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ABSTRACT

The objective of the present work is to modify x-ray machine (used by the 

secondary standard dosimetry laboratory in Sudan) to produce x-ray qualities 

suitable for the calibration at diagnostic level. It based on experimental 

evaluations. The importance of this study appears in development of protocols to 

calibrate the instruments used in diagnostic radiology in by good response of the 

instruments and low cost. In particular, the Half-Value Layer (HVL) values for the 

following qualities 40, 60, 80, 100, 120 and 150 were determined using various 

attenuation layers. Ionization chamber was used to determine the free air kerma 

rate at a distance of 100cm from the x-ray generator. The obtained HVL values 

were compared with standard values of diagnostic levels. It was observed that

the HVL of the present x-ray machine in most qualities are smaller than the 

standard ones. An approved method (described in the STANDARD IEC 61267)

was applied to determine the amount of additional filtration required to meet the 

standard values. The results show that the available cupper layers were not 

suitable for this purpose as most of the x-ray was absorbed in the material.

Aluminum layers, on the other hand, show good performances to reduce the 

beams to the desired levels. The amount of additional filtration (from Aluminum

layers) needed in order to establish standard x-ray qualities to be used in 

diagnostic level were determined.
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الملخص

 

 إلنتاج)المستخدم بمعمل المعایرة الثانوي في السودان ( إنتاج األشعة السینیةجھازھو معالجة ھذه الدراسةھدف

تكمن أھمیة ھذه .سة علي نتائج عملیة إعتمدت ھذه الدرا.لمستوي التشخیصيمناسبة للمعایرة في ااشعة سینیة

الدراسة في تطویر برتوكول لمعایرة األجھزة المستخدمة في تطبیقات األشعة التشخیصیة بدرجة إستجابة جیدة

,40فروق جھد لالشعة السینیة المنتجة بواسطةھ نصف القیمكتم قیاس قیم سم.للجھاز بجانب التكلفة المنخفضة

أستخدمت غرفة تأین موضوعة علي بعد. بإستخدام طبقات توھین مختلفةك ف 60,80,100,120,150

K( سم من مولد األشعة السینیة لتحدید قیمة ال100 air( .وجد.تمت مقارنة القیم المتحصل علیھا بالقیم القیاسیة

بقت الطریقة الموصوفة فيط.أصغر من القیم القیاسیةان معظم القیم المتحصل علیھا بواسطة مولد األشعة السینیة

أظھرت النتائج ان.لتحدید كمیة السمك الواجب إضافتة للحصول علي القیم القیاسیة)IEC 61267(المنشور

أما االلمونیم أظھر.طبقات النحاس المتاحة غیر مناسبة لھذا الغرض نسبة إلمتصاصھا معظم األشعة السینیة المنتجة

حددت كمیة السمك اإلضافي من مادة االلمونیم الالزم.عة للمستوي المطلوبنتائج جیدة في أختزال حزمة األش

 .إلنتاج أشعة قیاسیة لإلستخدام في المستوي التشخیصي
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CHAPTER ONE

INTRODECTION

Secondary standard dosimetry laboratory at the Radiation Safety Institute, 

Sudan Atomic Energy Commission provides the service of radiation detector 

calibrations. The lab contains x- ray machine that used for calibrating the 

radiation detectors at region of protection levels only. The present work was 

performed to upgrade this machine in order to be used for diagnostic levels.

The procedure of the development is to add additional filtration to increase 

the value of the half value layer for the desired qualities. This is needed to match 

the values of the standard half value layer for diagnostic levels. This process of 

upgrade follow the method that reported in the standard NO 61267 of the IEC 

(IEC 2002) which can be summarized as follows: 

1- Determine the values of the half value layer (HVL) for each 

quality that used in the existing x-ray machine, 

2- Compare HVL values with the standard values of diagnostic 

level.

3- Then, if the values of the half value layer of the machine are 

smaller than the standard one, the method is applied to 

determine the amount of additional filtration. This is to establish 

the standard x-ray qualities used in diagnostic level. 
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CHAPTER TWO

LITERATURE REVIEW

2.1 WHAT IS RADIATION?

Radiation is energy in the form of waves or particles. Radiation high 

enough in energy to cause ionization is called ionizing radiation.  It includes 

particles and rays given off by radioactive material, stars, and high-voltage 

equipment. Ionizing radiation includes x-rays, gamma-rays, beta particles, alpha 

particles, and neutrons. 

Without the use of monitoring equipment, humans are not able to "detect" 

ionizing radiation. In contrast to heat, light, food, and noise, humans are not able 

to see, feel, taste, smell, or hear ionizing radiation. (USF August 2003)

2.2 X-RAYS

X rays are a form of electromagnetic radiation which arises as 

electrons are deflected from their original paths or inner orbital electrons 

change their orbital levels around the atomic nucleus. X rays, like gamma 

rays, are capable of traveling long distances through air and most other 

materials. Like gamma rays, x rays require more shielding to reduce their 

intensity than do beta or alpha particles. X and gamma rays differ primarily in 

their origin: x rays originate in the electronic shell; gamma rays originate in 

the nucleus. (USF August 2003)

2.2.1 X-RAYS PRODUECTION

In photo electric effect a part of the energy of photon is imparted to 

photoelectron, the reverse of this process in which kinetic energy of electron is 

converted into photon. This is the main method of x-rays production. The x-rays 

are electromagnetic waves of very short wave length of the order of fraction of 
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angstroms. A fast moving electron when stopped by a specific target, it loses its 

energy producing x-ray photons.

The electrons are generated by thermo ionic emission process in a 

vacuum tube. These electrons are accelerated by high voltage applied between 

cathode and anode. The electrons are focused at the target, which is mounted on 

the anode. The target is a high melting point & high atomic number metal such as 

tungsten or molybdenum embedded in a copper rod, the purpose of it is to 

conduct heat away from the target. The rod is cooled by different methods, like 

water or circulating oil through it or by use of cooling fines. Sometimes a rotating 

anode (means target disc rotates) is used, so that the same point of target is not 

heated by electrons.

