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Abstract 

One of the main tasks in occupational radiation protection is the reliable determi~ 

nation of radiation protection dose quantities like effective dose or organ equivalent 

dose. Basic dosimetric quantities like air kerma or operational dose quantities like 

ambient dose equivalent, directional dose equivalent or personal dose equival~nt as 

measured by dosimeters provide only a rough approximation of the radiation protec~ 

tion quantities. To obtain a more detailed description of an exposure situation in 

terms of protective quantities the radiation field has to be analyzed with regard to its 

type, spectral energy distribution and direction of incidence to provide the necessary 

information for the conversion of operational quantities into protection quantities. 

In this work the spectroscopy of x~rays scattered by a patient. simulated by a wa~ 

tel' phantom, during fluoroscopic examination is investigated. The experiments are 

performed using a diagnostic x~ray unit. A spectrometer with a high~purity genna~ 

nium detector is operated in a highly collimated x-ray beam. An ionization chamber 

in the entrance field of the phantom serves as a monitor and provides reference values 

of the x-ray tube output. 

Scattered x-ray spectra are recorded for different tube voltages. spectrometer

phantom distances and angular positions with respect to the direction of the inci~ 

dent x-rays. To validate the spectroscopic method, spectra of direct x-rays are also 

measured and compared with reference spectra. 
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1 INTRODUCTION 

After the discovery of x-rays by W. C. Roentgen in 1895, their medical application 

followed soon. Now they are used for diagnostic radiography and radiation therapy. 

In cases when information about moving structures within a patient are needed, the 

_patient has to be exposed continuously to the x-rays while images are observed by the 

medical personnel. This technique is referred to as Fluoroscopy. In cardiac surgery, 

for example, the surgeons follow the movement of injected flnid while carrying out 

the surgery. Since the patient and the medical personnel are in the same room, the 

medical personnel are exposed to direct and scattered x-rays from the patient. To 

protect themselves, they wear lead-rubber aprons covering the torso and, in some 

cases, leaded eye-glasses and thyroid shields [2J. The exposure of staff is monitored 

by personal dosimeters worn below or outside the apron at the collar or at the finger 

(finger-ring dosimeter). These dosimeters, however, provide operational doses at 

the surface of the body. Detailed information on the spectral energy distribution 

and direction of incidence is necessary to convert them into radiation protection 

quantities. Spectroscopic measurements can provide this information. 

The direct result of a spectroscopic measurement is pulse height distribution. It is 

a convolution of the incident spectrum of photons and the response functions of the 

detector used. Since the cross-sections of the interactions of photons with matter are 

energy-dependent, the efficiency of detection is also energy-dependent. Hence the real 

spectrum of photons is obtained by deconvoluting and applying efficiency corrections 

to the measured pulse height distributions. Since the spectral photon fiuence is related 

to air kermal or other dosimetric quantities by mass-energy absorption coefficients, 

such quantities can also be derived from spectral data. 

Response functions of the detector used in the spectrometer have to be available in 

sufficiently low steps and high accuracy for the whole energy range considered. They 

can be calculated by a Monte Carlo method which simulates the radiation transport 

and energy deposition in the detector. The response functions used in this work were 

1 Kerma is explained in section 3. 
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calculated usmg the Monte Carlo code EGS4 [31 and were made available by Dr. 

Georg Fehrenbacher at the GSF research center in Germany. 

The detector efficiency can be obtained from the response functions. To vali

date the calculated response functions, efficiency values computed from them were 

compared with measured efficiency values. 
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2 INTERACTION OF PHOTONS WITH 
MATTER 

When photons pass through an absorbing medium, they may completely lose their 

energy and disappear or lose part of their energy in scattering events. Most of the 

energy lost by the photons is absorbed by the medium. If this medium is a body 

tissue, the absorbed energy may cause some biological damages. 

The three major types of interactions of photons with matter are the photoelectric 

effect, Compton scattering, and pair production. Their relative importance depends 

on the energy of the incident photons and the atomic number of the absorbing medium 

and is shown in fig. 1. 
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Figure 1: Relative importance of the three major types of ,-ray inter
actions. The curves show the values of Z and E~ for which two types of 
effects are equal [4]. 

Pair production occurs for incident photon energies greater than 2moc2 (1022ke\i) 

where mo is the rest mass of the electron. In this section the photoelectric effect and 

the Compton scattering are discussed in some detail since they are relevant to this 

work. 

2.1 Photoelectric Effect 

This effect is the dominant mode of interaction at low energies and large atomic 

number of the absorbing medium. It is an interaction with a tightly bound eleytron 
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where a photon transfers all its energy. Depending on the photon energy. the electron 

from any of the shells J(, L, M, ... can be ejected out of the atom. The kinetic energy 

of the ejected electron is given by 

T = hv - Eb ( 1 ) 

where hv is the incident photon energy and Eb is the binding energy of the electron . 

in the corresponding atomic shell. This kinetic energy is absorbed in the medium 

resulting in ionization and excitation of the atoms. The photo-electron leaves behind 

an excited atom with a vacancy in an inner shell. If a J( electron is ejected, the atom 

can deexcite when L. 1"1 or N electrons fill the vacancy leading to the production of 

fluorescent x-rays. These x-rays can escape from the medium transferring no energy. 

In an alternative phenomenon -called Auger effect- the filling of the valance in f{ 

shell. say by electrons from L shell, leads to the ejection of a less tightly bound 

electrons from ,'vi or N shell. The new vacancy left behind can be filled by similar 

A uger effect liberating electrons and leaving behind a hole. The process continues 

until all vacancies are located on the outermost shell. Electrons from the conduction 

band fill the final vacancies. Hence all the initial binding energy, Ekb in this case, ends 

up as electron kinetic energy contributing to the energy transferred to the absorbing 

medium and finally to heat. 

The interaction cross-section per atom for the photoelectric effect can be approx

imately descri bed by [5] 

Tph = const.Z4
.
5

/ E3 (2) 

where Z is the atomic number of the medium and E the incident photon energy. 

Hence high Z-materials are more effective for photoelectric interaction than low Z

materials. The inverse cubic dependence on the incident photon energy shows that 

the photoelectric effect is the dominant mode of interaction at low energy. The 

energy dependence of the photoelectric and Compton mass attenuation coefficients 

of the HPGe crystal used in the spectral analysis of this work and that of water which 

serves as phantom are shown in fig. 2 and fig. 3, respectively. 
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10.000 

Rayleigh-scattering is an elastic scattering of photons by the combined effect of 

the whole atom. Hence it does not lead to deposition of energy in the absorbing 

medium. As can be seen in fig. 3, its contribution to the total mass attenuation 

coefficient of water is significant only for energies less than about lOke V. 

2.2 Compton Effect 

Absorption of medium-energy x-rays takes place partly by the photoelectric phe

nomenon but largely by Compton-scattering effects. In fig. 1, the region of Comp

ton scattering is very broad and dominates for low-Z media like carbon(Z = 6). 

water(Z = 7.78), muscle(Z = 7.64), fat(Z = 6.46), bone(Z = 12.31), etc [6J. Compo 

ton scattering is the interaction of a photon with an electron in which the incident 

photon transfers part of its energy to the electron and leaves in a direction obeying 

the laws of energy and momentum conservation. 

