eectric field is included in -E.P term. The
inhomogeneity of the film, where the
polarization varies as a function of distance
(2 across the film thickness, can be
represented by the term (dp/dz) > . The surface
and size effects of the film are studied by
introducing the so-called extrapolation length
o leading to the boundary conditions.

— =t az=t—. 2)

For a postive ¢, the polarization is
depressed at the surface and for a negative
value, it is enhanced [16]. For numerica
presentation, it is convenient to scale all

variables. We let t=T/T., p=P/P, with
P’=¢dl./B and e=E/E, with
E, =4a’T.°/27¢,B . B, and E, are the

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

" 5( -Dp*+> p
F=| , |4

-1/2 4= : 3

[de“j N ©
+—— (p?+p?
25r(p_ P.)

where:
F=BG/a’T5S, ¢ =a'Tl?z/DY?,
with &2=D/aT, corresponding to the
characteristic length of the material.

0,=01&, and | isrelated to L in the same
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way as ¢ to z. The scaed boundary
conditions now become:
d I
PPy @)
dg 0, 2

This scaling has the advantage that al FE
materials in the same class are represented by
the same universal curves. For a film, the
basic assumption is that the equilibrium p(¢")

corresponds to a minimum of F, so that

p(¢) is a solution of the Euler Lagrange

equation:

d?p s 2
=t-Dp+p’———=ep. 5

az? t-Dp+p b (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 reversa
is studied by using the phenomenological
Landau-Khalatnikov (LK) equation which
can be written as [33]:

op  9(F/S)
Tor T op
:_Mp_gpﬂ (6)
& €o
2
Rd F2)+E
&, dz

where 7 isthetime. The scaled form of LK
equation is:

op __of
or, op
=(1-t)p-p° @)
+d2p+—e
d¢® 33

where the reduced time 7, is given by
7, =7(ATS,/ &) . The delay in domain
movement is represented by the parameter i,
the coefficient of viscosity. The kinetic term
m(0?P/¢ot?) is neglected in the LK

equation, because it only contributes to
phenomenain the higher frequency range.

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

p(¢)dg (8)

The free energy of the bulk is:
A(T-T
( ) P> + B

2¢, 4e,

F= ~P*-EP, (9

and in the reduced formiis:
2

f=[(t-1/2]p°+(1/4) p4—2—\/§ep.(10)

At equilibrium; df /dp=0,

d?f /dp® =0, the coercive field of the bulk
can be derived as:

e _ 2 AV (T, -T)¥
EYC

The reduced form of coercivefiddis;

ecbz( 1—t)3

(11)

(12)

Results and Discussion

Fig. 1 shows the effect of electric field e
on polarization profile in an FE film of
thickness| =1.5 with positive extrapolation

lengtho, =4.0. 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
dlightly 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 ¢ for electric field e equal to 0.0, 0.01, 0.1, 0.2 and 0.3. Thickness| = 1.5,

extrapolation lengthd, = 4.0, temperature t = 0.0.
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FIG. 2. Polarization p versus electric field e. Curve (@) 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 | = 1.5, extrapolation lengthg, = 4.0,

temperaturet = 0.0. Curve (c) zoom in inset.

Fig. 3 shows the electric field e effect on
polarization of an FE film with a thickness
| =1.5 with negative extrapolation
lengthd, =—4.0. 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

34

increment of induced polarization between
the film center and the film surface which can
also be visualized in Fig. 4. In the contrary to
afilm with positive extrapolation length (Fig.
2), the polarization increment on the film
surface is dightly greater than the
polarization increment at the film center for
films with negative extrapolation lengths.
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FIG. 3. Polarization p versus ¢ for electric field e equal to 0.0, 0.01, 0.1, 0.2 and 0.3. Thickness| = 1.5,
extrapolation length o, = —4.0, temperaturet = 0.0.
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FIG. 4. Polarization p versus electric field e. Curve (@) 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 | = 1.5, extrapolation length &, =-4.0,

temperature t = 0.0. Curve (c) zoom in inset.