The intensity of the x-ray increases with the number of electrons hitting the 

target and therefore depends on the filament current.

The penetration powers of the x-rays (quality) increase with increasing 

operating voltage of the tube. X-rays with low penetration power are called soft x-

rays; those with high penetration power are called hard x-rays.

The x-ray spectrum is continuous along with several sharp lines. These 

sharp lines are called characteristic x-rays; because they correspond to 

characteristics of target materials. (P.V.NAIK, 2000)(Roger 1991)

Figure (2.1) illustrate an x-ray tube
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2.2.2 X-RAY EMMISION SPECTRA

Atypical x-ray spectrum is shown in figure below

Figure (2.2) x-ray spectrum

1) Background of continuous radiation, the minimum wavelength of which 

depends on the operating voltage of the tube, i.e. on the energy of the 

bombarding electrons.

2) Very intense emission at a few discreet wavelengths (or x-ray line spectrum).

These wavelengths are characteristic of the target material and are independent 

of the operating voltage.

The continuous background is produced by electrons collide with the 

target and been decelerated. The energy of the emitted x-ray quantum is equal to 

the energy lost in the deceleration. An electron may be lost any fraction of its 

energy in this process. The most energetic x-rays (those whose wave length is 

λmin) are the result of bombarding electrons losing all their energy at ones. Since 

the energy of electrons depend on the operating voltage, so also does λmin, this 

mean the spectrum is function of voltage between cathode and anode of an x-ray 

tube.

X-rays with large wavelength are the result of electrons losing less than 

their total energy. The electron loses its energy as if brake is applied; therefore 
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some times these radiation (x-rays) are called braking radiations or 

Bremsstrahlung (a German word for braking radiations).

There is many mechanisms by which electron losses its energy, e.g. large 

amplitude vibrations of atoms, excitations of atoms, ionization of atoms, 

displacement of atoms, and so on. Some times electron does no create a single 

photon but two or more photons also, which share the energy in an infinite 

number of ways.

Along with the continuous spectrum, some sharp lines are observed in x-

ray spectrum these lines are the result of electron transitions within the atom of 

the target materials. The electrons which bombard the target are very energetic 

(~ 100,000 eV) and are capable of knocking electrons out of deep-laying energy 

levels of the target atoms. This corresponds to removing an electron from the 

inner orbit on the Bohr model. An outer electron may "fall" into the vacancy 

created in its atom, and in doing so causes a high-energy quantum of 

electromagnetic radiations, i.e. an x-ray to be emitted. The frequency of the x-ray 

is given by: E= h.f, where E is the difference in energy of the levels involved and 

h is Planck's constant. By knowing the energy of the x-ray photon the transition

can be decided. Since the energy levels are characteristic of the target atoms.
(P.V.NAIK, 2000)(Roger 1991)

2.2.3 X-RAY ABSORBTION SPECRA

Figure (2.3) x-ray absorption 
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In the figure above a monochromatic beam of x-ray of intensity I0 is 

incident on a thickness x of some absorber. The intensity of the emergent beam 

is given by:

I = Io exp (-µ x)   (2-1)

Where 

µ, constant for a given material at a given wavelength, is called the linear 

attenuation coefficient of the material at the wavelength concerned (m-1) 
(P.V.NAIK, 2000)(Roger 1991)

2.2.4 SOME PROPERITES OF X-RAY

- They travel in straight lines at the velocity of light

- They cannot be deflected by electric or magnetic fields

-They penetrate matter. Penetration is least with materials of high density

-They can be reflected, but only at very large angles of incidence 

- They cannot be focused by lens

- They can be diffracted 

- They ionize gases through which they path 

- They affect photographic films

- They can produce fluorescence 

- They can produce photoelectric emission

- They can damage or kill living tissues

- They have high penetration power

- They produce genetic mutations

- The range of their wavelength is 0.01 Å to 1000 Å  

 (P.V.NAIK, 2000)(Roger 1991)

2.2.5 SOME USES OF X-RAY

- They are used in medicine to 

a) Locate bone fractures, etc
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b) Destroy cancer cells

- They are used to locate internal imperfection in welded joints and 

castings

- X-ray diffraction has been used to determine the structure of complex            

organic molecules.    (P.V.NAIK, 2000)(Roger 1991)

2.3 X-RAY INTERACTIONS

In passing through matter, energy is transferred from the incident x-ray 

photon to electrons and nuclei in the target material. An electron can be ejected 

from the atom with the subsequent creation of an ion. The amount of energy lost 

to the electron is dependent on the energy of the incident photon and the type of 

material through which it travels. There are three basic methods in which x-rays 

interact with matter: photoelectric effect, Compton scattering, and pair 

production.

The probability of photons interacting, especially with the photoelectric 

effect, is related to their energy. Increasing photon energy generally decreases 

the probability of interactions (attenuation) and, therefore, increases penetration. 

As a rule, high-energy photons are more penetrating than low-energy photons, 

although there are limits and exceptions to this. (Sprawls 2001) (USF August 2003)

2.4 X-RAY BEAM QUALITY

The general term "quality "refers to an x-ray beam penetrating ability. It 

has been shown that, for a given material, the penetrating ability of an x-ray 

beam depends on the energy of the photons. For x- ray beams that contain a 

spectrum of photon energy, the penetration differ for various energies. The 

overall penetration generally corresponds to the photon energy between the 

minimum and maximum energy of the spectrum. This energy is designated the 

effective energy of the x- ray spectrum as shown below. 
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Figure (2.4) effective energy of x-ray beam quality (Sprawls 2001)

The effective energy of an x-ray spectrum is the energy of a mono-

energetic beam of photons that has the same penetrating ability (HVL) as the 

spectrum of photons.