For a given photon energy. the probability that the photons scatter at any angle e 
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Figure 3: Mass attenuation coefficient of water. 

can be obtained from the Klein·Nishina formula. Fig. -! shows the angular dependence 

of the Compton scattering cro~s·section for several energies. As the incident photon 

energy increases, the angular distribution becomes more and more peaked in the 

forward direction. 

The dependence of the Compton interaction cross-section on the atomic number 

of the medium and the energy of the incident photons can be approximated using the 

Klein-Nishina formula. Taking into account the electron binding energy one finds [5] 

rJc = const.Z/ E (3) 

where Z is the atomic number and E the incident photon energy. 

Compared with the photoelectric phenomenon, it is less dependent on Z and E 

since, in this ~case, photons interact mostly with loosely bound outer electrons. 
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3 QUANTITIES FOR THE DESCRIPTION OF 
THE INTERACTION OF PHOTONS WITH 
MATTER 

In this section three physical quantities - kenna. dose and exposure - which are 

important in describing the interactions of photons with matter will be discussed. 

3.1 Kerma 

3.1.1 Definition and Relation to Photon Fluence 

KERMA is an acronym for [(inetic Energy Released per ]lAss (" A" has been added 

only for phonetic reasons). It describes the first stage of the interaction of indirectly 

ionizing radiation with matter. The kinetic energy transferred from indirectly ionizing 

radiation to the electrons of the interacting atom in a volume V is [7] 

where 

(R i") u = energy of photons entering V, excluding rest mass energy, 

(Rou,):m,,= energy of photons leaving V, excluding rest mass energy and radiative 

loss, 

EQ = net energy derived from rest mass in V 

According to equ. (4) not all the kinetic energy transferred to the electrons leads 

to ionization or excitation. Photons may knock out bound electrons from inner shells 

which leads to the production of characteristic x-rays. Electrons which approach 

the nucleus very close suffer a loss of kinetic energy as a result of electromagnetic 

attraction by the nucleus. The loss in energy appears as bremsstrahlung x-rays. 

Photons with energies at least twice the rest mass of electron can produce electron

positron pairs. If the positron is annihilated, two gamma rays are produced. Hence 

if the characteristic and the bremsstrahlung x-rays. and/or ,-rays produced by the 

in-flight annihilation of the positron escape from the medium, the kinetic energy 
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transferred to the electrons is lost. However, these radiative losses which are caused 

by the conversion of kinetic energy of electrons into photons are not included in the 

term (Ro"')~O'" in equ. (4) 2. The definition of the energy transfer is related to the 

energy received by charged particles in a specified volume V, regardless of where and 

how it is spent. 

Kerma is defined in terms of energy transfer as 

J( = dE,,/dm (5) 

where dE" is the energy transferred to a volume element dV of mass dm. Its unit is 

J/kg. The unit J/kg is also called Gray(Gy) and is related to the smaller unit rad by 

for a monochromatic photons of energy E, the kenna is related to the photon 

fluence, the number of photons per unit area, by the mass energy-transfer coefficient 

(/1"/ p)E.Z, which is characteristic to the energy of photons E and the atomic number 

Z of the medium [6] 

(6) 

where /1" is the linear energy-transfer coefficient and p is the density of the medium. 

The quantity E" in equ.(6) is the average energy transferred by the beam of photons 

of fluence <I>(E) to electrons at each interaction site. Hence the product <I>(E)(/1"/ p) 

gives the number of photon interactions that take place pel' unit mass of the irradiated 

volume. 

For a spectrum of photons of fluence <1>( E) constant in time [7] one has 

rEm", d<l>(E) _ 
J( = JE=O dE (/1,,/ p)E,zE,,(E)dE (7) 

2The superscript nonr indicates the exclusion of radiative losses. 
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3.1.2 Components of Kerma 

The kinetic energy obtained by electrons of a medium at their first interaction with 

incident photons can be spent in two ways: one way is through the Coulomb inter

action with the atomic electrons of the medium. This interaction results in the local 

deposition of energy as ionization or excitation and is called collision interaction. The 

other way is through Coulomb interaction with the atomic nuclei. In this interaction 

bremsstrahlung x-rays are produced as electrons decelerate. These x-rays carry their 

energy far away from the production site compared to the electrons and may escape 

from the medium. This escape causes a loss in kinetic energy called radiative loss. 

Another phenomenon which contributes to radiative loss is the in-flight annihilation 

of positrons which produces two gamma quanta. In this case only the kinetic energy 

of the positron at the instant of annihilation is classified as radiative energy loss. 

Depending on how the kinetic energy obtained by charged particles is spent. kenna 

can be divided into collision and radiative kermas according to 

(8) 

where the subscripts c and l' refer to collision and radiative interactions. respectively. 

Extending equ. (4) the net energy transferred to a volume V can be defined as 

(9) 

where R~ is the radiative energy loss. The collision kenna at the point of interest can 

be defined as 

(10) 

According to equ. (9) collision kenna is the net energy transferred to charged particles 

per unit mass, excluding radiative loss. 

In a similar fashion radiative kerma can be defined as 

/(, = dR~/drn (11 ) 

For monochromatic photons of energy E, the collision kerma 1<0 is related to the 
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photon fiuence through the mass energy-absorption coefficient [6] as 

(12) 

where 4>(E) is the incident photon fiuence, !lab/pis the linear energy-absorption 

coefficient and Eab is the mean energy absorbed by electrons. Similar to equ. (7), for 

a spectrum of photons of fluence 4>(E) one has 

(13) 

For incident photons of energy less than 1.022M e V no electron-positron pairs are 

created. For media with low atomic number, the fluorescent (characteristic) x-rays 

produced are of low energy and are totally absorbed in the medium. Hence the ra

diative loss is very small. The mass energy- transfer and mass energy-absorption 

coefficients can be used interchangeably. From now on. unless it is mentioned specif

ically kerma represents total or collision kenna. 

3.2 Absorbed Dose 

r nlike kerma, the absorbed dose is related to the biological effect of both directly 

and indirectly ionizing radiation. It can be defined in terms of the energy imparted 

by ionizing radiation. For a substance of mass Tn in a finite volume F. the energy 

imparted [7] is given by 

(H) 

where (Rin)a and (Rou')u are the radiant energies of uncharged radiation entering 

and leaving V, (Rin)e and (Rou,)e the radiant energies of charged particles entering 

and leaving V, and EQ the net energy derived from rest mass in V. The absorbed 

dose at any point in V is given by 

D = dE/dm ( J.'j) 

where dm is the infinitesimal mass at the point in question. -It" is a physical quantity 

which represents the amount of energy absorbed by a medium such as a body tissue 

11 



per unit mass. For the same body tissue the higher the dose rate value, the higher is 

the biological effect it may cause. For deterministic effects [8J. the severity of a disease 

caused by exposure to harmful radiation increases with dose above some threshold 

value. The probability of occurrence of stochastic effects increases with dose without 

any upper or lower threshold values. 

The absorbed dose includes the deposition of energy by secondary charged parti

cles produced as a result of the primary interaction. Thus it is not directly related, 

unless under some specific simplifications, to the primary photon beam. Its unit is 

the same as that of kerma. 

