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Abstract

The purpose of the investigation was to obtain accurate values for dose distributions 
in the buildup region of megavoltage photon beams from linear accelerators. Most 
of the work was carried out using Monte Carlo calculation techniques. These 
techniques were used to calculate bremsstrahlung photon spectra, electron 
contamination in the photon beams, depth-dependent mass collision stopping-power 
ratios and in the investigation of sources of fluence perturbation in plane parallel 
chambers. The calculations were carried out for the 5-, 6-, 8-, 10- and 21MV photon 
beams from Philips linear accelerators.

By simulating the treatment machine heads of the Philips linacs, the 
bremsstrahlung photon spectra were calculated. The calculated spectra were 
benchmarked by comparing calculated depth dose curves and beam quality indices 
with measured data, with agreement better than 2% and 1% respectively. An 
assessment of the electron contamination in the above photon beams was also 
carried out in order to obtain the correct distributions of the electron spectra per 
incident primary photon, for chamber simulations. The spectra and distribution of 
the electrons from the different sources in the machine heads, are presented.

Using the calculated photon and electron spectra and distributions, the depth- 
dependent stopping-power ratios were calculated for ionization-dose conversion in 
the buildup region of the various photon beams. The calculated stopping power 
ratios have shown that below lOMV, the buildup region ratios are invariant with 
depth, within 1% but the variation in the ratios increases with energy to non- 
negligible values for higher energies with up to 3% at 21MV.

The problems with fluence perturbation with fixed-plate chambers in buildup 
region meaurements led to the construction of a perspex extrapolation chamber. This 
chamber, together with Monte Carlo calculations, was used to investigate the 
sources of fluence perturbation in plane-parallel chambers. The commercial fixed- 
plate chambers used in work were the PTW Markus, Scanditronix NACP, Vinten 
Model-640 and the Klevenhagen (1982) electron chambers. The contributions of the 
electrons from the front window and backscattered electrons have been shown to 
influence the slops of the extrapolation curves at small plate separation, with the 
sidewall electrons taking over at large separations. Extrapolation curves for 
chambers of different diameters have also been calculated to give guidelines for 
chamber designs.
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Chapter 1

1. Introduction

When a megavoltage photon beam is absorbed in a soft tissue-equivalent 

phantom, the resultant central-axis depth dose curve can be divided into two regions. 

The so-called buildup region near the surface of the phantom where the dose builds 

up from a low value to the maximum dose at the depth of maximum dose (dj^J, and 

the exponential region beyond d^^ where the dose decreases exponentially with 

increasing depth. The dose distributions in the latter region are well documented for 

most commercial megavoltage electron linear accelerators whereas those in the buildup 

region are not. For the buildup region the dose distribution depends on the electron 

contamination in the incident photon beam, which in turn depends on the machine 

head construction, and the beam geometry.

In clinical radiotherapy, it is often important to have an accurate knowledge of 

the surface doses and the dose distribution in the buildup region. There are a large 

number of publications describing jn order to obtain these data. A common method of 

measuring the surface doses is the use of parallel-plate ionizations chambers. The use 

of fixed-plate chambers in dose measurements in a region where chargal particle 

equilibrium does not exist has been reported to result in over estimation of the 

measured doses (Velkley et al, (1975), Nilsson et al, (1986), Gerbi et al (1990)), 

Rawlinson et al (1992). The instrument of choice for these measurements would be an 

extrapolation chamber, but not all institutions have these chambers at their disposal. 

Furthermore extrapolation chambers are tedious to use. So, a way has to be provided 

of how to utilise the readily available fixed-plate pancake chambers.

When the parallel-plate chambers are used in the determination of the buildup 

region dose distributions, equating the measured relative ionization to dose implies that 

the ionization to dose conversion parameters like the or the stopping power ratios 

are constant throughout. This assumption needs verification as pointed out by Velkley 

et al (1975).



1.1 Aims of this Project

The primary aim of this project is to clear out the uncertainties encountered in the 

determination of the buildup region dose distributions. Basically this involves the use 

of Monte Carlo simulations of linear accelerator heads to obtain bremsstrahlung spectra 

for use in the chamber simulations and calculation of stopping power ratios. The aims 

of the project are fourfold:

1) Simulation of linear accelerator treatment heads in order to obtain bremsstrahlung 

photon spectra for use in the chamber simulations in order to interpret experimental 

results.

2) With available linac geometries it was also a good time for an assessment of 

electron contamination in the photon beams to be carried out, in order to obtain an 

accurate distribution of contaminant electrons per incident photon.

3) The calculated spectra and distributions of the photons and electrons were then used 

to investigate the depth dependence of the stopping power ratios for the beams used 

in this project.

4) The determination of the sources of fluence perturbation in plane parallel chambers 

involving the construction and use of an extrapolation chamber, together with Monte 

Carlo simulations in order to derive correction factors for fixed-plate chambers.

1.2 Layout of Thesis

This thesis is divided into eight chapters. Chapter 1, describes the background of the 

investigation and the objectives of this project. The background to the investigation 

covers electron contamination in photon beams, stopping power ratios and use of plane 

parallel chambers. This is followed by the description of the principles and techniques 

of the Monte Carlo simulation of radiation transport in Chapter 2. Procedures of 

particle transport and particle interactions are described followed by quantity scoring 

techniques and a brief review of application of the Monte Carlo techniques. Chapter 

3 describes the EGS4 (Electron Gamma Shower) computer code including its



implementation."pie usercodes used in this project are also presented.

Chapter 4 addresses bremsstrahlung spectra from linear accelerators. This starts 

with a description of the practical ways of obtaining bremsstrahlung spectra. This is 

followed by a review of current bremsstrahlung cross-sections in general and those 

used in EGS 4. The simulations of the Philips linear accelerators are presented in the 

chapter together with the benchmarks for the calculated photon beam spectra.

Chapter 5 presents a detailed assessment of the electron contamination in the 

linac beams used in this project. This involves the calculation of the contaminant 

electron spectra from the various sources of the linac heads and their spatial 

distributions. The contribution of these electrons to the total dose in the buildup region 

is also presented in the chapter.

Chapter 6 describes the depth dependence of the stopping power ratios for the 

photon beams. The knowledge of the bremsstrahlung photon spectra and corresponding 

electron contamination enabled a more accurate determination of the electron flux in 

the buildup region in order to calculate depth dependent mass collision stopping power 

ratios.

Chapter 7 describes the use of extrapolation chambers to obtain correction 

factors for fixed-plate chambers. This includes the description and characteristics of 

the extrapolation chamber constructed for this purpose. In this chapter the Monte Carlo 

simulations carried out to interpret experimental findings are also presented as are 

recommendations of design of fixed-plate chambers are also presented.

The final Chapter 8, summarises the results obtained in this project together 

with suggestions of future work.

1.3 Background to investigation

1.3.1 Photon Beam Contamination

Several different sources of electron contaminating particles are situated in the 

treatment head. Both secondary photons and leptons, (electrons and positrons), are 

produced by interaction of the bremsstrahlung photons with the materials of wh ich the 

treatment head is constructed. It has been demonstrated experimentally, as well as with 

Monte Carlo calculations,(Petti et a/,1983, Nilsson, 1985) that the electrons produced



in the treatment machine head and intervening air column are responsible for the 

increase in the surface dose and the variation of depth of maximum dose with field 

size. Biggs and Russel,(1983) have demonstrated the effect of these electrons on the 

surface dose by sweeping the electrons away using a magnet. In the machine head the 

main sources of contaminating leptons are the collimators and materials placed in the 

useful beam such as beam flattening filter, wedges, compensators, shadow trays etc.

The contribution of the leptons from the air column depends on field size, 

source-surface distance,(SSD) and photon energy. At the normal treatment SSD’s the 

contribution is low for high energy photon beams. However for lower energy beams 

like ®Co beams, because of short range of the ejected electrons and the high scattering 

power of air at these energies, the contaminating leptons reaching the phantom are 

those produced rather close to the surface. This has been observed experimentally by 

Biggs and Russel (1983).

The main source of scattered photons are the collimators for low photon 

energies and the beam flattening filter for higher energies. This has been investigated 

by Nilsson (1985), who found out that for a 6MV x-ray beam the primary collimators 

were the main source and the beam flattening filter for 21 MV x-rays.

1.3.2 Measurement Techniques for the Buildup region

A number of measurements of the surface dose and the build up region have 

been done for a fair number of high energy machines. The instruments of choice for 

these measurements are extrapolation chambers but few institutions have these 

instruments at their disposal. As a result, fixed-separation plane-parallel ionization 

chambers are most commonly used for this purpose. Recent papers (Nilsson et al 1986, 

Rubach et al 1986) have emphasized the inaccuracies in the measurement of dose in 

the buildup region when using fixed-separation chambers due^perturbation effects.

Bailey and co-workers (1958) have shown that the dose measured with parallel- 

plate chambers in the buildup region depends on the volume of the chamber. Velkley 

et al (1975) developed a technique for correction of readings obtained with a fixed 

separation parallel-plate ionization chamber to zero plate separation. The corrected 

percentage maximum ionization, was equated to the percentage maximum ionization 

obtained using a plane-parallel of plate separation of / mm by



P \d )  -  P { d ) ^ ( E 4 l d ^ ^ l ..................................... 11

where /= plate separation in mm, d= depth from the front surface of chamber, d^„= 

depth of maximum buildup, E= nominal maximum energy of the photon spectrum, Ç= 

correction factor which is energy and depth dependent. Some estimates of the values 

of Ç were also graphically presented in their work, for ®*Co, 4-, 8- and 25-MV photon 

beams. The uncertainty in applying this expression has been reported (Gerbi et al, 

1990), to increase as the buildup depth decreases.

In their work Gerbi et al (1990) using four fixed-separation plane-parallel 

ionization chambers; two Memorial Pipe chambers, one with a circular collecting 

electrode and one with a rectangular collector, the Markus (PTW) and the Capintec 

PS-033 thin window ionization chamber, discovered that all chambers over indicated 

the magnitude of the surface dose as measured by the PTW model 30-360 

extrapolation chamber for a range of energies from ^Co to 24-MV. The magnitude of 

the over response, in percent is shown in Table 1. The greatest over response was 

exhibited by the PTW (Markus) 30-329 chamber especially in the lower energy range 

(up to 10-MV).

The magnitude of the over response of these chambers was observed to be 

more severe at lower energies than at higher energies. TLD chips over indicated the 

surface dose for all beam energies. This occurs since TLD chips integrate dose over 

their total thickness which might yield doses comparable to what would be measured 

at depth of up to 0.2mm (for 0.38±0.02mm chips).

After introducing the Velkley correction, the chamber responses were within 

acceptable accuracy for all the chambers except the Markus PTW which gave a surface 

dose still 11% too high for % o  radiation. At 6MV, the application of the corrections 

factors reduced the measured percentage surface doses to within acceptable limits for 

all the chambers except the Markus PTW which still gave a value 5.9% too high. At 

lOMV, there was fairly good agreement even with the Markus chamber but as the 

energy of the photon beam was increased to 18MV, there were signs of over correction 

when the Velkley correction factors were applied. Gerbi and Khan (1990), pointed out 

that this could be caused by the exaggeration of the in-scatter from the EG & G 

chamber with aluminium walls, used by Velkley (1975) in their measurements, as



Table 1.1 The differences in the percentage depth doses at the surface as measured with various 
detectors compared to values obtained using an extrapolation chamber.(N/A -not applicable).

Dosemeter/chamber Electrode
material

Plate separation 
and volume

Over response 
in %

Memorial Pipe 
(rectangular)

Graphite on 
mylar

sep. = 2.5 mm 
vol.=0.07 cm^

“ C o ................ 12.6
6-M V................ 5.7
10-M V..............4.0
18-M V..............2.7
24-M V..............0.2

Memorial Pipe 
(circular)

Graphite on 
mylar

sep. = 2.5 mm 
vol. = 0.20 cm^

“ C o ................14.6
6-M V................ 7.8
10-M V..............5.2
18-M V..............4.0
24-M V..............3.0

Capintec Model 
PS-033

Aluminized 
polyester film

sep. = 2.4 mm 
vol. = 0.5 cm^

“ C o .................. 9.4
6-M V................ 4.4
10-M V..............3.2
18-M V..............1.4
24-M V............ -0.1

PTW Markus 
(30-329)

Graphite on 
polyethylene

sep. = 2.0 mm 
vol. = 0.5 cm^

“ C o ................18.7
6-M V..............10.6
10-M V..............6.7
18-M V..............4.3
24-M V..............2.4

TLD chips LiF N/A voL = 3.1x3.1x0.38mm^ 6-M V..............12.1
10-M V..............5.0
18-M V..............3.8
24-M V..............3.2

TLD powder LiF N/A grain diameter
= 0.07-0.18mm

“ C o .................. 5.2
6-M V................ 2.9
10-M V..............1.1
18-M V..............0.9
24-M V..............1.2



compared to commonly now used Polymethyl Methacrylate (perspex, perspex, Lucite). 

Fig.4 in their paper (Gerbi and Khan, 1990) show the amount of correction which 

needs to be done at the phantom surface for the different chambers to match 

extrapolation chamber measurements even after applying the Velkley correction. Gerbi 

and Khan then extended the Velkley method to include the effect of the collector edge- 

sidewall distance of the chamber.The corrected percentage depth dose was then 

calculated using the expression

P \ d ^  -  ( % ) ..........................  ^

where Ç(0,E) is the over response in percent per mm of plate separation at the phantom 

surface for photon beam of energy E, a= the constant of proportionality equal to the 

fractional change in the over response, in percent, of the chamber per unit change in 

d/d^„ which was set to 5.5 during their experiments. The values of Ç(0,E) were 

obtained from not very accurate least square fittings done for the different chambers 

and for different energy beams and these values do not necessarily hold for other 

chambers.

1.33 Perturbation Effects in Parallel-Plate Chambers

In the buildup region electronic equilibrium does not exist as in all transition 

zones between two different media, and this will cause perturbation effects in 

ionization chambers. Measurements with extrapolation chambers, (Gagnon,1975), show 

that the perturbation effect causes an increase in the measured mass ionization per unit 

mass, (C kg'^) with increasing plate separation.

The published data from measurements and calculations show that surface dose 

measurements are very much influenced by the chamber geometry and material 

because of emission of electrons through the side walls. Considerable errors can be 

made if correction factors obtained with one extrapolation chamber are used to correct 

data measured with parallel-plate chambers of different dimensions.

Nüsson and Montelius (1986) suggested scaling the fixed parallel-plate 

chambers to simulate extrapolation chambers. This involves upscaling the diameter of 

the parallel-plate chamber to that of the extrapolation chamber and then calculating the 

corresponding separation. Even this method suffers from the difference in collecting



electrode diameters although the outer dimensions are the same. So, even this scaling 

technique should be used with caution.

In order to minimise perturbation effects from the walls, it has been suggested 

,(Nilsson et al (1986)), that the fluence from the side walls should be kept as low as 

possible. In order to reduce this side wall effect inclination of the walls of the chamber 

has been suggested, so that the ejected electrons may be absorbed in the walls again 

(Nilsson and Montelius (1986), Rawlinson et al, 1992). This was derived from the 

observation and calculation of the directional distributions of the electrons ejected from 

the wall. The inclination of side walls has to been done with caution so as not to 

disturb the electric field lines within the cavity since this might affect the saturation 

responses characteristics of the chamber. Nilsson and Montelius (1986) also 

recommended the use of a large guard width compared to the chamber height in order 

to reduce the contribution from the side wall electrons. Nevertheless, the elimination 

of the sidewall contribution does not get rid of all the perturbation effects. There is 

reasonable reduction of the over response but not total elimination.

One point to note from the work of Nilsson and Montelius is that plotting the 

relative mass ionization in the extrapolation chamber as a function of plate separation 

does not yield straight lines. Instead, the extrapolation curves calculated were found 

to be linear for plate separation above 2mm and below that, the slope of the curve 

decreases gently. Similar results were obtained by Gerbi and Khan (1990) using two 

different PTW model 30-360 extrapolation chambers.

This presents further complications when fixed-plate pan-cakes chambers are 

used to measure the surface doses when a zero-plate separation correction is used. The 

correction factor for a particular fixed-plate chamber can only be derived with greater 

accuracy if there exists an identical extrapolation chamber, from which the 

extrapolation curves have been constructed. The only way the different perturbation 

effects can be analyzed is by Monte Carlo simulations of the cavity ionizations.



Chapter 2

2. Monte Carlo transport of photons and electrons

2.1 Principles of the Monte Carlo

The Monte Carlo techniques, in the context of particle transport, consist of 

using a knowledge of the probability distributions governing the individual interactions 

of the electrons and photons in materials to simulate the random trajectories of the 

individual particles. This is done using machine-generated (pseudo-) random numbers 

to sample from the probability distributions governing the physical processes involved. 

Moreover, since one follows individual particle histories, the technique can be used to 

obtain information about the statistical fluctuation of particular kinds of events. It is 

then possible to use Monte Carlo techniques to answer questions that cannot be 

addressed by practical experiments such as "What fraction of photons came from the 

target and shot past the filter without scattering and what fraction came from the 

collimators?"

Monte Carlo techniques were originally developed, and are still extensively 

used, to study neutron and photon transport for nuclear power applications. Neutron 

and photon problems are in some way much simpler than those for electrons because 

the number of neutron and photon interactions is low enough that each interaction 

event may be simulated explicitly. In the case of electrons, the number of interactions 

necessitates a more complex approach.

A Monte Carlo simulation code has four major components: 1) the cross- 

section data for aU the processes being considered in the simulation, 2) the algorithms 

used for the particle transport 3) the methods used to specify the geometry of the 

problem and to determine the physical quantities of interest, and 4) the analysis of the 

information obtained during the simulation.

The first two components constitute the underlying physics of the simulation. 

Various Monte Carlo transport codes have been constructed which can be used to 

simulate particular situations for various needs. Examples of such algorithms are 

ETRAN (Electron TRANsport), developed by Berger and Seltzer (1973), with its



dependents like TIGER, CYLTRAN & ACCEPT, ITS (Integrated TIGER System), 

developed by J. A. Halbleib and W. H. Vandevender (1975) and EGS (Electron 

Gamma Shower) with its generations developed by R.L. Ford and W.R. Nelson (1978) 

at Stanford Linear Accelerator Center (SLAC). The latest version of EGS (EGS4) is 

the code in use in this exercise. This SUN/Unix version was obtained from Alex P. 

Bielajew at the National Research Council of Canada (NRCC).

2.2 Probability Theory and Random Sampling

Let f(x) be the probability distribution function associated with the variable x. 

The integral of f(x) in the interval [a,b] of allowed values for x, normalized to unity, 

gives the cumulative probability distribution F(x), i.e.

X

Fix) - dx a^x^b 2.1

with

j U x ) . 2.2

In this case x is called a continuous random variable. In the other case that is 

commonly of interest x takes on discrete values Xj with probabilities Pi and

2.3

As F(x) takes values in the interval, [0,1] it is possible to generate random numbers 

R in the same interval to have

R -  Fix) 2.4

and from here, we get a randomly selected value of x by solving 

X = F ' (R)

This is the basis of random sampling.
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2 3  Random Number Generators
Monte Carlo calculations attempt to simulate the stochastic nature of particle- 

particle interactions by sampling in a random fashion from the known particle 

interaction cross-sections. This requires a random number generator (RNG) capable of 

producing a sequence of truly independent random numbers. There are a number of 

methods of obtaining random numbers. These can be placed into one of three 

categories:

1) Drawing samples from specially constructed tables.

2) Monitoring the output of some physical device or process.

3) Calculations using a specified mathematical algorithm.

The third category contains the principal present day methods of obtaining 

random numbers. The term pseudo-random is often used to describe numbers 

generated this way. This involves the feeding to the algorithm a ’seed number’. Some 

of the desirable properties of a good random number generator are:

1) Good distribution,i.e. good randomness,

2) Long periods to avoid exhausting the numbers during a particular calculation,

3) Repeatability in case a particular calculation needs to be repeated wiih the same 

random numbers as in a previous run.

4) Portability, such that running the algorithm on different machines will produce 

exactly the same sequence of random numbers.

In this exercise the pseudorandom number generator used is RANMAR by 

Marsaglia et al (1990). This has a very long period (2̂ *̂̂ ) and is completely portable 

on all the common computers of 32 bits or more. It has been tested and reported to 

satisfy very stringent test.

2.4 Photon Transport

The simulation of photon transport in matter was essentially solved when Kahn 

showed how to sample from the Klein-Nishina cross-section. Photons undergo on 

average a modest number of discrete (catastrophic) interactions and hence the 

simulation can be done in an entirely analogue fashion. Furthermore, the cross section 

data needed for most applications is known to a high degree of accuracy.
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2.4.1 The Mean Free Path

The probability f(s) for a photon interacting over a distance between s and s+ds 

is given by

f{s) -  \ie~^ 

where p is the linear attenuation coefficient.

The average distance, or mean free path X, to the first collision is defined as the first 

moment of the function f(s), i.e.

X -  ^sf{s)ds -  jf|iexp"%  -  - i 2.6

The cumulative distribution is given by

s

F{s) -  -  1-g-^ 2.7

As 0 ^ F(s) ^ 1, we can express F(s) as a function of a random number, R:

R ^ I -  e~^ (KR^l

The distance s then can be sampled from

s -  -l/pln(l -  R)

-  -Àln(l -  R)

2,8

2.9

Since (1-R) is equidistributed on 0 ^ R ^ 1 if R is, then we may use simply

s -  -XlnR

The mean free path is always used taking account of all interaction processes for 

distance sampling, i.e., p is the total linear attenuation coefficient of the scattering 

medium at the energy of the photon.
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2.4.2 Photon Interactions

2.4.2.1 Photoelectric Effect (PE)

The photon interacts and is absorbed by the electron cloud ejecting an electron 

(usually K or L) from the atom with an energy

r  -  hv - W  2.11

W - energy required to free the electron,

hv - photon energy.

The remainder of the energy appears as characteristic radiation and Auger electrons 

from the filling of the vacancy in the inner shell. If the photoelectric effect is chosen 

the photon is assumed to be totally absorbed at the interaction site. Therefore the 

photon history ends after the first photoelectric event. The energy of electrons 

produced in the PE event is given simply by the difference between the energy of the 

photon and the binding energy of the atomic shell involved. The angle with which the 

photoelectron is produced can be sampled from the Fischer distribution (1953) for 

electron energies below 50 keV and from the Sauter (1934) distribution for higher 

energies. The interaction, as modelled in EGS, creates a photoelectron with the original 

photon energy less the K-shell binding energy of the atom. The filling of the atomic- 

shell vacancy is partially accounted for by sampling the emission of either a 

characteristic x-ray or an Auger electron from the shell with a relative probability 

given by the fluorescence efficiency. Cross sectional data is obtained from the Storm 

and Israel tables (1970).

2.4.2.2 Compton Interaction (Incoherent Scattering)

In an incoherent scattering process, a photon of energy E, collides with an 

atomic electron and imparts some of its energy and momentum to the struck electron. 

The energy of the scattered photon, E as derived from Compton energetics is given 

in equation (12),where 0  is the angle the scattered photon makes with the original 

direction of travel.
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E ' -  Ê/[l + (_E _)(1 -  COS0)] 2.12

The energy of the electron is obtained by energy conservationai consideration. The 

differential cross-section of the Compton scattering is governed by the Klein-Nishina 

formula modified by the incoherent scattering functions:

2.13

— ( £ 7 £ W 0 - 1 ) S „ ( v ^
2(£'7£)

d(l = 27isin0d0 is the solid angle element.

The incoherent scattering function of an atom Sj(v^i) represents the probability that 

the i^ atom will be raised to any excited or ionised state when a photon imparts a 

recoil momentum to an atomic electron. It therefore takes account of the electron 

binding on the differential cross section.

2.4.2.3 Coherent Scattering

If coherent scattering occurs, the scattered photon retains its original energy. 

The scattered angle 0  of the photon is sampled from the differential cross-section

d dQ 2.14

- ( l /2 ) r \ lW 0 ) F ^ ( g )

where

ro is the classical electron radius

dA = 27isin0d0 is the solid angle element,

dGyi/dO is the Thomson differential cross section per electron,

F = is the form factor of a molecule, 

q = is the momentum transfer.

The square of the form factor, F^(q,Z), is the probability that the Z electrons 

of the atom take up a recoil momentum without absorbing any energy.
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2.42.4 Pair Production

In the case of pair production in the field of the nucleus, the distribution for 

the sharing of available kinetic energy between the electron and positron is taken from 

the Bethe-Heitler (1959) results for energies above 50MeV otherwise cross sectional 

data taken directly from Storm and Israel data (1970). The angles of the produced pair 

are sampled from a distribution-based on the leading term (l-pcos0)'^. The same 

distributions are used in the case of pair production in the field of an electron. The 

kinetic energy of the recoil electron in triplet production tends to be concentrated at 

very low values and its transport is ignored. The polar direction of the particles is 

given by (Miller and Snow 1961).

2.4.3. Electron Transport

2.4.3.1 Overview

The enormous number of collisions,both elastic and inelastic, that take place 

in the course of the slowing down of electrons makes it unrealistic to directly simulate 

the physical process. It is therefore preferred to employ some kind of ’grouping’ of 

interactions. The approach consists of dividing the ’histories’ of the electrons in a 

certain number of steps that account for the result of many collisions. The electron 

transport is therefore described in what Berger (1963) calls "condensed histories."

0 ,S ,̂S2,...,Sq,...

. . . , E q, . . .

U q,U p U2, . • .,U q, ...

0̂»̂ l »̂2* • • • • • •
Where is the distance travelled, E„ the energy, Ug the direction and r„ the position 

of the electron. The transition from n to n+1 accounts for many collisions and at each, 

the pathlengths of the steps in the electron random walk are chosen according to 

conflicting requirements. On one hand the steps should be short enough that: 1) Most 

of the steps in the electron history are completely inside the target medium. 2) Energy 

loss is small so that the use of one velocity multiple-scattering distribution is justified.

3) Net angular displacement for the step can be approximated closely by a straight 

line.
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On the other hand the segments should be long enough that: 1) There are a 

sufficient number of collisions per step to justify the use of multiple-scattering theories 

and 2) The number of steps per history is not too large so as to reduce computational 

time.