The effective energy is generally close to 30% or 40% of peak energy, but 

it’s value depends on the shape of the spectrum. For a given KV, two factors that 

can alter the spectrum are the amount of filtration in the beam and the high 

voltage waveform used to produce the x-rays. (Sprawls 2001)

2.5 PENETRATION

One of the main characteristics of x-rays that make it useful for medical 

imaging is their ability to penetrate. When they are directed to an object, some of 

the photons are absorbed or scattered, where as others completely penetrate the 

object. The penetration can be expressed as the fraction of radiation 

passing through the object. Penetration is the inverse of attenuation. The amount 

of penetration depends on the energy of the individual photons and the atomic 

number, density, and thickness of the object. (Sprawls 2001)
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2.6 PHOTON RANGE

It may be helpful in understanding the characteristics of radiation 

penetration to first consider the range, or distance traveled by the individual 

photons before they are absorbed or scattered. When photons enter an object, 

they travel some distance before interacting. This distance can be considered as 

the range of individual photons. A characteristic of radiation is that all photons do 

not have the same range, even when they have the same energy. In fact, there is 

no way to predict the range of specific photon.

Consider a group of mono energetic photons entering an object, some of 

the photons travel a relatively short distance before interacting, where as others 

pass through or penetrating the object. The relationship between the number of 

photons reaching a specific point and the thickness of the material at that point is 

exponential. 

The nature of the exponential relationship is that each thickness of 

material attenuates the same fraction of photons entering it. This means that the 

first layer encountered by the radiation beam attenuates more photons than the 

succeeding layers.

In a given situation a group of photons have different individual range 

which when consider together, produce an average range of the group. The 

average range of a group of photons is inversely related to the attenuation rate. 

Increasing the range of attenuation by changing photon energy or the type of 

material decreases the range of photons. Actually the average photon range is 

equal to the reciprocal of the attenuation coefficient (µ):

Average Range (cm) =1/Attenuation coefficient (cm-1)  (2-2)

Therefore, the average distance (range) that photons penetrate a material 

is determined by the same factors that affect the rate of attenuation: photon 

energy, type of material (atomic number), and material density.

Average photons range is useful concept of visualizing the penetrating 

characteristics of radiation photons. (Sprawls 2001)
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2.7 HALF VALUE LAYER

Half value layer (HVL) is the most frequently used quantity or factor for 

describing both the penetrating ability of specific radiations and the penetration 

through specific objects. HVL is the thickness of materials penetrated by one half 

of the radiation and is expressed in unit of distance (mm or cm).

Increasing the penetrating ability of a radiation increases its HVL. HVL is 

related to, but not the same as, average photon range. There is a difference 

between the two parameters because of the exponential characteristic of x-ray 

attenuation and penetration. The specific relationship is:

HVL=0.693*Average range = 0.693/µ  (2-3)

This shows that the HVL is inversely proportional to the attenuation 

coefficient. The number 0.693, is the exponent value that gives a penetration of 

0.5

e-0.693 = 0.5  (2-4)

Any factor that changes the rate of interactions and the value of the 

attenuation coefficient also changes the HVL. These two quantities are compared 

for aluminum in the figure below. 

Aluminum has two significant applications in an x-ray system. It is used as 

a material to filter x-ray beams and also as a reference material for measuring 

the penetrating ability (HVL) of x-rays. The value of the attenuation coefficient 

decreases rather rapidly with increased photon energy and causes the 

penetrating ability to increase. (Sprawls 2001)
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Figure (2.5) Relationship between Attenuation Coefficient and HVL for 

Aluminum

2.8 FILTERATION

Filtration is the process of increasing the mean energy of the x-ray beam 

by passing it through an absorber. The primary x-ray beam is polychromatic, that 

is, the beam contains a spectrum of photons of different energies and the 

average energy is one-half to one-third of the peak energy. Many of the photons 

produced are low energy and, if they escape through the glass window of the 

tube, they are absorbed by the first few centimeters of tissue and contribute 

nothing to the exposure of the film. Only the higher energy photons can penetrate 

the patient and reach the film to assist in making the radiograph. The dose of 

radiation received by the patient is highest in the first few centimeters of tissue 

because of absorption of this low energy portion of the x-ray beam. The amount 

of scattered radiation is higher with an unfiltered beam because of the number of 

low energy photons. So, it is advantageous to use a filtered x-ray beam.

The x-ray beam is filtered by absorbers at 3 levels; 

• l) the x-ray tube and tube housing (inherent filtration), 
• 2) a sheet of absorber placed at the tube housing (added filtration), and 
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• 3) The patient. 

The technician has no control over the inherent filtration or over the 

patient. He can ensure that added filtration is present to absorb the low energy 

portion of the primary x-ray beam. Ideally, the filtration would absorb all of the low 

energy photons from the beam and transmit all high energy photons. This ideal 

situation can only be partially reached.

2.8.1 INHERENT FILTRATION

This is the filtration that results from the absorption of the low energy 

portion of the x-ray beam as it passes through the x-ray tube and housing. The 

amount of inherent filtration by an x-ray tube is strongly dependent on the wave 

form of the tube current and the tube voltage. The materials responsible for 

inherent filtration are: 

l) Glass envelope of the x-ray tube, 

 2) Insulating oil that surrounds the x-ray tube, and 

 3) The bakelite window in the tube housing 

Table (2.1) X-RAY ATTENUATION (Trout, 1963)

Attenuator % of Beam Remaining
Target 100
Glass (.78 mm Al equiv.) 6.6
Oil (.07 mm Al equiv.) 5.9
Bakelite (.05 mm Al equiv.) 5.6
Added Filter (0.5 mm Al equiv.) 4.2
Collimator mirror and face plate (1.0 mm Al equiv.) 2.4
Air (negligible loss) 2.4
30 cm patient 0.01
Grid (varies with grid type) 0.01
Film <0.01
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Inherent filtration is usually measured in aluminum equivalents. The 

filtering material is compared with the amount of aluminum that is necessary to 

cause the same amount of attenuation of the primary x-ray beam as the material 

in question. (Trout, E.D, 1963) (Trout, E.D, 1952)

2.8.2 ADDED FILTRATION

The filtration resulting from other material placed in the primary x-ray 

beam in addition to the inherent filtration is called added filtration.  Materials used 

are dependent on the energy of the x-ray beam and represent a compromise. 