3.3 Exposure 

As defined in [eRP 51 [9], the exposure is given by 

x = dq/dm (16) 

where dq is the absolute value of the total charge of the ions of one sign produced 

in air when all the electrons liberated by photons in air of mass dm are completely 

stopped. Its unit is C /kg. It is defined for the measurement of x- and ,- rays III 

terms of their interaction with air. 

Since the mean energy expended in air by x- or ,- rays per ion pair formed is 

tV = 33.97 e V, exposure can also be defined for monochromatic photons of energy E 

as 

x = {<P(E) (pen) Etr} { ,f:} . 
P E,Z II a" 

( 17) 

where IVair/e = 33,97J/C and the other terms as in equ. (6). Thus 

x = (J(e) . (e) = (J(e) . /33.97 
atr vTf. air 

a" 

(IS) 

where J(e is in J/kg, Hence exposure is the ionization equivalent of collision kerma 

J(e in air for x- and ,-rays, 
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4 PROPERTIES OF X-RAYS 

X-rays were discovered in 1895 by the German physicist Wilhelm Conrad Roentgen 

and were so named because their nature was not known at that time. During the 

conrse of his experiments on electrical discharge tubes Roentgen noticed that a thin 

sheet of paper coated with barium platinocyanide glowed when placed near the tube 

[10]. After further investigation he concluded that the fluorescence was being caused 

by invisible rays which were capable of penetrating not only glass but also optically 

opaque materials. He also found that he could photograph the interior of objects. 

For example, the bone structure of the hand could be photographed because the bone 

attenuates x-rays to a greater extent than the soft flesh. 

The medical implication of this discovery were immediately appreciated and. 

within a few months, physicians in many parts of the world started using x-rays 

as an aid to diagnosis. However these physicians. specifically called radiologists. had 

suffered from occupationally-produced cancer as a result of excessive exposure to ra

diation. Nowadays x-rays are widely used in medicine not only for diagnosis but also 

for the treatment of diseases. 

X-rays differ from ,-ray in two important respects. Firstly, ,-rays are emit

ted from an excited nucleus whereas x-rays originate from transitions of the atomic 

electrons between different states in an atom. Secondly. a ,-ray spectrum contains 

definite discrete energies while x-rays usually have a continuous spectrum of energies 

with some characteristic maximum values. 

4.1 Production of X-rays 

X-rays are produced when high-energy electrons bombard on a suitable metallic tar

get (see fig. 5). The high-energy electrons are obtained by accelerating thermionic 

electrons in an electric field or by accelerators like electron-synchrotrons and beta

trons. In this paper only the former method is discussed. 

The efficiency of x-ray production by accelerating thermal electrons is dependent 

on the atomic number of the target material, high-Z material giving a much higher 
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yield than low-Z material. For the voltages used in diagnostic radiology3, less than 

1 % of the energy carried by the electrons is converted to x-rays and over 99% appears 

as heat and must be removed from the target [6]. Hence in addition to high atomic 

number, the target material must have a high melting point, Due to the mentioned 

factors, tungsten is generally used as a target ( melting point= 3370°C). To increase 

its resistance to electron bombardment, tungsten is usually mixed with rhenium in 

the ratio 90: 10. 

tungsten . 
tarott filoment !~U"InO 

anode 

'------0+ High -
voltage 

filament 
It supply 

U=i=::::t:=~7 

milliammeter 

Figure 5: Schematic diagram of a conventional x-ray tube 

Electrons obtained by thermionic emission are accelerated and allowed to fall on 

the target in a vacuum tube. There are different kinds of tubes for specific appli

cations, however all of them have the following parts:(l) a source of electrons. (2) a 

large potential difference through which the electrons are accelerated, (3) evacuated 

path for the accelerated electrons, (4) a target to be bombarded by the accelerated 

electrons, and (5) an envelope to ensure the vacuum. 

The quality or the penetrating ability of x-rays is determined by the voltage 

applied to the tube. The fluence rate of created photons at a given voltage is propor

tional to the number of electrons striking the target and hence to the current through 

320-120kV 
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the tube. 

If an alternating voltage is used as a source, the current through the tube can flow 

only when the anode is positive with respect to the cathode. Hence the current in the 

tube becomes a series of pulses that lasts for one half of the period of oscillation of 

the source voltage. Consequently the x-rays are produced in pulses. To obtain x-rays 

of constant intensity, rectifiers or diodes are supplied to the x-ray tube circuits. 

4.2 Detection of X-rays 

X-rays can be detected by fluorescent screens, photographic films, semiconductors. 

etc. 

Fluorescent Saeens can be made of different materials: calcium tungstate (Ca VYO~). 

barium strontium sulphate (BaSrS04), gadolinium oxysulphide with terbium as an 

activator (Gd02S:Tb), etc [61. Even though each material has its own emission spec

trum, all materials fluorece visible light. 

Photographic Films are affected in much the same way by x-rays as by visible 

light. However they are less sensitive to x-rays. To increase their sensitivity. the 

films are sandwiched with fluorescent screens. These screens absorb the x-rays and 

emit visible and ultraviolet light which expose the film. This technique is widely used 

in hospitals for radiography. 

Semiconductor Detectors utilize the proportionality between the energy of an x

ray and the number of free electron-hole pairs created in the semiconductor material. 

They consist of two conducting electrodes with a region between them filled with a 

semiconductor crystal ( usually silicon or germanium). A high voltage is applied 

across the electrodes thereby producing an electric field in the semiconductor. When 

an x-ray enters the semiconductor and is totally absorbed, it loses its energy by pro

ducing free charge carriers, the number of which is proportional to the energy of the 

x-ray. The charge carriers move under the influence of the electric field until they are 

collected at the electrodes or trapped internally in the crystal. The resulting current 

represents the basic signal information, and the integrated current is proportional 
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to the energy lost by the x-ray. The signal is amplified ( see Ii. 6) and shaped 

to produce a pulse whose amplitude is proportional to the energy of the incident x

ray. The pulses are sorted and stored according to their amplitude by a multichannel 

pulse height analyzer (MCA). The output of the MCA constitutes the complete x-ray 

spectrum. Using spectral analysis programs it can be displayed on a computer screen 

during and after measurement. The main elements of the spectrometer are listed in 

Appendix A. 

X-ray source Detector Preamplifier 

Computer MCA Amplifier 

Figure 6: Schematic setup for the detection of x-rays. 

4.3 X-ray Spectra 

X-ray spectra consist of two parts: a continuous spectrum. and a line spectrum. which 

is superimposed over the continuous spectrum. The line and continuous spectra are 

also called characteristic and bremsstrahlung spectra, respectively. 

The line spectrum. is produced when high-energy electrons interact with inner shell 

electrons of the target atoms. The incident electrons impart energy to the various 

inner shell electrons and, depending on the amount of energy imparted, the inner 

shell electrons move to outer shells or are ejected out of the atom. The vacant places 

left behind are filled by transitions of outer shell electrons which radiate energy equal 

16 



to the difference of the binding energIes of the two shells involved. If a f( shell 

electron is ejected out of the atom, electrons from L, lid or N shells satisfying certain 

quantum-mechanical selection rules can fill the K vacancy. The spectral lines arising 

from these transitions form a series known as f( series. Similarly the electrons of lid. 