Berger (1963) divided electron transport algorithms into two broad classes 

distinguished by how the energy of the primary electron is related to the energy lost 

in individual interactions. In the Class I models, all collisions are grouped together and 

involves the use of a predetermined set of pathlengths. For each segment, the net 

angular deflection and the net energy loss are sampled from relevant multiple- 

scattering distributions. This is the model used in the ETRAN algorithms. In the Class 

n  (Mixed procedures), the grouping of interactions excludes those individual collisions 

(denoted as catastrophic) in which a particle loses a large fraction of its energy greater 

than some set cutoff energy. The small collisions are grouped together through the use 

of macroscopic concepts of multiple scattering and restricted stopping powers while 

the "catastrophic" collisions are treated as discrete events by sampling from the 

appropriate differential cross sections.

EGS4 uses the condensed history technique defined as the Class II model by 

Berger. Elastic scattering of electrons from nuclei and atomic electrons is treated by 

transporting the electron through a fixed step and then determining the effective 

scattering angle and true pathlength by using the multiple-scattering theory of Moliere 

(1947). The inelastic or catastrophic collisions are accommodated by discrete 

"catastrophic" events creating secondary electrons using the M0ller and Bhabha 

scattering theories and bremsstrahlung theory for energies above some electron energy 

cutoff, AE (set by user). Positron annihilation ,both in-flight and at rest, is treated as 

a catastrophic event. Energy losses below AE are accounted by continuous coUisional 

energy loss models.

The interaction of two electrons into a final state of exactly two electrons and 

no photon is only an approximate description of the interaction process. This is 

because the scattering of a charged particle through a finite angle will always be 

accompanied by an undetermined number of very low energy photons. Approximations 

have been carried out which consistently neglect possible photon emission in the final 

state. These approximations are called the Mpller scattering for two electrons or two
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positrons and the Bhabha scattering for an electron and a positron. Bremsstrahlung 

production will be addressed chapter 3.

2.4.3.2 The M0ller Scattering

In the Moller Scattering the differential cross section, for an electron with 

incident kinetic energy T and velocity v, is given by

2

d a - 2 n ^ . H
T CO (1-co)^ Ÿ 2.15

Ÿ  co(l-co)

where oo = 1/2(1-cos0), p = v/c, y = V(l-P), 

m - rest mass energy and 

r@ - classical election radius.

The total cross section is obtained by integrating the above over all angles and 

dividing the result by two. The factor 1/2 is necessary because the two particles are 

identical. In EGS4, there are functions in the preprocessor PEGS4 which evaluate 

these cross sections.

2.4.3.3 The Bhabha Scattering

This process is by nature similar to the M0ller scattering except that the 

charges on the interacting particles are different, i.e. a positron and a negatron are 

considered. The differential cross section for the scattering is given by equation 2.16, 

using the same symbols.
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d a . 2 i ^ . H Lr  co2 ^  Y

- M l  [ M  2.16
(Y+1) y y f  Y

+ ( l4 ) '  [ i + i - + - ^ - ( I l i ) ’co(l-co) ]
Y+1 2 y 2 f  Y

The total cross section is obtained by integration of equation 2.16 over all the angles 

without the factor 1/2.

2.4.3.4 Positron Annihilation

A slowing or stopped positron can lose energy by annihilation in a collision 

with an electron. At rest, its annihilation creates a pair of 511keV photons, while in 

flight this leads to two photons that share the available kinetic energy. In EGS4 the 

two photon "in-flight" annihilation is modelled using the cross section formulae of 

Heitler (1954). The atomic electrons are considered to be free, ignoring binding 

effects. Three and higher-photon annihilations as well as one-photon annihilation that 

is possible in the Coulomb field of a nucleus are ignored in EGS4.

2.4.3.5 Multiple Scattering and continuous energy loss

As the electron undergoes a large number of elastic collisions with atomic 

nuclei the electron direction is affected while ^he energy is not significantly changed. 

There are several statistical theories that deal with multiple scattering. These theories 

assume that the charged particle interacts enough times so that the interactions may 

be grouped together. The most popular of such theory is the Fermi-Eyges theory 

(Eyges 1954). This is a small angle theory and neglects large angle scattering, so, it 

is inaccurate without modification to allow for the large angle scattering. The most 

accurate theory is the Goudsmit-Saunderson (1940) which, although difficult to 

implement, is used in ETRAN based codes. EGS4 uses the Moliere theory (1947) 

which is almost as good as the Goudsmit-Saunderson and easier to implement.

The Moliere theory, although originally designed as a small angle theory has
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been modified to predict large angle scattering. The Moliere treats electrons and 

positrons in the same way and uses the screened Rutherford cross sections instead of 

the more accurate Mott cross sections.

For energy losses which are below the soft bremsstrahlung threshold, usually 

set by the user, EGS4 assumes that this energy is lost continuously along its path. The 

formalism used by EGS4 is the Bethe-Bloch (1930) theory of charged energy loss as 

expressed by Berger and Seltzer (1963). The EGS4 user is at liberty to change the 

"density effects" of the media being used in the exercise otherwise the default values 

of Stemheimer, Berger and Seltzer (1982) are used automatically.

2.4.4 Variance reduction techniques

, Since Monte Carlo simulations tend to be computer-time consuming, some 

"tricks'^to reduce the computing time it takes to calculate a result with a given 

statistical variance or uncertainty. There are a number of variance reduction techniques 

used in Monte Carlo studies, (Jenkins et al, 1988). In problems where the interaction 

of photons is of interest, efficiency may be lost because photons leave the geometry 

without interacting. To increase the efficiency of the simulation, the photons may be 

forced to interact or the distance to the next interaction exponentially transformed 

(Jenkins et al 1988) in the region of interest. The quantities scored from such a 

simulation must then be weighted appropriately. These techniques will not be discussed 

any further because they were not used in this exercise.

The transport of electrons is different from photons due to the transport steps 

which are very small. It might be necessary to reduce the number of redundant checks 

on the geometry routines when the electron has no chance of crossing any boundary. 

The EGS4 code has an option that allows the user to avoid these redundant geometry 

routine calls. Whenever the geometry must be checked, the distance to closest 

boundary is calculated and stored. This variable is then decremented by the length of 

each transport step. The geometry routine is then called only when the transport step 

is larger than the residual distance.

Another technique used in electron transport is range rejection. In this method 

the electrons which have no chance of reaching the region of interest are discarded. 

This involves the calculation of the range of the electron and if this is less than the
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distance to the region of interest then the electron is discarded. The same method can 

be used also to stop the transport of the electron in a region of interest if the range is 

less than the distance to any bounding surface of the region it is being transported. The 

entire energy of the electron is then deposited at the same spot. These two rather 

crude methods have to be used with care since the bremsstrahlung photons which 

might have been created by the stopped electrons might have had an effect in the 

scoring regions. The effect of the bremsstrahlung photons has to be checked or 

accounted for in the simulation.

2.4.5 Procedures for scoring quantities of interest

2.4.5.1 Particle Fluence

It can be shown that the average particle fluence in a given region is the sum 

of the particle track lengths in the region divided by the region volume (Chilton 

1978,1979). This is more efficient especially for low energy electrons than counting 

the individual particles crossing a plane. Scoring particles crossing a plane is possible 

but it is only efficient for calculating photon or neutron fluence. For low energy 

electrons their paths are so short that only a small fraction of them ever cross a 

particular plane. When scoring the electron fluence averaged in a volume, a large 

number of the short paths contribute to the fluence estimate and therefore increase the 

counting efficiency. ' .

A drawback to this method is that the angular distribution of the particle 

fluence in the region is usually not obtainable. In this exercise the angular distribution 

was not required so this was not important.

2.4.5.2 Absorbed Dose

The absorbed dose, D in an infinitely small volume dV of mass dm is given

by

D -  deldm

where de is the expectation value of the energy imparted in the volume dV. The 

average absorbed dose in a geometric region is calculated by dividing the energy

20



scored in the region by the mass of the region. In this exercise the percentage depth 

dose distributions, instead of the absolute dose, were required so there was no need to 

divide the energy deposited by the mass for the homogeneous phantoms. The relative 

curves were calculated straight from the energy deposited.

2.4.6 Applications of Monte Carlo methods- A Brief Review

The Monte Carlo method was first applied to the studies of neutron and photon 

transport for nuclear power reactor applications. The applications of the Monte Carlo 

method in medical physics and radiation dosimetry were few before the review paper 

by Raeside (1976). Since that time there has been an increasing number of applications 

of Monte Carlo techniques in this field (Morin 1988, Kase et al 1990, Jenkins 1988, 

Nahum 1988, Andreo 1991). The recent review paper by Andreo (1991) outlines most 

of the applications of Monte Carlo techniques in medical radiation physics. The 

applications in Radiotherapy physics only, will be reviewed here.

A large number of investigators have considered simplified configurations of 

external electron and photon radiotherapy sources. These include the work of Patau et 

al (1975), Berger and Seltzer (1978) on effect of scattering foils in electron beams. 

Other approximate geometry simulations were carried out by Andreo (1989) on the 

effect of electron spectra on ionization chamber dosimetry. For photon beams, McCall 

et al (1978) have calculated spectra for high energy x-ray targets and flattening filters 

using the EGS system: Patau et al (1978) pioneered the complete simulation of photon 

beams from the target down through the collimators, filters and jaws to phantoms.

Since then, simulation of ®*Co sources and therapy treatment heads using 

detailed geometry have become of great importance. On “ Co sources these include the 

works of Berger (1970), Han et al (1987) and Rogers et al (1988). Petti et al (1983) 

have investigated the electron contamination in photon beams in a clinical linac using 

the EGS system. Similar work has been performed by Udale (1988) for electron 

beams. Mohan et a/(1985) have looked at bremsstrahlung photon spectra distribution 

for a number of linac beams using the EGS system. These distributions, calculated 

using EGS3, may not be very accurate because the bremsstrahlung photon angle 

sampling was not implemented in the code at the time.

The spectra obtained from the therapy sources are then usually used for in
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phantom simulations. Using ®*Co spectra, calculations of ionization chamber responses 

have been carried out, (Bond et al (1978), Nath and Schultz (1981), Rogers et al 

(1985) and Bielajew et al (1985), Nahum (1988)). The small number of interactions 

within the ion chamber volume requires extremely long computational time even when 

variance reduction techniques are used to achieve low uncertainties (less than 1%). 

This is a major limitation in direct simulations of ion chambers especially in phantoms.

The calculation of the other physical quantities in phantoms, like energy flux, 

mean energy, stopping-power ratios, energy-absorption coefficient ratios have received 

extensive attention. The initial calculations were made by Berger and Seltzer (1969) 

of electron spectra and water/air stopping-power ratios (S'agir) for monoenergetic 

electron beams. Such calculations have been improved by Nahum (1976,1978) for the 

evaluation of the Spencer-Attix S\^  ̂ratios including the track-end term. Andreo (1990) 

has calculated stopping-power ratios for monoenergetic electrons using the EGS system 

and the MCEF code with excellent agreement between the two codes.

Nahum (1976,1978) was the first to calculate stopping-power ratios for photon 

beams based on the Monte Carlo methods. The technique has been used by Andreo 

and Nahum (1985) to compute S^j, values for monoenergetic photon beams, 

developing a method to weight such data to obtain stopping-power ratios for 

bremsstrahlung spectra. Mass energy-absorption coefficient ratios for high energy 

photon beams have been calculated Cunningham et al (1986).

Direct Monte Carlo simulations in treatment planning have been reported to be 

non feasible due to the long computational times. Instead, (Nahum 1985, Mackie 

1989), the Monte Carlo simulations have been used to verify planning algorithms and 

more recently to provide data for new dose planning procedures. Lax et al (1983) used 

Monte Carlo-calculated pencil beams to fit parameters of a multi-Gaussian function 

for the Gaussian algorithms. Bielajew et al (1987) and Manffedotti et al (1987) used 

the EGS code to verify different approximations and performance of electron pencil- 

beam algorithms. Calculations of energy deposition kernels has been performed by 

(Mackie et al (1985,1988), Ahnesjo et al (1991)). Recent developments have addressed 

the possibility of performing direct MC calculations in three dimensions using CT 

images. Calculations in phantoms and actual CT data have been reported by Chui and 

Mohan (1988) who stressed the importance of CT based calculations as benchmarks
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for other planning systems. A very interesting algorithm, UNION, has been developed 

by Manfredotti et al (1990) for reducing numerically, the large number of regions in 

a CT slice such that time spent in boundary crossing, during the simulation, will be 

reduced. The algorithm, based on EGS4, considers a number of predefined volumes 

of interest and joins the regions outside having the same density to form a much 

reduced number of boxes. This reduces the computational time but not enough for 

Monte Carlo to be used in direct radiotherapy treatment planning.
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Chapter 3

3. The Electron Gamma Shower (EGS4) system

3.1 History of the EGS system

Butcher and Messel (1958,1960) and Varfclomee and Svetlobov(1959) were the 

first two groups doing Monte Carlo simulation of High-energy cascades on electronic 

digital computers. 2ferby and Moran (1962, 1963) developed a Monte Carlo computer 

code for high-energy electromagnetic shower simulation, which was used by Alsmiller 

et al (1966, 1969, 1974) for a number of studies. Some of the useful aspects of the 

code were reflected in the EGS system. Nagel developed the code SHOWER (1963, 

1964) which represented a very practical tool for the experimental physicist during the 

1960*s and one version of his code eventually became the EGS Code system. The code 

SHOWER was modified, by Ford and Nelson (1978) ,so as to make it versatile, 

upward-compatible and user-friendly. This joint effort produced the EGS3 (Electron 

Gamma Shower version 3) code system.

EGS3 was designed to simulate electromagnetic cascades in various geometries 

and at energies up to a few thousand GeV and down to a cut off kinetic energy of 

O.lMeV for photons and l.OMeV for electrons. With the PEGS (Preprocessor for EGS) 

auxiliary code, radiation transport could be simulated for 100 elements, or compounds 

or mixtures of these elements. A wide range of benchmark comparisons and 

applications has been carried out since the release of EGS3 especially in high-energy 

particle physics and in the design of electromagnetic shower counters (Nelson and 

Rogers ,1988).

Since the release of EGS3, more and more applications have been found in the 

simulation of low-energy photon and electron transport for a variety of applications. 

The requirement for extending the lower limits has been growing ever since. As a 

result of a joint effort by Nelson, Hirayama, Rogers and others (1985), the lower limits 

were brought down IkeV and lOkeV for photons and electrons respectively. This low- 

energy effort and further developments on flexibility led to the production of EGS4 

(version 4) in 1985 (Nelson et al 1985).
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Recently the EGS4 system has been widely used in medical physics and 

dosimetry research especially for low-energy radiation transport problems, though it 

is still heavily used in high-energy particles. Further improvements have been made 

to the system including an angular distribution for the emission of photoelectrons and 

an electron transport algorithm called PRESTA (Bielajew and Rogers 1987). The latter 

has simplified many of the cumbersome problems related which to user-defined 

restrictions on electron step-sizes and limitations on electron multiple-scattering. More 

recently, a sampling of bremsstrahlung photon angles has been incorporated in EGS4 

(Bielajew et al 1989). The up to date stopping-powers recommended in ICRU-37 

(1984) have implemented by Duane et al (1989).

EGS is basically an analog Monte Carlo which follows each and every particle 

until it reaches its final destiny, usually an energy limit or a discard boundary as 

requested by the user. Since analog Monte Carlo calculations can be time consuming, 

the computation task of the EGS4 system is divided into two parts. First a 

preprocessor code PEGS4 uses theoretical or empirical formulas to compute the 

various physical quantities like cross section etc, and to prepare them for fast 

evaluation by another code (EGS4). This code then uses these quantities along with 

user supplied data and routines to perform the actual simulation.

3.2 The Preprocessor for ËGS4 (PEGS4)

PEGS4 is a stand-alone data processing code consisting of 12 subroutines and 

85 functions. In addition to physical quantity evaluation, the other routines in PEGS4 

include the fitting routines and the routines write data for a given material onto a data 

set piece-wise-linear-fitted. Other routines included are functions for plotting functions 

on printers or graphics devices and a routine to compare the theoretical functions and 

sampled final state distributions.

It is necessary to check the cross-section data generated using PEGS4 before 

actual calculations are carried out. This can be done easily by the use of the routine 

EXAMIN. This routine presents the data from PEGS4 in a readable format in terms 

of stopping-powers for electrons and attenuation coefficients for photons. The user is 

also at liberty to use either the restricted or unrestricted stopping-powers and also has 

the choice of using the state of the art ICRU report 37 stopping-powers (Duane et al
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1989).

The guide-lines and details of the preparation of the data files which are required by 

PEGS4 are given in appendix 3 of SLAC Report 265 (User Manual).

3.3 Parameter Reduced Electron Step Transport Algorithm (PRESTA)

All electron Monte Carlo transport codes which accurately simulate electron 

transport demonstrate a strong dependence on electron step-size in the energy region 

up to 20MeV (Seltzer 1974, Nahum 1976, Rogers 1984). Generally it is found that 

reducing the electron step-size causes the results to converge to the correct values 

while the computing time increases rapidly, in proportion to the inverse of the step- 

size. One is therefore faced either with a tedious study to determine the optimum step- 

size or with using a sufficiently small step-size to ensure correct results while using 

a great deal of computing time.

In EGS4 the electron step can be adjusted by lowering or raising the value of 

ESTEPE, the maximum allowable fractional kinetic energy loss per electron step or 

continuous energy-loss processes. In the default EGS4, varying the value of ESTEPE 

can affect the output like energy deposition in a slab phantom material. This 

dependence of the result on some arbitrary "non-physics" parameters of electron 

transport are called electron step-size artefacts. In order to get round this electron 

step-size artefact, Bielajew et al (1986) developed PRESTA for use with the EGS4 

code. *

The main components of PRESTA are: a) a path length correction (PLC) 

algorithm which is based on the multiple scattering theory of Moliere and which takes 

into account the differences between the straight path-length and the total curved path

length for each electron step; b) a lateral coirelation algorithm (LCA) which takes into 

account lateral transport based on the work of Berger; c) a boundary crossing 

algorithm (BCA) which ensures electrons are transported accurately in the vicinity of 

interfaces. With the implementation of PRESTA, substantial savings in computing time 

can be realized in comparison to the default EGS4. The implementation of PRESTA 

is given in appendix C of NRCC report PIRS-042 (Bielajew 1986).
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3.4 MORTRAN3

The entire EGS4 Code system is written in a structured language called 

MortranS, a FORTRAN-like language that was developed at SLAC by Cook (1983), 

which contains a macro facility that is very useful. EGS4 contains many macros 

(definitions) for different parameters. Buried within EGS4 are patterns (templates), 

which are no more than strings which get replaced by other strings. The work of the 

Mortran string processor is to "dig" throughout the EGS4 (and the User Code) for a 

specified pattern and if found replaces the template with the replacement part.

The macro facility on EGS4 makes it very flexible for different applications and very 

user friendly. As described above a macro is simply as string of characters which can 

represent another string or a block of statements. This makes life easier for the user 

because if one needs a block of statements commonly used, repetition of typing such 

a long block can be avoided by giving the block a string name and then calling it by 

the string name whenever needed which is then replaced by the appropriate name on 

mortran compiling the user code.

3.5 EGS4 Parameters

According to the classification in section 2.4.3.1 of Chapter 2, the electron 

transport scheme in the EGS4 code system belongs to the Class H category. This 

means the production of 5-rays and bremsstrahlung photons is treated individually. As 

a result, one of the requirements to runtie system is to define threshold energies for 

such interactions and prepare cross-section data for these threshold energies (using 

PEGS4), which vary in general depending on the applications. The threshold energy 

for 5-rays production is called AE and the threshold for the production of 

bremsstrahlung photons is called AP.

Two further parameters required for the Monte Carlo transport of electrons and 

photons are the, respectively, ECUT and PCUT. Electrons and photons with energies 

below these cutoff energies will be terminated and their energies deposited locally. The 

real purpose of these cutoff energies is to terminate the simulation so that it does not 

go on forever. Obviously, one can use these to parameters to terminate the particle 

histories if the particles can no longer make any contribution to the final result.

With the improvement of the low-energy electron transport in EGS4, some
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user-defined restrictions in electron step-sizes have been introduced by inclusion of 

two parameters ESTEPE and TMAX (Rogers 1984). ESTEPE is the maximum 

fractional energy loss per electron step which varies with between 0 and 1. TMAX is 

the upper limit (in cm) on the electron step-size. The choice of these two parameters 

is application dependent. In some applications the default values can be used. In 

general, TMAX is confined by ESTEPE or simulation geometry and using smaller 

values of ESTEPE gives more accurate results as long as the electron step-size is not 

too small to invalidate Moliere multiple-scattering formalism. As a tradeoff, the 

computing time increases dramatically as ESTEPE is decreased. However this has been 

improved by the introduction of the Parameter Reduced Electron-Step Algorithm 

(PRESTA) by Bielajew and Rogers (1987).

Generally successful simulations need correct choice of the EGS4 parameters. 

The choice of these parameters is usually done according the user’s experience and 

careful comparisons analysis of the different options available.

3.6 Implementation of EGS4

The Implementation of EGS4 The Code Itself consists of two user-callable 

subroutines, HATCH and SHOWER, which in turn call other routines in the Code two 

of which are the user-written subroutines HOWFAR and AUSGAB. These two 

determine the geometry and output respectively. The user communicates with EGS4 

by means of various COMMON variables. To use EGS4, the user must write a MAIN 

program and the subroutines HOWFAR and AUSGAB. The MAIN performs all the 

initialisations needed for the routines HOWFAR and AUSGAB and the sets the values 

of certain EGS4 COMMON variables which specify such things as names of the media 

to be used, the desired cutoff energies and the unit of distance (e.g cm, radiation 

lengths, etc). The MAIN then calls the HATCH subroutine, which then "hatches" EGS 

by doing a once-only initialization and by reading from data sets "laid" by PEGS for 

the material requested. HOWFAR provides the specification of the geometry in 

question. For complicated combinational geometries the preparation of this subroutine 

is eased by the availability of the geometry packages supplied with other files on the 

tape.

Appendix 2 of SLAC Report 265 give the guidelines for the writing of
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INFORMATION
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DATA USERCODE

EGS4
MEDIA DATA 
FROM PEGS4
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HATCH

MAIN

ROUTINES

EGS4

Fig. 2.1 Flow of control and data when a usercode uses the EGS4 system.

HOWFAR and AUSGAB, Life is made much easier by the availability of routines for 

cylindrical, planar, cone, and spherical geometries written in Macro (definitions) form 

which are easy to call from HOWFAR. The user has the freedom to choose any source 

distribution and in the output of results, all one has to do is to know which block 

contains what, in the writing of the output subroutine AUSGAB.

After initialization, MAIN then calls SHOWER when desired. Each call to 

SHOWER results in the generation of one history.

3.7 Usercodes used in this exercise

The Usercode is defined as the code with the MAIN, HOWFAR and AUSGAB 

routines. In this report three distinct usercodes where used; LINEAR & SL15 

(collectively caUed LINAC), PARTICLE and MARKUSC.

The usercodes LINEAR and SL15 were developed primarily for the simulation 

of linear accelerator heads only. From the simulations, the bremsstrahlung spectra and
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other particle distributions were calculated and stored for use in other simulations. 

These codes were also used in the assessment of electron contamination in the photon 

beams. This led to the extension of the codes to calculation of energy deposition in 

phantoms.

The usercode PARTICLE was originally developed just for dose distribution 

calculations in different phantom materials. This was later extended to calculate 

particle fluence and stopping-power ratios. The ideas used in the calculation of the 

particle fluences were obtained from FLURZ (obtained from Bielajew). The geometry 

in this code is a straight forward two-slab geometry. These user codes use the particle 

distributions from the linac simulations.
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Fig.2.2 The percentage depth dose curve for a lOMV photon beam calculated using 
usercodes PARTICLE (staircase) and DOSRZ (squares).

The accuracy of the usercode PARTICLE was checked by comparing the dose 

distributions calculated with this code to those from DOSRZ. In the code DOSRZ the 

percentage depth dose curve are calculated by dividing the phantom into different 

planar cylindrical regions with distinct region identifications. Unlike in DOSRZ, in 

PARTICLE the phantom is left as one big region and the calculations carried out by
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spatial binning of the depth and radial distance into voxels. Fig.2.3 shows the 

comparison of the percentage depth doses calculated using the two codes for a lOMV 

photon beam.

Like PARTICLE, the usercode MARKUSC uses the particle parameter 

distributions obtained from the linacs for initial parameter inputs. This usercode 

simulates typical geometries of parallel-plate chamber geometries to find out the 

contributions from different regions of the chamber, to the cavity ionization. The 

accuracy of the this code is discussed in Chapter 7.
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Chapter 4

4. Bremsstrahlung spectra from Linear Accelerators

4.1. Introduction

Although high-energy x-rays are widely used in radiation therapy and in 

physics research, there is no completely satisfactory method for determining high- 

energy spectra, especially in a hospital environment. Although quantum electrodynamic 

calculations of bremsstrahlung spectra by Bethe and Heitler and Schiff have been 

found to be quite satisfactory for thin targets, linear accelerators used for radiotherapy 

generally employ targets which are thick enough to absorb most of the incident 

electron energy in order to obtain high-intensity x-ray beams. In addition, the x-ray 

beam is tailored for treatment by field-flattening filters and beam-defining collimators 

and accessories. All these factors tend to degrade the spectrum so that, at the point of 

application, the x-ray spectrum is markedly different from the thin-target spectrum. 

The accelerator potential is therefore a poor descriptor of the dosimetric properties of 

the photon beam as pointed out by Nahum (1978). For beam energy dependent 

inferences to be made, the photon beam spectra ha$èto be known instead of just the 

nominal energy.