Aluminum (atomic number 13) is used for low-energy radiation producing 

machines such as would be found in most diagnostic x-ray facilities. Copper 

(atomic number 29) is used for high-energy radiation producing units in 

conjunction with aluminum.

Table (2.2) MATERIALS RESPONSIBLE FOR INHERENT FILTRATION (Trout, 
1963)

Absorber Thickness (mm) Aluminum Equivalents(mm)
glass envelope 1.4 0.78
insulating oil 2.36 0.07
bakelite window 1.02 0.05
Total - 0.90

The aluminum absorbs the characteristic radiation that originates from the 

interaction of the x-ray beam with the copper. The characteristic radiation from 

copper is 8 keV, which is energetic enough to reach the skin and increase skin 

dosage. The characteristic radiation that originates from the interaction of the 

primary x-ray beam with aluminum is 1.5 keV and is absorbed by the air gap 

between the filter and the patient. (Trout, E.D, 1963) (Trout, E.D, 1952)
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2.9 EFFECT OF FILTRATION ON THE X-RAY BEAM

Filtration of the primary x-ray beam reduces the total number of x-ray

photons in the beam but, more importantly, it selectively removes a greater 

portion of the low-energy photons that do not contribute to the production of a 

radiograph (Figure 2.6). The intensity of the x-ray beam on the high energy side 

of the spectrum is reduced somewhat but not to as great an amount as noted on 

the low energy side of the spectrum. (Trout, E.D, 1963) (Trout, E.D, 1952)

Figure (2.6) EFFECT OF FILTRATION ON PHOTON ENERGY

2.10 EFFECT OF FILTRATION ON EXPOSURE FACTOR

Filtration results in reduction in the intensity of the x-ray beam. Even though 

most of the reduction is in the lower energy photons, there still is the necessity of 

increasing the exposure time or mA setting to compensate for the small loss of the higher 

energy photons. Even with this increase in radiation from increased machine settings, the 

patient receives less radiation during production of the radiograph than from the 

unfiltered beam. The effect on exposure factors is given so that you may more fully 
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understand the value and the effect of filtration on the primary x-ray beam. You should 

not be concerned about having to remember the increase in exposure time needed to 

compensate for the filtration, since a filter of given thickness is placed in the primary 

beam and is not changed. (Trout, E.D, 1963) / (Andréa, 2004).

2.11 THE PRACTICAL PEAK VOLTAGE

A new quantity termed the "practical peak voltage" is proposed. It is based 

on the concept that the radiation generated by a high voltage of any waveform 

produces the same AIR KERMA contrast behind a specified phantom as a 

radiation generated by an equivalent constant potential. This new quantity is 

derived by equating the low level contrast in an exposure made with an x-ray 

tube connected to a generator delivering any arbitrary waveform, to the contrast 

produced by the same x-ray tube connected to a constant potential generator. 

This constant potential producing the same contrast as the waveform under test 

is defined as practical peak voltage.

For the determination of the practical peak voltage for a specified 

waveform, the x-ray spectrum produced by an x-ray tube supplied with this non-

constant potential has to be calculated. Using this spectrum, the ratio of AIR 

KERMA behind a phantom and the AIR KERMA behind the phantom plus a 

constant material can then be calculated (for the application range "conventional 

diagnostic" a phantom of 10 cm PMMA and a constant material of 1 mm AL is 

used). Then, correspondingly, a constant potential giving the same AIR KERMA 

ratio for the same contrast configuration can be found. This is the practical peak 

voltage for the given waveform. 

This complex procedure is only necessary for the correct determination of 

the quantity practical peak voltage. For practical use it can be substituted for all 

waveforms by a simplified formalism. (H M KRAMER 1998) (IEC 61267: 2005)
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2.12 THE QUANTITY AIR-KERMA

The quantity air kerma characterizes a beam of photons or neutrons in terms of 

the energy transferred to any material. For the calibration service consideration it 

is limited to photon beams in air.

Air kerma is the total energy per unit mass transferred from photon beam 

to air.

Air kerma, Kair, is the quotient of dEtr / dm, where dEtr is the sum of the 

initial kinetic energies of all electrons liberated by photons in a volume element of 

air and dm is the mass of air in that volume element. Then

The SI unit of air kerma is the gray (Gy), which equals one joule per 

kilogram; the old unit of air kerma is the rod, which equals 0.01 Gy. (NIST 2006)

2.13 The IAEA/WHO NETWORK OF SSDLs

The secondary standard dosimetry laboratory (SSDL) is part of an 

international network of dosimetry laboratories established by the International 

Atomic Energy Agency (IAEA). The network provides a framework of 

international comparisons of the absorbed dose measurements that help to 

maintain consistency and accuracy. The SSDLs are designated by national 

laboratories (such as Primary Standard Dosimetry Laboratories, PSDLs) to 

provide national and international radiation dosimetry traceability for users in that 

country. 

The IAEA dosimetry laboratory is the central laboratory of the SSDL 

network, establishing the link between the users and the international 

measurements system. The SSDL network presently includes 69 laboratories 

and 6 SSDL national organizations in 58 Member states; the network also 

includes 20 affiliated members, mainly PSDLs, ICRU, BIPM, and other 

international organizations.
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The SSDL network has the responsibility to assure that the services 

provided by the laboratory member follow internationally accepted metrological 

standards. At present, this is achieved by providing traceable calibrations for 

therapy, radiation protection and diagnostic radiology instrument by the IAEA. 

