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Abstract

Medica X-ray examinations play an important role in the diagnosing of many diseases;
this benefit of X-ray is usually associated with different kinds of risks. These risks are
heightened for paediatric patients, who are more radiosensitive than adults. Therefore,
to keep radiation dose to a minimum, one must know the dose associated with each X-
ray examination. The objective of this study is to give a quantitative and qualitative
assessment of radiation doses during diagnostic X-ray examinations for adult and
paediatric patients in two Libyan hospitals (Benghazi Children Hospital and Alhawari
General Hospital.

Effective dose, ED, in mSv was calculated for 101 adult patients, while for 146
paediatric patients, in addition to effective dose, the entrance surface dose in mGy was
calculated.

The radiographic examinations performed on paediatrics werechest (AP
,PA Latprojections), abdomen AP, cervical spine AP and skull lat, while for adult
patients, the following examinations were employed, abdomen AP, chest PA, cervical
spine AP, pelvis AP and lumbar spine AP

The most frequent examination performed on paediatric patients was chest AP(85 %),
while for adult patients; the most frequent examination was chest PA projection (76%).
DoseCa package was used in these calculations. This package is based on a formula
that converts exposure parameters into ESD values in mGy. A calibration procedure of
the X-ray tube was conducted to obtain a conversion factor that used in the calculation
of ESD for paediatric patients. The technique used for calculating ED dose in adult
patients was based on dose area product, DAP, in cGy cm?® which is then converted into
ED values.

The mean entrance surface dose obtained for chest AP performed on the age groups,
below 1y, (1-5)y and (5-10)y were 0.228, 0.229 and 0.309 mGy respectively.

For chest PA examination, the mean entrance surface dose for the two age groups (5-
10)y and (10-15)y were found to be 0.222 and 0.196 mGy respectively.

X1l



Entrance surface doses (ESDs) for paediatric patients were found to be as following:
Dose levels resulting from the calculations for paediatric patients showed higher values
of ESD when compared with international surveys conducted in many *’ advanced’’ and
""developing’’ countries with exception of few less advanced countries in addition to
recommended val ues by international organizations.

The elevation of dose levels for children undergoing conventional X-ray examination in
this hospital is unacceptable and must be looked at very carefully. This may be
attributed to many factors but was mainly due to the use of improper exposure
parameters.

The mean effective dose in the present study for adult patients undergoing chest PA,
abdomen AP, pelvis AP, cervical spine AP and lumbar spine AP were found to be
0.025, 0.186, 0.540, 0.040 and 0.501 mSv respectively.

Adult doses results were as following:

The adult dose levels compare well with international surveys from many countries and
international organizations. One of the reasons for these values to be within the
acceptable levels may be due to use of the newly purchased equipment by this hospital.
The other reason was the selection of good exposure parametersin the various
examinations.

Body organ doseforpaediatric patientsduring various exposures and for different
projections was also calculated. The results show the most and the least effected organs
during any particular examination.

Further studies were attempted, for paediatric patients, which try to relate dose to
weight, thickness and age of the patients. This was done for many reasons, the
important of which is the variations of paediatric patients in size and weight with age
group in addition to the sensitivity of children forces us to study all possible parameters.
This study is the first of its kind in Libya as far as we know and will serve as the
beginning of data base in order to establish Quality Assurance and QC programmes for

medical exposure in hospitals.
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Chapter 1