4.2. Determination of bremsstrahlung spectra

4.2.1 Measurement of the Bremsstrahlung spectra from megavoltage electron 

linacs

Various procedures have been used for measuring bremsstrahlung spectra from 

electrons with energies exceeding 5MeV. These include Compton spectroscopy (lessen 

1973, Landry et al 1991), spectrometry based on the photodisintegration of the 

deuteron (Sherman 1974), transmission spectrometry (Huang 1983, Piermattei 1987, 

Piermattei 1990, Ahnesjo 1989), photoactivation spectrometry (Goldstein 1951, Nath 

1976, Hirayama 1973), and scintillation spectrometry with the detector placed directly 

in the beam (Faddegon 1991).
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4.2.1.1 Compton Spectrometry
A Compton spectrometer consists of a thin foil target placed directly in the 

photon beam, which is used to scatter the bremsstrahlung photons and a spectrometer 

which is used to measure the energy of the photons or electrons which are scattered 

into a given range of angles. The bremsstrahlung spectrum is deduced from the 

Compton energetics and the Klein-Nishina formula. Spectrum measurements using 

Compton scatter spectrometers have an advantage since the detector is kept out of the 

intense direct beam. The counting rate produced after the beam has scattered from the 

metal sheet is reduced to an appropriate level for high-resolution detection. With this 

technique the primary spectrum can be obtained without perturbation due to 

collimation and detuning of the accelerators to reduce pulse pile-up. When a high- 

resolution Ge detector is used, (Landry et al, 1991), some of the artifacts due to 

coUimation such as gamma rays from °̂̂ Pb isomeric states formed from neutron 

capture reactions can easily be identified.

Compton spectrometry approaches are useful for spectrometry of high intensity 

bremsstrahlung beams in the energy range 0.3 to 12MeV. The upper energy is limited 

by the low cross section for Compton scattering and the weak dependence of the 

scattering angle with energy. Most of the photons radiated from the target in a forward 

direction come from electrons which are scattered by small angles and a small amount 

of the multiple scattered electrons produce photons which reach the detector. This may 

lead to an over estimation of the high energy component and under-estimation of the 

low energy component on the measured spectrum.

The major problems associated with this method are that massive shielding on 

the scintillator detector, and loss of resolution due to the compression of the x-ray 

spectrum into a relatively narrow energy band in the Compton spectrum. For example, 

in using a 45® scattering angle, photons in the 20-30MeV of the bremsstrahlung 

spectrum are compressed into the 1.62 -1.66MeV region of the Compton spectrum. 

This condition can only be improved by reducing the scattering angle but this 

introduces higher counting rates, higher-energy photons, increased shielding and 

reduced detector efficiency.
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4.2.1.2 Photodisintegration of deuterium

Photons with sufficient energy to overcome the 2.22MeV deuterium binding 

energy are absorbed by deuterium atoms by the D(y,n)p reaction. The nucleons are 

split apart with a combined kinetic energy equal to the incident photon energy less 

the binding energy. In deuterium photodisintegration spectrometry the energy spectrum 

of photoneutrons and photoprotons is measured. This is related to the bremsstrahlung 

spectrum through the photodisintegration cross-sections and the simple energy 

relationship between the photonucleon and the incident photon.

Photoproton energies have been deduced from track-length measurements in 

nuclear emulsions (W.Bosley 1948, V.E.Krohn 1952, K.Philips 1954, E.V.Weinstock 

1955, G.Ward 1960). These researchers used nuclear emulsion films loaded with heavy 

water as combined deuterium target and photoproton spectrometers. The proton kinetic 

energy is related to its track-length through the stopping powers of the emulsion. The 

inaccuracy of identification and measurement of short track-lengths formed by low- 

energy protons limits this approach to photon energies greater than 5MeV.

The combination of deuterium photodisintegration with neutron time-of-flight 

to measure bremsstrahlung at various energies has been reported by O’Dell et al 

(1968) who used a heavy water target for the D(y,n)p reaction and by Sherman et al

(1974) using a liquid deuterium (LDj) target. The use of the LDj is preferred due to 

the absence of which can complicate the spectral analysis. Theoretical cross section^ 

for the deuteron photodisintegration are then used to deconvolve the photon spectra 

from the spectrometer response. The combined effect of the threshold of the D(y,n)p 

reaction of 2.22MeV and the neutron time-of-flight techniques limits the lower cutoff 

energy to about 5MeV.

4.2.1.4 Photoactivation

The method takes advantage of the energy-dependent cross-sections of 

photonuclear reactions, and the radioactive isotopes produced by these reactions. 

Photons of sufficient energy to overcome the nuclear binding energy or to excite a 

nucleus into a higher energy state can cause stable nuclei to become radioactive. 

Typical reactions include ^^C(y,nŸ^C, ^^Y(y,2nf^Y, ^^Cu(y,n)^Cu, ^^Nb(y,nf^”'Nb, and 

which have thresholds from 1.0 to 20.8MeV. The types and amounts
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of radioactivity produced by irradiation of foils of these materials will markedly 

depend upon the bremsstrahlung spectrum. Since the amount of radioactivity produced 

in a specific foil is proportional to the convolution of the photonuclear cross section 

and the x-ray spectrum, analysis of the radioactivity produced in a number of foils 

may be used to obtain the spectrum.

The experiment requires a finite irradiation time, a waiting time between foil 

activation and activity measurements, and a finite counting time. Corrections are 

required for these effects as well as detector efficiency and the number of gammas per 

nuclear decay so that the result is an estimate of the saturation activity, which depends 

only on the fluence rate and the photoactivation cross section. One approach to 

reconstructing the bremsstrahlung spectrum from the saturation foils activities involves 

the expansion of the spectrum into a set of orthonormal functions (Nath 1976, 

Hirayama 1973, Nakamura 1976). The coefficients of the expansion are determined 

from the foil activities through an unfolding process which involves the 

photoactivation cross-sections, the orthonormal functions, and a weighting function. 

The weighting function is best chosen to be close to the bremsstrahlung spectrum in 

order to avoid unstable solutions.The spectral reconstruction is limited to energies

greater than 5MeV since all practical activation foils in use have threshold energies 

that equal or exceed this value and also prior knowledge of the spectr^  is required in 

order to obtain a stable solution in to the unfolding problem.

4.2.1.5 Scintillation spectrometry of primary photons

In this approach, individual photons are incident on a scintillating material. The 

photons interact with the atomic electrons of the material by the photoelectric, 

Compton effect and pair production. Part of the energy of the photon is transferred to 

the scattered electron or in the case of pair production, to the rest mass and kinetic 

energies of the electron and positron. Energy may be lost from the detector if the 

photon escapes, if bremsstrahlung photons emitted by the electrons or positrons 

escapes, or if one or both of the annihilation photons escapes. Very large scintillators 

can trap most of the incident photon energy so the energy deposited can be detected 

via a photomultiplier tube. Faddegon B.A. et al (1991) used this method to investigate 

the forward-directed bremsstrahlung from slabs^different materials and a range of ^
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electron energies, and the angular distribution of bremsstrahlung from 15MeV 

electrons incident^thick targets of Be, Al and Pb. In their work, Faddegon et al (1991), 

used Monte Carlo techniques to calculate the response functions and the detector 

efficiencies for the spectra of photons.

This procedure is not feasible in normal clinical situations since the placing of 

the scintillator in the direct beam leads to unmanageable levels of pulse pile-up. As 

a result this procedure requires a massive detuning of the accelerator to reduce the 

number of photons per pulse. The reduction of the beam intensity by reducing of the 

pulse-repetition-frequency (FRF) leads to a change in the energy of the bremsstrahlung 

spectrum produced on linacs where the energy of the beam is servoed. This effect can 

be observed from the reduction of the "horns" from the air scans, diagonally across the 

beam, as the FRF is reduced.

4.2.1.6 Transmission spectrometry

The transmission of bremsstrahlung beams through an absorber depends on the 

spectrum shape. Several researchers have used reconstruction techniques to determine 

bremsstrahlung spectrum from transmission measurements (Firmattei 1990, Huang et 

al 1983). This involved carrying an iterative least squares fitting on narrow beam 

transmission data obtained by using aluminium and/or lead attenuators. Other 

researchers (Ahnesjô 1991, Sauer 1990) have used percentage depth dose distributions 

to calculate the effective bremsstrahlung. Ahnesjô et al (1991) used an analytical 

description of the bremsstrahlung spectrum instead of using direct algebraic 

reconstruction. This method employs a lot approximations in the fitting and 

reconstruction and so the overall accuracy is about 10%. Furthermore, the method does 

not account for the secondary effects like off-axis softening and angular spread.

4.2.2 Monte Carlo methods

The energy spectrum of bremsstrahlung x-rays produced by clinical accelerators 

has been the subject of investigations because of the influence of the spectrum on x- 

ray dosimetry. Fhoton spectra have been calculated by a variety of methods ranging 

from analytical calculations based on coarse simplifying assumptions to Monte Carlo 

calculations which account for all the physically significant phenomena, in particular
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that of electron transport. Even the spectra calculated by Monte Carlo approach have 

systematic errors such as the bremsstrahlung cross section errors and simplification in 

specific algorithms and approximations in the model geometry.

As input for the Monte Carlo calculations one needs the bremsstrahlung 

production cross sections a(k,8;TJ, for a wide range of values of the initial electron 

kinetic energy, Tj, the energy k of the emitted photon, and the intrinsic emission angle 

0. The only practical way of getting this information is from theoretical formulas, 

because the experimental coverage is too sparse. The available bremsstrahlung theory 

for moderate and high energies has been developed either in the Bom-approximation 

or with the Sommerfield-Maue wave functions.

4.2.2.1 Bremsstrahlung Cross Sections Review

The singly differential bremsstrahlung cross section da/dk depends on the 

energy k of the emitted photon, the kinetic T̂  of the incident electron, and the atomic 

number of the target material. For a neutral atom, the cross section can be written as 

the sum of the terms

A  _ ^  4.1
dk dk dk

where daydk represents the bremsstrahlung produced in the field of the screened 

atomic nucleus and Zda/dk represents the bremsstrahlung in field of the atomic 

electrons.

A substantial body of theory of bremsstrahlung cross sections has been developed in 

various approximations, and with various limitations and regions of applicability. The 

analytical theories available through 1959 can be found in the still current review of 

Koch and Motz (1959). None of these analytical theories by themselves are adequate 

to describe accurately the bremsstrahlung cross section over a wide range of 

conditions. Rbch and Motz have recommended a set of formulas. Coulomb-correction 

factors, and empirical corrections to be made to da^dk, the electron-nucleus cross 

section. Seltzer et al (1970) used somewhat different prescriptions in later Monte Carlo 

calculation, in conjunction with updated empirical factors.

The availability of the accurate results by Pratt et al (1977) who obtained the
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electron-nucleus cross section for IkeV ^ Tj ^ 2MeV made it no longer necessary to 

rely on approximate cross section formulas and poorly know empirical corrections in 

this energy range. For high energy electrons, the analytical electron-nucleus 

bremsstrahlung theory of Daves, Bethe, Maximon and Olsen, (DBMO), (1954) is 

available. Their results, derived in the high-energy approximation in which and the 

outgoing electron kinetic energy are large compared to the rest mass of the electron, 

go beyond the Born approximation through their use of Sommerfield-Maue Coulomb- 

correction term. Their cross section is written in terms of the Bethe-Heitler, Born 

approximation formula, including screening effects plus a Coulomb correction factor. 

The DBMO results are considered accurate for initial electron energies higher than 50 

MeV except when k»Ti.

S.M. Seltzer et a/,(1985), have interpolated between the DBMO predictions and 

the numerical Pratt et al data,using least-squares cubic splines of Powell (1967), along 

with refinements in the evaluation of the high-energy results and more accurate 

evaluation of the electron-electron cross section, to produce a new bremsstrahlung data 

set, (Seltzer et a/, 1985).

4.2.2.1 a) The Electron-Nucleus Bremsstrahlung

For the high energy analytical results for Ti>50MeV, the cross section can be 

evaluated using a combination of results from bremsstrahlung theory,

^
where is the Bethe-Heitler, Born-approximation results for a unscreened

nucleus, is the screen correction, and is a Coulomb correction. The constant 

a  is a fine structure constant and r̂  is the classical electron radius.

Seltzer and Berger (1985) calculated the screening correction on the basis of 

the Bethe, Bom approximation high-energy formula for a screened nucleus. The 

Coulomb correction accounts for the case when k»Ti, i.e. high frequency tip, the 

Blwert Sctor near the high frequency tip, and the Coulomb correction from the DBMO 

theory, i.e;
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where f̂ , the Elwert factor given by,

_ Pi [l-exp(-2jta^Pi)]
‘ P2 [l-exp(-2xaZ/pj)]

:DBMOCoul is the DBMO Coulomb correction and are the velocities of the incident

and the outgoing electrons in the units of velocity of light respectively. The function 

(oCT̂ ) varies smoothly from 0 to 1 with increasing Tj, (equ. 15, S.M. Seltzer et 

al,1985), so as to switch on the DBMO Coulomb correction as the Elwert term goes 

zero. The exponential function ensures that the cross section goes to the adopted value 

for the high frequency limit which is incorporated in the parameter Ç, which is a 

function of the high frequency limit approximation of and Z (see eq. 13

Seltzer et al 1985).The Born-approximation cross section vanishes at the high- 

frequency limit. The product fjX“^Bom gives tip values correct to the first order in ocZ. 

More accurate tip values, in the high-energy limit are obtained from the theory of 

Jabbur and Pratt (1964). For the intermediate energies (2 < Tj < SOMeV), Seltzer and 

Berger have fitted cubic splines to the cross section at lower and higher energies.

4.2.2.1 b) Electron-Electron Bremsstrahlung

Rearranging equation 4.1, we obtain,

É1 .  4.5
dk [ Z j d k

where

( 1 /In ^
4.6

At very high energies, the electron-electron and the electron-nucleus cross sections are 

nearly identical for an unscreened atomic nucleus of unit charge (Joseph J. and 

Rohrlich P., (1958). It has since then been the usual practice to include the electron- 

electron bremsstrahlung contribution to the cross section by assuming ij. There are a 

number of differences between electron-electron and electron-nucleus cross sections
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which cause T| to be other than unity:

1) the screening field of the atomic electrons is different from that of the nucleus;

2) the electron-electron cross section goes to zero at the high frequency limit due 

Coulomb repulsion between the electrons;

3) in electron-electron interactions, there is a component of low-energy 

bremsstrahlung produced by the recoiling electron;

4) there is kinematic upper limit on the photon energy emitted in the electron-electron 

which varies from for Pi=l to =T/2 fro =0;

5) the electron-electron cross section tends to vanish at low incident electron energies 

as a consequence of the lack of a dipole moment for the electron-electron system. 

With these features taken into account, the electron-electron cross section can be 

evaluated according to

ÉÎ1 _ i î f / y  .  > 4.7
dk k screen

where is Haug’s Bom-approximation result for an unscreened free target electron, 

fĝ  is the Coulomb correction of Maximon and Gorman (1967) is a screening 

correction based on the work of Wheeler and Lamb, (1967).The factor f^ (^ l) of Haug

(1975) is analogous to the Elwert factor in electron-nucleus bremsstrahlung production 

and is given by,

_ P i[exp(2n«/P))-l]
'  Pj[exp(2ito/pj)-l]

The combined use of the screen correction and the Haug’s effect gives significant 

errors at low energies. At these energies, however the contributions of electron-electron 

bremsstrahlung is very small. At low energies T| becomes less than unity over much 

of the spectrum. The relative contribution of electron-electron bremsstrahlung 

eventually tends to vanish at very low energies because the incident electron can no 

longer approach close to the atomic electrons. In order to improve the cross-sections 

Seltzer and Berger (1985) introduced a modified T| as the ratio of the integrated 

radiative energy-loss cross-sections for electron-electron to electron-nucleus events, 

which dependents on the initial electron energy.

The results of these modified calculations by Seltzer and Berger (1985), of the
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bremsstrahlung cross-sections show good agreement with experimental values of 

Barber et al (1955), Brown (1956), and Lanz and Hanson (1951) especially when 

electron-electron bremsstrahlung is included for the high energy range. For the 

intermediate energy range, there are very few experimental data available to verify the 

calculations, however, the fitted splines showed consistence when compared with the 

available results of Starfelt and Koch (1956), and Hall et al (1963).

4.2.2.2 Bremsstrahlung theory in ËGS4

The basic formulas used in the code were taken from the review article of 

Koch and Motz (1959). Below 50 MeV the Bom approximation cross-sections are used 

with empirical corrections added to get agreement with experiments. Above 50 MeV 

the extreme relativistic Coulomb corrected cross-sections are used. The DBMO 

Coulomb correction factor is used and the Thomas-Fermi screening factors are 

employed to model screening of the nucleus by the orbital electrons. In order to 

account for electron-electron bremsstrahlung, a single parameter Ç, was used in a 

simple Z(Z+Ç) correction to the cross-sections. The parameter Ç has been defined 

making use of Tsai’s (1974), radiation logarithms.

One of the correction factors which was ignored in EGS4 is the Elwert factor 

which Koch and Motz (1959) recommended to be used below 2 MeV. This is therefore 

one of the restrictions in the use of EGS4 at present. For problems in which the 

bremsstrahlung from low energy electrons plays an important? role, this correction 

factor is necessary for more accurate results.

Several approximations are made in the modelling of bremsstrahlung in the 

EGS4 code. EGS4 treats electrons and positrons as the same with respect to 

bremsstrahlung. Actually, at low energies, positron bremsstrahlung is suppressed 

relative to electron bremsstrahlung. The electron is not deflected by the bremsstrahlung 

interaction. Rather than sampling the bremsstrahlung photon’s direction from a 

distribution, the default EGS4 sets it off in a direction uniquely defined by the initial 

electron, Q^=mJE^. An improved method of sampling from the bremsstrahlung 

photon angular distributions from Koch and Motz (1959) has been incorporated into 

EGS4 by Bielajew et al (1990).

Recently, Rogers et al (1989) have implemented new bremsstrahlung total cross-
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sections by forcing the radiative stopping powers to conform to the ICRU report-37 

(1984). This means that the mean energy loss to photons is equal to that in ICRU-37 

but does not mean that the bremsstrahlung cross-sections are the same as those given 

by Seltzer and Berger (1985) since they use different differential cross-sections.

4.3 Monte Carlo simulations: The User Codes LINEAR and SL15

4.3.1 Simulation Geometry

In order to produce spectra which are as close to a clinical setup as possible, 

assuming that the "electron physics is right", an attempt was made to simulate the 

geometry of the linear accelerators as accurately as possible. The dimensions of the 

different parts of the linac heads wstt obtained from Philips together wit^^eoretical 

shape of the electron spectra hitting the target from the bending magnetic field. The 

USER code LINEAR was developed to simulate the Philips SL75-5 and SL75-14 

linear accelerators. The code was later modified for the SL15 & 25 linac series to 

produce the USER code SL15. The main differences of dosimetric importance in the 

geometry in the two codes were the regions above the monitoring chamber. The 

schematic diagram of the linac simulation geometry is shown in Fig. 4.1

1) The target was simulated as a tungsten slab 3.0mm and 3.2mm thick for the 

SL75-5 & 14 respectively without a target backing material. For the SL15 & 25 series, 

a 1.0mm slab of tungsten was used as the target with a 9.0mm copper target backing 

material.

2) The primary collimators and filters were simulated as right cones using the 

CERN macros for cones in EGS4. The cone angles were obtained from the data 

supplied by Philips. Although it suffices to simulate the flattening filters for the 5-, 6- 

and 8MV beams as single cones with cone angle depending on the filter profile, the 

filters for the 10- and 21MV photon beams required more attention. Due to profiles 

of the lOMV filter and the 21MV difference filter, two cones joined together, whose 

angles were chosen from the dimensions on the supplied schematic drawings, were 

used for each filter. In the SL15 & 25 series, a 2.0mm "dosimetry" slab of aluminium 

was inserted just above the monitoring chamber. The dimensions of the beam 

hardening filter in the 21MV photon beams were also taken from the schematic
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diagrams.

3) The monitoring chamber was treated as a very thin slab of aluminium.

4) Due to the nature of the construction of the geometry checking routine 

HOWFAR, the shapes of the wedges were simplified down to triangular prisms. The 

slopes of the wedges were approximated from the shapes of the different wedges. The 

material of the wedge was chosen as lead or air for setups with and without wedges 

respectively.

5) The X and Y jaws were basically simulated as lead blocks with inside face- 

angles changing with field size to maintain an alignment of the planes of the faces 

with the focal point.

4.3.2 Variance reductions techniques used in LINEAR and SL15

In order to reduce the computing time the cuttoff energy of the charged 

particles ECUT was set to different values depending on the regions. For the regions 

above the flattening filter like the target, target backing and the primary collimators, 

ECUT was set 1.5MeV for the lower energy beams and 2.0MeV for the 21MV beam. 

The use of the high cutoff energies was observed to have no significant effect on the 

observed spectra because the low energy bremsstrahlung photons produced by these
to

electrons wül not have sufficient energy pass through the filters to the machine exit. 

In the other regions the cutoff energy of 0.6MeV was used.

In regions containing lead or steel, the ranges of the charged particles were 

determined approximately. If the range of the particle was found to be less than the 

distance to the nearest boundary and the energy of the particle below a certain energy 

ESAV=1.8MeV, the particle was discarded. This range rejection method ignores the 

bremsstrahlung photons which might have been produced by these charged particles, 

but their contribution to the spectra was observed to be insignificant and a lot of 

computing time was saved by this crude method.

These two variance reduction techniques were used in the two linac simulation 

codes together with PRESTA. The use of PRESTA saves computing time in that the 

number of calls to SUBROUTINE HOWFAR are considerably reduced by the use of 

the geometry related user-defined macro $CALL-HOWNEAR. This macro calculates 

the distance to the nearest boundary and if it is larger than the electron transport step
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USTEP, then no call to HOWFAR is made.

4.3.3 Transport parameters

The electron cuttoff energy ECUT was set to region-dependent values as 

described in section 4.3.2. The photon cutoff energy PCUT was set to O.OlMeV for 

all the regions.

The PRESTA algorithms were used in this exercise and the macro $CALL- 

HOWNEAR, which calculates the nearest boundaries, was setup for the simulation 

geometry. The PRESTA parameters were set as follows:

IPLC = 0 for new PRESTA path-length correction,

IBCA = 0 to invoke the boundary crossing algorithm,

ILCA = 0 to include lateral correlation algorithm, 

lOLDTM = 0 to use the new FIXTMX subroutine,

BLCMIN =1.3.

The rest of the implementation PRESTA parameters were set as described in 

NRCC PIRS -0042 (Bielajew et al, 1986). The default values of ESTEPE and SMAX 

were used.

4.3.4 Simulation details

Using the geometry described in section 4.3.2, simulation of the cascade from 

the linacs was initiated with a beam of electrons incident on a slab of target material. 

The distributions of the incident electrons were taken from calculations obtained from 

Philips. The showers of particles were followed down to different scoring planes or 

regions.

The energy spectrum of both the electrons and photons was scored in a plane 

perpendicular to the central-axis (CAX), as shown in Fig.4.2. In order to investigate 

radial distribution of the spectra, the plane was divided into annular regions with the 

radius of the middle of the annular regions used for the binning (i.e. the fth annulus 

corresponds to space between radii r̂ .̂  and r̂ .

The energy of the particles was scored in log bins. For each linac 100 bins 

were used with bin-sizes dependent on the maximum energy of the beam. The bin- 

sizes were calculated using the expression:
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Fig.4.2 Scoring of the energy spectra and angular distributions.

Binsize - 4.9

were was taken as 0.01 MeV.

In the scoring of the electron spectra, the electrons and positrons were not 

separated. These were grouped together as electrons.

4.4 Results and Discussion

4.4.1 Uncertainties

For the generation of bremsstrahlung spectra, 5 batches each of 5x10  ̂electron 

histories were initiated for each setup for the calculation of the uncertainty in the 

spectra. The standard deviation of the expected value of the mean energies was found 

to be less than 4%. Setups involving the wedge required a large number of histories 

to reduce statistical variations, due to the attenuation in lead.
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4.4.2 Bremsstrahlung Spectra

The main factors which affect the x-ray spectra from linear accelerators, at the 

point of measurement are (a) the energy of the accelerated electrons, (b) the thickness 

and the atomic number of the target (c) the added filtration, and (d) the design of the 

beam defining system. The first two of the above factors can be predicted easily using 

theoretical calculations (Berger 1985, Schiff 1951) and were therefore not investigated 

here. The effect of the design of the linear accelerator included the flattening filter and 

the collimators.

The principal advantage of the Monte Carlo method is that it can be used to 

obtain angular distributions, quantities which cannot be measured experimentally. The 

codes LINEAR and SL15 were used to analyze the factors which affect the 

bremsstrahlung spectra shape between the target and the phantom. The calculated 

spectra showed good agreement with Monte Carlo simulation results of Mohan et al 

(1986) using EGS3, as shown in Fig.4.3 for the 6 and lOMV beams. In their work, 

Mohan et al (1986), the angle between the bremsstrahlung photon and the primary 

electron was determined from the ratio rest mass to the initial energy of the primary 

electron, nipĈ /Ê  (fonner EGS4 default). A more accurate approach of sampling the 

bremsstrahlung photon angles from the Koch Motz (1959) distributions was used in 

this exercise. The fixed-angle approach has been reported to overestimate forward- 

directed bremsstrahlung photon yield mostly at low energies (Faddegon et al (1991). 

This might be^ason for the slight discrepancy observed in Fig.4.3b for the lOMV 

beam at the low energy end of the spectra.

Also included in Fig.4.3b, is the measured spectrum from the work of 

Faddegon et al (1991), for the lOMV beam. The spectrum was obtained by 

scintillation methods (section 4.2.1.4), using lOMeV electrons, from the NRCC Vickers 

research linac, incident on thick Pb targets. No flattening filters were included in their 

geometrical setups, so as a result, a large component of low energy photons reached 

the detector. This low energy component, which can be observed in Fig.4.3b, is 

removed by the introduction of additional filtration.

The shapes and angular distributions of the bremsstrahlung spectra were 

calculated at different levels of the simulation geometry, (Fig.4.1). The calculated 

spectra, plotted as photons/bin versus energy, are shown in Fig.4.4a-e for the five
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Fig.4.4 Comparison of the calculated spectra with Monte Carlo results of Mdian et al, (1986) and the 
experimental measurements of Faddegon et al (1991, NRCQ.

beam energies. These spectra were calculated at 100.0cm source-sampling position 

distance. The shape of the spectra exhibit a variation with radial distance from the 

central-axis (CAX). The bremsstrahlung energy spectrum in the central part of the 

photon beam is somewhat harder than in the regions near the edge of the beam. The 

flattening filter not only hardens the beam as a whole, but further enhances the relative 

hardness near the centre. This is evident from the shifting of the peak energy of the 

spectra to lower energies as the radial distance from the CAX increases and also the
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Fig.4.4a Bremsstrahlung spectra for the Philips SL-75 5MV photon beam collected at 
100cm SSD.
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Fig. 4.4b Bremsstrahlung spectra for the Philips SL15 6MV photon beam collected at 
100cm SSD.
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Fig.4.4d Bremsstrahlung spectra for the Philips SL15 lOMV photon beams collected at 
100cm SSD.
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Fig.4.4e Bremsstrahlung spectra for the PhUips SL25 21MV photon beams collected at 
100cm SSD.

variation in the mean energies of the beams as shown in Fig.4.5.