The traceability is accomplished first with the dissemination of calibration factors 

for ionizing chambers from BIPM or PSDLs through the IAEA. As a second step, 

follow-up programmes and dose quality audits for the SSDLs to assure that the 

standard transmitted to users in member states are kept within the level required 

by the international measurement system. Data collected between 1985-1998 

(IAEA/WHO 1999) show on the average that approximately 8% of the laboratories 

conduct radiotherapy calibration only, 12% conduct radiation protection 

calibrations only, and nearly 80% of the laboratories do both type of calibrations.
(IAEA/WHO 1999)(J.Davies 2000).

2.14 ISO & IEC

One of the activities of the International Organization of Standardization

(ISO) is the preparation and revision of standards specifying the requirement for 

photon, beta and neutron reference radiation to be used in radiation protection 

for the calibration of personal and area dosimeter and for contamination 

monitors. The reference radiation are also specified for determining the response 

of the instruments as a function of radiation energy and angle of incidence .The 

standards are intended to be applied by primary and secondary standard 

dosimetry laboratories.

The mission of the International Organization for Standardization (ISO), a 

world wide federation of national standards bodies from some 100 countries. 

That is to promote the development of standardization and related activities in 

the world with a view toward facilitating the international exchange of goods and 

services, and to developing cooperation in the spheres of intellectual, scientific 

technology, and economic activity. ISO cooperates very closely with the 

International Electrotechnical Commission (IEC) which is responsible for the field 

of electrical and electronic engineering.  (J.Bohm 1999)
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2.15 DEVOLOPING STANDARD

In the English language, the same word, standard is used to describe both 

a written document and a physical object. Both these items are needed to 

establish a reference radiation in calibration laboratory.

Developing a facility for producing a reference radiation new to the 

calibration laboratory is in many ways, similar to the start-up of a new calibration 

laboratory. 

An essential step in the commissioning of a new reference radiation is to 

compare results obtained with the radiation to those obtained by a national 

metrology laboratory. It is also prudent to perform comparison measurements 

with other laboratories that have similar, or identical, reference radiations. (Joseph 

Mc. Donald 2004)

2.16 STANDARD FOR REFERENCS PHOTON RADIATIONS

Reference photon radiation fields are classified according to their origin or 

production methods: radionuclide source, filtered x-ray, fluorescent x-ray, and at 

high photon energies by nuclear reactions. (J.Bohm 1999)

2.17 REFERENCE X-RAY QUALITIES

The x-ray qualities for a dosimeter calibration must be selected taking into 

account that the response of a dosimeter could change when exposed to 

radiation beams having the same mean energy but different width or shape of the 

spectrum (ISO, 1993a). 

As an example, in the figure below the spectrum distributions are shown 

for four x-ray qualities having similar value of first half value layer and mean 

energy, but generated at different tube voltage and filtered in a different way.
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Table (2.3) characteristic of the four series of ISO reference filtered x-ray 
qualities  (J.Zoetelief 2000)

ISO series Ē

(keV)

K

(Gy/h)

Re 

%

Low air kerma rate 8.5 to 211 3  10 -4 18 to 22

Narrow spectrum 8 to 250 10 -3 to 10 -2 27 to 37

Wide spectrum 45 to 208 10 -2 to 10 -1 48 to 57

High air kerma rate 7.5 to 147 10 -2 to 10 5 -1 -

 E ≡ Mean Energy  .  Ka ≡ air kerma rate  .Re ≡ spectral resolution.

Figure (2.7) spectra of filtered x-ray beams with almost the same 
mean energy but belong to different ISO series. (Laitano et al., 1990)

Low air kerma rate a, high air kerma rate b, narrow spectrum c, and wide spectrum d
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It is evident that when the energy distributions of the x-ray spectra are 

rather different they may cause different dosimeter responses. Also the effect 

produced by different x-ray beams in an irradiated medium (air, graphite, or water 

etc) will be deferent. To minimize uncertainty in air kerma and absorb dose 

measurements, the quality of the x-ray beam used for the ionization chamber 

calibration shall be as close as possible to that of the users beam.

To facilitate the use of closely matching x-ray qualities, the international 

organization for standardizations (ISO) has specified reference radiations 

(ISO,1993a) and recommended procedures for calibration of dosimeters in term 

of the quantity air kerma (ISO,1993b).

For convenience of the deferent users, the ISO x-ray qualities are grouped 

into four series each having different characteristics and field of use. As an 

example if we make a comparison between the x-ray qualities of each ISO 

series, we found that the x-ray beam used for radiobiology purposes have in 

general a high dose rate, are achieved by a low total filtration of the beam, and 

hence have a wide energy distribution. Therefore the ISO x-ray qualities 

recommended for calibration are those included in the high air kerma series. A 

second series of reference x-ray qualities is recommended to be used by the 

Primary Standard Laboratories to compare their primary air karma standards. 

The characteristics of these x-ray qualities are very close to those of the x-ray 

beams used in radiobiology and their traceability to the primary standard 

laboratory assumed.

For the practical realization of a specific x-ray quality, once the inherent 

filtration of the tube is known, it is necessary to fix the x-ray tube voltage and to 

put the required additional filtration in the beam. After this the values of the HVL1

and HVL2 have to be checked experimentally. 

If the recommendation to use the same reference x-ray qualities for both 

calibration and the users cannot be met, the dosimeter calibration should be 

performed with reference qualities with spectrum shape and width matching that 

of the users x-ray beams as closely as possible.
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The dosimeter must be calibrated with more than one quality to obtain the 

energy response curve. The calibration factor for the users of x-ray beams is 

then obtained by interpolation. The number of experimental calibration points 

need to construct the energy response curve for a specified dosimeter has to be 

determined on the basis of the response trend in the energy range of interest. 