INTRODUCTION

After the discovery of the X-ray in 1895 by W.C. Roentgen, the use of X-ray in medi-
cine has increased fast. In diagnostic radiology, X-rays create images that help to diag-
nose the patient's medical condition (Seeram and Brennan, 2006) and are also useful in
detecting some disease processes in soft tissue. Examples of such X-ray examinations
are the common chest X-ray examinations, which can be used to identify lung cancer or
pulmonary edema and abdominal X-ray examinations, which can detect (blockage of
the intestine), free air (from visceral perforations) and free gall stones or kidney stones.
Fluoroscopy is an image technique commonly used by physicians to obtain real time
moving images of the internal structures of a patient through the use of a fluoroscope.
X-ray can be used to detect any abnormalities like broken bones, cancerous growth and
tooth decay (Capps, 2006). However, in light of all the benefits of this discovery, itisto
be noted that a radiation excess dose of X-rays is harmful to human beings. X-rays are
ionizing radiation, which can potentially damage cells within the body. High radiation
doses tend to kill cells, while low radiation doses tend to damage or alter the genetic
code of deoxyribonucleic acid (DNA) of irradiated cells (Andreass, 2004). Radiation
can cause cancer and there are no dose limits for patients receiving medical exposure as
part of their trestment or diagnosis, because the exposure must be justified by a net ben-
efit to the patient and hence the clinical necessity supersedes any dose limitation. Ener-
gy from ionizing radiation breaks chemical bonds, releasing free radicals and ions that
can damage DNA and proteins, short term radiation damage includes burns and hair
loss. A long term effect of radiation injury includes cancer induction and cataract forma-
tion (Furlow, 2004). The biological effects of radiation can be divided into two catego-
ries: stochastic effects and deterministic effects. Stochastic effects refer to effects whose
probability increases with increasing dose and for which there is no threshold dose and
tissue reactions are those in which the severity of the effect, rather than the probability,
increases with increasing dose and for which there is a threshold dose (Seeram and
Brennan, 2006).



The risk for paediatric patients of developing long term biological effects following ex-
posure to ionizing radiation is higher than that of adults because their cells, tissues and
organs have a higher radiosensitivity and they have alonger time to live, thereby enabl-
ing the effects to manifest. In addition, the chances of repeat examinations are higher
with paediatric patients due to improper immobilization and less effective communica-
tion during the examinations. The European commission (EC) states“ that the radiation
exposure in the first 10 years of life is estimated to have a risk about 4 times greater
than exposures incurred at 30-40 years of age for some detrimental effects’ (Brindha
banand Eze,2006). It is therefore important that radiation dose to children arising from
diagnostic medical exposure is minimized. The Commission of European Communities
(CEC) has recognized the need for the specia treatment of children and has published
guidelines suggesting examples of good radiographic practice and present useful image
criteria with the aim of producing high quality images at the lowest possible dose to the
patient (EC, 1996). Good radiographic technique includes the use of optimum kVp.
Lower kilovoltages should be avoided in paediatric chest examinations. The CEC re-
commends the use of 60-80 kVp for children between 0-15 years of age. Reduction in
patient doses can be achieved through changes in tube potential and the advantage lies
in absence of cost implications (Martin et al, 1993). Using a higher tube potential has
shown a 16-36% reduction in entrance surface doses in neonatal radiography without
any impairment of the diagnostic image quality (Wraith et al, 1995). More recently, new
technol ogies and modern equipments have been included as part of diagnostic resources
of radiology departments. However the necessary condition and control for the use of
such devices has not been taken into account in most installation accordingly. In most
courtiers, several initiatives have been implemented in order to regulate the use of the
ionizing radiation with the best image quality lowest doses and reduce the cost to the
department; the most efficient imitative is the implementation of QAP. The World
Health Organization (WHO) has defined quality assurance in X-ray medical diagnosis
as " an organized effort by the staff operating a facility to insure that the diagnostic im-
ages produce by the facilities are of sufficient high quality so that they consistently pro-
vide adequate diagnostic information at the lowest possible cost and with the least poss-
ible exposure of the patient to radiation. Quality assurance (QA) is a program used by



management to maintain optimal diagnostic image quality with minimum hazard and
suffering to patients. The program includes periodic quality control tests, preventive
maintenance procedures, administrative methods and training. It is aso includes conti-
nuous assessment of the efficacy of the imaging service and the means to initiate correc-
tive action, the primary goal of radiology quality assurance is to insure the consistent
provision of prompt and accurate diagnosis of patients. A QA program having the fol-
lowing three objectives will adequately meet this goal

To maintain the quality of diagnostic images.

To minimize the radiation exposure to patient and staff.