When the filter material is changed to air the variation in the calculated mean 

energies is less marked than with the filter present. For the unfiltered spectrum, the 

variation of the mean energy with distance from the CAX, is less severe than in the 

filtered beam. The unfiltered beams show a slight variation which is mainly due to the 

distribution of the emission angles of the forward directed bremsstrahlung photons in 

thick target theory and scatter from the primary collimators. Table 4.1 expresses the 

difference in the mean energies between the first and last annular region spectra, (i.e 

annular radius 1.0 and 19.0cm respectively), and also the variation as a percentage of 

the centrsfaxis value for the filtered and unfiltered beams. If the contour of the filter 

is ignored in photon beam simulations, there still exist a slight variation of the mean 

energy which although not more than 10% for lOMV and below, is as high as 18% 

for the 21MV. The introduction of the filter pushes the maximum variation in the 

mean energies to about 26±2%. Table 4.2 shows the deviation from the one third 

concept of determining the mean energy of the photon beams. At low energies (^M V ) 

the mean energy is greater than one third of the beam nominal energy. As the beam 

energy is increased, the mean energy of the beam gradually decreases to values lower
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Fig.4.5 Variation of the mean energy of the bremsstrahlung spectra for various energy beams, with 
radial distance from central-axis at 100cm SSD with (squares) and without (+) the flattening filter.

than a third of the maximum accelerating potential.

Table 4,1. Variation of the photon energy with radial distance firom the CAX.

Nominal

Energy
(MeV)

Mean Energy range across 
40X40 field

% Variation of the 
mean energy

with filter without filter with filter without filter

5 1.70 - 1.26 1.33 - 1.25 26% 6.4%

6 1.95 - 1.46 1.47 - 1.36 25% 15%

8 2,50 - 1.81 1.81 - 1,64 28% 9.4%

10 2,92 - 2.17 2,17 - 1.96 26% 9.7%
21 6.03 - 4.60 5.16 - 4.21 24% 18,4%

Fig.4.6 shows the spectra for an 8MV photon beam calculated at the monitoring 

chamber level (Fig.4.1), for an 8MV beam. The effect of the filter on spectral shape
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Fig.4.6a Bremsstrahlung spectra from the SL75-8MV collected at the 
mcmtoriug chamber level with and without the flattening filter.

is evident. One thing to note is the variation of the 0.511 MeV annihilation peak 

intensity with radial distance. The distribution of the emission angles of the backed- 

gammas produced from annihilation-at-rest is such that their intensity increases with 

distance from the CAX. The central-axis spectra therefore, with less annihilation 

photons, contains more of the forward directed bremsstrahlung photons which tend to 

have a higher mean energy. The annihilation peaks are more pronounced up in the 

linac head where there are more high Z materials in the primary collimators and the 

flattening filter. Further away from the high Z materials the annihilation peak is of 

course less pronounced as can be observed in Fig.4.4c for the 8MV spectra calculated
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at 100cm SSD. In experimental measurements of bremsstrahlung involving the use of 

high Z materials in collimation and detector shielding, the contribution from the 

positron annihilation photons from these materials has to be assessed.

Table 4.2 Central-axis mean photon energy for the simulated beams.

Nominal Energy, E 5MV 6MV 8MV lOMV 21MV

Mean Energy, <E> (MeV) 1.72 1.95 2.50 2.92 6.03

<E>/E 0.340 0.325 0.313 0.292 0.287

These calculated spectra were then used to construct cumulative probability 

distributions for the particle energies for use in phantom and chamber simulations. The 

spectra were benchmarked by comparing calculated dose distributions with measured 

data.

The calculated photon spectra have been tabulated in Appendix A using an 

energy resolution of 0.2MeV for all the energy beams except the 21MV where a 

resolution of 0.25MeV was used. The spectra for the charged particles are described 

later under electron contamination. The contribution of the electrons was taken into 

account in all the dose distribution calculations carried out using the generated spectra.

4.4.3 Benchmarks of Photon Spectra

As pointed out earlier, there are no completely reliable experimental spectra 

available. The practical measurements suffer from different short falls like massive 

detuning of the linear accelerators, to reduce intensities to manageable levels, in the 

case of direct beam measurements, and approximations in spectral reconstruction in 

the case of indirect measurements (see section 2.1). It is therefore difficult to find 

accurate spectral data with which to validate computed spectra especially in a clinical 

environment. The experimental photon spectra of Levy et al (1976) show an 

appreciable difference from data published in BJR-Supplement 17 as pointed out by 

Andreo et al (1986). To verify the validity of the simulation, dose distributions, beam 

profiles and photon beam quality indices in water were calculated using the cumulative 

probability distributions obtained from the computed spectra. These results were then 

compared with the experimental data from the various linear accelerators.
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4.4.4 In phantom simulations
The Usercode PARTICLE was used for the calculations of the dose 

distributions in phantoms. The geometrical setup in the code is as shown in Fig.4.7. 

The initial distance of the particles from the phantom surface depended on the linac 

head from where the probability distributions were calculated, and the source-to- 

surface distance in use.

Linac head exit level

Photons &

■60.0cm

Fig.4.7 The schematic diagram for the in-phantom simulations.

In order to reduce boundary and energy cutoff artefacts, the cutoff energies 

were set as low as possible: ECUT=0.521MeV and PCUT=0.01MeV. The PRESTA 

parameters were set to the same values as in the usercode SL15 (section 4.3.3).

4.4.5 Depth dose distributions
■fUe.

Using j^bove geometry and the particle energy and spatial probability 

distributions, an average of 6X10^ histories of the photons and electrons were followed 

in the phantoms and the total energy deposited, via the EGS4 variable EDEP, scored 

as junc tion  of phantom depth. Since the phantoms were assumed homogeneous, the 

energy deposited in MeV was assumed directly proportional to the absorbed dose. This
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enabled the depth dose curves to be calculated from the relative energy deposited.
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The results of the calculated and the experimental percentage depth dose 

distributions are shown in Fig.4.7a-e for small and large square fields for all the 

simulated energy beams. There is good agreement better than 2.0%, between the 

calculated and experimental data. Starting at d^„, beam profiles were also calculated 

at every 10cm depths in the phantom in order to obtain cross-plots for the various 

photon beams. Fig.4.8 shows typical cross-plots from such calculations for a 5MV 

beam. The cross-plots were compared with the experimental data and also found to be 

in agreementjbetter than 1.0%. The cross-plots were calculated to check the off-axis 

effects in the calculated beams. These calculations were also carried out to check the 

accuracy of sampling of the particle parameter distributions especially beam 

divergence.

4.4.6 Beam Quality Descriptors

Traditionally the radiation quality of a photon beam is specified by the 

accelerating potential in the kV range and the nominal energy (MV) for high energy 

bremsstrahlung beams. As pointed out earlier, the nominal energy is not sufficiently 

accurate for specifying the radiation quality. The conventional method now employed 

in dosimetric protocols is the use of the ratio of the dose or ionization at 20cm and 

depth, D2 0  and 10cm, D̂ o,, measured at constant source chamber distance of 100cm, 

for a lOxlOcm^ fieldsize. This ratio is called the quality index or descriptor, p of the

beam , or often referred to as TPR“ 10*

H -  ^
^10

The quality indices for the different beams were calculated from the simulation 

for lOXlOcm^ fields, by calculating the energy deposited in a slab of water 1.0cm 

thick located at 100cm from the source. The results of these calculations were 

compared with measured data. Table 4.3 shows the results of the comparison. There 

is good agreement, better than 1%, between the measured and the Monte Carlo 

simulation quality indices. The measured data for the 21MV, often referred to as the 

25MV was obtained from Knight (1993).
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Table 4.3 The quality indices of the calculated bremsstrahlung photm beams. All the indices were 
calculated in water except for the 21MV beam measured and calculated in perspex.

Linear Accelerator/ 

Nominal Energy

Quality Index, p

Measured Simulation

Philips SL75 5MV 0.651 0.653±0.006
Philips SL15 6MV 0.685 0.683±0.007
Philips SL75 8MV 0.728 0.722±0.007
Philips SL15 lOMV 0.733 0.734±0.007
Philips SL25 21MV 0.800 0.791±0.006

(25MV)

4.5 Conclusion

The Monte Carlo method has been used to generate the energy and angular 

distributions of the bremsstrahlung photon spectra from five Philips linear accelerator 

beams. The radial distributions of the calculated spectra have shown that the flattening 

filter has a significant effect on the mean energies of the resultant spectra which 

cannot be ignored in dosimetric calculations. The calculated spectra have been used 

to calculate dose distributions in water for the various energy beams. The calculated 

dose distributions have been shown to be in good agreement with measured data from 

the respective linear accelerators. The computed Dgo/D̂ Q ratios were also found to be 

within 1% of the measured values.

It has been shown that it is possible to accurately obtain bremsstrahlung photon 

spectra for any linear accelerator as long as the schematic diagrams of the linac head 

and all beam shaping devices are known. The low energy part of the bremsstrahlung 

which cannot be resolved accurately enough using practical means has easily been 

modelled using Monte Carlo calculations. The calculated spectra were therefore used 

in the in-phantom and chamber simulations carried out in the rest of this exercise.
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Chapter 5

5. Electron Contamination in the Linac Photon Beams

5.1 Introduction

It has been known that the surface dose varies as a function of field size. In 

addition the shape of the buildup region of the photon depth dose curve, particularly 

d̂ iax» also depends on the field size. Biggs et al (1979,1983) introduced a sweeping 

magnet between the machine head exit and the phantom. By this means they 

demonstrated that the deviation of dose delivered to the buildup region can be 

attributed to contaminating electrons. They observed a decrease of about 10% in the 

dose at d̂ ax as the sweeping magnet current was increased. They also showed that the 

buildup depth dose curve for different field sizes were almost identical when all the 

electrons were swept away. This view has been demonstrated experimentally, as well 

as with Monte Carlo calculations by Petti et al (1983) and Nilsson (1985), who 

showed that the electrons produced in the treatment machine head and intervening air 

column are responsible for the increase in the surface dose and the variation of depth 

of maximum dose with field size.

Botli secondary photons and electrons (negatrons and positrons), are produced 

by interaction of the bremsstrahlung photons with the treatment head geometry. In the 

machine head the main sources of contaminating electrons are the collimators and 

materials placed in the useful beam such as beam flattening filter, wedges, 

compensators, shadow trays etc.

The contribution of the electrons from the air column depends on field size,

thickness of air column,(SSD) and photon energy. At the normal treatment SSD’s the

contribution is low for high energy photon beams. However for lower energy beams
the

like % o  beams, because of^hort range of the ejected electrons and the high 

scattering power of air at these energies, the contaminating electrons reaching the 

phantom are those produced rather close to the surface. This has been observed 

experimentally by Biggs and Russel (1983).
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5.2 Simulations

The Usercodes LINEAR and SL15 were also used to analyze the sources of 

electron contamination in the photon beams used in this research. Although 

bremsstrahlung production is a very inefficient process which takes a lot of computing 

time, the simulations were carried out in a one-stage procedure. Starting with electrons 

incident on the target, the shower of particles was followed down to energy deposition 

in the phantom. This was done to cut out all the avoidable approximations in the 

simulations. A two-stage process involving sampling particle parameters from 

distributions calculated from previous simulations introduces correlation 

approximations which might be significant in the production of secondary particles. 

The use of the one-stage simulation ensured that any approximations assumed were 

"physics" type, assuming an accurate geometry.

The availability of three Sun SPARC-10 workstations, in the later stages of this 

research, improved the speed of these calculations compared to the SUN IPC’s and 

IPX’s workstations.

With the geometry as described in section 3.3.1 and Fig.3.1, electrons 

emanating from various parts of the simulation regions were labelled or "tagged" and 

followed down to energy deposition in the phantom. The electrons classified as the 

flattening filter electrons were assumed to be all the electrons from within, from above 

the filter, from the steel bar holding the filter and field monitoring ionization chamber. 

No attempt was made to separate the filter electrons from those from above the filter. 

The "Jaws" electrons were considered as those electrons ’knocked-off’ from the 

adjustable X-Y jaws by photons from upstream. The "air column" contribution was 

calculated from the total contribution of all the electrons crossing into the phantom 

minus the contributions from filter and jaws.

The simulation parameters were set as in section 4.3.3.

5.2.1 Calculation details

Since the electrons from the various components of the machine head have 

different energies, it was not possible to determine the different contributions at a 

single depth. Instead, the contributions, to the total dose, from various sources were 

calculated as a function of depth in the phantom. The contributions were calculated as
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a percentage of the total dose, Dt̂ t at that particular depth from,

where Dp̂ ot is the dose due to incident photons only while Dg,cc» the dose due to all the 

electrons from upstream is given by,

~ % » , + ĉUrc

Dfli, Dj3  ̂ and are dose due to electrons from the flattening filter, jaws and air 

column respectively. The relative contributions were calculated by dividing each dose 

component by the total dose, and expressed as a percentage.

5.4 Results

5.4.1 Uncertainties
a.

The number of electrons crossing the phantom surface plane is^ery small 

fraction of the number of photons in the beam (less than 2%). This fraction decreases 

with beam energy. This, together with the low efficiency of production of 

bremsstrahlung demanded a large number of histories to be initiated in order to reduce 

statistical variations. Table 5.1 shows the typical number of histories used for the 

studies for the various energies, the CPU times on a SPARCstation-10 and statistical 

accuracy attained.

In order to improve the statistics, all the studies were done for large field sizes, 

typically 40X40cm^ except in field size variation studies. For depth dose calculations, 

a radius of 5.0cm was used for the central-axis dose scoring region. This reduced the 

uncertainty to less 2%. Overall the uncertainty in the calculations was found to be 

within 5% except for the 10% exhibited by the low contributions from the jaws for the 

6MV beam.

The accuracy in the experimental measurements was better than 1% once the 

measuring ionization chamber had stabilised.

5.4.2 Electron Spectra

In order to have a better understanding of the contributions, to the buildup
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Table 5.1 The number of histories initiated, the average CPU time taken per study on a SPARCstation- 
10 and the average accuracy achieved for the various energy beams.

Beam Energy (MV) Nhist CPU (hours) Maximum Uncertainty (%)

6 5X10" 60 Filter : 4% 
Air Column : 3% 

Jaws : 8%

10 2X10" 38 Filter : 3% 
Air Column : 3% 
Jaws : 5%

21 1X10" 35 Filter ; 2% 

Air Column : 3% 
Jaws : 4%

region dose, of the contaminant electrons from various regions, the energy spectra of 

the electrons were calculated. Since the simulations were done in a one-stage 

procedure from electrons incident on the target to energy deposition in the phantom, 

the electron spectra were not radially binned as in photon spectra. The electron spectra 

presented here were calculated for very large field sizes. The spectra for smaller field 

sizes were similar but noisy and a large amount of computing time was required to 

attain good statistics.

Table 5.2 The mean energies of the electrons from the different sources for the three energy beams.

Nominal Electron Nfean Energy (MeV)
Energy(MV)

Overall Filter Jaws Air Column

6MV 1.5 1.9 1.3 1.3

lOMV 2.3 2.9 2.0 1.7

21MV 4.9 5.4 3.7 3.2

The spectra shown in Fig.5.1a-c were calculated in a circular region of radius 

10cm for 40X40cm^ fields. Generally the electrons from the flattening filter region 

have higher energies than those from the air and jaws. The low energy region (below
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Fig.5.1a Energy spectra of the contaminant electrons from the different regions of the 
6MV linac head for a 40X40cm^ field.
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Fig. 5.1b Energy spectra of the contaminant electrons from the different region of the 
lOMV linac head for a 40X40cm^ field.

l.OMeV) of the electron spectra is made up of low energy electrons generated by the 

photons in the air column. The contribution of the filter electrons, to the total electron 

spectra, increases with electron energy. This increase is gradual in low energy photon 

beams and dramatic in higher energy beams, as can be observed in Fig.5.1a-c. Table

5.2 gives the calculated mean energies of the contaminant electrons from the different
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Fig.5.1c Eneigy spectra of the contaminant electrons from the different regions of the 
21MV linac head for a 40X40cm^ field.

regions. The electrons from the air column (with low atomic mass) are mainly low 

energy electron produced from the incoherent photon interactions especially for low 

energy photon beams. For high energy photon beams like the 21MV photon beams 

there is a small contribution from ’pair* generated electrons. The contribution of the 

latter pushes up the mean energies of the air column electrons. The electrons from the 

high Z materials are predominantly pair produced with lesser contribution from 

incoherent and photoelectric processes as pointed out by Nilsson (1985). This explains 

why the electrons from the flattening filter have a higher mean energy than those from 

the air column. Although the spectra of the jaws electrons are too noisy for any 

concrete inference, generally the mean energies are lower than those from the filter 

despite the high Z jaws material. In this simulation the alignment of the jaws to the 

focal spot may have played a part in reducing interaction of primary photons from 

upstream with the jaw faces. Therefore, a large proportion of the jaws electrons were 

produced via the interaction of lower energy scattered photons with jaws. The 

simulation of the adjustable jaws was done in a different way from the work of Petti 

et al (1983). They used a stack of cylinders of different radii compared to the aligned 

planes used here,(see Fig.5.2). The use of aligned planes reduces number interactions 

of the primary beam photons with the jaw faces.
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Fig.5.2 Simulation of the adjustable jaws showing the stacked cylinders 
used by Petti et al (1983) and the ahgned faces used in this work.

The counting of just the number of electrons crossing the surface of the 

phantom does not really give a clear indication of the contributions of the electrons 

to the buildup dose. The electron energy spectra have to be taken into account if an 

analysis of the different contributions is to be carried out.

5.4.3 Electron Distributions

The lateral distributions of the contaminant electrons were calculated from the 

energy deposited in the first 0.5g/cm^ of the phantom material. The results of such 

calculations are shown in Fig.5.3a-c for the three photon beams. These distributions 

were calculated for 40X40cm^ field sizes. The curves approximate a Gaussian 

distribution in agreement with the experimental work of Mackie and Scrimger (1982). 

The "penumbra" of the profiles is larger for the lower energy beams than the higher 

energies. The contaminant electrons from low energy photon beams, (e.g. 6MV) are 

mainly low energy electrons generated in the column. These electrons are scattered 

through wide angles due to high mass scattering power of air at low energies. As a 

result a lot of the electrons are scattered out of the field boundaries. As the energy 

of the electrons increases, the mass scattering power of the air decreases and the 

scattered electrons are more forward-directed. This reduces the number of electrons
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scattered out of the field boundaries. This explains why the penumbra of the 

contaminant electron profiles increases as the photon beam energy is reduced.
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Fig.5.3a The lateral distribution of the contaminant electrons from the 
various sources for a 6MV photon beam.
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Fig.5.3b The lateral distributions of the contaminant electrons from the 
various sources for the lOMV photon beam.
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Fig.5.3c The lateral distribution of the contaminant electrons from the 
various sources for the 21MV photon beam.

5.4.4. Overall Electron Contributions to Total Dose

In order to assess the overall effect of the contaminant electrons on the buildup 

dose distributions, the depositions of energy in the phantom were separated according 

to the charge of the incident particle. The depth dose curves were calculated for 

electrons only, photons only and electrons plus photons. The results of such 

calculations is shown is Fig.5.4a-c for the three energy beams.

The effect of the contaminant electrons on the shape of the depth dose curve 

is evident. The surface dose drops to values below 10% for 6MV and 10-MV beams 

and to about 2% for the 21MV beam when all the charged particles from upstream are 

excluded. The surface dose does not drop down to zero due to the backscatter 

contribution within the phantom. For the high energy 21MV beam, the backscatter 

contribution is very small compared to the 6MV and lOMV beams, because the 

secondary particles liberated at these energies tend to be more forward directed.

The dose at dĝ g is somewhat higher when the contaminant electrons are 

included than for the photons only beam. There are differences of about 5, 6 and 10% 

for the 6-, 10 and 21-MV beams respectively between the maxima of the contaminated 

and the pure photon beam curves. The shift of dgi„ to shallower depths, for the 

contaminated beams, increases with beam energy as can be observed in Fig.5.4a-c. The
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Fig.5.4a The calculated buildup depth dose curve for different incident 
particles for a 40X40cm^ field size.
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Hg.5.4b The calculated buildup depth dose curve for the diâéient incident 
particles for a 40X40cm^ field size.

effect of the contaminant electrons could be misleading if the matching of percentage 

depth dose curve is used to verify dosimetric parameters like photon spectra. If 

reconstructed photon spectra are used to calculate the depth dose curves which are then 

compared to experimental data, then neglecting electron contamination could lead to 

a lower energy spectrum being assumed. The depth dose curves in Fig.5.4a-c were all 

normalised to the maximum dose of the total dose (photons+electrons) curve. If the 

photons only curves are normalised to their own maximum, then higher depth dose

74



100.0

90,0

80.0

I
ts
a 50,0

I» 40.0

■ Photons only 
-I—I- Photons + Electrons 

* OectronB only

30,0

20.0

10,0

6.0 7,0
0.0 8.04.0 5,02.0 3,0

Depth In Water (g/om^)
0.0

Fig.5.4c The calculated buildup depth dose curves for the different incident 
particles for a 40X40cm^ field size.

values will be assumed on the rest of the curve, due to the lower normalization dose 

at dmax- The magnitude of the dose at d̂ a* affects the overall shape of the depth dose 

curve. The contaminant electron contribution in the photon beams has to be accounted 

for when reconstructed bremsstrahlung spectra are used in calculations of depth dose 

curves.

5.4.4.1 Field Size Dependence
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Fig.5.5 Variation of the relative dose in the first 0.2g/cm  ̂of water for a) the contaminated and 
b) the pure photon beam.

The doses in the first 0.2g/cm^ slab of phantom material was calculated for 

several field sizes to investigate the surface dose dependence at 100cm source to
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Fig.5.6 The variation of the dose under 0.2g/an^ of phantcan material with 
field size for a lOMV energy beam.

surface distance. The doses were calculated for clean (photons only) and contaminated 

beams. The results of the such calculations are shown here for the three beams in 

Fig.5.5a for the contaminated beams and Fig.5.5b for the photons only beams. The 

values in Fig.5.5a were all normalised to the same values for the 5X5cm^. The doses 

due to photons only exhibit a very small variation with field size compared to the 

contaminated beam. These results are in agreement with the works of Biggs et al 

(1979, 1983), who found very little variation on the surface dose, for a 25MV linac, 

when all the contaminant electrons were swept away by the magnetic field. The curves 

for the variation of the contaminated beams with field size have a sigmoid shape as 

reported by Biggs et al (1983). In order to check the validity of the simulations, 

experimental measurements were carried out with the PTW chamber. The ionization 

under approximately 0.2g/cm^ were measured,for various field sizes, and normalised 

to the respective maximum doses to obtain the percentage doses. The measured results 

showed remarkable agreement with the simulation curve as can be seen in Fig.5.6, for 

the lOMV energy beam. The slight variations in the photons only doses might be due 

to the combined effect of the low energy scattered photons in the beams and the back 

scatter contributions which are more significant at the lower energy beams.

It is of interest to relate this increase of the surface dose to the shift in d^^ 

observed percentage depth dose curves as the field size is varied. The shift in to
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shallower depths as the field size is increased is due to the increase in contaminant 

electrons being added to the percentage depth dose data. This effect, which is more 

pronounced in higher energy beams ( see BJR Supp-17, e.g. 21MV), suggests that the 

main contribution comes from the flattening filter electrons. This is further supported 

by the fact that only the filter electrons have energies high enough to have a 

significant effect at

5 4.4.2 Effect of the Source-Surface Distance
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Fig.5.6a The variation of the relative surface dose with SSD, for: 
contaminated- broken lines and pure beams- solid lines, for die 6, 
10, and 21MV photon beams.

The percentage surface dose has been reported to vary with the source to 

surface distance (SSD) (Petti et al, 1983, Mubata, 1990). These variations have been 

reported to be beam energy dependent. In order to investigate these variations, the 

percentage surface doses where calculated for several SSD’s between 60 and 400cm. 

In the simulations, the energy deposited in the first 0.2g/cm^ slab was calculated then 

normalised to the energy deposited at d ĵ .̂ The percentage surface dose initially 

decreases with increase in SSD until a certain turning point where an increase with 

SSD was observed (see Fig.5.6a). The turning points shift to larger SSD’s as the beam 

energy is increased in agreement with the works of Petti et al (1983) and Biggs et al
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(1983). The turning points appear in the regions 90-100cm, 100-120cm and 275-300cm 

for the 6MV, lOMV and 21MV beams. The turning points in this work are shifted a 

little to larger SSD's because, these were done for a 40X40cm^ field sizes compared 

to the lOXlOcm  ̂in previous work by Biggs et al, 1983. They observed turning points 

at 175cm and 200-250cm for lOXlOcm  ̂ and 25X25cm^ fields respectively on their 

25MV beam. There are more filter electrons present in the beam per given SSD, as the 

jaws are opened. This pushes the turning points further to larger SSD’s. The slopes of 

the rising part of the SSD variation curves are less than that observed by Petti et al 

(1983) again due to the difference in the scoring regions. They used a scoring region 

radius which was increased with SSD to improve the statistics whereas a constant 

radius was used in this work. The increased scoring radius led to more electrons being 

included than in this work. This rise and fall of the surface dose shows the variation 

of the variation of the number of electrons in the beams with SSD. This variation is 

due to variation of the contributions of the electrons of different origins with SSD, as 

will be discussed later. If all the electrons are discarded at the phantom surface, the 

surface dose remains almost constant within limits, (Fig.5.6a). Th^verifies that 

the electrons are responsible for the shape of the surface dose variation with SSD
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curve. The Monte Carlqed results were verified by experimental measurement of the 

surface doses with the PTW Markus chamber, for various SSD for the 6-and 10-MV 

beams. Fig.5.6b shows the agreement between the experimental and the simulation 

results for the lOMV beam. The slope of the simulation curve rises faster than that of 

the experimental curve due to the large scoring area used in the calculations, compared 

to the chamber diameter. The use of the large scoring area increases the fluence of the 

air column generated electrons. The effective air volume "seen" by the chamber is 

much smaller and as a result the increase in the surface dose due to the air column 

electrons is less rapid. One would then expect surface dose values which are a little 

lower than shown in Fig.5.6 with chamber measurements a large SSD’s, ( >160cm ). 