The interpolation will introduce an additional uncertainty in the calibration factor.  
(J.Zoetelief 2000)

2.18 CALIBRATION

Calibration can be defined as a set of operations performed under 

specified conditions to establish the relationship between values indicated by a 

measuring instrument or system and the corresponding known true values of a 

quantity to be measured.

The dosimetry laboratory at radiation safety institute is the main secondary 

standard dosimetry laboratory calibrates the dosimeters and also dose quality 

audit services.

2.18.1 TRACEABILITY OF MEASURMENTS

The purpose of a measurement is to determine the value of specified 

quantity called the measurand. The value of the measurand is obtained by 

measurement procedure. A basic requirement for each experimental activity 

(such as calibration of measuring instruments and absorbed dose 

measurements) is a common traceability of measuring instrument. The highest 

degree of measurement consistency is ensured within the SI system of units, 

through the traceability of the measuring instruments to national standards. 

Traceability of measuring instruments is established and maintained through an 

uninterrupted chain of comparisons. This chain starts at the national standards 

and ends at field use instruments, by means of successive calibration steps. As 

an example the figure below shows a three level traceability chain. (J.Zoetelief, 

2000) (J.Bohm, 1999)
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Figure (2.8): The Traceability Chain

2.18.2 DOSIMETERS CALIBRATION

Every single dosimeter should be calibrated before it first use and then 

recalibrated periodically. Ideally calibrations should be carried out under 

reference conditions (air pressure 101.3 kPa, air temperature 200 C, and relative 

humidity 65%). As this is not always achievable or convenient a small intervals 

around the reference can be used. The deviation of the calibration factor from its 

value under reference conditions caused by these deviations should in principle 

be corrected for. 

The calibration factor, N, is the conventionally true value of the quantity 

the dosimeter is intended to measure, a dose equivalent quantity H, divided by 

the dosimeter reading M

N=H/M  (2-6)

The calibration factor N is dimensionless when the instrument indicates 

the quantity to be measured. A dosimeter indicating the conventionally true value 

correctly has a calibration factor of unity.
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The conventionally true value of quantity is the best estimate of the value of the 

quantity to be measured, determined by a primary or secondary standard or by 

reference instrument that has been calibrated against a primary or secondary 

standard. (J.Zoetelief, 2000) (J.Bohm, 1999)

The calibration laboratory of radiation safety institute in Sudanese atomic 

energy commission has been calibrating instruments used in radiation protection. 

In it they calibrate different instruments used in different fields like nondestructive 

tests, instruments used in radioactive waste management’s laboratory …. etc. In 

this laboratory the calibration is done using a gamma radiation, x-ray with 

deferent qualities, and some times a neutron source 

For developing standard x-ray qualities to calibrate instruments used in 

diagnostic radiology (in other word is to do calibration in diagnostic level) this 

work was done. The establishing of these standard x-ray qualities for diagnostic

radiology level will follow the recommendation by the international standard IEC 

61267. 
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CHAPTER THREE

MATERIALS AND METHODS

3.1 INTRODUCTION

For photon radiation, it expected that the reference calibration laboratory 

will have a constant potential x-ray generator at its disposal which is appropriate 

to produce various filtered x-ray beams. The characteristic of the x-ray machine 

such as tube voltage, tube current must be known. 

The inherent filtration of the x-ray tube must be determined. The materials 

used for the construction of the filter sets must also be well known in terms of 

composition, thickness and uniformity.

The verification of the quality of the filtered x-ray beams should at least 

include the determination of the half value layer and the homogeneity coefficient.

The primary quantity that must be determined for the calibration of a 

photon-measuring device is the air kerma. The air kerma or air kerma rate at the 

point of test normally is determined using an air-equivalent walled ionization 

chamber calibrated by a national primary standard laboratory (or which is 

traceable to such chamber). The chamber is positioned with the center of its 

collecting volume at the point of test. The charge collected by the chamber is 

measured with an electrometer, and corrections are applied to account for the 

effects of air temperature, air pressure, ionic recombination and other influence 

parameters. 

3.2 X-RAY GENERATING SYSTEM

The X-ray generating system model PANTAK HF 160C series-2, constant 

potential x-ray unit. Measurements of free air kerma rate were taken from 40 kV

to 150 kV. An ionization chamber with a volume of 0.6cm3 was used as reference 

system for direct beam measurements.
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3.3 REFRENCE SYSTEM

The air kerma rates were determined with standard ionization chamber 

traceable to the PTB. The ionization chamber was Type 30004, with a volume of 

0.6cm3 and is connected to a PTW electrometer type UNIDOS calibrated on 

08/1998, traceable to the PTB. This ionization chamber was used as reference 

system for direct beam measurements.

The standard radiation qualities were established following a standard 

procedure specified by IEC 61267. 

All measurements were taken at 100 cm from the X-ray source, and a 

diaphragm was used at distance 50cm from the x-ray source.

The present work has been done in two steps: a) to determine the 1st and

the 2nd half value layer for each X-ray quality we want to established the standard 

for, then b) to determine the amount of additional filtration required to reach the 

standard X-ray qualities.

3.4 EXPERIMENTAL SET-UP

Figure (3.1) illustrates the experimental set-up and the instruments used
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The radiation detector was placed with its reference point on the reference axis in 

the application plane. The application plane was been at distance of 100cm from 

the focal spot. And the Half-Value Layer Test device at distance of 50cm from the 

focal spot (see figure 3.2)

Figure (3.2) shows a diagram of the experimental set-up

3.5 DETERMINATION OF THE 1st HVL FOR THE QUALITIES 
UNDER STUDY

Using the experimental setup drawn previously an attenuation curve was

measured with an aluminum attenuation layers. The attenuation curve covers at 

least an attenuation of a factor 6. 
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The x-ray tube voltage determined in unit of kilovolt (kV) for all qualities, 

while the current in (mA). Although, the air-kerma rate determined in unit of 

mGy/min, while the added thickness of aluminum attenuation layer in unit of 

(mm). 