S, ... when they fill vacant places in L shells produce spectral lines of the L series 

and so on. 

In the [( series there are four important lines appearing as two paIrs of close 

doublets. The lines 1<0 1 and /(CX2 have nearly the same energy and are separated by 

10keV from the higher energy doublet /(/31 and [((33' The L series lines are usually 

produced but not observed since they are completely absorbed in the target itself and 

the housing of the x-ray tube. The important emission lines for tungsten target are 

given in tab 1. The last column in the table shows the relative number of photons 

emitted. 

Table 1. [(-lines of Tungsten. 

Transition Symbol Energy(ke V) Relative Number 

f( - .Hm f(ol 67.244 21 

f( - Jill /(03 66.950 11 

[( - Lm [(CXI 59.321 100 

/( - LII J(CX 2 .57.984 58 

The characteristic lines are usually not of great importance either in diagnosis or 

therapy because they constitute only a small fraction of the energy in the total spec

trum. 

Continuous Spectrum. Electromagnetic energy will be radiated whenever an elec

tric charge is accelerated. Radiation produced in this way is known as bremsstrahlung 

and forms the continuous spectrum. 

Electrons coming near to the nucleus change their trajectory due to the Coulomb 
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attraction. All values of bremsstrahlung x-ray energies from zero to some maximum 

value hvo are possible. The highest x-ray energy occurs when an electron undergoes 

a head-on collision with the nucleus and is stopped completely in one collision. In 

this case the whole kinetic energy of the electron appears as bremsstrahlung being 

the high-energy limit of the continuous spectrum. Since the probability of a complete 

transfer of electron energy in a single collision is very small, only few x-ray photons 

are produced at the maximum energy hvo • The shape of the continuous spectrum in 

general depends on the thickness of the target. The spectrum shapes for an ideally 

thin target and a realistic thick target are discussed below. 

I 

Eo 

Figure 7: Intensity distribution of photons produced by a beam of elec
trons of energy Eo bombarding a thin target. 

Continuous Spectrum j1"On! Thin Target: In a thin target where the electrons 

suffer no more than one collision on the average in passing throngh, the intensity 

of photons is constant at all energies (fig. 7). The shape can be explained by an 

argument based on classical impact parameter considerations (fig. 8). 

As the impact parameter, b, increases, the differential cross-section increases in 

proportion to b. The number of photons generated also increases in proportion to b. 

However the energy of the photons decreases as b increases. If the energy is assumed 

to be proportional to lib, the intensity of the photons which is pr()portional to the 

product of the number of photons and their energies will be constant [7J. 
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Figure 8: Classical impact parameter consideration. 

Continuous Spectrum from Thick Target: A thick target can be treated as a 

number of thin targets superimposed. Electrons with initial energy Eo. after passing 

through the first thin layer will have an energy E1 < Eo. It produces a flat 'spectrum 

of photons with a maximum energy Eo. After passing the second thin layer it will 

have an energy E2 < E, and produce a flat spectrum with a maximum energy E1 

and so on. Hence the total spectrum will have the shape depicted in fig. 9. 

The total spectrum from a thick target can be described by the equation 

[(E) = C Z(Emax - E) (19 ) 

where [(E) is the intensity at energy E. Z is the atomic number of the target, and 

C is a constant. 

4.4 X-ray Filtration 

X-ray spectra can be hardened by using filters. They largely attenuate the low energy 

part of the spectrum. In fig. 10 curve A represents an unfiltered spectrum produced 

with 100 kY tube voltage using a thick tungsten target. Curve B is the result of 

inherent target filtration through 0.01 mm W in escaping the target. A filtration 

through 2 mm Al in addition to the inherent target filtration produces curve C. To 

avoid confusion, the K-fluorescence lines are not shown in curves Band C [7J. 
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I 

Figure 9: Intensity distribution of photons prodnced by a beam of elec
trons of energy Eo bombarding a thick target. 

Since the dominant interaction of photons at low energies is the photoelectric 

effect and varies as Z4.5 with atomic number, high Z materials are more effective for 

filtering low energy photons. 

When using combinations of filters of different atomic numbers, they must be 

positioned in a decreasing order of Z going in the direction of the x-rays. This 

allows each filter to remove the fluorescence x-rays that originate in the higher-Z 

filter upstream from it. 
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Figure 10: X-ray spectrum from 100 ke V electrons on a thick tungsten 
target. Curve A: Unfiltered. B: Filtered through 0.01 mm W in escaping 
the target. C: Additionally filtered through 2 mm AI. 
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5 PHOTON SPECTRUM FROM MEASURED 
PULSE HEIGHT DISTRIBUTION 

In semiconductor detectors photons are detected by the amount of energy they de

posit in the detector crystal. However some interaction events lead to only partial 

deposition of energy. _ Here is a list of some of such events: 

• The escape of photons characteristic to the detector material leads to a wrong 

energy information about the primary photon. Suppose an incident photon of 

energy E > EJ( causes a fluorescent photon of energy E/\ characteristic to the 

detector material and this photon escapes from the crystal. The photon then 

deposits an energy of E - EJ( and it will be counted as an E - EJ( photon. In 

spectroscopy this effect is identified as K -escape peak. 

• In a similar way if a Compton-scattered photon escapes from the detector. 

it leads to the counting of the prim~ry photon at low energy position. The 

maximulll energy that can be transferred by a Compton-scattered photon to 

the electron is given by 

(20) 

where Eo is the incident photon energy in h'e V. Since any energy transfer in 

the interval [0, Eel is possible. it leads to a continuous distribution belo\\' Ec. 

• At incident photon energies greater than 1022ke V electron-positron pairs are 

created. In the electron-positron annihilation process two photons are created. 

These photons can escape from the detector crystal. In the pulse-height distri

bution single and double escape peaks appear at the energies of Eo - .5IlkeV 

and Eo - 1 022ke V, respectively. These peaks are the results of partial energy 

deposition of photons of incident energy Eo. 

• Photons can be scattered from the cryostat and the passive layers around the 

detector crystal. Even though they may deposit all their energy, they do not 

have the same energy as the primary photons. 
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Therefore, to get the correct energy distribution of the incident photons removal 

of partial energy deposition events have to be done. A method of removing the partial 

energy deposition events is discussed in sec. 5.2. 

5.1 Differential Pulse Height Distribution 

The differential pulse height distribution dAjdH which represents the differential 

number of pulses measured, whose energy is in the interval [E, E + dE] can be taken 

as a convolution of the response function of the detector and the energy distribution 

of the incident radiation(photons) in the form 

dAjdH =0 J R(H, E)<f>(E)dE (21) 

where R(H, E)dH dE is the differential probability that a quantum of energy in the 

interval [E. E + dE] leads to a pulse with amplitude in the interval [H. H + dH] and 

cf>( E) is the incident distribution of photons. 

vVhen a spectrum is recorded by a multichannel analyzer. there is a finite number 

of pulse-heights H ( energy channels). The continuous function cf>(E) can be ap

proximated by a set of values cf>i in m finite energy intervals. The response functions 

are similarly approximated by discrete values of the same intervals. the full set of re

sponse functions being given by the matrix Rij . Hence equ. (21) can be transformed 

into the discrete form [11] 

m 

A j =0 L Rijcf>i j =0 1,2.··· ,:V (22) 
i=l 

where Aj is the recorded pulse in the ph channel, Rij is the reading of the ph channel 

of a pulse height analyzer for unit fiuence of monochromatic photons in the energy 

interval i and cf>i is the photon finence of the i 'h energy interval. 