No measurements were done at SSD’s greater than 160cm because of the geometric 

constraints on the linacs.

5.4.5 Sources of Contaminant Electrons.

On previous work done on the sources of electron contamination ( Petti et al 

1983, Biggs and Russel, 1983), the surface dose or ionization has been used to assess 

the contributions from different sources. It is interesting to investigate the variations 

of this contributions with depth in the phantom. For comparison with other work, the 

surface contributions were calculated for the three energy beams. Using equation 5.1, 

the respective contributions to the total dose were calculated for various depths in the 

buildup region. These variations of the percentage contributions are presented in 

Fig.5.7a-c for the various energy beams. These calculations were carried out at 100cm 

SSD for the maximum field sizes to improve the statistics. For the investigations 

involving the variations of the field size and SSD, the analyses were carried using the 

energy deposited in the first 0.2g/cm^ slab of phantom material.

The contributions of the electrons to the total dose for this depth, at various 

SSD’s are given in Table 5.3. The accuracies of these values are given in Table 5.1. 

The sources of the contaminant electrons are discussed in detail below.

5.4.5.1 Electrons from the flattening filter and the monitoring chamber

The contribution of the electrons from the flattening filters varies with beam 

energy and SSD and phantom depth. For the 6MV photon beam, the electrons from
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Table 5.3 The percentage contributions to the total dose in the first 0.2g/cm  ̂slab of phantom material, 
from electrons from the various sources.

Beam Source of Electrons Percentage Contribution to Electron Dose (%)
Energy

SSD=80cm 100cm 120cm 200cm 300cm

6MV Filter 45 32 28 18 12
Air Column 50 63 68 80 88
Jaws 5 5 4 2 0

lOMV Rlter 61 56 47 25 17
Air Column 33 38 48 74 83
Jaws 8 7 5 1 0

21MV Rlter 80 73 68 59 43
Air Column 12 21 27 36 55
Jaws 8 6 5 2 1

the flattening filter contribute about 45% of the total electron dose at 80cm SSD. This 

contribution comes down as the SSD is increased to a value of 12% at 300cm SSD.
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This contribution rises as the phantom depth increases (Fig.5.7a). The reason for this 

rise is apparent from the energy spectra in Fig.5.1a. There are more high energy 

electrons in the filter spectrum than in the other two sources, with mean energy of 

about 1.9MeV. So, although the contributions from the filter electrons are less than 

those from the air column at the surface, the contributions rise above the air column 

component, as the depth in the phantom increases. The energies of the electrons are 

not high enough for them to survive to large SSD because of the high mass scattering 

power of air at these energies. That is why at 300cm SSD they contribute only about 

12% to the total electron dose.

For SSD’s less than 120cm, for the lOMV beam, the filter is the main 

contributor, with up to 61% at 80cm SSD at the surface. Starting with a surface value 

of about 56% at 100cm SSD, the relative contribution rises above the contributions 

from the other sources with depth increase at a more rapid rate than for the 6MV 

beam. There are more high energy electrons in the filter spectra (see Fig.5.1b) with a 

mean energy of about 2,9MeV. This increases the number of filter electrons surviving 

to large SSD’s and also their range in the phantom. At 300cm SSD the contribution 

at the surface is about 17%.

As the beam energy is increased to 21MV, the flattening filter completely takes 

over for a wide range of SSD’s up to 200cm. At 100cm SSD, the surface contribution 

is about 73% of the total electron dose. This is comparable to the observations of Petti 

et al (1983), who reported that more than 66% on the their Varian Clinac-35, 25MV 

beam. The effect of these electrons, relative to the electrons from the sources, 

increases even more rapidly with depth. At depths greater than 2.5g/cm\ the 

contribution is over 90% of the total electron dose.

Due to their energies and forward directed angular distributions, the 

filter electrons for the 21MV survive to very large SSD’s. At 300cm SSD, for 

example, they contribute about 43% of the total electron dose. Experimental evidence 

of these high energy electrons from the filter has been reported by Biggs and Russel 

(1983). They observed a significant decrease (20%) in the charge collected in the 

ionization chamber at 450cm SSD when a sweeping magnet was introduced to 

eliminate electrons from the linac head.

Generally the electrons from the filter are responsible for the sigmoid shape of
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the surface dose variation with field size curve. This idea is supported by the increase 

of the slope of the sigmoid shaped curves with beam energy. As the beam energy is 

increased, the contribution from the flattening filter increases. The opening of the 

adjustable jaws, lets through more of the filter electrons to pass through to reach the 

measuring point. This rate of increase with field size is gradually reduced beyond a 

field size of about 20X20cm^. Beyond a radial distance of about 10.0cm from the 

CAX, the intensity in the distributions of these electrons falls off more rapidly, as can 

be observed in the distributions for a very large fieldsizes in Fig.5.3a-c. The number 

of electrons crossing the area between radius R and R+dR decreases more rapidly as 

the distance from the CAX increases beyond this field size. This in turn drops the 

slopes of the sigmoid curves.

5.4.5 2 Contribution from the Adjustable Jaws

The electrons from the adjustable jaws, generally have been found to contribute 

a very small percentage to the total electron dose (Petti et al, 1983). At SSD’s less 

than 100cm, a maximum contribution of about 8% was observed in the presenter the 

21MV beam. This compares well within limits of the 11% obtained by Petti et al 

(1983) on their 25MV beam. The slightly lower values might be due to the difference 

in the energies of the beam. An increase in beam energy increases the jaws 

contribution as can be observed in Table 5.3. Furthermore the simulation of the 

adjustable jaws was done more accurately by the use of aligned plane inner jaws faces 

instead of the stack of cylinders used by Petti et al (1983) (see Fig.5.2). The alignment 

of the jaw faces to the focal spot reduced the probability of primary photons from 

upstream from hitting the jaw faces, as explained in section 5.4.2.

Although the contributions from the jaws electrons are very low, their mean 

energies are slightly higher than those from the air column due to the high Z jaws 

material. Beyond 200cm SSD, there are virtually no jaws electrons present in the beam 

for the 6MV and lOMV beams. For the 21MV there is still about 2% at 300cm SSD.

5.4.5 3 Electrons from the Air Column

The electrons produced by photon interactions in the air column contribute the 

majority of the total electron surface dose at low energies. As the energy is increased,
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the contribution drops down from values of about 63% for 6MV to 21% for 21MV at 

100cm SSD. The 21% contribution for the 21MV beam is consistent with the 24% 

reported by Petti et al (1983) for the 25MV beam. The air column contribution 

increases with SSD (Table 5.3). These electrons are responsible for the rising part of 

the surface dose variation with the SSD curve. The increase of the SSD increases the 

volume of the air "seen" by the photons from upstream. This increases the probability 

of interactions especially for the lower energy beams. Thus, the slopes of the rising 

part of SSD variation curves increase as the energy of the beam is reduced. At 300cm 

SSD, the contributions rise to about 88%, 83% and 55% for the 6-, 10- and 21MV 

beams respectively.

Observation of the energy spectra in Fig.5.1a-c, shows that the air column 

electrons are mainly low electrons with mean energies of about 1.3MeV, 1.7MeV and 

3.2MeV for the 6MV, lOMV and 21MV beams respectively. These low energy 

electrons have high contributions at the surface which fall out rapidly as the phantom 

depth is increased. A look at Fig. 5.7 shows how the contributions of the air column 

electrons fall off rapidly with phantom depth. It is evident that an accurate assessment 

of the contributions of the electrons from the different sources can be achieved if the 

whole buildup region is considered instead of just electrons fluence at the surface.

5.5 Conclusion

Using detailed Monte Carlo techniques, the electron contamination for the 

Philips SL-15 and SL-25 linac photon beams has been analyzed. These contaminant 

electrons have been found to be responsible for the enhancement of the buildup doses. 

This confirms the simulations of Petti et al (1983) and the experimental findings of 

Biggs and Ling (1979). The availability of the fast SPARCstation-10 workstations 

improved the speed of the calculations so that a one stage procedure could be used. 

This cut out any possible correlation errors, due to particle parameter sampling for 

subsequence simulations if the simulation is carried out in more than one stage.

The spectra of the contaminant electrons from the different origins have also 

been calculated. The knowledge of the electron spectra could be of importance in 

parallel-plate chambers especially in the analysis of perturbation effects. The 

percentage contributions from the electrons from different sources has also been
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calculated for various phantom depths. This revealed the effect of the energy 

contaminant electrons which is different from just particle fluence at the surface. 

Improved understanding of the effect of the contaminant electrons under the various 

conditions, could be significant in general buildup region dosimetry and future 

treatment planning scheme.

It has also been shown that, due to the difference in the energy spectra of the 

contaminant electrons, a clearer assessment of the contributions can be achieved by 

addressing the whole buildup region, instead of just the surface. This has been shown 

to be necessary because of the different energy spectra of the electrons from the 

different parts of the linac head geometry.
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Chapter 6

6. lonization-Dose conversion: Stopping Power Ratios for Photon 

Beams

6.1 Introduction

In the measurements of the buildup dose, the parallel-plate chambers used give the 

measured relative ionization which when simply equated to the absorbed dose implies 

mass collision stopping-power ratios. This is still an unjustified assumption, as pointed 

out by Velkley et al (1975), may be a source of error if published data on surface 

measurements were to be taken as depth dose curves. The validity of this assumption 

needs further investigations.

The determination of the absorbed dose at a specified location in a medium 

irradiated with an electron or photon beam normally consists of two steps: 1) the 

determination of the mean absorbed dose to a detector by using a calibration factor, 

2) the determination of the absorbed dose to the medium at the point of interest based 

on the knowledge of the absorbed dose to the detector and the different stopping and 

scattering properties of the detector and medium materials. When the influence of the 

detector is small so that the electron fluence in the medium is not modified, the ratio 

of the mass collision stopping powers, of the two material provides a

conversion factor to relate the absorbed dose in both materials. If the detector is large 

compared to the electron ranges, the conversion factor is given by the ratio of the mass 

energy absorption coefficients, (Pci/p)med,dcf For detectors falling into neither of the 

above categories, the general cavity theories (Burlin et al 1969, Horowitz 1984) have 

yielded approximate expressions by combining both (S/p)m«Ldct and (Pen/p)med,dcf Today, 

all national and international dosimetry protocols and codes of practice are based on 

such procedures. In the above protocols the stopping power ratios used in the absorbed 

dose conversion are assumed to be just a function of beam quality. The stopping 

power-ratio has been reported to vary in the buildup region (Andreo et al, 1986) and
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also show a slight decrease with depth beyond d̂ ax. (Bielajew et al (1992), Nahum 

(1992), Andreo et al (1986).

6.2 Review

Except for the case of calculating the primary electron spectra using the 

continuous slowing down approximation where the fluence is given simply by the 

reciprocal of the total stopping power, the determination of the electron spectra 

requires a rather complicated approach. When secondary particles are included this 

further complicates the problem.

A great amount of computation of the electron spectra from different sources 

to be used in dosimetry has been carried out. An excellent review of the literature has 

been given by Nahum (1976) and will not be repeated here. Depth-independent 

calculations have proven to be useful when the electron spectrum does not change with 

spatial position. This approximately happens in the photon beams beyond the depth of 

maximum absorbed dose. As in electron beams the spectra, the electron spectra in the 

buildup region of the photon beams changes with depth. The depth-dependent electron 

spectra can be accurately determined using the Monte Carlo method to simulate the 

transport of the photons and electrons and their successive generations of secondary 

particles. Cavity theory is then used to calculate stopping-power ratios.

Monte Carlo calculations have been used by Nahum (1976) to determine 

electron flux spectra at different depths for high energy photon beams in the 

calculations of the stopping-power ratios and Ĉ  ̂values. Since then, a vast amount of 

data has been produced on stopping-power ratios for monoenergetic photon beam, 

(Andreo et al (1985, 1986,1988,1992), Nahum (1976, 1978). With the avaüabüity of 

the data for monoenergetic beams, Nahum (1982) suggested the calculation of the 

stopping-power ratios for photon beam spectra as a function of the weighted sum of 

the values for the monoenergetic photon beams. This led to the development of the 

averaging program AVERMV, of Andreo and Nahum (1985), for these calculations. 

For a known photon spectrum, the program divides the spectrum into 100 equally 

distributed energy intervals. For each of the mean energies of these intervals, the
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absorbed dose and stopping-power ratios at different depths are determined by a 

logarithmic interpolation of the monoenergetic Monte Carlo data. This method showed 

excellent agreement with calculations of the stopping-power ratios using direct Monte 

Carlo simulations with the photon spectra. This has been demonstrated by Nahum 

(1982) and more recently by Andreo (1992) using three independent Monte Carlo 

codes. This method saves a lot of computing time compared to direct Monte Carlo 

calculations using photon spectra provided: 1) one has access to the program 

AVERMV and familiar with its implementation and 2) the data for the monoenergetic 

photon beams is available. In the present work, it was easier to use direct Monte Carlo 

calculations in order to incorporate contaminant electrons and to avoid introduction of 

a new code. This was also facilitated by the availability of more computing power.

In order to calculate the true stopping-power ratios in the buildup region of 

clinical photon beams, the distribution of the contaminant electrons per primary 

photons is need. In their calculations, Andreo et al (1986), used a simplified procedure 

for the beam compositions, by Monte Carlo simulating the electron slowing down 

spectrum produced in a few millimetres of water to simulate the filtering action of the 

air volume. In the present work a more accurate simulations of the linac and air 

column geometry were used (see ChapterS) to obtain the distribution of the 

contaminant electrons.

6.3 Stopping-power ratios for dosimeters

The determination of the absorbed dose in a medium is based on the Bragg- 

Gray (B-G) principle which relates the absorbed dose to the medium, to the 

absorbed dose in the gas filling a cavity of the medium,

s ;  K

where Sg“/p is the average mass collision stopping-power ratio.

When a detector is exposed to the same electron fluence as the medium and the
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electrons are assumed to lose their energy continuously and locally, the Bragg-Gray 

stopping-power ratio is defined by:

0 V P  /col̂ t

J dE
0 V P /  coljiir

where <|)(E)m is the primary electron fluence, differential in energy, at the measuring 

depth and (S(E)/p)(^i^ (S(E)/p%o;̂ ĝ  are the unrestricted mass stopping-powers for

the medium and air respectively. This assumes continuous and local energy loss and 

so ignores the finite ranges of the delta rays whose energies are assumed to be 

deposited locally, so the primary fluence is used.

An attempt to account for the experimentally observed deviation of the 

stopping-power ratios from the predictions of the B-G theory was made by Spencer 

and Attix (S-A). They divided the electrons into two groups depending on the energy 

which is compared to a certain cutoff value A, The cutoff value, A was chosen as the 

energy of a electron whose range is just enough to cross the air cavity. For energies 

above the cutoff energy A the restricted mass collision stopping-power (L/p)^ is then 

used with the total spectrum. (S-A) developed a special stopping-power formula to 

account for the track-end energy dissipation which becomes increasingly complicated 

as the electron energy approaches A. Nahum A (1976) developed an approximate 

expression to evaluate S-A stopping-power ratios:

A P V P /

A

where (|)(A)mcd and (S(A)/p)mcd are respectively the total electron spectrum and 

unrestricted stopping-powers evaluated at energy A. The product of these quantities
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gives approximately the number of electrons that drop below A, which when multiplied 

by their energy A gives the total energy dissipated by the track-ends.

6.4 Monte Carlo calculation of Stopping-power ratios

As pointed out by Andreo (1992), the use of realistic bremsstrahlung spectra 

to determine the stopping-power ratios demonstrated that using the nominal 

acceleration potential (MV) to select the corresponding stopping-power ratios can 

produce discrepancies in the ratios of more than 1% for energies widely used in 

radiotherapy. Today, most dosimetry protocols recommend the dose or ionization ratio 

at two different depths (10 and 20cm, for example) to specify the photon beam quality 

since this ratio is more closely related to the penetration properties of the beam. In this 

work, both the energy depositions and the electron spectra were calculated as a 

function of depth for one and the same beam. This allows a consistent determination 

of different photon beam quality descriptors and the stopping power ratios, to ensure 

a strict relationship between the two quantities. In this way a more realistic comparison 

of the calculated stopping-power ratios with published data could be carried out.

6.4.1 Simulation details

Using the beam spectra obtained from the linac head simulations, the charged 

particle, differential in energy, fluences were calculated in the different phantom 

materials. The average particle fluences at different depths were calculated by 

summing the particle track lengths in each region and dividing by the region volume 

(Chilton 1978,1979), as described in section 2.4.5.1. The user code PARTICLE was 

used to calculate the electron and positron fluences down to a cutoff energy. A, of 

lOkeV, the usual cut-off limit of the S-A theory for ionization chambers in practical 

common use. The same code was used to calculate the mass collision stopping-power 

ratios for the different phantom materials and the respective beam quality indices for 

the photon beams. The PRESTA electron transport algorithm was used with the EGS4 

system in order to save computing time and improve electron transport near 

boundaries.
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It has been pointed out (Nahum, 1992, Bielajew et al, 1991) that when scoring 

fluence using PRESTA, the energy in the middle of the step should be used, instead 

of the energy near the beginning. The user code PARTICLE scores electron and 

positron fluence spectra (i.e., differential in energy). The spectra were log binned, with 

a total of 100 bins, in order to reduce uncertainties due to bin artifacts. The spectra 

were also spatially binned with phantom depth and radial distance to investigate the 

depth variation and radial variation from the central-axis. Depth bin sizes if 1.0mm 

were employed while 15.0mm were used for the radial distance bins.

In the calculation of the S-A mass stopping-power ratios the whole fluence 

spectra were used including knock-on electrons down to a cutoff energy A. For the 

track-end term the fluence of the electrons and positrons was scored for the particles 

in the energy bin A. This gives, approximately, the number of charged particles 

slowing down past the cutoff energy, A. This number was then multiplied by the 

unrestricted collision stopping-powers of the medium and the energy A to obtain the 

total energy dissipated at the track-ends.

For the B-G stopping-powers ratios the integrals are over the fluence spectra 

of the primary charged particles only so it was necessary to score the fluence spectra 

for primary charged particles which were taken to include everything except knock-on 

electrons (i.e. Moller or Bhabha created electrons). The charged particles created by 

phantom generated bremsstrahlung photons were included as primaries. The 

unrestricted collision stopping-powers were then used with no track-end term in the 

integral. Strictly the integral over the energy extends to zero but, the fluence of 

primaries below A is negligible, so the lower limit of A was used for the Bragg-Gray 

ratios.

Throughout the calculations of the stopping-power ratios, the electrons and 

positrons were treated separately. The restricted and the unrestricted collision stopping- 

powers were prepared by PEGS4 with IUNRST=0 and IUNRST=1 respectively. The 

ICRU-37 stopping-power were implemented by using APRIM_37.DAT data file 

instead of APRIME.DATA for PEGS4 and creating the appropriate density effects data 

file, (Duane et al 1989).
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6.4.2 Stopping-Power Ratios

There is a large variation in stopping-power ratios for a given nominal energy, 

(see Table 3 of Andreo et al (1986)). This demonstrates the uncertainty that can be 

obtained when the acceleration potential is used as a parameter to obtain stopping 

power ratios without considering the filtration and true quality of the beam. For more 

realistic comparison of the stopping power ratios calculated for different beams, 

Andreo et al (1992) pointed out that the use of tissue phantom ratios or dose ratios 

gives a better correlation. In this exercise the dose ratios were calculated at the same 

time as the stopping power ratio for better correlation between the two parameters. In 

order to check the accuracy of the calculated mass collision stopping-power ratios, the 

calculated values were compared with of the work of Andreo et al (1992). Table 6.1 

and 6.2 show the comparison of the Spencer-Attix (A=10keV) for water and 

perspex respectively for the different nominal energies and their corresponding dose 

ratios.

Table 6.1 Comparison of the water/air (SA, A= lOkeV) stopping-power ratios for various beams 
calculated using the density effect according to Stemheim^ et al (1984) with those of Andreo et al 
(1992).

Nominal Energy 
(MV)

Calculated

TPR20.10

Water-air stopping-power ratios.

This Work Andreo et al (1992)

5MV 0.653 1.119 1.125
6MV 0.683 1.113 1.117
8MV 0.722 1.108 1.110

10 MV 0.734 1.099 1.105
21 MV 0.791 1.071 1.078

The stopping power ratios of Andreo et al (1992) used for comparison in Table 

6.1 and 6.2 are those calculated using the Stpmheimer et al (1984) density effects, for 

consistence. There is good agreement between the two sets of stopping -power ratios, 

within 0.5%. The Spencer-Attix stopping power ratios calculated here are consistently 

slightly lower, than those of Andreo et al (1992). This slight difference might be in the
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Table 6.2 Comparison of the perspex/air (SA, A= lOkeV) stopping-power ratios for various beams 
calculated using the density effect according to Stemheimer et al (1984) with those of Andreo et al 
(1992),

Nominal Energy 
(MV)

Calculated

TPRg&iO

Perspex-air stopping-power ratios.

This Work Andreo et al (1992)

5MV 0.653 1.085 1.093

6MV 0.683 1.079 1.085
8MV 0.722 1.075 1.077

10 MV 0.734 1.067 1.072

21 MV 0.791 1.040 1.045

use of plane parallel beams in their work compared to the slightly divergent beams 

used in this work. The other reason maybe in the use different filtration in the 

simulation beams. These effects were not investigated in this exercise since the 

attained accuracy was enough for the evaluation of the relative variation in the buildup 

region.

6.4.3 Depth dependence

To calculate the stopping-power ratios for clinical photon beams, an accurate 

composition of the bremsstrahlung photons and contaminant electrons must be known. 

The energy distribution of the contaminant electrons is also needed for reliable results 

to be obtained. With the accurate simulation of the treatment head geometries, it was 

possible to determine the distribution of the contaminant electron and primary photons 

to a reasonable accuracy. The radial distributions of the particle spectra obtained in the 

linac head simulations were also maintained in initial-particle-parameter sampling for 

the in-phantom simulations.

The buildup region of the 5, 6, 8, 10, and 21MV beams was studied in detail 

using a spatial resolution for water and perspex phantom materials. Fig.6.1 shows the 

calculated Spencer-Attix and Bragg-Gray stopping power ratios for water and perspex 

at lOMV. The Bragg-Gray stopping power ratios were generally found to be lower

92



Water
1.100

1.090
—  Spencer-Attix ratios 

• Bragg-Gray ratios

(10MV)

o
O 1.080

f  1.070
cnc

' c l
Cl

°  1.060

Perspex

oo

1.050

1.040
15.0 20.05.0 10.00.0

Phantom Depth (q/cm^)

Fig.6.1 Depth dependence of the Bragg-Gray and the Spencer-Attix (A=10keV) stopping power ratios 
for water and perspex for lOMV photons.

than the Spencer-Attix by about 0.2% at 5MV. The Spencer-Attix (SA) stopping 

power ratios exhibited a larger variation near the surface than the BG ratios. It has to 

be pointed out that the Bragg-Gray stopping power ratios are based on the assumption 

that there is complete secondary charged particle equilibrium, even at the phantom 

surface and hence the Bragg-Gray calculations break down and are inaccurate at the 

surface. For this reason only the Spencer-Attix (A=10keV) were used throughout these 

investigations.

The calculated depth dependent SA water/air and perspex/air stopping power 

ratios are shown in Fig.6.2a&b respectively, for all the beam energies studied. There 

is virtually no variation in the stopping power ratio in the buildup region of lower 

energy beams (<8MV). However, as the energy is increased, the ratio show an initial 

increase with depth before levelling off as the d̂ ĵ  ̂ of the respective beam is 

approached. At lOMV there is a variation of about 1.0% between ratios in the first 

2.0mm and that at d^^. This variation is negligible at lower energies but as high as
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Fig.6.2a Depth dependence of the water/air stopping power ratios bremsstrahlung beams with 
contaminant electrons included.

3.0% at 21MV. Beyond the depth of the maximum, the stopping power ratios show 

a very gradual decrease as the phantom depth increases, due to beam hardening as the 

low energy photons are attenuated, as reported by Nahum (1978) and Andreo et al 

(1986). In order to understand the effect the contaminant electrons on the buildup 

region stopping power ratios, the ratios were calculated for photons and the 

contaminant electrons separately.

Fig.6.3 and Fig.6.4 show the calculated water/air stopping power ratios for the 

pure photons beams and contaminant electrons only respectively. When the 

contaminant electrons are excluded, the calculated stopping power ratio show a slight 

increase near the phantom surface, especially at high energies. This is in good 

agreement with the observations of Nahum (1978,1982) and Andreo et al 

(1985,1986,1988). The somewhat higher stopping power ratios just at the surface 

observed in the pure photon beams depends on the amount of low energy photons
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Fig.6.2b Depth dependence of the perspex/air stopping power ratios for bremsstrahlung beams 
with contaminant electrons included.

included in the bremsstrahlung spectra. It is evident that the low-energy contribution 

to the stopping power ratio will be important at very small depths due to the very 

rapid dose buildup. Although it is assumed that in a clinical beam, the presence of 

thick targets and flattening filters hardens the beam by the removal of these low 

energy photons, there is still a sizable component to induce a rise of the ratios near the 

surface. It has to be pointed out, however, that the variation of the stopping power 

ratios in the buildup region for pure photon beams is of limited interest since it does 

not represent the true situation on most clinical linacs.

On the other hand the stopping power ratios for the contaminant electrons show 

a different pattern (see Fig.6.4). The stopping power ratios for the electrons show a 

rapid increase at depths close to the low-energy slowing down spectrum of electrons 

is buildup, as observed by Andreo et al (1986). As the depth is increased, the ratios 

follow a pattern similar to that of high energy electron beams (see for example ICRU
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Fig.6.3 Depth dependence of the (SA) water/air stopping power ratios for the various energy beams 
for the photons only, with all the contaminant electrons eliminated.