To be cost effective (Mohamadain, 2004).
According to the international organization for standardization (1SO), QA is defined as
all those planned and systematic actions necessary to provide adequate confidence that a
structure, system or component will perform satisfactorily in service (1SO, 1980). DRLs
are an important method of minimizing radiation dose and radiation dose variation at a
minimal cost to the radiology department (Seeram and Brennan, 2006).DRLSs or refer-
ence levels have been proposed by the international commission on radiological protec-
tion (ICRP). Radiation protection agencies in many countries including Australia, UK,
USA and New Zealand have set reference dose levels for commonly performed diag-
nostic X-ray examinations. These reference levels of entrance skin dose (ESD) have
been arrived at based on third quartiles of distributions of dosimetric data from national
wide surveys of 5 years old patients. These values are used as guidance levels regardless
of the age of paediatric patients. However this may not be suitable for newborn babies
and 1 year old children whose averagebody weight is approximately 50% of an average
5 years old child and would lead to overexposure of infants (Brindhaban and Eze,
2006). The increasing knowledge of the hazards of ionizing radiation has led to the need
for radiation dose assessment of patients during diagnostic X-ray examinations (Osibote
and Azevedo, 2008). Patient radiation dosimetry is an important deal in both diagnostic
and therapeutic departments. The aim is to emphasis that precautions should be taken to
limit radiation doses to paediatric patient, worker and co- patient as well as to members
of the public (Bushra et al, 2010). The aim of this study to investigate radiation doses

for commonly performed paediatric and adult X-ray examinations in two public hospit-



als in Benghazi, Libya in order to establish guidance dose levels. A dose assessment
must be done to avoid unnecessary radiation during X-ray imaging or guidance must be
given on dose levels. The radiation protection system for patients subjected to medical
exposures in diagnostic radiology is governed by principles of justification and optimi-
zation, including the consideration of diagnostic reference levels (DRLS). Therefore, a
diagnostic radiological procedure is justified if the benefits to the individual patient
from the medical diagnostic obtained with the radiological image balance the individual
detriment the exposure may cause. Once a medical exposure has been justified, the
principle of optimization is applied that is, the radiological examination must be carried
out with equipment and exposure parameters that ensure doses to patients as low as rea-
sonably practicable, consistent with the intended diagnostic purpose (Freitas and Y o-
shimura, 2009).

Thesis outline
This thesis is concerned about the estimation of paediatric and adult patients' doses for
some diagnostic X-ray examinations. Accordingly, it is divided into the following chap-
ters:
The second chapterincludestheX -ray production mechanism, the factors affecting the X-
ray spectrumemittedby anX-ray tubeand X-ray tube components.
The third chapterincludes the interactions of X-rays with matter.
The fourth chapterincludes the radiation quantities,methods of measurement and cal cu-
lation of radiation dose.
The fifth chapter includes the effects of X-rayson human beings,principles ofradiation-
protection and diagnostic reference levels established by International Commission on
Radiological Protection (ICRP) and its applications.
The sixth chapter includes the materials, methods including dosecal programme used
for estimation of radiation dose.
The seventh chapter includes the results and discussion of results obtained from Beng-
hazi Children Hospital and Alhawari General Hospital.



Chapter 2

BASICSOF X-RAY PRODUCTION

2.1. Introduction

X-rays were discovered by Roentgen in 1895 while studying cathode rays (stream of
electrons) in a gas discharge tube.He observed that another type of radiation was pro-
duced (presumably by the interaction of electrons with the glass walls of the tube) that
could be detected outside the tube.This radiation could penetrate opaque substances,
produce fluorescence,blacken a photographic plate,and ionize a gas.He named the new
radiation X- rays (Khan,2003).

2.2. Production of X-Rays

Projectile electrons produced bythermionic emission in the cathode are accelerated by
the high voltage to the anode where either bremsstrahlung or characteristic radiation is
produced (Fosbinderand orth,2011).

2.2.1.Bremsstrahlung X- rays

Bremsstrahlung X-rays result from coulomb interactions between the incident electrons
and the nuclei of the target material.During the coulomb interaction between the inci-
dent electron and the nucleus,the incident electron is decelerated and loses part of its
kinetic energyin the form of bremsstrahlung photons (radiative loss) as shown in
Fig.(2.1)(Podgorsak, 2005).High speed electronsmay pass by the nucleus at various dis-
tances from it.The closer an electron approaches the nucleus,the greater its deceleration
due to the stronger pull of the nucleus,thus the more energy will be lost and the higher
the energy keV of the emitted X-ray(Carroll, 2003).
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Fig.(2.1): Anincoming e ectron changing direction,due to the atomic nucleusand givin-
goff abremsstrahlung X-ray (Cherry and Duxbury, 2009).