The polarization reversal of FE films is
studied by applying the step electric field that
isusualy used in experiments [34]. The most
significant quantity in polarization reversal is
the switching timerg. There are severa
definitions of switching time in the literature
[18, 35-41]. In this study, we adopt the
switching time 74 to be the time taken when
the switching current J drops to 90% of its
maximum value J. [38-40]. The initia

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

e=ed(z,) (13)

where 6(z,) isastep function defined as:

1 for0<7, <7,
0(r) = (14)

0 for z,
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where 7, is the time when the field is

switched off and &, 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 6, =+2 and a film

thickness | = 5.4 is analyzed from the graphs
in Fig. 5 and Fig. 6 by applying electric fields
e = 0.9¢e;. and e = 5e,, respectively at t = 0.0
for both films. e; 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. Thisis because
the polarization on the film surface is less
than that at the film centre for an FE film

with +6, (seeFig. 1). Hence, the polarization
on the film surface would switch before that

at the film center. Experimentaly, it is well
known that polarization switches first on the

Ahmad Alrub

film surface then in the bulk [42]. Fig. 5 and
Fig. 6 show that by increasing the applied

electric field e, the switching time zg4
decreases for a film of thickness | =5.4 at
t =0.0. It can be seenin Fig. 6 that theinitial
polarization of an FE film with +4, can be
completely reversed by the applied electric
fielde =0.9 e;. This value of e is less than

the bulk coercive field €,. The reason for

that the film is switched by the electric field
less than the value of €, can be explained

based on the curves in Fig. 1 for p(¢) of a
film with positiveo, . 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, p=1forbukat=0 anda e=0
(Eq. 10). In this respect, the value of average
polarization (Eg. 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 +¢, than in the bulk
at lower applied field (e <e,).

T = 12,392
1.0 - / 1.0 x
0.9
0.5 - ~— N
e o8s 0
: 00 —/—4/—_——u_ 8
—_—
w—’
0.5 - W
\ o0 /
-1.0 -
-3 -2 -1 0 1 2 3
g

FIG. 5. Polarization profile p(¢’) during switching for thin film. 1 =54, § =+2, e=0.9e, t=0.0. The

number at each curve represents the time taken to reach the stage in terms of fraction of 7, =12.392.
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FIG. 6. Polarization profile p(&’) during switching for thin film. | =5.4, 5, = +2, e = 5, t = 0.0. The

number at each curve represents the time taken to reach the stage in terms of fraction of 7, =1.52.

Fig. 7 and Fig. 8 show the polarization
profile during switching for an FE film with a

negative extrapolation length o, =-2 for

film thickness | =5.4 at temperaturet =0 .
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 +0 (Fig. 5 and Fig. 6); that is switching
happens on the surface before at the film
center. For an FE film with—o,, the
polarization on the surface is greater than that
at the center due to the surface effect with
negative extrapolation length (See Fig. 3).

1.5 - \ 1,=9.633
\ 1.0 /
1.0 0.95
\_//F_O-g\,_/
0.5 - 0.85
P 0.8
0.0 1 0.7
0.6
=0.5 - 0.4
0.1
-1 -0 i / \
/, 0.0 \
-1 .5 T T T T T
-3 -2 -1 1 2 3

FIG. 7. Polarization profile p(¢’) during switching for film thickness| = 5.4, §, =2, e=15,t=0.0.
(Film parameters are the same as those of afilm with + ¢, , 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

7 =9.633.
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Fig. 7 and Fig. 8 indicate that the
switching time 74 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 (75 =1.52) of an
FE film with | =5.4 and 6, =+2 is less
than the switching time (75 =1.661) of an

Ahmad Alrub

FE film with | =5.4and 6, =—2 a t =0

by applying the same value of electric field e
= be, 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.

2.0

1.0 -

0.5 1

0.0

e
el "N

FIG. 8. Polarization profile p (g“) during switching for film thickness| =5.4, 6, = -2, e=5ec, t = 0.0.

(Film parameters are the same as those of a film with + &, , 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

7o =1.661.

Conclusion

Landau-typed TZ model is used to study
the intrinsic switching phenomenon of a free
standing FE film. We study the effects of
eectric field on polarization in FE films on
the surface and at the center of the film. Two
directions of applied eectric 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

Acknowledgements

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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The Effect of Geometrical Dimensions on the I mage 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.
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