Equation(22) consists of a set of linear equations which mayor may not have 

meaningful solutions depending on the values of In and N. When the number of 

energy intervals In is equal to the number of channels N, there is a unique mathe

matical solution which can be obtained by inverting the matrix Rij. If In < N. there 
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exists a solution, but it results in a rough approximation of the continuous spectrum. 

If m > N, the mathematical solution is physically meaningless. 

A method of solving equ. (22) is described in the next subsection. 

5.2 Spectral Stripping Method 

If channel widths are chosen so that photons of energy group i produce pulses in 

channel i, then pulses in channel j can be produced only by photons in energy group 

i ;::: j or R;j = 0 if i < j. Hence equ. (22) can be written as 

.v 

Aj = <PjRij + 2: <PiRij j = I. 2"", N (23) 
I::::j+l 

Solving for <P.v and <P j , 

(24) 

.v 
<Pj = (..lj- 2: <PiRi))/Rij j=N-I..Y-2.···.! (25) 

i::::j+l 

where N is the largest-energy channel. This channel does not contain any Compton 

background. so it contains the true number of photoelectric events of the primary 

photon beam. 

The continuous subtraction. starting from the (N - l),h channel down to thp 

first channel avoids Compton background. escape peaks and secondary peaks from 

the spectrum. Finally, since the detection probability is a function of the incident 

photon energy, an efficiency correction has to be applied to get the true shape of the 

spectrum. 

5.3 Determination of Response Functions 

Reliable results from equ. (25) require the aCCl1\'ate determination of the response 

functions of the detector. In a radiation laboratory large amount of photons are 

scattered before they enter the detector and give a contribution to the response 

function of the detector. Hence the measl1\'ed response functions cannot be reliable. 

Reliable response functions are obtained from lvlonte Carlo simulation. 
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In the spectral measurements, a high-purity Ge detector was used. The response 

functions of this detector were calculated for each ke V interval by using the photon 

and electron transport code EGS4[3J. The full set of the response functions of our 

detector is shown in fig. 11. 

l 

,0 ' 

B 

A 

Figure 11: Full set of response functions calculated with the EGS4 code 
for the HPGe detector used. For sets of peaks marked by A and B see 
the text. 

The set of peaks represented by A in fig. 11 are the full-energy response peaks. 

The responses of the detector to photons scattered back from the liquid nitrogen 

dewar are shown by the set of peaks B. They occur at all incident photon energies. 
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6 EFFICIENCY OF THE HPGe DETECTOR 

The number of counts in a peak is related to the corresponding number of monoener

getic photons through peak efficiency. Hence the accurate determination of the direct 

or scattered spectrum of photons that exposes medical personnel requires a reliable 

efficiency determination of the detector to be used in the measurement. This can 

be carried out by using standard point sources of known activity and/or the Monte 

Carlo method. The peak efficiency of the closed ended coaxial 25% HPGe[12] de-

tector was measured using point sources and compared with the efficiency obtained 

from response functions computed by the Monte Carlo method. 

6.1 Experimental Determination of the Efficiency 

The peak efficiency of a detector is defined as 

N(E) 
Eff = <I>(E) (26) 

where N( E) is the number of counts in the peak corresponding to the energy E and 

<I>(E) is the number of photons of energy E emitted by the source per unit area. <p(E) 

is also called photon fluence. According to the above definition, E f f is an absolute 

peak efficiency having the unit of area. 

Fig. 12 shows schematically the setup used for the efficiency calibration. The 

emission of photons from a point source located on the axis of the close-ended coaxial 

cylinder was assumed to be isotropic. The incident photon fluence at a distance of 

do from the point source is given by 

<I>(E) = No(E) 
4IId2 

o 

(27) 

where No(E) is the number of photons of energy E emitted by the source. No(E) is 

related to the activity of the source, the emission probability of photons of energy E 

and the measuring time by 

No( E) = AP( E)T (28) 
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/ 
al = 4787.84cm2keV 

a2 = 0.895 

aa = -23404.6 cm2 

a4 = 0.249 ke V-I 

as = -158.047 cm2 

a6 = 0.029 ke V-I 

Fig. 14 shows the experimentally obtained values together with the fitted curve. 
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Figure 13: Measured efficiency data fitted with the six-parameter relation 
of equ.(30). 

6.2 Efficiency Calculation by Applying the Monte Carlo 

Method 

When radiation travels through a medium, different types of interactions occur. The 

probability of occurrence of a particular kind of interaction event depends on its cross

section. The energy and angular distributions after a particular kind of interaction 

can be obtained considering energy and angular momentum conservations. 
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Knowing the interaction cross-section of all possible events, the energy and angular 

distributions, the transport of radiation through a medium can be simulated by the 

Monte Carlo method. This method simulates the random interaction of radiation 

with a medium by using random numbers to sample from probability distributions 

of the possible interaction events. 

In this work, the primary radiation were photons and the medium with which it 

interacts was a high-purity germanium crystal. In the course of their interactions, 

secondary photons and electrons are created. The electrons were assumed to be 

absorbed at the locations where they were created. 

The history of a photon of known energy entering the detector is followed until it 

either escapes from the detector with partial energy loss or until it is completely ab

sorbed in the detector. At each interaction site, the type of interaction is determined 

based on the random numbers in the interval [0, 1] generated by the program. This 

interval is divided into subintervals each representing one type of interaction. The 

size of each interval is proportional to the probability distribution of the interaction it 

represents. After interaction the calculated energy loss of the photon is stored in the 

corresponding energy channel. The same process is repeated for millions of photons 

of selected energies. It is possible to follow the history of photons of arbitrary ener

gies. However to save computer time. it is preferable to make a reasonable selection 

of the energy interval. For this work the response functions were calculated per 1 ke V 

energy interval using the Monte Carlo code EGS4[3]. 

The result of this calculation is a pulse height distribution which can be used for 

the determination of the efficiency. For the selected energies, the efficiency values 

were calculated from the corresponding response functions. These values were fitted 

with the six-parameter function of equ. (30) and the following parameter values were 

obtained: 
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Figure 14: Peak efficiency of the HPGe detector used in the measure
ments. The solid curve is the fit to the experimental data while the 
dotted curve is the fit to the result of the Monte Carlo method. 

The dotted curve iu fig. 14 shows the fit results. There is good agreement between 

the measured and the calculated efficiency values. 
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7 REPRODUCTION OF X-RAY SPECTRA AND 
AIR KERMA CALCULATIONS 

7.1 Reproduction of Spectra 

Spectra from a calibration x-ray tube ( MG 163D /323D Dosimetry System, Constant 

Potential System, see Appendix A ) were measured using the HPGe detector mounted 

on a tripod at the same height as the anode of the tube. In all the measurements the 

detector was positioned at a distance of 300 em from the focal point of the anode. 