2.2.2.Characteristic X-rays

Characteristic X-rays result from coulomb interactions between the incident electrons
and atomic orbital electrons of the target material (collison loss) as shown in
Fig.(2.2).In a given coulomb interaction between the incident electron and an orbital
electron,the orbital electron is gjected from its shell and an electron from a higher level
shell fills the resulting orbital vacancy.The energy difference between the two shells
may either be emitted from the atom in the form of a characteristic photon (characteris-
tic X-ray) or transferred to an orbital electron that is gjected from the atom as an Auger
electron(Podgorsak, 2005).

Fig.(2.2): () An atom being ionized when a K-shell electron is gjected by an energetic-
projecile electron. (b) The vacancy in the K- shell, resulting from ionization
of the atom, isfilled by an M- shell electron. A characteristic X- ray is given off (Cherry
and Duxbury, 2009).



2.3.The X-Ray Spectrum

X-rays generated by diagnostic machines contain a spectrum of photon energies that
range up to a maximum determined by the voltage applied across the X-ray tube gap.
The peak tube voltage (kVp) determines the maximum photon energy (expressed in kilo
electron volts (keV)(Hirshfeldet al, 2004). There are two basic types of spectra: conti-

nuous spectrum and discrete spectrum.

2.3.1.Continuous X-ray spectrum

The emission spectrum is called a continuous emission spectrum.The energies of the
photons emitted may range from zero to a maximum value.The general shape of the
continuous spectrum is the same for all X-ray machines.The maximum energy that an
X-ray is numerically equal to the kVp across the tube as shown in Fig.(2.3 b).The great-
est number of X-ray photons is emitted with energy approximately one-third of the
maximum photon energy(Nave, 2009).The continuous X-ray spectrum can be expressed
interm of wavelength of X-ray photon instead ofenergy as shown in Fig.(2.3 a). The

continuous X-ray spectrum is also called white or bremsstrahlungspectrum.
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Fig.(2.3): The continuous spectrum (Nave; 2009, Cattin; 2011).



2.3.2. Thediscrete spectrum

Characteristic X-rays are emitted from heavy elements when their eectrons make tran-
sitions between the lower atomic energy levels.The characteristic X-rays emission
which is shown as two sharp peaks in Fig.(2.4) occur when vacancies are produced in
the n=1 or K-shell of the atom and electrons drop down from above to fill the gap.The
X-rays produced by transitions from the n=2 to n=1 levels are called K, X-rays and
those for the n=3 transition are called KgX-rays(Nave, 2009). This spectrum is also
known as line spectrum or characteristic spectrum which depends on target material

therefore itdeterminestype of target material.
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Fig.(2.4): Discrete spectrum (Nave, 2009).

2.4.X-RayBeam Quantityand Quality
X-ray beam can be described by its quality and its quantity as shown in Fig.(2.5).
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Fig.(2.5):The general form and shape of the discrete and continuous X-ray spectra
(Thompson et a, 1994).



2.4.1.X-ray beam quality

Quality is an indication of X-ray beam's penetrating ability. For a given material the pe-
netrating ability of an X-ray beam depends on the energy of the photons.For X-ray
beams that contain a spectrum of photon energies,the penetration is different for each
energy.The overall penetration generally corresponds to the penetration of a photon
energy between the minimum and maximum energies of the spectrum(Sprawls,
1995).Thebeam quality is determined byhalf value layer (HVL) (Panichello, 1998) an-
dis the factor that describes the penetrating ability of specific radiation and the penetra-
tion through specific objects.HVL is the thickness of materia penetrated by one half of
the radiation and is expressed in units of distance (mm or cm) as shown in
Fig.(2.6).Increasing the penetrating ability of aradiation increasesits HVL.

The HVL isgiven by:

HVL= 0693 21

m

Where rrrepresents linear attenuation coefficient of that material. Theequation

(2.1)shows thatHVL isinversely proportional to the attenuation coefficient. The number,
0.693 is the exponent value that gives a penetration of 0.5 (Sprawls, 1995).
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Fig.(2.6): Penetration range of individual photons (Sprawls, 1995).



2.4.2.X-ray beam quantity
Beam quantity describes the amount of X-ray photons in the X-ray beam and therefore
it isrelated to beam intensity(Fosbinder and Orth,2011).

2.4.3.Factors affecting the X-ray beam quantity and quality
There are many factors affecting the X-ray beam quantity and quality such as X-ray
tube current,tube voltage,target material and beam filtration.