The attenuation curve was determined with a set of seven Al-filters 

starting with a thickness of 0.5 mm, where the thickness increases by a different

factor from one filter to the next. The material of the aluminum attenuation layers

of purity of 99.9 % type MRI. The size of the aluminum attenuation layer is large 

enough to intercept the full radiation beam intended to be used for the test.

Diaphragm was used to limit the extent of the radiation beam immediately

after the exit surface of the attenuation layer.

In geometry the radiation detector was placed with its reference point on 

the reference axis in the application plane. The application plane was at distance 

of 100cm from the focal spot.

3.6 DETERMINATION OF THE AMOUNT OF ADDITIONAL 

FILTRATION

Figure (3.3) shows a sample diagram of attenuation curve of x-ray quality. It

shows attenuation factor verses the layer thickness. This 'attenuation' curve was

used to determine the amount of additional filtration to reach the standard quality.
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Figure (3.3) a sample diagram shows the method of adjusting the 

rectangular template on the attenuation curve to determine the amount of 
additional filtration  

In the above figure (3.3) a logarithmic scale on the ordinate (attenuation 

factor) was selected leaving a linear scale on the abscissa (layer thickness). 

In order to determine the amount of additional filtration, necessary for 

achieving the desired radiation quality, the method recommended by the 

standard IEC 61267 was followed. A preferentially transparent rectangular 

template was prepared. The height and width of this rectangular, both in the 

respective units of the diagram, are given by a factor of four and by the first half 

value layer of the standard radiation quality to be realized multiplied with (1+1/h) 

respectively where h is the homogeneity coefficient of the standard radiation 

quality. 

A plot was drawn on the auxiliary horizontal line on the template dividing it 

into two parts of equal sizes and another vertical line at a distance from the left 

edge of template correspond to the first half value layer. An attempt was made to 

position this template on the attenuation curves in such away that the edges of 
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the template are parallel to the axis of the diagram and that the upper left and the 

point of intersection of the two auxiliary lines coincide with points on the 

attenuation curve as seen in the sample diagram (3.9).

Finally the difference between the position of the left edge of the template 

and the ordinate was determined as the amount of additional filtration required to 

establish the standard radiation quality.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 INTRODECTION

The primary objectives of the present work are to establish the standard 

diagnostic x-ray qualities. The importance of this study presents in development 

of protocols to calibrate radiation detectors in diagnostic levels at low costs. Itself 

this is of great benefit for the secondary standard dosimetry lab as well as all x-

ray diagnostic departments in the country. On the other hand that increases the 

detectors qualities and gets good traceability. When trying to apply the IEC 

method for determination of the half value layer and calculations of the amount of 

additional filtration it was observed that few corrections are needed. These 

corrections were made based on repeated measurements. 

The first trial was to get a result for the actual thickness built-in the 

machine. This built-in thickness used to produce x-ray qualities in protection level 

zone. But unfortunately the obtained half value layers were greater than the

standard one for various qualities (40, 60, 80, 100, 120 and 150KV). The 

experiments were repeated after removing the protection level layers, i.e. x-rays 

were used directly (without filtration).

Many problems were encountered during this work. The following 

subsections describe attempts to solve these problems:

The amount of additional filtration required to establish the standard 

diagnostic x-ray quality was determined using two types of commonly used 

materials; Aluminum and Cupper.   

4.2 ATTENUATION BASED ON CUPPER LAYERS

When cupper layers are used in addition to the protection level thickness 

(layers composed of aluminum and cupper layers) no enough readings of free air 

kerma to plot the attenuation curves were obtained (few readings in a narrow 
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range). This small range of readings was a result of high attenuation of the x-ray 

beam by the cupper layer. The beam was firstly attenuated by the protection 

level layers that exist in the machine. It is observed that when 0.5 mm thickness 

of cupper used, all the x-rays absorbed for most qualities.

After removing the protection level layers and using thicknesses of 0.5mm, 

1mm, 1.5mm, and 2mm respectively. The following was observed: for qualities 

40 kV and 60 kV no result were obtained because the 0.5mm thickness of cupper 

was enough to remove all the x-rays. This was attributed to: low energy of x-rays 

and the strong attenuation in the cupper layer. For qualities 80 kV, 100 kV, 120 

kV, and 150 kV results are shown from the attenuation curves. From the

attenuation curves it is possible to draw the following conclusions:

§ Using a layer of thickness 0.5mm of cupper a drop occurs for the free air 

kerma rate for all qualities. At 40 & 60 kV the drop reach approximately 

zero, refer this to the approximately full attenuation of the beam. This drop 

will affect the fitting of the curves and lead uncertain results.

§ In the regions between 0.5mm and 1mm thickness, curves goes to the 

negative values. This is referred to the high drop in values of the free air 

kerma rates. More data at this region (i.e. using smaller thicknesses 

intervals) is required to improve the fitting.

§ Above 1mm thickness the shape of the attenuation curves are semi 

straight lines parallel to the x axis. This means the attenuation became 

weak at this region and the thickness added after 1mm thickness will not 

affect the x-ray beam.

Due to these difficulties the value of the HVL is greater than the expected. 

For that reason aluminum filtration are to be investigated.

4.3 ATTENUATION BASED ON ALUMINUM LAYERS

When using aluminum sheets together with the protection level thickness, 

however, results of various ranges were obtained. This type of result helps to plot 

the attenuation curves in accurate manner which leads to evaluate and calculate 
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the values of HVL for each x-ray quality. Though the trends of the curves 

obtained follows the exponential fits, the values of the HVL were greater than the 

reference values. Thus the results guided us to establish the standard quality for 

diagnostic level beside the built-in thickness of protection level.