Tube voltages from 30 ke V up to 150 ke V were used. Fig. 15 represents a schematic 

diagram of the experimental setup. 

transmission ionization chamber 

I lead collimator 

~ 
x-ray tube ~/ dewar 

~ 
window detector 

I 
x-ray tube 

electrometer 
amplification, 

control panel analysis and 
display of signal 

Figure 15: Schematic diagram of the setup for the measurement of direct 
x-rays from the calibration tube. 

The sensitivity of semiconductor detectors is usually very high to detect photons 

from x-ray units. With the HPGe detector used the fiuence rate of photons was very 

high even with the smallest possible tube current of 0.01 mAo To reduce the fiuence so 
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that the dead time of the MCA was less than 5%, lead collimators with aperture radii 

as small as 0.20 mm were used. One problem with the use of collimators, however. is 

the effect of penetration [14]. In the next paragraphs the effect of collimation on the 

measured x-ray spectra will be discussed. 

If a beam of x-rays of energy E and fluence rate Io(E) is incident normally on 

the surface of a collimator with aperture radius ). and thickness T (see fig. 16), the 

count rate N at the detector surface is given by 

(31) 

where /1( E) is the linear attenuation coefficient of the collimator material and A the 

area of the detector which is 25.25cm2 in our case. 

IJE) 

T 
\<-"\ 

Detector 

-- -

----

Collimator 

Figure 16: Collimation of incident photons of fluence rate Io(E) by a 
collimator of aperture radius l' and thickness T. The cross sectional area 
of the detector is represented by A. 

The performance of a collimator is evaluated by a quantity called transmission 

equivalent aperture defined as 

Ae(E) = N/Io(E) = II1'2 + (A - II1·2 )exp(-JL(E)T) (:32 ) 
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The second term of the right hand pah of equ. (32) indicates the amount. of x-rays 

that penetrate the collimator. It has \'- maximum value of A - I1r2 and a minimum 

value of 0, corresponding to c()mplete transmission and non-transmission, respec

tively. A measured spectrum is corrected for collimator penetration by a penetration 

correction factor defined as 

(33 ) 

The real spectrum of photons can be obtained by multiplying the deconvolut.ed and 

the efficiency-corrected spectrum by the penetration correction factor. 

Table 2 ·contains the correction factors for the largest (aperture radius=4.5mm ) 

and the smallest (aperture radius=0.20mm ) collimators used in the measurements 

at different photon energies. The collimator material consists of lO mm lead outside 

and 5 mm copper inside. In a first approximation, the copper part of the collimator 

was neglected. 

Table 2. Penetration correction factors of the collimator 
for different photon energies considering the lead part 
only. 

E (keF) JL(cm-1 ) Gp,l· = 4.5mm Gp,r = 0.2mm 

50 90.18 1.00 1.00 

60 56.93 1.00 1.00 

80 27.43 1.00 1.00 

100 62.94 1.00 1.00 

150 22.84 1.00 1.00 

200 11.32 1.00 0.81 

300 4.57 0.89 0.0048 

500 2.63 0.26 0.00069 

As can be seen in tab. 2 no penetration correction was necessary for spectra measured 

at tube voltages less than 200kV. For larger tube voltages collimator penetration 
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correction are very essential. 

The shape or energy distribution of x-ray bremsstrahlung spectra are character

ized by the type and thickness of the filters used, and the voltage across the x-ray 

tube. Hence in the measurements, tube voltages and filters are selected so that the 

spectra obtained can be compared with reference spectra from "A CATALOGUE 

OF SPECTRA FOR THE CALIBRATION OF DOSIMETERS" [IJ. In figs. 17-21 

examples of spectra measured with the spectrometer are compared witb the refer

ence spectra[IJ. There is a good agreement between the measured and the reference 

spectra. 
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Figure 17: Comparison of measured spectrum with reference spectrum 
for a tube voltage of 60 k V and 4.0 mm AI + 0.6 mm Cn filtration. 
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Figure 18: As in fig. 17 with a tube voltage of 80 k V and 4.0 mm Al + 
2.0 mm Cu filtration . 
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Figure 19: As in fig. 17 with a tube voltage of 100 k V and 4.0 mm Al + 
5.0 mm Cu filtration. 
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Figure 20: As in fig. 17 with a tuhe voltage of 120 k 11 and 4.0 mm A + 
5.0 mm Cu + 1.0 mm Sn filtration . 
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Figure 21: As in fig. 17 with a tube voltage of 150kV and 4.0mm A:l + 
2.5mm Sn filtration. 
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7.2 Air Kerma Calculations and Comparison with Mea

surements. 

Spectral air kerma distributions were calculated from direct photon spectra. They 

are presented in figs. 22-28. After integration they were compared with air kerma 

values by means of an ionization chamber to check the validity of the method. 

The calibration x-ray unit was provided with a transmission air-chamber for cal

ibration purposes. It was located just in front of the tube (see fig. 15). The distur

bance of this chamber to the x-ray field was negligible. 

Photons ionize the air in the transmission chamber as they pass through. The 

amount of charge is proportional to the exposure which is related to the kerma in 

equ. (18) as 

where (W / e )a" is the mean energy required per Coulomb of charge produced and ]( 

the air kerma. 

Exposure can also be expressed in the old units of Roentgen (R). Values of expo

sure in units of Roent.gen X(R), and exposure X in J /kg are relat.ed by 

X(R) = 3876 X. (34) 

Deconvoluted and efficiency-corrected spectra which represent the real spectrum of 

photons were used in calculating air kerma. According to equ. (12), 

where in this case <l> is the Huence of the deconvoluted and efficiency-corrected spec

trum of photons, /lab is the linear energy-absorption coefficient in air and Eab is the 

average energy imparted by the incident photons at each interaction site. The values 

of Eab and Ilab used in calculating ]( were taken from ref.[6J. Intermediate values 

were interpolated. 

The transmission chamber was calibrated to give the amount. of air kerma at a 

distance of 161 em from the anode of t.he x-ray tube. Taking the anode as a point 
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,_ source of photons, air kerma at a point is inversely proportional to the square of the 

distance from the anode. Hence air kerma at two different points can be related if 

their distances from the anode are known. In the spectral measurements, the detector 

was located 300 em from the anode. For absolute comparison purposes, the spectral 

air kerma at distance of 161 em from the anode was re-evaluated from the value at 

300 em. In the evaluation, air attenuation between the calibration point and the 

location of the detector was considered. In addition dead time correction was also 

included since the transmission chamber measures in real time while the Ge-detector 

in live time. Tab. 3 shows the air chamber kerma and the spectral kerma at a 

distance of 161 cm from the anode of the calibration unit for different tube voltages. 

The spectral air kerma and the chamber air kerma are in good agreement. The 

corresponding curves are shown in figs. 22-28. 

Table 3. Chamber and spectral air kerma values. 