The effect of tube current on the X-ray beam
Changing the current of the X-ray tube (the milliamps or mA) changes the number of
electrons hitting the target.If you increase the mA by afactor of 2 then the number of X-
ray photons emitted at each energy will also increase by a factor of 2.The shape of the
output spectrum does not change,only the area under the curve.This is illustrated in
Fig.(2.7), which shows what happens when the mA are doubled and all other factors are
kept constant.The intensity of the X-rays produced (1) is proportional to tube current
(mA).Changing the current of the X-ray tube does not affect the quality of the beam,as
the energy spread and hence effective energy stays the same (Cherry and Dux-
bury,2009). The tube current has no effect on characteristic spectrum.
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Fig.(2.7):The effect on the tube spectrum when the mA has been halved (Cherry and
Duxbury,2009).
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The effect oftube voltage on the X-ray beam

Changing the tube voltage (kVp) across the tube increases the kinetic energy of the elec-
trons that reach the target. This means that the amount of bremsstrahlung produced in-
creases,as well as the average energy and the maximum energy of the X-rays pro-
duced.Fig.(2.8)shows two spectra,one with a peak tube voltage (kVp) of 70kVand
another with 80 kVVwith other factorsare keptconstant. The output intensity increases by
afactor proportional to the kVp? as shown by equation:

Intensity (1) a(kVp) % x mA 2.3
The quality of the beam has also increased, because the effective energy of the beam has
increased (Cherry and Duxbury,2009).
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Fig.(2.8): The effect on the tube spectrum when the kV has been reduced from
80kVto70kV (Cherry and Duxbury, 2009).
The effect of thetarget material on the X-ray beam
The atomic number of the target material has an effect on the X-ray beam.The higher
the atomic number of the target material the more positive the nucleus of the target atom
and so the more it attracts the electrons from the filament which pass close to it. Thus the
production of X-ray by the bremsstrahlung process is more efficient and the intensity of
the beam is increased. The maximum and the minimum photon energies in the beam are
not affected by the target material.The target material also affects the characteristic rad-

iation produced as shown in Fig.(2.9).The energies of the characteristic radiations from

tungaer] ar]d an_ —0 - xS AN S " r\96).
Higher £ Target
/ Cuality

Change

Mumber of
H-rays AMuantity Change
Enmittad i

(per kel /
! /\




Fig.(2.9): The effect of the target material on the X-ray spectrum (Thompson et al,
1994).
Table (2.1) Comparison of characteristic radiation energies produced from atungsten target
and molybdenum target (Graham, 1996).

Energy of Ka characteristic Energy of La characteristic
radiation (keV) radiation (keV)
Tungsten 59.32 8.39
Molybdenum 17.48 2.22

The effect of filtration on the X-ray beam

Applying a filter over the exit window will ater the number of X-rays in the useful
beam and also their energy.A filter such as aluminum will filter out more of the lower
energy X-rays because these are attenuated more easily by the metal,whereas the higher
energy X-rays will pass through.The beam coming out of the tube will always have
some effect of filtering,because the exit window and any inherent filtration will atte-
nuate some low energy photons.Fig.(2.10) shows the effect of adding filtration into the
exit beam.The highest energy of the spectrum (the kVp) stays the same, as the maxi-
mum energy of the X-rays coming out of the tube has not changed and some of these
will always pass through all filtering unattenuated. The effective energy shiftsto a high-
er kilovoltage as the number of lower energy X-rays has decreased.Filtration is used in
X-ray tubes to reduce the patient dose, because lower energy X-rays will always be ab-
sorbed by the patient without giving any useful information to the medical image pro-
duced(Cherry and Duxbury,2009).

1.5mm A1 a0ded frabion  Frem tube

= =
[= T =

=
(=1,

Itive inensity

=
=




Fig.(2.10): The effect on the tube spectrum when filtration has been added to the exit
beam(Cherry and Duxbury, 2009).
2.5.X-Ray Tube
An X-ray tube is an energy converter.It receives electrical energy and converts it into
two other forms: X-radiation and heat. The heat is an undesirable byproduct. X -ray tubes
are designed and constructed to maximize X-ray production and to dissipate heat as ra-
pidly as possible(Sprawls,1995).