1984). In this exercise stopping power ratios due to contaminant electrons included the 

fluence due to phantom produced bremsstrahlung photon interactions. As a result, the 

calculated ratio levels off at values just above the total beam value. This does not 

affect the overall stopping power ratios beyond d^„ because the contribution of the 

secondary photons is very small.

The weighted summation of the pure photon plus electrons beams then gives 

the resultant stopping power ratios presented in Fig.6.2. A graphical presentation of 

the stopping power ratios for the different beam components is shown in Fig6.5a&b 

for the 10 and 21MV beams. The contaminant electrons have the effect of bringing 

down the overall surface stopping power ratios. In the lower energy range (<8MV), 

the effect of the these electrons is such that the depth dependence is altogether wiped 

out, as can be observed in Fig.6.2a&b for 5 and 6MV beams. As the beam energy is 

increased, the overall surface ratios are pulled further down below beam average
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values. The reason for the variation in the effect of the contaminant electrons with 

beam energy is two fold: 1) spectra of the contaminating electrons and 2) the 

distribution of the electrons per primary photon.

At beam energy below 8MV, at 100cm source to surface distances, the majority 

(>50%) of the contaminant electrons in the beam are from the air column, (see Table 

5.3). These are relatively low energy electrons generated by photon interaction in the 

air volume. The surface stopping power ratios for the electrons are conveniently near 

the overall ratio for the respective beams. Moreover, the number of contaminant 

electrons per incident photon is very small, and so their contribution in the buildup 

region is small as was shown earlier in Fig.5.4a-c. As a result the contaminant 

electrons have a very small effect on overall beam stopping power ratios.

As the beam energy is increased, not only does the number of electrons per 

incident photon increase, but also does the mean energy of the electrons. At energies
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above lOMV, the majority of the electrons hitting the phantom surface are the high 

energy electrons from the flattening filter. The surface stopping power ratios for these 

electrons are low compared to the beam average values at depths beyond For 

example at lOMV there is a difference of about 5% and 6% for the 21MV beam. This 

large difference coupled with increase in the number electrons per primary photons 

with energy, is responsible for added ‘weight’ of the electron stopping power ratios 

near the surface.

Observation of Fig.6,5 shows that, stopping power ratios for the electrons only 

start with values lower than the overall ratios then overshoot to higher values at depth 

just around d̂ ax. Generally, very few electrons reach depths beyond d̂ ax &iid 

consequently their higher stopping power ratios will not contribute to the final result.
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At high energies though, the contaminant electrons still have an appreciable 

contribution at about 10% (see chapters). The effect of these electrons on the 

overall beam stopping power ratios is the slight overshoot or ‘hump* which can be 

observed in Fig.6.2a&b for the 21MV beam.

It can deduced that for clinical photon beams with energies below lOMV, the 

stopping power ratios can be considered to.be independent of the depth in agreement 

as pointed out by Andreo et al (1986). They reported a variation of 0.2% for a 6MV 

beam which is consistent with these results. However at lOMV there is a slight 

variation of about 1.0% between surface and the equilibrium values. This variation 

increases to about 3.0% at 21MV. These values can change under conditions of 

extreme electron contamination (e.g. introduction of lead trays, etc).

6.5 Conclusion

The depth-dependent stopping power ratios have been calculated for various 

energy beams. The variation of the ratios in the buildup region of the photon beams 

has been demonstrated to be consistent with published data (Andreo et al, 1986) for 

energies of about lOMV and below. For clinical photon beams in this energy region 

the stopping power can be treated as depth independent. Above lOMV the effect of 

the contaminating electrons is more pronounced and as a result difference in the 

surface to the beam average stopping power ratios is no longer negligible.

When plane-parallel chambers are used in buildup region measurements, the 

inference that the measured relative ionization can be equated to dose only holds within 

1.0% for beam energies of about lOMV and below. This is of course assuming that 

there is no other parameter, other than the stopping power ratio, depth dependent in 

the ionization to dose conversion. For energies above lOMV there is a significant 

variation in the buildup region stopping power ratios such that large errors could be 

incurred if the relative ionizations are assumed to be depth doses.
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Chapter 7

7. Dose Measurement Techniques in the Buildup Region:

Chamber Perturbation Corrections.

7.1 Introduction

In the buildup region electronic equilibrium does not exist as" in all transition 

zones between two different media, and this causes perturbation effects in ionization 

chambers. Measurements with extrapolation chambers, (Gagnon,1975), show that the 

perturbation effect causes an increase in the measured mass ionization per unit mass, 

(C kg' )̂ with increasing plate separation.

When a pan-cake parallel-plate chamber is used to measure the surface dose, 

the main contribution to the ionization is due to electrons coming from the air and 

treatment head. The other contributions are ffom(a) secondary electrons emitted in the 

front electrode, (b) electrons from the collector, (c) from side walls and backscattered 

electrons. A small contribution is also obtained from electrons produced by photon 

interactions in the chamber and electrons scattered from the phantom region into the 

chamber. The perturbation in the chamber is mainly due to the electrons from 

phantom, side walls and backscattered electrons.

The published data from measurements and calculations (Velkley et al, 1975, 

Nilsson et al, 1986, Gerbi et al, 1990) show that surface dose measurements are very 

much influenced by the chamber geometry and material because of emission of 

electrons through the side walls. Considerable errors can be made if correction factors 

obtained with one extrapolation chamber are used to correct data measured with 

parallel-plate chambers of different dimensions. For example, in their work, (Nilsson 

and Montelius, 1986) did measurements of the surface dose with two different PTW- 

chambers with the same front electrode but with different geometries. One with a 

diameter of 5.2mm and plate separation of 1.0mm and the other with a diameter of 

16mm and plate separation of 1.5mm. It was discovered that the measured surface 

dose for a lOxlOcm^ field was 30.5 per cent and 28.9 per cent respectively for a % o
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A- electrons created by photon interactions in the sidewall or phantom 

B- elections from i^istieam creating secondaries in the front window 

C- elections backscattered into the cavity 

D- elections ejected by photon interactions in the front window 

E- electrons emitted from the walls via electron-electron interactions

F- electrons from upstream backscattered into the cavity

Fig.7.1 Origins of the electrons contributing to the ionization in a 
parallel-plate ionization chamber.

source. Using corrections according to the formula suggested by Velkley et al (1975) 

and applying the slope of the extrapolation curve obtained in their own work, Nilsson 

and Montelius (1985) obtained surface doses of 28.5 per cent and 26.9 per cent 

respectively compared with 16 per cent obtained with their extrapolation chamber. It 

is thus possible to overestimate the surface dose by a factor of two even if corrections 

are applied.

Most commercial parallel-plate chambers have as front wall a thin foil coated 

with a conducting layer. The conducting layer, often of a higher Z material than the 

rest of the chamber, is the main source of the electrons produced in the front window. 

Since different chambers maybe made of different electrode materials, this will cause 

a difference in perturbation effects for the chambers and different chamber response.
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In their simulation, Nilsson et ai (1988), found that when aluminium is used as the 

front electrode, the specific ionization decreased and very little variation occurred with 

plate separation. This can be attributed to the higher electron scattering power in 

aluminium giving a higher back-scatter of the electrons produced in the foil thus lower 

emission of electrons in the forward direction, into the chamber cavity. Obviously if 

aluminium is used for the back electrode, there is an increase in the specific ionization.

Measurements with an extrapolation chamber show that these perturbation 

effects cause an increase in the measured mass ionization with increasing plate 

separation. When a fixed-plate chamber is used for the measurement of the surface 

dose, the point of measurement is not exactly at the inner surface of the front window. 

The effect of the electrons from the various sources is such that the point of 

measurement is pushed down into chamber cavity. Consider the chamber position in 

Fig.7.2. Positioning a parallel-plate chamber of finite plate separation at the surface 

will not give the surface ionization at A, but at point B, deeper in the phantom. This 

shift of point of the measurement results in the over response of fixed-plate chambers. 

The true value at point A can only be obtained if the ionization values can be under 

zero plate separation condition.

7.2 Ionization in the Chamber Cavity

The ionization J(Çr )̂ inside the chamber is assumed to be composed of an 

undisturbed ionization J„(Ç) occurring inside the chamber and superimposed 

contributions from the front window backscatter Jb(Ç^) and sidewall J^(Ç,x,5).

+ J/C ^) + 4. 7.1

The variable x  is the plate-separation and Ç denotes the position within the chamber 

cavity with respect to the front window and s, the distance from side wall. The 

functions !/(,%) and differ from zero only within the distance ÇcR and (jc-Ç)<R, 

where R is the maximum range of the secondary electrons ejected from the electrodes. 

The function J^(Ç,x,s) only disappears for s>R. The total measured charge Q(jc) is then
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Fig.7.2 Typical point of measurement in a fixed-plate 
pancake chamber in buildup region dose measurements.

obtained by integrating equation 7.1:

X

Q(x) -  pafj(C,x)dC 7.2

where a is the effective collector area and p is the air density in the cavity. A plot of 

Q(jc) versus the plate-separation x, gives the extrapolation curve for the chamber at the 

respective energy. Differentiating Q(x) with respect to jc, one obtains.

dQ(x)
dx

-  pa [7„(x) + 0(x)] 7.3

The function 0(x) denotes the combined effects of the window, backscatter and side 

walls. For and 5 ^  the contribution from 0(jc) is negligibly small compared to 

J„(jc). The zero plate separation value of the measured charge can then be obtained 

from the extrapolation curve by extrapolating back to zero. Then, the ideal 

extrapolation curve of Q(%) versus plate separation x would be a straight line denoted 

Qid(x) in Fig.7.3. Unfortunately for small separations, i.e. jc«R, 0(x) is no longer
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negligible. In addition it is not practical to construct a chamber whose walls are so far 

away from the collecting electrode as to cut out all contributions from the side wall. 

Such a chamber would either have a very small measuring volume, so not very 

sensitive or have a large part of the front window unsupported.

This 0(jc) component is responsible for the variation of the extrapolation curve 

slope as reported by Gerbi et al, (1990) and graphically shown in Fig.7.3. Initially the 

slope of Q(jc) is less than that of Q;d(x) due to the effects of the front and backscattered 

electrons which contribute a significant proportion to the measured charge. As the 

plate separation is increased past the range, R of the secondary electrons, the effect of 

these electrons is overshadowed by the unperturbed fluence and the sidewall electrons. 

The slope of 0(jc) shoots over that of Qw(%) due to more influence from the sidewall 

electrons as the separation is further increased.

Plate Separation, x

Fig.7.3 Schematic presentation of the measured 
extrapolation curve Q(x) and the ideal curve Qy(x)(eq.6.3).

As pointed out by Velkley at al, (1975), the use of extrapolation curves of Q(jc) 

versus x  to find the zero-volume values needs careful determination of the points on 

the non linear part of the curve as x—>0. Instead of using the measured charge versus 

electrode separation x, the measured charge is expressed as a percentage of the value 

at djnjû , at that plate-separation. Assuming charged particle equilibrium, CPE or
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transient CPE at let the total measured charge at depth of maximum, be denoted 

by QWmax- If the charge measured at any given depth, d is divided by the 

corresponding value at dn„„, and the ratios expressed as a percentage, the percentage 

maximum ionizations at depth d, P(x)d is obtained, i.e.

P(x)j -  X 100

- ^ 100

The extrapolation of P(x) back to zero plate separations then gives the corrected 

percentage ionization for the particular depth.

As pointed out in section 7.1, the use of extrapolation chambers for zero- 

volume correction of fixed-plate chambers has to be used with care due to the 

differences in geometrical constructions of the different chambers. In order to have a 

better understanding of the influence of chamber geometries, simulations of different 

chamber configurations were also carried out.

7.3 Parallel-Plate Chambers used

Four chambers were addressed in this exercise: The PTW Markus Electron 

Beam Chamber Type-2534, the Scanditronix NACP Electron chamber, the Vinten 

Electron chamber and the Klevenhagen et al (1982) parallel-plate chamber. The NE 

Extrapolation chamber Type 2535, (identical to the PTW Aluminium walled chamber) 

was also available for zero-volume corrections. The physical characteristics of the 

fixed plate chambers are shown in Table 7.1. Since all of the commercial fixed-plate 

chambers had perspex walls, it was necessary to construct a perspex extrapolation 

chamber. Measurements were carried out on the 5-, 6-, 8- and 10-MV beams. No 

measurements were carried on the 21MV because the over response corrections for 

such high energy beams has been reported to be within 2% (Gerbi at al 1990).
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Table 7.1 Physical characteristics of the fixed-plate chambers as supplied by the manufacturers.

Chamber
Characteristics

Chamber

PTW NACP Vinten Klevenhagen

Window
material

graphite coated 
polyethylene

0.5mm graphite 
0.1mm mylar

Aluminised
melinex

graphite coated 
melinex

Window thickness 2.3mg/cm^ 0.09g/cm^ 6.0mg/cm^ 6.0mg/cm^

Collecting
Electrode

graphite coated 
polystyrene

graphite coating 
on perspex

graphite coated 
lucetine

1.5mm high 
purity graphite

Collector
diameter

5.4mm 10mm 20.0mm 15mm

Electrode
separation

2.0mm 2.0mm 2.0mm 1.0mm

Guard ring 
width

0.2mm 3.0mm 2.75mm 2.0mm

Collector edge to 
sidewall distance

0.2mm 3.0mm 3.0mm 2.0mm

7.4 The perspex Extrapolation Chamber 

7.4.1 Construction

The schematic diagram of the constructed perspex extrapolation chamber is 

shown in Fig.7.4. The entire body of the chamber is made of perspex except for the 

electrodes and micrometer. The outer and inner diameters of the chamber are 10.5cm 

and 8.4cm respectively. The front electrode was made from carbon-in-solvent 

suspension sprayed onto mylar with overall thickness of about 2.5mg/cm^ . It was- 

necessary to design different front electrodes from the NE-2535, which are mounted 

on metal tension rings. A perspex tension ring of thickness 1.0mm and internal 

diameter of 5.5cm was used.

The chamber was designed to be used^the same back electrodes and guard ring 

sets as those in the NE-2535. These electrodes and guard rings are made from 

conductive plastic A150 (Shonka). The collector diameters used have outer diameters 

of 10, 15, 20, 30 and 40mm, with guard rings of inner diameters of 12, 17, 22 32 and 

42mm respectively, to maintain a gap of 1.0mm between the collector and the guard
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7.0cm

(no< to scale)

10.5cm 
— 8.0cm

/ r  '  \ ̂ 2
L 4

' 0»

Materials
P M M A  (p e r s p e x )

A lso  (Shonla)

Fig.7.4 Schematic diagram of the Perspex Extrapolation chamber 
constructed for this work, a) graphite coated mylar front window, b) 
collecting electrode (A150), c) guard ring (A150).

ring electrodes. The back plate supporting the collector and guard ring was made of 

a 1.6 cm thick disc of perspex to ensure enough backscatter to the cavity. In order to 

ensure good electrical contact it was necessary to introduce very thin foils of copper 

(a few microns) at the back of the collector and guard rings to which the wires were 

welded.

At the other end a TNC Triaxial plug was introduced so that the chamber could 

be connected directly to the digital Farmer type electrometers. A cylindrical 

polyethylene phantom of diameter 15.0 cm was made in which the chamber could be
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Table 12  Physical characteristics of the two extrapolation chambers used in the exercise.

Chamber Extrapolation Chamber
Characteristic

Perspex NE-2535

Window graphite coated mylar 
thickness; 2.5mg/cm^

graphite coated Kapton 
polyamide 

thickness: 4.5, 8.5, 12.5mg/cm^

Collecting electrode Thickness: 2.0mm 
diameter: 10, 15, 20, 30, 40mm

Thickness: 2.0mm 
diameter: 10, 15, 20, 30,40mm

Guard ring diameter inner: 12, 17, 21, 32, 42mm 
outer: 70mm

inner 12, 17, 22, 32, 42mm 
outer: 70mm

Inner wall diameter 82mm 100mm

Outer wall diameter 105mm 120mm

closely fitted. The separation of the plates could be varied between 0.5mm to 15.0mm 

by means of a micrometer spindle and shaft. A simple micrometer was used with a 

ball bearing at the end to produce non-rotational vertical movements of the electrode 

sets. Table 7.1 show the differences between the Perspex and the NE-2535 

extrapolation chamber dimensions.

7.4.2 Operational Characteristics

The formula for the collection efficiency, f, for pulsed radiation may be written

as

7.4

where

7.5

a  is the ionic recombination coefficient, e is the electronic charge kj and are the 

mobilities of the positive and negative ions respectively and p is the initial charge
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density of the ions created by the pulse, d is the plate separation and V is the 

collecting voltage.

Boag and Currant (1980) showed that if the charge collected from a fixed 

number of pulses of fixed size p, is q at voltage V, then the collection efficiency is 

given by,

/  -  9/n P ^ ̂

Therefore, measuring the charges % and qj at two voltages and Vj respectively, 

yields

Fj ln(l+Mi) 7.7
92 FjlnCl+MiCFj/Fj)

knowing q̂  /% for Vj and Vj, then û  can be determined from equation 7.7. The ion 

collection efficiency f, at can be obtained by putting û  into equation 7.4.

For the perspex chamber the charges at V, V/2, V/4 and V/8 were measured 

for lOMV photons using the 2570 NE Electrometer. The measurements were carried 

out for different plate separations and combinations of coUector-guard rings sets.

1 .Ornm seporotion 
0-0 5.0mm separation

I

V/4 V/8
Polarising Voltoge (V)

Fig.7.5 Collection efficiency of the PMMA extrapolation at different 
plate separation for pulsed radiation.

These measurements were carried out at d̂ ĝ̂ , for lOxlOcm^ field at 100cm SSD 

with a dose rate of about 450cGy/min. The collection efficiencies were calculated for
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Fig.7.6 Typical saturation curves for the PMMA Extrapolation 
chamber for different plate separations.

different polarising voltages and plotted as a function of voltage. Typical results of 

such calculations are shown in Fig.7.5, for different plate separations. According to the 

Hospital Physicist Association (HPA, 1971) the operating voltage is only adequate 

when f>0.95. For small plate separation (< 1mm) this criteria can be fulfilled at 

voltages as low as 30V. As the separation is increased, however, to values above 

5.0mm then the polarizing voltage has to be increased to at least V/4 (=62V) to ensure 

adequate ion collection. Typical saturation curves for the perspex extrapolation 

chamber are shown in Fig.7.6, for 2mm and 5mm plate separations. For all the 

measurements described in the next sections, the polarising voltage was kept constant 

at 242V.

7.4.3 Polarity Effects of the perspex chamber

For photon beam dosimetry, the effect of the chamber polarity on the total 

charge collected using parallel-plate chambers has been known for years. This effect 

was first discovered by Failla and Marinelli (1937). Johns et al (1958) explained the 

polarity in their work showing that the effect is greatest when the area of the 

electrodes is similar and oriented at right angles to the beam. The thickness of the
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collecting electrode, the frontal surface area of the collecting electrode, the depth of 

the collecting electrode beneath the surface of the phantom, and the beam energy are 

all important factors that influence the magnitude of the polarity effect. With the 

chamber at the surface the photon beam initially interacts with the collecting electrode 

causing electrons to be ejected in the forward direction. This causes a region of 

positive charge to be established at the site of the interaction. When a negative bias 

is applied to the collecting electrode, a greater positive charge is collected than would 

be collected from ionizations in the cavity air alone. This effect is reversed when a 

positive bias is applied.

Gerbi et al (1987) pointed out that the influence of the front window on the 

Polarity Effect (PE) is negligible as long as the thickness is small. An increase in 

window thickness reduces the magnitude of the P.E. in the same manner as additional 

phantom material.

1.10

1.00
S
§

.+ 0.90 1mm seporotion 
3mm seporotion

(5MV)

I
0.70

0.600.0 0.5 1.0 1.5

Phantom Depth (g/cm*)

Fig.7.7a Variation of the polarity effect of the perspex Extrapolation 
Chamber with phantom depth for 1.0mm and 3.0mm plate separation 
measured in a 5MV beam.

The polarity effect for the extrapolation chambers was investigated for various 

plate separation and electrodes. Fig.7.7 a-b show the variation of the PE for the 

perspex and NE-2535 extrapolation chambers for a collector radius of 2.0cm. There
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1.00

NE-2535 0.025mm window 
NE—2525 0,075mm window 
Perspex Ch. 0.013mm window"o

(5MV)
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0.70

0.60
1.50.5 1.00.0

Phantom Depth (g/cm*)

Fig.7.7b Variation of the polarity effect of the NE-2535 Extrapolation 
chamber with phantom depth, in a 5MV beam. The perspex Chamber 
results are included for comparison.

is a large polarity effect at the surface especially at very small separations.

For the perspex chamber with the 2.3mg/cm^ thin window the polarity effect 

is as low as 0.63. This is a little lower than that of the NE-2535 using the same set 

of collecting and guard electrodes. The main reason for the difference in the PE for 

the two chambers, is the thickness of the entrance window. Although it has been 

reported that the influence of the front window is negligible (Gerbi et al, 1987) as 

long as the thickness is small, this assumption has to be treated with caution. An 

increase in window thickness reduces the magnitude of the PE in the same manner as 

additional phantom material above the chamber. As can be observed in Fig.7.5b, 

increasing the window thickness on the NE-2535 from 0.025mm (effectively 

4.5mg/cm^) to 0.075mm (12.5mg/cm^) reduced the PE from about 0.71 to 0.75.

Gerbi et al(1987) came out with a graphical way of predicting the PE of plane 

parallel chambers given the collecting electrode area. With a collecting electrode area 

of 1256mm^ the polarity effect was estimated at 0.69. This value agrees well with the 

measured value of 0.65 and 0.71 for the perspex and NE-2535 extrapolation chambers 

respectively. Their graph was derived from chambers with entrance windows between
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2.7-5mg/cm^. This is the reason why their results are much closer to the NE-2535 

with 4.5mg/cm^ entrance windows.

The polarity effect is greatest at very small separations as can be observed in 

Fig.7.7a. This can be expected because the reduction of electrode separations increases 

the sweeping electric field strength. This means more of the unreplaced charged 

particles created by interactions in the collecting electrode are included in the 

measured signal.

7.4.4 Other characteristics of the perspex Chambers.

After a typical dose of SOOcGy to the perspex extrapolation chamber, the 

reproducibility under irradiation was found to be excellent. Although the chamber 

response was lower (about 20%) than the NE-2535 chamber under the same 

conditions, the signal was high enough for accurate measurements to be carried out 

without requiring high dose presets. The lower signal observed on the perspex chamber 

might be due to the effect of the aluminium body and thicker entrance window on the 

NE-2535.

The pre-irradiation leakage cuirent was typically 5.8x10'^  ̂ A and post

irradiation leakage current after a session of buildup measurement was typically 

6 .3 x W  A.

7.5 Extrapolation Chamber Measurements

The experimental measurements with the extrapolation chambers were carried 

out for four beams; 5-, 6-, 8- and 10- MV photon beams. Most of the measurements 

were carried out for a range of electrode separations of 0.5-3.0mm for all the 

ionization curve measurements. There was no need for larger separation since no 

commercial chamber used had separation greater than 2.0mm. These measurements 

were carried out for the different collecting electrode diameters described on page 106, 

in order to investigate the effect of the distance from the wall on the slopes of the 

extrapolation ionization curves. Whereas most of the measurements were carried out 

with the perspex Extrapolation chamber, some measurements were carried out using
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the NE-2535 chamber to investigate the chamber body material effect on the zero- 

volume extrapolated values.

In some cases just a few depths in the build-up region of each energy beam 

were used but sometimes more points were used to construct the whole build-up 

curve.The true values of the measured ionizations were obtained by averaging the 

positive and negative polarity measurements. All the measurements were carried out 

for a lOxlOcm^ field. It has been shown in previous work on chamber over-response 

(Gerbi et al, 1990) that the over response of the chambers is independent of field size 

within 1.0%

7.6 Extrapolation Chamber Results

7.6.1 Overview

Build-up curves were measured using the extrapolation chamber at different 

plate separations. The results of such measurements, carried out using a 4.0cm 

diameter collecting electrode with a 1.4cm wide guard ring, and for plate separations 

of 0.6 and 3.0mm, are shown in Fig.7.8 for a lOMV photon beam. It is apparent that 

the percentage depth doses drop as the plate separation is reduced.

Fig.7.9 shows a comparison of the ionisation curves for the two extrapolation 

chambers for a 2.0mm plate separation and the lOMV beam. The perspex consistently 

gave a 2.0% lower values than the NE-2535 chamber which has Aluminium walls. At 

the surface, the extrapolated zero-volume values differed also by 2.0%. The slopes of 

the two ionizations curves are slightly different (see Fig.7.10), although the same 

collecting electrode and guard ring combinations were used for the two chambers. The 

internal diameter of the NE-2535 is 10.0cm compared to the 8.0cm of the perspex 

chamber. This meant that the collecting electrode edge was 2.0cm and 3.0cm from 

the wall for the perspex and NE-2535 extrapolation chambers respectively. The 

difference in the collector edge to wall distances has an effect on the over response of 

the chambers as has been pointed out by Rawlinson et al (1992). For the same 

collector diameter, Rawlinson et al, (1992), reported that the response of the chamber 

decreases as the collector edge to wall distance is increased. In this case although the
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Fig.7.8 Buildup percentage ionization curves for a lOMV beam 
measured using the Perspex extrapolation chamber at different plate 
separations.
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Fig.7.9 Comparison of the buildup curves for a lOMV photon beam 
obtained using the NE-2535 and Perspex extr^lation chambers at 
2.0mm plate separation.

collector edge to wall distance is greater in the NE-2535 chamber than for the perspex, 

the effect of the aluminium body increases the in scatter from the sidewall of the NE- 

2535 chamber. This shows that the scaling of the chamber dimensions to approximate
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Hg.7.10 Surface ionization curves for a lOXlOan^ field, fœ a lOMV 
photon beam measured with the NE-2535 and Perspex extrapolation 
chambers.

the over response of a fixed-plate chamber, as suggested by Nilsson et al (1986), has 

to be implemented using ionization results from a extrapolation chamber with identical 

body materials.