Tube voltage(kV) Chamber Kerma(mR) Spectral Kerma(mR) 

30 5 4.83421 

40 5 5.03690 

60 5 5.19578 

80 5 5.16117 

100 5 5.12095 

120 5 5.16629 

150 5 5.10446 
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Figure 26: As in fig. 22 with a tube voltage of 100 kV. 
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Figure 27: As in fig. 22 with a tube voltage of 120 /df . 
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8 MEASUREMENT OF SCATTERED X-RAY 
SPECTRA 

In the previous two chapters the validity of the spectroscopic method was proved by 

reproducing the reference x-ray spectra and by comparing spectral air kerma values 

with kerma values measured by the transmission ionization chamber. The next step 

is to apply this method for spectral analysis of patient scattered x-rays in fluoroscopy. 

In fluoroscopy, unlike in radiography, the patient and the medical personnel are 

usually in the same room. The medical personnel are exposed to direct and scattered 

x-rays from the patient. A material that can absorb and scatter photons in the same 

way as the body tissue may approximately replace the patient. To do so it should 

have similar density and number of electrons per gram as the body tissue[6J. Such a 

material is called phantom. 

Human body can be broadly classified into bones, lungs, fat and muscles [9J. 

Bones and lungs constitute a small part while fat and muscle constitute the largest 

part of human body. The mass and electronic densities of bone. fat, muscle and water 

are given in tab. 4. 

Table 4. Mass and electronic densities of bone, fat, mns
cle and water [9J. 

Mass density(g / cm3 ) Electronic density( el / g) 

bone 1.650 3.19xl023 

fat 0.916 3.34x 1023 

muscle 1.040 3.31 x 1023 . 

water 1.000 3.34xl023 

The mass and electronic densities offat and muscle, which constitute the largest part 

of the human body, are close to that of water. Hence water can serve as a phantom. 

In our analysis the patient was represented by a 30cm x 30cm x 15cm plastic-walled 
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water phantom. 

The spectra of x-rays scattered from the phantom were measured at various angles 

and tube voltages. This was to provide the necessary spectral and directional infor

mation to convert air kerma values into protection quantities. Due to the high fluence 

of photons from the x-ray source, the spectra were measured at a phantom-detector 

distance of 215 cm for various scattering angles. For phantom-detector distances less 

than 215 em, an ionization chamber was used. 

An x-ray unit, "Polymat 50", typical in hospitals was used in our measurement. 

In fluoroscopic mode, the tube voltage varies from 52 kF up to 110 kF while the tube 

current can vary from 0.5 mA to 3.0 mAo Before the scattered spectra were measured 

at the different scattering angles shown in fig. 29, the relation between the tube 

current and the output of the x-ray unit was investigated. 

X-ray tube monitor chamber phantom 

shielding 

spectrometer 

Figure 29: Position of monitor ionization chamber with respect to the 
phantom and the x-ray field. 

8.1 Tube Current Versus Air Kerma 

Air kerma values at higher tube currents can be extrapolated from the values at low 

tube current values, if the relation between the output of the x-ray machine and the 
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tube current is known. To get the relatiou, the air kenna of x-rays incident on the 

phantom was measured by mounting an air chamber of volume 1 cm3 in front of the 

phantom at a distance of 63 cm from the anode of the x-ray unit (see fig. 29). The 

photon field size was 16cmx16cm when entering the phantom. Hence the disturbance 

of the chamber to the phantom field was negligible. 

The spectral surface air kerma calculated is proportional to the product of the 

tube current (in unit of milliamper) and exposure time (in unit of second) with 

different coefficients of proportionality for different tube voltages. The higher the 

tube voltage, the higher the proportionality constant. This behaviour is shown in fig. 

30. 
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Figure 30: Chamber air kerma of photons incident on the phantom. The 
chamber was located in front of the phantom at a distance of 63 cm from 
the anode. 

In the same arrangement, the spectra of scattered photons were measured at a 
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phahtom-detector distance of 215 cm and a scattering angle of 45°. Like the surface 

air kerma, the scattered kerma is proportional to the tube current. This is shown in 

fig. 31. 
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b. Tube Vollage = 70 kV 
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1500 20M 

Figure 31: Spectral air kerma of photons scattered from the phantom 
versus tube current at a phantom-detector distance of 215 em and at an 
angular position of 45° relative to the incident photon direction . 

• 

8.2 Scattered Spectra and Spectral Air Kerma 

To simulate the real parameters in fluoroscopy with image intensification, an Im

age intensifier of radius 24 em and anode-intensifier distance of 100 em was selected. 

Hence the phantom was placed at distance of 63 em from the anode so that the x-rays 

passing through the phantom were fully projected on the intensifying screen as shown 

in fig. 32. 

For the HPGe detector to measure the scattered spectrum of photons that expose 
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Figure 32: Fluoroscopy with image intensification. 

the medical personnel in operation, it has to see the whole phantom. The optimum 

phantom-detector distance can be obtained by looking at the geometry of the ger

manium crystal mounted together with the collimator and by estimating the dept h 

in the crystal at which most of the photons are absorbed. 

Consider a spectrum of photons produced by a tube voltage of 100 k V. A 100 ke V 

photon can be created by an event in which the electron collides head-on with the 

nucleus and transfers all its energy in a single collision. The probability of occurrence 

of this interaction event is very low. Hence 100 ke V photons constitute a very small 

fraction of the whole photon spectrum. Moreover 71 % of the 100 ke V photons are 

absorbed in the first half of the 8.4mm thick germanium crystal (see fig. 33). Hence 

it is a good approximation to take point P in fig. 33 as the center of the crystal from 

which the detector sees the phantom. With the geometrical conditions given in fig. 

33 it holds 
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Figure 33: Detector-phantom distance determination. 

5cm 

(35 ) 

Rearranging the terms t.he expression for the minimum distance between the detector 

and the phantom is obtained to be 

d - d (rp - )'e) 
p - e 

I' e 

(36) 

where rp is half of the phantom height, re is the radius of the collimator aperture, de 

is the distance between P and the outer surface of the collimator. 

Tab. 5 presents the minimum distance at which the detector must be positioned 

so that it can see the whole phantom for the different collimator apertures used. From 

the values in the tab. 5, a phantom-detector distance of 66 em is realistic. However, 

at this distance, the fluence was very high for the smallest tube voltage and current. 

Taking into account the high fluence and the fact that the detector had to see the 

whole phantom, the collimator with the aperture radius of 1.40 mm was chosen. 

At a distance of 215 cm from the center of the phantom, x-ray spectra were mea

sured at tube voltages of 52 k V and 60 - 90 k V in steps of 10 k V at scattering angles 
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of 0, 45, 90, 135 and 142 degrees. The spectra shown in figs. 34 - 38· were obtained 

for the tube voltage of 90 k V at different scattering angles. The spectra for the tube 

voltages of 52kV, 60kV, 70kV and 80kV are included in Appendix B. 

Table 5. Aperture radius, I'c, 
and phantom detector distance, 
dp , for the detector to see the 
whole phantom. 

I'c{mm) 0.20 0.45 1.40 4.50 

dp{cm) 1528 678 217 66 

In fig. 34, the mean photon energy, air kerma and photon flux are not given in the 

insert since the fluence5 was too high. It is depicted to show the position of the ](0 

lines which are compared for different scattering angles at the end of this subsection. 