2.5.1. General descriptions of the components of X-ray tube
A simplified diagram of an X-ray tube Fig.(2.11) illustrates the minimum components.
A high voltage is applied between two el ectrodes (the cathode and the anode) in an eva-
cuated envelope.The cathode is negatively charged and contains a filament which isthe
source of electrons.The electrons are released when the filament is heated with an elec-
tric current.The anode is positively charged and is the target of electrons.As electrons
from the cathode travel to the anode,they are accelerated by the electrical potential dif-
ference between these electrodes and attain kinetic energy.The kinetic energy gained by
an electron is proportional to the potential difference between the cathode and the anode
(Bushberg et al, 2001).When energetic electrons collide with the anode target, they lose
their kinetic energies in the form of X-ray photons and heat which heats up anode and

raises the temperature of anode and target.
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Fig.(2.11):Minimum requirements for X-ray production include a source and target ofe-
lectrons,anevacuated envel ope,and connection of the electrodesto a high
voltage source (Bushberg et al, 2001).

A medical X-ray tubes target is usually tungsten (95%) or more the crack-resistance al-
loy of tungsten rhenium (5%).Tungsten is chosen as the target material because it satis-
fies the requirement of the anode material for the production of X-rays.It has a high
atomic number 74,which makes it more efficient for the production of X-rays.It has a
high melting point; it is able to withstand the high temperature produced. Tungsten
melts at 3370°C.Tungsten is a good material for the absorption of heat and for the rapid
dissipation away from the target area (Curry et a, 1990).

2.5.2.Anode and target
The anode and target are the components in which the X-radiation is produced.Anode is
arelatively large piece of metal that connects to the positive side of the electrical cir-
cuit.The target is made of a metal located on the anode. The target and anode have two
primary functions (Sprawls, 1995):
Convert electronic energy into X-radiation.
Dissipate the heat created in the process.
The anode and target materials used should satisfy the following requirements:
- High conversion efficiency for electrons into X-rays. High atomic number Z mate-
rials are favoured since the X-ray intensity is proportional to Z.
- High conductivity so that the heat is removed rapidly.
- High melting point so that the large amount of heat released causes minimal damage

to the anode.
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- Low vapour pressure, even at very high temperature, so that atoms are not boiled off
from the anode.
- Suitable mechanical properties for anode construction (Dendy and Heaton, 1999).

The anodes (positive electrodes) of X-ray tubes are of two types, rotating and stationary.

2.5.2.1.Stationary anode

The anode target of a stationary anode X-ray tube consists of a small plate of tungsten,
2- or 3 mm thick that is embedded in a large mass of copper.The tungsten plate is
square or rectangular in shape,with each dimension usually being greater than 1cm as
shown in Fig.(2.12)(Curry et a, 1990).

Ewvacuated

Glass housing Copper electrode

/

Cathode Tungsten larget

Fig.(2.12):The anode of afixed anode X-ray tube consists of a tungsten insert mounted
in a copper block.Heat isremoved from the tungsten target by conductionin-
to the copper block (Bushberg et al, 2001).

In a stationary anode the target area is pure tungsten (W) (Z=74, melting point 3370°C)
because it satisfies the requirements of the anode material mentioned above and its abil-
ity to be shaped into many forms (Dendy and Heaton, 1999).

2.5.2.2.Rotating anode

Rotating anodes have a high rate at which energy deposited in the small target of an X-
ray tube heats the target to a very high temperature.Rotating anodes increase the area of
tungsten that absorbs energy from impinging electrons,reducing the temperature at-
tained by the anodes.Rotating anodes are also composed of mixture of tungsten with
other elements (Hendee and Ritenour, 1992).
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The anode disc is connected to a motor shank which is part of the motor.When the mo-
tor is switched on,the shank spins at the same time that the filament is being heated.By
spinning the anode disc, the target surface struck by the electron beam is constantly
changing.The heat is distributed across a larger surface area and the anode is less likely
to melt (Carroll, 2003).

Originally rotating anodes were made of pure tungsten.However,at the high tempera-
tures generated in the rotating anode,deep cracks developed at the point of impact of the
electrons.The addition of 5-10% rhenium (Rh) (Z=75, melting point 3170°C) greatly
reduced the cracking by increasing the ductility of tungsten at the high temperature
(Dendy and Heaton, 1999).