The higher zero-volume value for the NE-2535 chamber might also be due to 

a combination of the aluminium back plate and walls and the brass tension ring 

holding the front window. The other reason for the difference might be that a front 

window thickness of 4.5mg/cm^ was used on the NE-2535 compared to the 2.5mg/cm^ 

used on the perspex chamber.

7.6.2. Effect of Collecting Electrode Diameter

In order to investigate the effect of collecting electrode diameter, different sets 

of collecting and guarding ring electrodes were used with the extrapolation chamber. 

A gap of 1mm between the collector and guard rings was maintained in all the set ups. 

For a chamber with a fixed internal diameter, variation of the collecting electrode 

diameter introduces a variation in the composition of the measured ionization. The 

fluence of charged particles from the side walls 'seen* by the collecting electrode
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drops as the electrode diameter is reduced. If different electrode sets are used to 

measure the percentage depth doses, one then expects the percentage ionization values 

in the buildup region to drop as the electrode diameter is reduced for the same plate 

separation. As can be observed in Fig.7.1 la&b this does not happen. The percentage 

ionization values obtained using a 2.0cm radius electrode are lower than those for 

0.5cm radius electrode, for the same plate separation of 2.0mm. The results in 

Fig.7.1 la&b are not corrected for zero volume measurements.

100.0

00.0

80.0 ■ collector diameter = 1.0cm 
X — X  collector diameter = 4.0cm

70.0

60.0
(10MV)

5. 50.0
(2.0mm plate separation)n 40.0

20.0

10.0

0.0
2,51.0 1.5 ZO 3.00.0

Phantom Depth (g/cm^

Hg.7.11a Effect of the collector diameter on the measured percentage 
ionization curves for the Perspex chamber, for a lOMV photon beam.

If ionization curves are measured to obtain zero volume values with the 

different collecting electrode guard ring sets, the extrapolation curves obtained are as 

shown in Fig.7.12a-c. Fig.7.12a-b show the extrapolation curves for the 6- and lOMV 

measured using the perspex extrapolation chamber and Fig.7.12c show the curves for 

a 8MV beam obtained using the NE-2535 aluminium extrapolation chamber.

The extrapolation curves show an unexpected variation of the slopes with plate 

separation especially for small collector electrodes. For small collector radius (e.g. 

radius=0.50cm), the extrapolation curves show an initial decrease as the plate 

separation is increased, to a certain turning point where the curves start to rise. As the 

collector radius is increased, the turning points are pushed down to lower separation
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Fig.7.1 lb Effect of the collector diameter on the percentage ionization 
curves measured using the NE-2535 Extrapolation chamber for an 8MV 
photon beam.
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Fig,^.12a Surface percentage ionization curves measured using the 
perspex extrapolation chamber with different electrode diameters for an 
6MV photon beam.

and eventually disappear. Comparison of Fig.7.12a and 7.12b show that for the same 

chamber, the positions of the turning points is also to some extent, dependent on the 

beam energy.
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Fig.7.12b Surface percentage ionization curves measured using the 
Perspex extrapolation chamber with different electrode diameters for a 
lOMV photon beam.

The trend of beam energy dependence on the slopes of the curves is disturbed 

when Extrapolation chamber of different body material is introduced. Fig.7.12c shows 

the extrapolation curves obtained using the NE-2535 aluminium extrapolation chamber 

for an 8MV beam. The turning points of this chamber can be seen to be at higher plate 

separations than for the perspex chamber. Thus for the 0.5cm collector radius, the 

turning points for the aluminium chamber is at 4.0mm (8MV) while the points for the 

perspex chamber are at 2.0mm (6MV) and 3.0mm (lOMV) respectively. The 

substitution of perspex with aluminium as the back-plate and sidewalls material causes 

the variation of the shape of the extrapolation curves with electrode diameter to be 

more pronounced.

It is evident from Fig.7.12a-c, that beyond the turning points, the slopes of the 

extrapolation curves increase with collector radius. This leads to a cross over in the 

curves for the different collector radii. For small plate separations, the small radius 

collector give a higher over-response than the larger collectors. This explains the 

higher percentage ionization values observed in Fig.7.1 la,b. These results do not agree 

with observations of Rawlinson et al (1992). They reported that, for their variable
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FigT7.12c Surface percentage ionization using the NE-2535 
extrapolation chamber with different electrode diameters for an 8MV 
photon beam.

geometry chamber, the over-response of a chamber of a given wall diameter is 

virtually independent of the relative magnitude of its collector diameter and its 

collector-edge wall distance. The percentage ionization curves in Fig.7.11 (a) and (b) 

clearly show that the over-response, for small plate separations, increases as the 

collector diameter is reduced.

Velkley et al, (1975) obtained straight lines for their extrapolation curves, using 

the EG&G extrapolation chamber. Considering the cavity diameter of the EG&G 

extrapolation chamber, (about 3.0cm) with aluminium walls, the extra influx of 

charged particles from the sidewalls might explain the straightening out of the EG&G 

extrapolation curves. However a reduction of the slope for small plate separations, 

similar to that obtained in the present wok, has been reported by Nilsson and 

Montelius (1986) and Gerbi et al (1990) who used Rexolite (a styrene copolymer) and 

tissue equivalent walled chambers respectively. The former used a ’home made’ 

extrapolation chamber, with cavity diameter of 5.0cm, and the latter the PTW 30-360 

extrapolation chamber, with an internal diameter of 6.0cm. The reduced sidewall 

charged particle fluence from the Rexolite and tissue equivalent walls might explain
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the reduction of the slopes of the curves as the plate separations were reduced below 

3.0mm.

The interesting question is "which extrapolation value from the different 

collectors is correct?" This unexpected behaviour of the chamber responses then 

imposes the need to have a better understanding of really what’s happening in the 

chamber cavity, especially at small plate separations. For this reason Monte Carlo 

simulation of the energy depositions or ionization in the chamber were carried out.
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7.7 Chamber Simulations

7.7.1 Usercodes DOSRZ and MARKUSC

The usercodes used in these chamber simulations are DOSRZ and MARKUSC. 

The code DOSRZ as described in Section 3.7 is a general purpose usercode, used to 

score the dose in a cylindrical and planar geometry. Besides scoring the total dose in 

each region, the dose is also scored according to the boundary from(e.g. side, front or 

back walls) in each region. This code was used to calculate the variation of the scored

dose by subdividing the chamber cavity into concentric cylinders,C1,C2 Cn, (See

Fig.7.13).

INCIDENT photon s  & ELECTRONS

/

Fig.7.13 Dose scoring geometry used in the usercode DOSRZ showing the 
division of the air cavity into concentric cylinders.

The usercode MARKUSC, was originally developed to simulate the fluence 

perturbation in the PTW Markus chamber hence the name. The code was later 

modified to have a flexible geometry so that any other plane-parallel chamber could 

be simulated. Unlike DOSRZ, the usercode MARKUSC does more than calculating 

the regional doses. The fluences of the particles from different origins can be 

obtained. The particle fluences were calculated by summing all the particle track 

lengths and dividing by the cavity volume, (as described in section 2.4.5.1).

The angular distributions of particles emerging from the side walls were also
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Fig.7.14 The schematic illustration of the chamber cavity showing 
the angle of emergence, 0, of the electrons from the sidewall.

calculated. The angle, 0, at which the particles emerge with respect to the vertical 

plane parallel to the Z-axis, is as shown in Fig.7.14.

7.7.2 Simulation Details in Usercodes

The LATCH tool in EGS4 was used to label or ’tag’ all the charged particles 

entering the chamber cavity. The particles were separated into five main categories. 

These included charged particles from the 1) air column above the chamber, taken as 

primary particles, 2)front window 3) back electrode 4) side wall and 5) primary photon 

interaction in the cavity. The particles produced in the front electrode(window) were 

regarded as those electrons produced by other charged particles from upstream via the 

Moller(for electrons) and the Bhabha (for positrons) scatterings in the window foil or 

by photon interactions via the three, main types of photon interactions. The same was 

done for the back scattered electrons.

The electrons from the sidewall were not distinguished whether produced by 

electron-electron or photon-electron interactions. The sidewall contributions was just 

regarded as those charged particles crossing the vertical wall boundaries into the air 

cavity.
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Fig.7.15 Schematic diagram of the geometry the chamber simulations 
showing the position of the chamber position with respect to the initial 
level of the shower particles.

In both DOSRZ and Markus, the spectra of the photons and electrons generated 

at the linac head exit level were used. The chambers were then assumed to be at the 

appropriate distance dependant on the linac head used to give the correct SSD. This 

was done to ensure more accurate inclusion of the contaminant electrons from the aii 

column and above the chamber. The schematic diagram of the chamber simulations 

setup shown is Fig.7.15.

7.7.3 Other Computational Details

Energy deposition in a small cavity positioned about 50cm from the particle 

initial level is a very inefficient process. In order to reduce the statistical variation to 

within 2%, a large number of histories had to be used. An average of 10̂  histories 

were initiated per study. This was increased to 10̂  for the small cavity fixed-plate 

chambers like the PTW Markus chamber. As a form of variance reduction, the 

continuous slowing down ranges of the electrons in the phantom, outside the cavity, 

were approximated. If the calculated range was found to be less than the distance to 

the nearest cavity boundary, then the charged particle was discarded. This was done
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for electrons with energies below l.SMeV. The contributions of the discarded 

electrons was found to be negligible since the bremsstrahlung production in the low 

Z materials is very low especially at these energies. In addition to the range-rejection 

technique, all particles 5.0cm below the chamber were discarded. The backscatter 

component from these particles had negligible contribution to the energy deposition 

in the cavity.

7.7.4 Simulation Results and Discussion

7.7.4.1 Usercode Accuracy

The usercode DOSRZ is a well documented code provided with the EGS4 as 

an example program for energy deposition in finite right cylindrical geometries. The 

code is quite straight forward to implement, that is, if all the user needs is the energy 

deposited in the different regions defined by cylinders and planes.

In order to check the accuracy of the usercode MARKUSC, a number of setups 

were simulated and compared with the experimental measured. To check the accuracy 

of the geometry of the simulated chamber, the code was used to simulate the geometry 

of the perspex extrapolation chamber. The chamber was simulated at different buildup 

depths in a lOMV beam. A percentage depth dose curve was constructed from the 

energy deposited in the cavity at the different depth. Fig.7.16 shows the comparison 

of the simulated and measured percentage depth ionization curveafor the chamber. The 

correlation between the two curves was found to be better than 1.5% The same 

procedure was repeated for the NACP fixed-plate chamber. The whole chamber 

geometry was simulated at different depths i^ perspex to simulate the actual chamber 

positioning in buildup measurements. The results of the comparison, shown in 

Fig.7.17, was found to be in agreement within 1%.

Since the usercode MARKUSC was mainly used for investigations involving 

variation of plate separation and radial variations of energy deposition, it was 

necessary to check the validity of energy deposited in different annular regions within 

the cavity. This was carried out by comparing the rate of increase of energy 

deposited, with plate separation, in different annular regions, to the rate of increase of
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Fig.7.16 Comparison of the buildup curves from the simulation 
chamber and the experimental PMMA extrapolation chamber.
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Fig.7.17 Buildup curves for a lOMV photon beam obtained using the 
simulation and practical NACP chamber.

measured ionization in the perspex chamber. The agreement was found to be 

remarkable as can be observed in Fig.7.18, for 6- and 10-MV photon beams at the
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surface. The simulation results shown in Fig.7.18 are the total energy deposited in a 

2.0cm radius circular region (not annular region). The corresponding experimental 

measurements were also carried out using the 2.0cm radius collector. The Y-axis of 

Fig.7.18 are labelled as relative because the respective curves were normalised to each 

other to show the comparison more clearly. With these benchmarks, the usercodes 

were then used for the investigation of sources of electrons responsible for energy 

depositions in chamber cavities.

20.0

S

“  15.0
10MV

o

'■5 10.08

6MV

0,0
0.5 1.0 1.5 2.0 2.5 3.0

Plote Separation (mm)

Fig.7.18 Variation of simulated eneigy deposition with plate separation, 
compared to the perspex extrapolation measurements (o), for 6 and 
lOMV photon beams.

7.T.4.2 Energy Deposition in Cavity

The energy deposited in the chamber cavity was calculated as a function of 

distance from the sidewall using DOSRZ. Fig.7.19 shows the results of such 

calculations carried out for the two extrapolation chamber geometries. The results are 

presented here for the 6-, 10- and 21MV beams to cover a wide range of energies.

Using analytical calculations for the electron contamination, Nilsson et al(1986) 

calculated the electron fluence distribution at the bottom of the cavity. Their results 

do not show the increase of the fluence as the sidewalls are approached for small
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separations and high energies as demonstrated by their experimental work with films.

6.0
0 - 0  6MV 
—  10MV 

21MV5.5

Perspex walls 

Cavity depth =  4mmo 5.0

4.5

or
4.0

3.50.0 5.0 10.0 15.0 20.0 25.0 30.0

Distance from Side wail (mm)

Fig.7.19a Variation of the energy deposited in the cavity with distance 
from the sidewall for the simulated PMMA (Perspex) chamber.

0.0
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Cavity depth =  4mm

5.5

o: 5 ,0

4.5

4.00.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Distance from the Sidewall (mm)

Fig.7.19b Variation of the energy deposited in the cavity with distance 
from the sidewall for an aluminium walled chamber.

As can be seen in Fig.7.19a,b, with more accurate electron contamination
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calculations,the results here show an increase of energy deposited as the sidewall is 

approached, a closer fit to their experimental work. The rate of increase depends on 

mainly the beam energy and the chamber geometry and material.

7.0

o—e> Covity depth = 2mm  
■ Cavity depth = 4mm  

»—» Cavity depth = 10mm6.5

5  6.0 (5MV)

(P e rs p e x  w a lls )

g -5 .5 ‘

5.0

4.5

4.00.0 5.0 10.0 15.0 20.0 25.0 30.0

Distance from the Sidewall (mm)

Fig.7.20 Variation of energy deposition with distance from the sidewall, 
for different cavity depths for a 6MV photon beam.

Incident Beam

Scattering Block \k V 
Photographie Film

Fig.7.21 Schematic diagram of the geometry used to assess the side scatter from 
PMMA and aluminium blocks.

The curves show an initial decrease of energy deposition as the distance from
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Fig.7.22 Comparison of the scatter from aluminium and perspex 
(PMMA) blocks for a 6MV photon beam, for various block thicknesses.

the sidewall, j, is increased, then gradually flattens out to a region of uniform energy 

deposition. There exists a critical distance from the sidewall, beyond which the 

energy deposition in the cavity is relatively constant. This distance, is the distance 

from the sidewalls at which the sidewall electron contribution starts to have a 

significant influence on ionizations in the cavity. This critical distance, increases 

with cavity depth as can be observed in Fig.7.20 for a 6MV, with a perspex walled 

chamber. For a cavity depth of 10mm, is about 15mm compared to 5.0mm for a 

2mm cavity depth.

The position of is pushed down to lower values as the beam energy is 

increased, for a given cavity depth, (see Fig.7.18-19). For example, in Fig.7.18, for a 

cavity depth of 4mm with a perspex walled chamber, ŝ  takes values of about 8.0, 5.0 

and 3.0mm for the 6, 10 and 21MV beam respectively.

If the chamber wall material is changed from perspex to a higher Z material 

like aluminium, the critical distance is pushed further into the chamber cavity. 

Comparison of Fig.7.19 (a) and (b) shows that the higher Z material scatters not only 

more electrons into the cavity but also scatters the electrons through wider angles. As
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a result more electrons are scattered further into the chamber cavity from the sidewalls. 

In order to compare the scatter from the two materials, film measurements were 

carried out by exposing blocks of the materials of different thickness placed on a 

photographic film, as shown in Fig.7.21. The variations of the optical density with 

distance from the edge of the blocks were obtained. The obtained variations are shown 

here in Fig.7.21 for the 6MV photon beam. More electrons are scattered further away 

from the aluminium block than with perspex. This variation in the side scatter between 

the two materials was found to decrease as the beam energy was increased as can be 

expected.

The variation of the total energy deposition in the chamber cavity with distance 

from the sidewall gives a general overview of the effect of the sidewall electron 

fluence on the ionization in the chamber cavity, it would be interesting to investigate 

the composition of the ionization or energy deposited in the cavity. The next section 

addresses the different sources of electrons contributing to the cavity ionizations.

7.7.4.3 Sources of Fluence Perturbation

Using the usercode MARKUSC, the energy deposited in the chamber was not 

only divided radially but also separated according to the origin of the charged 

particles. After separating the energy depositions into the five categories, (see Section 

7.1), the percentage contributions to the total energy deposited, from the electrons of 

different origins were calculated for a chamber dimensions similar to the perspex 

extrapolation chamber. Table 7.3 shows the calculated average contributions of the 

charges particles, from different regions, expressed as a percentage of the total energy 

deposited in the chamber, for various plate separations, at the phantom surface, for 

three beam energies. The major contribution comes from the electrons from upstream 

i.e. contaminant electrons. This shows the importance of an accurate assessment of 

the electron contamination in the bremsstrahlung photon beams in buildup region 

dosimetry simulations.

For the plate separations addressed in this exercise, the percentage contributions 

from the window, back scattered and cavity interactions electrons were found to be
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relatively invariant with plate separation and distance from the wall for range of plate 

separations considered. The variations observed in Table 7.3 for these electrons are 

within the statistical errors of the calculations. The contributions from these three 

sources decreases with increase in beam energy as can be expected.

For the front window, as the beam energy is increased, the number of 

interactions decreases as the cross sections decrease. As a result fluence of electrons 

from the window into the cavity is reduced, as the beam energy is increased. This is 

also true for the electrons produced by photon interactions in the cavity. The 

contribution from the electrons created by photon effect interactions within the air 

cavity does not vary significantly with plate separation for the range of separation 

addressed.

Table 7.3 Typical values of the percentage contnbutioa from the electrons from various sources, 
to the total energy deposited in the cavity using the PMMA extrapolation chamber dimensions.

Beam
Energy

Plate
Separation

Percentage Contribution to Total Dose. (%)

Upstream Window Backscatter Sidewall Cavity inter.

6MV 0.5mm 72.9 5.2 11.4 1.7 8.8
1.0mm 71.8 5.1 9.9 3.9 9.3
2.0mm 65.8 5.2 11.5 9.4 8.1
2.5mm 65.2 5.5 10.3 10.1 8.9

lOMV 0.5mm 80.9 5.6 7.8 0.7 5.0
1.0mm 79.2 4.2 8.0 3.3 5.3
2.0mm 75.0 4.7 7.2 7.4 5.7
2.5mm 72.6 4.2 7.7 9.7 5.8

21MV 0.5mm 95.5 1.1 1.8 0.3 1.3
1.0mm 94.2 0.9 2.1 1.2 1.4
2.0mm 92.7 1.0 1.9 3.1 1.3
2.5mm 91.8 1.2 2.1 3.7 1.2

As the beam energy is increased, the electrons liberated from the materials at 

the back of the air cavity are more forward directed. This reduces the electron flux 

from the back of the chamber coming back into the cavity. As a result the contribution 

from the backscattered electrons drops from about 10% at 6MV to near negligible 

values at 21MV. The contribution from the side wall is more interesting to observe 

and will be discussed in detail below. Generally the average percentage contribution
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from the side wall increases with plate separation more than any other source of 

perturbation.

1.1 AA  Sidewall Contribution

Using the dimension of the two extrapolation chambers, it was interesting to 

observe the contribution from the sidewall at various distances from the chamber 

walls. The results of such calculations are shown in Fig.7.23a-c for at 6, 10 and 

21MV, for a perspex chamber. As expected, the contribution from the sidewall per 

given distance from the wall, decreases as the beam energy is increased. As the 

sidewall is approached there is a rapid increase in the fluence of the sidewall electrons.

30.0

0.5m m  separation 
1.0mm separation 
2.0m m  separation 
2.5m m  separation

=  25 .0

■A
E 20.0'

(6MV)

(Perspex walls)5  15.0

10.0.

0.00.0 10.0 20.0 30.0 40.0
Distonce from Sidewall (mm)

Fig.7.23 a Variation of the percentage contribution from the sidewall 
electrons to the total chamber ionization, with radial distance from the wall.
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Fig.7.23b Variation of the percentage contribution from the sidewall 
electrons to the total chamber ionization with radial distance from the wall.

8.0

■—= 0.5m m  seporotion 
«—  1.0m m  separation 
*—* 2.0m m  seporotion 

K 2.5m m  separation

_  7.0

In 5.0

5 .0
(21MV)

-c 4 .0
(Perspex walls)

2.0

0.0
20.0 30.00.0 10.0

Distance from Sidewall (m m )

Fig.7.23c Variation of the percentage contribution from the sidewall 
electrons, to the total chamber ionization, with radial distance from the wall.

For the perspex chamber modelled here, with an internal radius of 4.1cm, the 

contribution has a central part which is almost flat (within statistical errors) with a 

constant contribution whose value is energy dependent. This almost constant region 

is caused by the summation of the contributions from two opposite walls. If the radius
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Fig.7.24 Variation of the percentage contribution from the sidewall 
electrons to the total chamber ionization with radial distance from the wall.

of the chamber were to be increased then the contribution from the opposite wall 

would be reduced. For example increasing the radius of the perspex chamber to 10cm 

yields a variation shown in Fig.7.25, for a plate separation of 2.0mm. The contribution 

from the sidewall to the ionization at the central-axis then drops to negligible values. 

Although, at first thought, one would not expect any contributions at central axis for 

such a large radius, there is still a small proportion, about 2% for the 6MV. In 

comparison with the perspex walled chamber the aluminium walled chamber exhibits 

a higher percentage contribution from the sidewall.

The variation of the sidewall contribution is shown in Fig.7.24, for an 

aluminium walled chamber at lOMV. Comparing Fig.7.23b and Fig.7.24 shows that 

the aluminium walls do scatter more electrons into the cavity because of the higher 

scattering power of aluminium compared to perspex. The side walls contribution has 

a considerable effect on the slopes of the ionization curves (Nilsson et al, 1986). The 

increase in the electron fluence from the wall in the aluminium walled cavity explains 

the greater slope of ionization curves for the NE-2535 compared to that of the perspex 

chamber (Fig.7.10).
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Fig.7.25 Variatim of the percentage contribution from the sidewall with 
distance from the wall, for PMMA walled chamber of radius 10.0cm with 
plate separation of 2.0mm.

The distributions of the sidewall electrons in the cavity as presented above are 

the distributions assumed in a cavity without an electric field applied.. In reality the 

distributions are constrained by the electric potential across the cavity. This may then 

restrict the influence of the sidewall to distances closer to the sidewall. This 

phenomena is beyond the scope of this exercise and so was not investigated.

7.7.4.5 Angular Distribution of the sidewall electrons

In order to reduce the contribution from the sidewall, angling of the chamber 

sidewall has been a suggestion in earlier investigations (Nilsson et al 1986, Rawlinson 

et al 1992). To further investigate this effect, the angular distributions of the electrons 

as they emerge from the side wall were calculated for various energy beams. Fig.7.26 

shows the angular distributions of the wall electrons for the 6, 10 and 21MV beams 

in the perspex walled cavity. The distributions show a region of low concentration at 

angles around 10° and below then peaking at about 50°, 40° and 20° from the 6,10 and 

21MV beams. This agrees well with the works of Nilsson et al(1986) who noticed a 

significant drop in the relative mass ionization at angles beyond 30°. For a ^Co beam.
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Rawlinson reported that angling the chamber walls by about 33° reduced the over 

response of the chamber from 11.5 to 7.5%. The angular distributions of the sidewall 

electrons in Fig.7.25 show why larger angles would be required to effectively reduce 

the sidewall electron fluence.

800.0

&-0 6MV 
—  10MV 

2 1 WV
600.0

(Perspex walls)*o
400.0

200.0

0.0 100 120 160 18060 140

Angle 6®

Fig.7.26 Angular distribution of the electrons emanating from the sidewalls 
for different energy beams.

The valley at small angles mi^ht be due to the low energy electrons not really 

leaving the chamber walls. The energy spectra of the wall electrons was such that 

most of the electrons had kinetic energies below l.OMeV. The peak is pushed to wider 

angles as the energy as the scattering power of perspex increases with reduction of 

beam energy.

There is a considerable number of electrons going off at angles tangential to 

the vertical walls. This explains why there is still a small contribution at the CAX 

from the walls even with a 10.0cm radius cavity with a 2.0mm separation (Fig.7.25).

The effect of replacing the perspex walls with aluminium does not only 

increase the number of electrons scattered into the cavity but also scatters the electrons 

through wider angles. Fig.7.27 shows the shift in the position from about 40° to 60° 

when aluminium is used as the wall material in place of perspex. This would suggest
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Fig.7.27 Comparison of angular distribution of the electrons from sidewall 
for perspex (PMMA) and aluminium walls, for the lOMV beam.

that the angling of the chamber walls would have to take into account the wall 

material used. In order to achieve the same reduction in the wall contribution for 

chambers of different wall material, the angle of inclination of the walls has to be 

increased with Z of the wall materials.

7.8 Extrapolation Curves Revisited

In order to readdress the subject of the slopes of the extrapolation curves in 

Fig.7.12a-c, the percentage maximum ionization, P(x) was split into it’s constituents. 

From equation 7.4, the percentage maximum ionization, P(x) can be expressed in the 

form;

P(x) -  Pjix)+0(x) 7.8

where P„(x) is the percentage maximum ionization due to the unperturbed electron 

fluence, and 0(x) is just a function denoting the contribution from the sidewall, front 

window and backscattered electrons.

Ideally the Pu(x) contains some electrons from front window, sidewalls and the
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Fig.*?.28 Extrapolation curves of the different components of P(x), in perspex 
walled chamber for a collecting radius of (a) 0.5cm and (b) 3.5cm, (lOMV beam). 
(*) denote measured data.

backscattered electrons in the unperturbed fluence. The function 0(x) is supposed to 

contain only those electrons which are not replaced by electrons leaving the cavity. 