The kerma rates in the inserts of figs. 35 - 38 are all given at a current value of 1 mA 

exploiting the result that the scattered air kerma is proportional to the tube current. 

5The dead time of the MeA was 43% 
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Figure 35: As in fig. 34 with a scattering angle of 450
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Figure 37: As in fig. 34 with a scattering angle of 135°. 
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Figure 38: As in fig. 34 with a scattering angle of 142'. 

The spectra were measured using an 8 k-channel pulse height analyzer. They were 

normalized and smoothed to 1 ke V intervals to save computing and plotting time. 

As the scattering angle is increased, the relative intensity of photons on the lo\\" 

energy side of the spectra increased. This effect highly increases the dose absorption 

since low-energy photons have a high probability of being absorbed. However, the 

spectral air kerma for different scattering angles at a constant phantom-detector 

distance shows a minimum value at 90' (see fig.29). For scattering angles less than 

900
, photons are detected after being attenuated inside the phantom. For angles 

greater than 90°, in addition to these photons, scattered photons from the surface 

of the phantom are also detected. The Compton scattering cross-section has its 

minimum value at 90° and increases in either side as shown in fig. 4. These two co

operative effects cause the increase in kerma as the scattering angle increases above 

90°. 

The Compton shift for the different scattering angles can be observed by means of 

the position of the characteristic tungsten I(,,-lines in the spectra. They are located 
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Figure 39: Spectral air kerma in dependence on the scattering angle. The 
phantom-detector distance is 215cm. 

at 60 keY for 00 scattering angle (fig. 34), at 58 keY for 450 (fig. 35), at 54 keY for 

900 (fig. 36), at 50 keY for 1350 (fig. 37) and at 49 keY for 1420 (fig. 38). The 

energy of the scattered photons for different scattering angles is given by 

Eo Ec = -;-__ ...=c:~_---,-

{1+ ~'C> (1 - cosO)} 
(37) 

where 0 is the scattering angle, and Ec and Eo are the scattered and the incident 

photon energies, respectively. Table 6 presents the peak energies calculated with equ. 

(37) and the measured values. One can see that both results are in good agreement. 
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:Table 6. Comparison of characteristic peak positions 
of l(,-lines at different scattering angles. 

angle 0° 45° 90° 135° 

formula(37) (ke V) 60.0 58.0 53.7 50.0 

measurement (keV) 60±0.5 58±0.5 54±0.5 50±0.5 

142° 

49.6 

49±0.5 

8.3 Air Kerma at Short Phantom-Detector Distances 

Due to the high fluence of photons from the x-ray tube and the condition that the 

detector had to see the whole phantom size, the minimum phantom-detector distance 

taken was 215 em. This distance does not represent the real patient-medical personnel 

distance in fluoroscopy. Hence the increase of kerma with the decrease of distance 

was studied by repalcing the detectror by an ionization chamber of volume 1000 em3
. 

For a tube voltage of 100kV, kerma values were measured at distances of 215,187. 

140, 100,60 and 33 em and at angles of 00,45°,90° and 135°. The kerma values at 

the various distances were normalized to their corresponding maximum values at 33 

em. For scattering angles of 0°,45°, and 90°, the normalized values were fitted by a 

x-square fitting procedure with a function of the form 

(38) 

where x is the distance of the ionization chamber from the phantom in cm and K the 

normalized kerma value. The values of the parameters are given in tab. 7, and the 

plots are shown in fig. 40. 
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Table 7. Fit parameters for~different scattering angles. 

Scattering angle a1 cm2 a2 a3 cm-1 a4 as cm- l 

0° 435.518 0.706635 0.0103981 --- --

45° 716.860 0.310523 0.0140398 --- --

90° 1167.62 ~0.227911 0.0348403 --- --

1350 1354.33 0.109489 0.0110115 -0.91888 0.0515790 

In equ. (38) the second term is more dominant at smaller values of x. This shows 

the deviation of the distribution from an inverse-square relation as the chamber is 

brought closer and closer to the phantom. At large distances the phantom acts as 

point source of scattered radiation. Hence the inverse square relation is expected at 

large phantom-detector distances. 

For a scattering angle greater than 90°, a third term is needed which accounts for 

the scattering of photons from the surface of the phantom. The kerma values at 1350 

were fitted with equation of the form 

(39) 

where x is ionization chamber-phantom distance in cm and K IS the normalized 

kerma value. The fit result is shown in fig. 40. 

Equs. (38) and (39) describe the pattern of the kerma values with distance. The 

parameters are different for different scattering angles. 
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9 CONCLUSIONS 

A HPGe detector was used to measure x-ray spectra scattered from a water phantom 

at different angular positions and tube voltages. These spectra were deconvoluted 

and efficiency-corrected using the response functions obtained from the Monte Carlo 

code EGS4. 

The corresponding air kerma values were calculated for the different locations of 

the detector. The angular position of 90° with respect to the direction of the incident 

photon beam is the relatively safest position. It is the position where the angular 

distribution of exposure has its minimum value. The scattering angle of 0°, i.e. just 

behind the phantom, is the position of highest exposure. Hands and the part of the 

body above the chest are usually in this position in fluoroscopic activities. Hence 

much attention must be given to these parts. For scattering angles greater than 90°, 

the exposure increases with angle. This includes the lower part of the abdomen, the 

gonads, down to the feet. 

In extrapolating the organ equivalent dose and the whole body effective dose from 

dosimeter measurements at the collar. the angular distribution of exposure must be 

taken into account. 
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Appendix A 

Equipment Specifications 

1. High-purity Ge detector 

• Model: G~IX-25190-S EG & G Ortec 

• Crystal geometry: coaxial cylinder 

• Crystal diameter: 56.7 mm 

• Crystal length: 46.6 mm 

• Recommended operating bias: -2500 V 

• Energy resolution (FWHM) at 1.33 MeV, 60CO, 1.90 keV 

• Peak-to-Compton ratio, 60Co, 55.6 

• Relative efficiency at 1.33 MeV, 60Co, 25% 

• Amplifier time constant: 6ps 

• Dewar capacity: 5 I 

• Entrance window: Be 

• Electronics: 8192-channel multichannel analyser 
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2. Calibration X-ray Unit 

• Model: Philips MG 163D/323D Dosimetry System 

• Inherent filtration: 3 nun Be 

• Monitor chamber: 75/lm capton + 40/lm graphite 

• Anode material: W 

• Target angle: 40° 

• Window material: Be 

3. Diagnostic X-ray Unit 

• Model Siemens RTD32 Poly mat 56 

• Total filtration: 3 mm AI 

• Anode material: W 

• Target angle: 17° 

59 



Appendix B Spectra of scattered x-rays 
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Figure 1: X-ray spectrum measured 
scattering angle of 0°. 
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Figure 4: As in fig. 1 with a voltage of 52 kV and a scattering angle f 
135°. 
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Figure 8: As in fig. 1 with a voltage of 60 kV and a scattering angle of 
90°. 
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Figure 16: As in fig, 1 with a voltage of 80 kV and a scattering angle f 
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Figure 19: As in fig. 1 with a voltage of 80 kV and a scattering angle f 
135°. 
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Figure 20: As in fig. 1 with a voltage of 80 kV and a scattering angle f 
142°. 
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