When removing thickness of the protection level (i.e. direct x-ray beams) 

some findings were observed as follows:

v High drop of the free air kerma rates between 0 and 0.5 mm similar 

to cupper layers. That means 0.5mm thickness of aluminum 

attenuates much of the incident x-rays. As x-ray beam composed of 

soft and hard components, the soft part of the beam is attenuated 

using 0.5 mm thickness of aluminum (soft x-ray is easily stopped by 

small thickness but hard x-ray needs greater thicknesses).

v In the region between 0.5 and 1mm thickness, some fluctuations in 

the curve shapes can be observed due to low amounts of x-ray 

penetrated the aluminum sheets. 

v Greater than 1mm thickness values become almost constant 

indicating less attenuation of the beam took place.

Few corrections were made by using additional data points between 0 & 

0.5 mm the help in obtaining the HVL values, which were greater than reference 

values. 

An attempt was made to resolve these problems by excluding all soft x-ray 

produced by the machines. This application will not, however, affect the final 

results since in diagnostic radiology; x-ray must have relatively high penetration 

power to get a good image. A set of experimental operations were performed in 

order to optimize the suitable thickness that remove the soft x-ray. The results 

obtained here showed that when using aluminum sheets of thickness of 3.5 mm 

most of the soft x-rays disappeared and first order exponential curves can be 

obtained as shown in the following curves.

Figures (4.1)-(4.6) illustrate the attenuation curves for different x-ray 

qualities using aluminum layers. They indicate the relation between the aluminum 
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attenuation layers verses the air kerma rate. This is used to determine the 1st and 

2nd half-value layer, then the homogeneity coefficient for each quality.
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Figure (4.1) illustrates the attenuation curve for quality 40 kV/10mA
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Figure (4.2) show the attenuation curve for quality 60 kV/6mA
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Figure (4.3) illustrate the attenuation curve for quality 80 kV/10mA
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Figure (4.4) illustrates the attenuation curve for quality 100 kV/22mA
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Figure (4.5) shows the attenuation curve for quality 120 kV/20mA
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Figure (4.6) illustrate the attenuation curve for quality 150 kV/3mA
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Table (4.1) indicate the values of HVLs for qualities under study

X-RAY TUBE 
VOLTAGE

kV

ASSEMBLY 
FIRST HALF-

VALUE LAYER

In mm of 

aluminum

STANDARD 
FIRST HALF-

VALUE LAYER

In mm of 

aluminum

HOMOGENEITY 
COEFFICIENT

40 1.65 1.42 0.81

60 2.24 2.19 0.74

80 2.67 3.01 0.69

100 3.01 3.97 0.68

120 3.47 5.00 0.68

150 3.85 6.57 0.72

Table (4.1) shows the values of the HVL for each quality that were 

obtained experimentally. The table includes the standard reference values that 

need to be established in the present work. Also, it shows the homogeneity 

coefficient for the standard qualities.

From the table it is observed that at qualities 40 kV and 60 kV the values 

of HVL is greater than the standard, which raise difficulties to determine the 

amount of additional filtration of aluminum required to establish the standard 

quality.

For the qualities 80 kV, 100 kV, 120 kV, and 150 kV the values of the HVL 

is smaller than the standard one.

Figures from (4.1) to (4.6) show adjustment of the standard templates on 

the attenuation curves for qualities 40kV, 60kV, 80kV, 100kV, 120kV, and 150kV.
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Figure (4.1) illustrate the attenuation curves after change to logarithmic 
scale, and the standard template positioned in it for quality 40kV/10mA
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Figure (4.2) shows the attenuation curves after change to logarithmic scale, 

and the standard template positioned in it for quality 60kV/6mA
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Figure (4.3) illustrate the attenuation curves after change to logarithmic 
scale, and the standard template positioned in it for quality 80kV/10mA
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Figure (4.4) shows the attenuation curves after change to logarithmic scale, 

and the standard template positioned in it for quality 100kV/22mA
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Figure (4.5) shows the attenuation curves after change to logarithmic scale, 

and the standard template positioned in it for quality 120kV/20mA
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Figure (4.6) indicates the attenuation curves after change to logarithmic 

scale, and the standard template positioned in it for quality 150kV/3mA
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The method mentioned in the previous chapter was applied on this data, 

and the result was tabulated in the table bellow

Table (4.2) illustrates the amount of additional filtration required for 

qualities 40, 60, 80, 100, 120, and 150 kV to meet the standard values of 
HVL.

X-RAY TUBE VOLTAGE

kV

AMOUNT OF ADDITIONAL 

FILTRATIN REQUERED

in mm aluminum

40 2.5

60 3.08

80 3.4

100 7.1

120 4.7

150 6

The above table indicates the amount of additional filtration required to 

establish the standard qualities for diagnostic level.



45

Chapter FIVE

CONCLUSION

In the present work additional filtration for various x-ray qualities were 

determined. For qualities 40kV and 60kV the amount of additional filtrations were

found to be equal 2.5mm, 3.08mm respectively, which largely deviates from the 

estimated values. These deviations were attributed to the amount of soft x-rays 

present in the x-ray spectra. However, in qualities 80kV and 100kV the amounts 

of additional filtration were found to be 3.4mm, 7.1mm respectively, in good

match with the expected values. The good result for these qualities refers to the 

compatibility between the penetration power of those beams and the range of 

attenuation layers used.

In the qualities 120kv and 150kV the amount off additional filtration 

required were 4.7mm, 6mm respectively. These values are slightly better than 

values for the qualities 40kV & 60kV. This is referred to the high penetration 

power of the x-ray beam emerged, required a great amount of thickness to 

attenuate them.
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