The example of the rotating anode with a larger target area can be illustrated with a
simple calculation.Stationary anode,with a focal spot of 6 mm high and 1.5 mm wide
has an area of 9 mm? A 100 mm diameter rotating anode, with a focal track of 6 mm
wide and 2z 50 mm = 314 mm long has an area of 1900 mm?as shown in Fig.(2.13).The
area of the rotating anode is about 200 times larger than the area of the stationary tube

for electronsto irradiate,with no apparent increase in the focal spot (Wolbarst, 1993).

Area = (6 mm)} (2r=50 mm) = 1900 mm-

F1g.(2.13): Rotating anode disk (Wolbarst, 1993).

2.5.2.3.Target angle

The anode surface of a diagnostic X-ray tube and the stream of electrons from the ca-
thode are not perpendicular to one another.The anode surface is canted by the anode an-
gle.The target angle is typically 10° to 20°, that is,the anode is tilted 10° to 20° away
from facing the stream of electrons head-on.When high velocity electrons are incident
on atarget, the useful bremsstrahlung X-rays are emitted predominantly in the direction
perpendicular to the electron stream and out of the target.(X-ray photons starting off in
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the opposite direction are fully absorbed by the anode).The angular dependency of
bremsstrahlung production is an important factor in the design of the anode.A thick tar-
get aligned perpendicularly to the electron flow would absorb most of the photons
created in it.With a target that is overly canted, on the other hand,the focal spot would
be too large. The target angle should be close to that which gives rise to the greatest usa-
ble X-ray beam intensity (Wolbarst, 1993).

2.5.2.4.Focal spot size

The area where the electron current hits the target is known as the focal spot.The small-
er the focal spot,the greater the resolution of the image produced with the tube. Howev-
er,with a small focal spot the amount of heat transferred to the target by the electrons
becomes concentrated in a small arealf the heat from the target cannot be dissipated
fast enough the target may become damaged and crack, causing the tube to fail.Apart
from using a rotating anode a good way to reduce the focal spot size isto utilize the an-
gle of the anode.The actual focal spot size is the area of the target that interacts with the
electron beam.The angle of the anode means that the X-ray beam exiting the tube is
much smaller than this area. This is called the line focus principle and is illustrated in
Fig.(2.14)(Cherry and Duxbury, 2009).
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Fig.(2.14): The effective focal spot size of an X-ray tube (Cherry and Duxbury, 2009).

2.5.25.Linefocus principle

Two approaches are used to provide a small focal spot and take advantage of the need
for alarge impact area to allow greater heat loading: the line focus principle and the ro-
tating anode.X-rays emerging from the tube can be made to appear to emanate from a
small area if the anode is constructed with an angle perpendicular to the incident
beam.The angles are shown in Fig.(2.15), range from 10° to 20°.This construction is
called the line focus principle,which causes the emitted X-rays to project an apparent
focal spot that is considerably smaller than that of the actual area being bombarded.The
size of the projected focal spot is directly related to the sine of the angle of the
anode.Focal spot size is expressed in terms of the apparent or projected focal spot,and
the sizesare typically 0.3, 0.6, 1.0, and 1.2 mm (Martin, 2006).

2.5.2.6.Hed effect
Electrons interact with target atoms at various depths into the target. The X-rays that

constitute the useful beam are emitted from depth in the target toward the anode side
and must transverse a greater thickness of target material than the X-rays emitted in the
cathode direction of the target.The intensity of X-rays emitted through the heel of the
target is reduced because they have alonger path through the target to escape and there
is an increase in absorption of those rays as shown in Fig.(2.15).Thisis called the heel
effect.Generally the smaller the anode angle, the larger the heel effect(Bushong, 1997).
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Fig.(2.15): Reduction in X-ray intensity due to the heel effect (Martin, 2006).
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The heel effect can be used to advantage for radiographing body parts of different
thicknesses by placing the thicker parts toward the cathode.For example,an anteroposte-
rior (AP) film of the thoracic spine should be made such that the upper thoracic spine
(i.e., thin side) is below the anode where the relative intensity is lower so that the thick-

er portion will receive the greater intensity (Martin, 2006).

2.5.3.Tube envelope and housing
The envelope is generally of thick walled glass and is constructed under very clean con-
ditions to a high precision to provide adequate insulation between cathode and anode.It
provides a vacuum seal to the metallic components that protrude through it. At the man-
ufacturing stage, great care was taken to achieve a very high level of vacuum before the
tube is finally sealed.If the residual gas molecules are bombarded by electrons,the elec-
trons may be scattered and strike the walls of the glass envelope, thereby X-ray tube
will have ceramic insulation between the tube and the anode and cathode connec-
tions. The presence of atoms or molecules of gas or vapour in the vacuum will have de-
leterious effects on the performance of the X-ray tube.
The tube housing is used to:

- Provides an X-ray window-which filters out some low energy X-rays.

- Contains the anode rotation power source.

- Provides high voltage terminals.

- Insulates the high voltage.

- Allows precise mounting of the X-ray tube envelope
- Containsthe cooling oil (Dendy and Heaton,1987; 1999).

2.5.4.Cathode assembly
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Fig.(2.16): The cathode assembly of a dual-focus tube (Wolbarst, 1993).

The basic function of the cathode is to expel the electrons from the electrical circuit and
focus them into a well-defined beam aimed at the anode.The typical cathode consists of
a small coil of wire (a filament) recessed within a cup-shaped region (Sprawls,
1995).The cathode assembly consists of one or more filaments in a focusing cup as
shown in Fig.(2.16).The small filament is used for high resolution imaging and the larg-
er filament is used when higher intensities are needed.It spreads the heat out over alarg-
er focal region on the anode (Wolbarst, 1993).When the current flowing through the fi-
lament is sufficiently high,about four amperes and above,the outer-shell electrons of the
filament atoms are boiled off and gected from the filament. This is called thermionic
emission.Filaments are made of tungsten. Tungsten provides higher thermionic emis-
sion than other metals because of its high melting point compared with 1500°C or less
for all other metals (Bushong, 1997).

2.5.4.1.Filament size

The filament must be large enough to give a practical electron density but not too
large,since this will cause focusing problems. The controlling factors are maximum op-
erating filament temperature and filament size.In practice filament current is not switch-
ed on and off after each exposure but is kept on standby mode (about 5 mA) and in-
creased to operating current (4.5 to 5.5 A) for exposures.When an exposure is made, a
preparation switch is first depressed which starts the anode rotating and increases the
filament temperature from standby mode (Dowsett et al, 1998).

2.5.4.2.Electron focusing

During the X-ray exposure,the anode of the X-ray is positively charged and the cathode
is negatively charged.As a result of this, the electron space charge is emitted from the
negative cathode and attracted to the positive anode.The situation which would arise if

both the cathode and anode were flat platesis shown on Fig.(2.17).
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Fig.(2.17): Smplified explanation of the focusing of electronsin the X-ray tube
(Graham, 1996).

Fig.(2.17 a)shows the result of no focusing cup on the cathode and in Fig.(2.17 b) the
concave focusing cup directs the electrons from the thermionic emitter Ftowards the
central axis,so that they strike smaller area (W) on the anode.The electric force field
consists of parallel lines starting at the anode and finishing at the cathode. Electrons are
emitted from the filament, F,and are attracted to the positive anode and the electrons
repel each other so the plume of electrons will increase in size asit travels across the X-
ray tube. The area W on the anode represents an unacceptably large focal area as this
would produce a large geometric bluntness on the resulting radiograph. To overcome
this problem, focusing cup is used as shown in Fig.(2.17 b). The thermionic electrons
from F now experience two forces, the one towards the central axis of the beam is
greater than the force of electrostatic repulsion between the electrons and the plume of
electrons isfocused on to a small area of the anode W in Fig.(2.17 b) (Graham, 1996).

2.5.4.3.Grid-controlled X-ray tubes

Conventional X-ray tubes contains two electrodes (anode and cathode).The switches
used to initiate and to stop an exposure with these tubes must be able to withstand the
large changes in voltage applied between the cathode and anode. A grid controlled X-
ray tube contains its own “switch” which allows the X-ray tube to be turned on and off
rapidly.The third electrode is the focusing cup that surrounds the filament.In conven-
tional X-ray tubes afocusing cup is electrically connected to the filament.This focusing

cup helps to focus the electrons on the target (Curry et a, 1990).

2.5.5. Filtration

When aradiograph is taken, the lower energy photons in the X-ray beam are mainly ab-
sorbed by and deposit dose in the patient.Only a small fraction, if any, reaches the film

and contributes to the image.The object of filtration is to remove a large proportion of
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