Since separating these electrons is a tedious job, the problem was approached in a 

radical way. The 0(x) was assumed to account for all the electrons ejected from the 

sidewalls, front window and the backscatter component. By calculating the energy 

depositions in the cavity from the different constituents and dividing by the total 

energy deposited at d̂ ax» the effect of these different constituents, on the slope of P(x)
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Fig.7.29 Extrapolation curves for the different components of P(x) in an 
aluminium walled chamber, for a collecting radius of (a) 0.5cm and (b) 4.5cm, 
(lOMV beam).

were investigated. The results of such calculations is shown in Fig.7.28 and Fig.7.29 

for perspex and aluminium walled chamber respectively for a lOMV beam. Included 

in the graphs is the 0(x) minus the sidewall contribution. These calculations were 

carried out at the phantom surface.

The shapes of the extrapolation curves for the total percentage maximum 

ionization, P(x), for a collecting radius of 0,5cm confirms the measurements with the 

extrapolation chambers. Included in Fig.7,28a,b are the measured extrapolation curves

140



for the corresponding collector radius. In Fig.7.28b, a collector electrode of radius 

2.0cm was used since this was the maximum available. The slight difference in the 

slopes might be due to chamber effects like the introduction of the electric field as 

discussed earlier, but the general shapes of the curves show good agreement.

The effect of removing the 0(x) function from P(x), can be observed by the 

difference in the slopes of P(x) and P„(x), in Fig.7.28 and Fig.7.29. The percentage 

maximum ionization due to unperturbed fluence, Pu(x) is a linear function of plate 

separation with smaller slope than P(x). The component from the front window and 

the backscattered electrons is relatively constant for small plate separation (<3.0mm) 

as shown in Table 7.3. As the plate separation is increased there are signs of a 

decrease of the contribution from the front window and backscattered electrons. The 

addition of this slightly decreasing function to the increasing function P^(x), is then 

responsible for the fall and rise of the resultant P(x) with increase in plate separation. 

As the radius of the collecting radius is increased, the influence of the sidewall 

contribution on the 0(x) function is such that there is an early increase with plate 

separation. This pushes down the turning point of the extrapolation cui’ves to smaller 

plate separations. Eventually the curves straighten out as the radius of the collecting 

volume is increased.

The use of different collector radii in extrapolation chamber measurements 

unfortunately gives a spread of corrected percentage maximum doses. The extrapolated 

values then depend on the combination of collector and chamber inner diameters used. 

Table 7.4 list the extrapolation surface dose for different photon beams measured by 

different investigators. The only sets of results which agree to within 1% of each other 

are those of Mellenberg (1990) and Gerbi et al (1990), for all the beams they 

measured. They both of course used the PTW tissue equivalent extrapolation chamber. 

The results from the perspex extrapolation chamber are within 1.4% of their 

measurements, the 13% surface percentage ionization for an 8MV beam reported by 

Velkley et al (1975) is about 2.0% higher than that obtained using the perspex 

chamber, the aluminium body material of the EG & G chamber could be responsible 

for this high value as has been observed with the NE-2535 chamber, (Fig.7.9).
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Fig.7.30 Simulated extrapolation curves for perspex chambers of different internal radii, 
assuming a 3.0mm wide guard ring, for 6 and lOMV photon beams.

As long as the collecting radius is large enough, and the same body material 

is used, extrapolation chambers of different internal diameters give zero-volume values 

within 1.5% of each other. This was demonstrated by simulating extrapolation curves 

of perspex walled chambers of different internal diameters. These extrapolation curves 

of such simulations are shown in Fig.7.30 for 6 and lOMV photons. The collecting 

volume diameters were chosen to maintain a gap of 3.0mm from the wall. This 

suggest, then, that there exists a minimum collector radius, for every extrapolation 

chamber which gives the "correct" extrapolation curve. From these observations one 

can deduce that as long as the collector radius is such that the extrapolation curve is 

a straight line, the extrapolated values are within 1.6% of each other. It is interesting
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Fig.7.31 Simulated extrapolation curves of the PTW Markus and the Vinten 
chambers for a lOMV photon beam.

to observe the simulated extrapolation curves of the PTW Markus and Vinten electron 

chambers, at the phantom surface. These curves, shown in Fig.7.31, were calculated 

by simulating the energy deposition at different plate separations while keeping all the 

other dimension of the chamber constant. The curves yield straight lines with zero- 

plate separation extrapolation values within 1.6% of each other. The curves were 

normalised to their respective measured surface percentage values at 2.0mm plate 

separation, for the respective chambers. The Markus chamber exhibits a highest 

increase in the percentage maximum ionization per increase in plate separation. This 

is why it has been reported to give the highest over-response compared with the other 

fixed-plate chambers.

The use of very small collector radii compared to the cavity diameter, in order 

to reduce the contribution from the sidewall, as pointed out by Rawlinson et al (1990) 

has to be used with care. Too much reduction of the collector radius leads to the 

exclusion of some of the "replaceable" phantom electrons from the walls contributing 

the unperturbed fluence. This, then increases the contribution from the window and
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Table 7.4 Percental surface dose for various beams obtained by various authors, using different 
extrapolation chambers, for a lOxlOcm  ̂field.

Author Extrapolation 
Chamber Characteristics

Photon Beam 
Energy

Percentage 
Surface dose

Velkley (1975) Aluminium EG&G chamber 4MV 14%
Inner diameter *3.0cm 8MV 13%
(Collector diameter <2.4cm 25MV 17%

Mellenbeig (1990) PTW Tissue Equivalent 4MV 17.9%
Inner Diameter = 6.0cm 6MV 14.9%
Collector Diameter = 3.0cm lOMV

18MV
11.9%
14.0%

Gerbi et al (1990) PTW Tissue Equivalent 6MV 15.2%
Inner Diameter = 6.0cm lOMV 11.6%
Collector Diameter = 3.0cm 18MV 14.2%

Rawlinson et al Variable Geometry 6MV 13.9%
(1992) Chamber

Maximum inner diameter 
7.5cm

18MV 9.7%

This Work PMMA Extrapolation 5MV 15.2±0.5%
Chamber 6MV 14.0±0.5%
Inner Diameter = 8.2cm 8MV 10.5±0.5%
Collector Diameter = 4.0cm lOMV 10.0±0.5%

backscattered electrons. This reduces the slope of the extrapolation curves but 

unfortunately decreases the measured signal at d^„. As a result the buildup region 

doses are normalised to a lower dose at d̂ ax. This then leads to the higher extrapolated 

surface doses observed in Fig.7.12a-c.

7.9 Fixed-plate Chamber Over-response

The perspex extrapolation chamber was used to measure the extrapolation 

curves at various buildup depths to obtain the zero-volume corrections throughout the 

buildup regions of the different energy beams. The typical variations of the slopes of 

the extrapolation curves is shown in Fig.7.32, for a lOMV photon beam. A collector
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Fig.7.32 Extrapolation curves of the buildup percentage ionizations measured using the perspex 
extrapolation chamber, for the lOMV photon beam.

radius of 2.0cm was used in these measurements. Using the corrected values of the 

percentage ionization at different buildup depths, obtained from the extrapolation 

chamber measurements, the true buildup curves for the various photon beams were 

constructed. These buildup curves were then used to derive the over-response of the 

fixed-plate chambers. The full buildup curves measured using the different chambers 

are shown in Appendix C for the different photon beams.

It has be pointed out that the Scanditronix NACP chamber is not suitable for 

surface dose measurement. This is mainly due to it’s thick entrance window of 

0.09g/cm^. If the chamber is used without correcting for thickness then the over

response is enormous (>25% at 5MV). In buildup measurements with this chamber, 

the minimum buildup depth attainable is therefore 0.09g/cm^. This then leaves a long 

part of the buildup curve to extrapolated back to the surface. The over-response 

corrections of this chamber were therefore not calculated.

The over-response of the other fixed-plate chambers used are given in Table
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Table 7.5 The differences in the percentage ionization at phantom surface for various chambers, 
compared to extrapolation chamber results, for a lOxlOcm  ̂field.

Nominal beam/ Extrapolation Difference (%) from the extrapolation chamber values
Accelerator Chamber value

PTW Markus Vinten Klevenhagen et al

5MV 
Philips SL75-5

15.2% 14.0 6.1 6.0

6MV 
Philips SL15

14.0% 11.5 5.5 5.5

8MV 
Philips SL75-14

10.5% 9.0 5.1 3.5

lOMV 
Philips SL15

10.0% 9 4.7 4.2

14.0

—  5MV 
0-0  6MV 
*-*  8MV 

1DMV

œ 12.0

.9 10.0

(FTW-Marku3 chamber)8.0
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Q
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Fig.7.33a The difference, in percent, between the percentage ionizations 
obtained using the PTW chamber versus the extrapolation chamber as 
a function of d /d^ .

7.5 and Fig.7.33a-c. As reported by previous investigators (Gerbi et al, 1990, 

Mellenberg, 1990), the PTW gives the highest over-response at all energies. This is 

due to its small cavity diameter which causes it to have a high increase in percentage
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Fig.7.33c The difference, in percent, between the percentage ionization 
obtained using the Klevenhagen versus the extrapolation chamber as a 
function of d /d^ .

maximum per increase in plate separation, (Fig.7.31). The guard ring though very 

small has very little effect in this case because of the small cavity diameter. There is
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basically a huge contribution from the sidewall electron fluence into the cavity, which 

the guard ring, regardless of it’s width, cannot significantly reduce.

It is very interesting to note that the Vinten and the Klevenhagen et al (SK) 

chambers over-respond by the same amount to within 1% of each other. Comparing 

the dimensions of the two chambers given in Table 7.1 shows the cavity diameters of 

the two chambers are 2.6cm and 2.0cm for the Vinten and SK chambers respectively. 

The former has a plate-separation of 2.0mm compared to 1.0mm of the SK chamber. 

Although the plate separation of the SK chamber is smaller than that of the Vinten 

chamber, the slope of the extrapolation chamber of the Vinten will be smaller than that 

for the SK because of the larger radius of the Vinten chamber. This shows why the 

use of Gerbi and Khan’s (1990) extension to Velkley’s plate separation only dependent 

over-response correction function, Ç(0,E).l.e'^‘*̂*““ \  (see equation 1.2) fails for 

chambers of different diameters, and chamber materials.

7.10 Recommendations on Fixed-plate chamber designs for buildup measurements

It has been the subject of speculation that the reduction of the sidewall scatter 

is the key to reduction of chamber over-response in fixed-plate chambers. The use of 

a very small collector diameters, in order to reduce contribution from the sidewalls, 

has been shown to give higher over-response than a larger collector for the same 

cavity dimensions. Fig.3 in the work of Rawlinson et al (1992) confirms that a larger 

collector has advantages over smaller collectors. As mentioned earlier, the use of a 

small collector reduces the phantom fluence and so reducing the unperturbed fluence. 

This increases the influences of the sources of perturbation especially the front window 

and the backscattered electrons.

The wall diameter is a better predictor of the chamber over response, than 

either the coUector-edge to wall distance or the collector diameter alone. Fig.7.34 sums 

up the designs of the fixed-plate chambers to achieve a given accuracy for the 

commonly used linear accelerator energies. It is difficult to design a fixed-plate for 

buildup region measurements with accuracy better than 2.0%, with spatial resolution
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less 2.0cm. Such a chamber would have a plate separation less than 1.0mm, so the 

collecting volume would be very small. The emphasis though, should be on the 

reduction of plate separation. The optimum separation would be 1.0mm. Since the 

effect of the unperturbed fluence is to shift the point of measurement further down the 

chamber cavity (Fig.7.2), with a 1.0mm cavity depth, this shift will then have an upper 

bound value of 1.0mm.

Removable Tension Ring

.. Front Window

Guard Ring Collector

PMMA (Pempex)

A150 or Graphite

Fig.7.34 Schematic diagram of the proposed fixed-plate chamber 
designed to reduce the over response to within 2.0% of extrapolation 
chamber values.

With a plate separation of 1.0mm, at 6MV for example (see Fig.7.30), to 

achieve an accuracy of (^2.0%), a chamber with an internal radius of 1.5cm) would 

be adequate. One has to be careful though in choice of the chamber radius to avoid 

having a large part of the thin window unsupported over a large area. This may lead 

to stretching of the thin film leading to change of the effective collecting volume. One 

could design the chamber with a replaceable front window like the Klevenhagen et al 

(1982). A typical guard ring width of the order of 3mm would be adequate, in order 

to maximise the collector diameter, and since the coUector-edge to wall distance is not 

critical. No angling of the chamber walls would then be necessary.

The schematic diagram of the proposed designed fixed-plate chamber is shown
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in-Fig.7.34. Only the important interior dimensions are shown. The dimensions 

provided are based on Fig.7.30 and the simulation curve of the Vinten chamber 

(Fig.7.31). In Fig.7.31, if the plate separation of the Vinten chamber is reduced to 

1.0mm, with Collector diameter of 20mm, the over response is about 2.5%. So, 

increasing the internal diameter of the chamber from 2^mm to 31mm and the collector 

diameter from 20 to 25mm would be adequate to reduce the error below 2.0%.

7.11 Conclusion

Using experimental measurements and Monte Carlo simulations, the subject of 

fluence perturbation in parallel-plate chambers with fixed separations has been 

addressed. Extrapolation chambers ideally should be used in buildup region dose 

measurements as pointed out by Nilsson et al (1986). Care should be taken in the 

choice of collector radius for use in the different extrapolation chambers. It is 

recommended that collector diameters be used such that the resultant extrapolation 

curve be more or less straight lines. An optimum collector radius should be used such 

that-th^^risr the measured signal overshadows the front window and backscattered 

fluence and at the same time reducing the sidewall scatter. The use of very small 

collector diameter has been shown to give higher extrapolation values than larger 

diameters.

Using Monte Carlo simulations, the contributions from the various sources of 

fluence perturbation has been assessed. The percentage contributions from the electrons 

from the front window, backscatter and cavity primary interactions do not vary much 

with plate separations for the range of separation of 0.5-2.5mm. These have been 

shown to be responsible for the reduction of the slopes of the extrapolation curves at 

small plate separations. The rapid increase in the contribution from the sidewall 

electrons with plate separation is responsible for the increase in slope of the 

extrapolation curves at larger separations.

With the aid of Monte Carlo simulated extrapolation curves of chambers of 

different radii, some guidelines on the dimensions of fixed-plate chambers, designed 

to limit the over response to a given maximum value, have been provided. This has
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been done for perspex walled chambers or chambers of wall materials with similar 

scattering powers at these energies. A design for a chamber exhibiting a maximum of 

2% over response has been suggested which is easy to construct. The emphasis on the 

chamber design has been the reduction of plate separation. The collector diameter has 

to be optimised between reduction of the sidewall influence and maximization of the 

detector signal.
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Chapter 8

8. Conclusions

8.1 Conclusions and Comments on the Investigations

With the aid of Monte Carlo simulations the problems encountered in the 

determination of the dose distributions in the buildup region of megavoltage linear 

accelerator photon beams have been addressed. The EGS4 Monte Carlo code has been 

used extensively throughout this investigation, for treatment heads, in-phantom and 

chamber simulations. The results of this investigation can be summarised as follows;

1) The treatment heads of a range of Philips SL series linear accelerators have been 

simulated for the purpose of determining the bremsstrahlung photon spectra for the 

various energy beams. The simulations have shown that the flattening filter has a 

significant effect on the radial variation of the photon spectra shape and mean 

energies. In calculations of dosimetric parameters involving Monte Carlo simulations 

of broad beams, this radial variation of the bremsstrahlung photon spectra needs to be 

taken into account to accurately simulate a real clinical situation. There were no 

reliable experimental spectral data available for comparison with the calculated spectra. 

Instead depth dose distributions and quahty indices were used to benchmark the 

calculated spectra with agreement better than 2% and 1% respectively. Although the 

spectra have been benchmarked by comparison of the calculated depth dose 

distributions with measured data, and quality indices, with excellent agreement, one 

has to ask the question: "Is this enough to prove the accuracy of the spectra shapes 

from the low to the high energy part of the spectra?" This is a subject that still needs 

further attention. With assumption that the above benchmarks are enough for the 

moment the calculated spectra were used in other simulations.

2) With the accurate simulation of the treatment heads, the opportunity was taken to 

accurately assess electron contamination in the photon beams. This was done in order
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determine the distribution of the contaminant electrons per incident photon which is 

necessary in chamber and in-phantom simulations, especially in the buildup region. 

The calculation of the contaminant electron spectra and the respective depth dependent 

contributions to the total beam dose has shown that it does not suffice to assess the 

source of the contaminant electrons by just calculating the particle fluence at the 

phantom surface. The electrons from the various sources in the machine head are of 

different energies and so their contribution to the dose in the buildup region varies 

with depth. For low energy beams, (e.g. 6MV) the main source of contaminant 

electrons is the air column as reported by Nilsson (1985) but only at shallow depths 

( ^0.3g/cm^). Since these electrons are of relatively low energy, they quickly lose out 

to the high energy electrons from the flattening filter. The relative contributions from 

the electrons from the various sources also depend on the source-surface-distance 

(SSD) used. As the contribution of the air-column electrons increases with SSD, the 

contribution from the filter electrons decrease at a rate dependent on beam energy. 

Whereas there is virtually no contribution from the filter electrons at 300cm SSD at 

6MV, there is about 43% at 21MV. Another conclusion to be drawn from these 

calculations is that total contribution of the electrons to the buildup dose increases with 

beam energy. This has to be borne in mind when analytical methods are used in the 

determination of the distribution of the number of electrons per incident primary 

photon.

3) The depth dependent stopping-power ratios for photon beams have also been 

calculated for the five photon beam energies used in this research. With more accurate 

contaminant electron distributions, the calculated Spencer-Attix stopping power ratios 

show very little variation in the buildup region for photon beam energies below lOMV. 

For higher energies the variation between the surface and the equilibrium stopping 

power ratios is no longer negligible. Andreo et al (1986) reported that the variation 

was negligible for commonly used radiotherapy beams. The term "commonly used" is 

then subjective, as the high energy beams (e.g. 25MV) from linacs like the Philips 

SL25 and Clinac-2100 are now being commonly used. It is therefore suggested that
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the relative ionization curves obtained from buildup measurements be only interpreted 

as dose for beam energies below lOMV within 1% error. For higher energies the error 

incurred can be large because of the variations in stopping power ratios, as much as 

3% at 21MV..

4) Using a constructed perspex extrapolation chamber and Monte Carlo simulations the 

perturbation effects in parallel-plate chambers have been identified. The use of 

different collector diameters with constant inner chamber radius leads to different 

extrapolation surface doses. The use of a very small collector radius in large chamber 

cavities is discouraged since this leads to an over estimation of the measured doses. 

For example with an extrapolation chamber with an inner radius of 8.2cm, the use of 

a collector diameters of 1.0cm and 4.0cm yields surface doses of 25.0% and 18% 

respectively, at 2.0mm plate separation. The use of a small collector diameter leads to 

extrapolation ionization curves with positive slopes for large plate separations, as is 

expected. However, at small plate separation the slopes of the extrapolation curve 

decreases and then attains negative values. This variation in the ionization curves 

slopes disappears as the collector diameter is increased. This phenomena can be 

explained if the various sources of the ionization in the cavity are identified.

With the aid of Monte Carlo simulations, the different contributions to the 

cavity ionizations were analyzed. The contributions of the electrons from the front 

window, backscatter and cavity primary interactions do not vary much with plate 

separation for the range of separations of 0.5-2.5mm. The invariant nature of these 

contributions is responsible for the reduction of the slope of the extrapolation curve 

at small plate separations. The rapid increase in the contribution from the sidewall 

electrons with plate separation is responsible for the increase of slope of the 

extrapolation curves at larger separation, especially for large collector diameters. 

Although one needs to reduce the contribution from the sidewalls, the size of the 

collector has to be optimised so as to increase the surface "seen" by the unperturbed 

fluence. This then suppresses the effect of the front window and the backscattered 

electrons.
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Using Monte Carlo simulations, extrapolation ionization curves were also 

calculated for chamber cavities of different radii with perspex walls. These curves give 

a guide of the over response of chambers of different radii with body materials with 

scattering properties similar to perspex. The simulated extrapolation curves can also 

be used as a guide for construction of a chamber for buildup measurements.

8.2 Future Work

1) As pointed out in section 8.1 the question of the sensitivity of the percentage depth 

dose and quahty to the spectral shape is a subject that still needs to be investigated. 

There has to be a way of checking the vahdity of the whole spectra shape.

2) With the recommendations proposed for the design of parallel-plate chambers 

which minimise the errors in the measured surface doses, the practicahty of the 

chamber needs to be investigated by construction of the actual chamber.
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Appendix A

Table A.1 Calculated 5MV bremsstrahlung photon spectra from the Philips SL75-5MV, sampled at 100cm SSD for 
a 40x40cm^ field, as a function of radial distance, r, fi:om the CAX.

Energy (MeV) r=2.0 M 100 12.0 14.0 16.0 18.0 20.0cm

0.200 3 5 6 15 22 45 133 379 757 451
0.400 57 105 210 362 645 1011 1564 2488 3700 1843
0.600 121 313 509 787 1195 1640 2134 2860 3636 1818
0.800 142 310 554 878 1319 1482 1901 2420 2817 1400
1.000 135 306 503 831 1141 1309 1590 1911 2152 1105
1.200 119 291 504 703 935 1103 1302 1567 1781 896
1.400 116 254 415 604 811 927 1105 1319 1420 716
1.600 80 215 383 496 714 752 993 1036 1112 586
1.800 79 188 284 454 568 647 774 889 918 457
2.000 72 159 241 386 482 585 604 740 767 383

2.200 60 117 241 323 420 455 556 632 643 345
2.400 64 112 198 282 347 355 439 549 560 285
2.600 54 97 142 219 297 324 405 427 481 227
2.800 45 84 113 201 257 294 321 386 396 190
3.000 32 69 130 168 199 271 294 301 323 198
3.200 31 59 84 145 203 218 257 246 252 130
3.400 22 46 83 144 162 185 181 208 219 123
3.600 23 40 58 90 137 143 172 196 214 104
3.800 15 43 69 97 107 130 138 169 157 85
4.000 11 31 52 76 111 120 135 131 129 74

4.200 17 27 46 72 89 82 81 99 124 55
4.400 8 19 26 47 65 68 70 78 76 30
4.600 3 22 21 25 46 44 58 55 53 25
4.800 2 4 8 21 24 19 26 33 36 16
5.000 0 1 2 2 7 7 7 7 8 2
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Table A.2 Calculated 6MV bremsstrahlung photon spectra, from the Philips SL15 linac, sampled at 100cm SSD for
a 40x40cm^ field as a function of radial distance, r, from the CAX.

Energy (MeV) r= 2.0 4^ M M 10.0 12.0 14.0 16.0 18.0 20.0cm

0.200 2 8 17 39 46 50 64 79 102 107
0.400 79 695 1572 2650 4292 5791 7521 10239 13017 17582
0.600 227 1757 4049 6685 10267 13428 16804 20907 26058 31912
0.800 234 1875 4159 7030 10554 13018 16111 19270 23525 27973
1.000 214 1737 3762 6439 9354 11303 13585 16210 18981 22105
1.200 187 1538 3367 5697 8170 9883 11570 13726 16034 18264
1.400 173 1427 2997 4986 7210 8462 10017 11832 13468 15612
1.600 153 1237 2700 4474 6200 7422 8762 10106 11601 13051
1.800 139 1131 2413 3744 5557 6414 7461 8753 10003 11106
2.000 123 1012 2154 3356 4911 5844 6620 7621 8633 9654

2.200 114 891 1887 2923 4243 5064 5815 6614 7361 8285
2.400 93 798 1713 2663 3764 4357 5023 5772 6390 6896
2.600 75 726 1495 2267 3316 3834 4415 5114 5507 6214
2.800 72 671 1332 2052 3030 3402 3934 4411 4794 5378
3.000 65 580 1204 1753 2702 3131 3458 3723 4331 4619
3.200 69 517 1057 1633 2339 2703 3024 3456 3734 4115
3.400 41 448 903 1480 2136 2347 2633 2964 3409 3634
3.600 53 402 833 1274 1814 2140 2430 2683 2907 3202
3.800 34 365 712 1184 1743 1910 2106 2504 2585 2725
4.000 30 337 653 1144 1561 1699 1873 2081 2294 2503

4.200 43 288 619 931 1350 1516 1669 1842 1991 2121
4.400 33 268 527 809 1256 1319 1532 1627 1766 1890
4.600 28 206 475 753 1086 1210 1256 1416 1488 1693
4.800 14 175 419 678 928 1033 1113 1221 1285 1425
5.000 19 171 376 550 814 866 990 1066 1086 1164
5.200 15 133 305 490 671 682 799 872 915 971
5.400 15 104 258 400 610 605 582 697 722 787
5.600 12 87 193 290 430 466 507 481 496 566
5.800 9 64 135 220 299 345 315 351 386 364
6.000 2 35 77 125 190 181 179 204 199 227
6.200 1 15 38 45 69 69 68 86 69 53
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Table A.3 Calculated 8MV bremsstrahlung photon spectra, from the Philips SL75-8MV, sampled at 100cm SSD for
a 40x40cm^ field, as a function of radial distance, r, from the CAX.

Energy (MeV) r= 2.0 4^ 84 10.0 12.0 14.0 16.0 18.0 20.0cm

0.200 21 19 44 66 105 194 590 2177 6288 6383
0.400 91 264 638 1177 2182 4250 8543 16875 28457 26553
0.600 376 1010 2021 3444 5677 8944 13861 21360 29401 27371
0.800 519 1382 2803 4288 6361 9192 13022 18117 23219 21419
1.000 667 1592 3061 4495 6408 8668 11696 15314 18877 16956
1.200 610 1519 3028 4132 5759 7751 10023 12856 15617 14187
1.400 608 1543 2790 3896 5309 6899 8598 10995 12908 11739
1.600 622 1410 2625 3531 4621 5931 7646 9381 10821 9693
1.800 513 1299 2262 3150 4073 5113 6367 7944 9085 8153
2.000 466 1114 2037 2757 3626 4461 5751 6921 8016 7068

2.200 445 990 1779 2397 3105 3971 4993 6098 6792 6053
2.400 369 940 1581 2198 2916 3502 4338 5091 5979 5232
2.600 306 816 1403 1923 2570 3089 3836 4468 5204 4692
2.800 300 715 1271 1778 2186 2728 3344 3977 4730 4271
3.000 260 631 1198 1597 2009 2541 2993 3646 4184 3809
3.200 233 605 1047 1423 1803 2161 2739 3140 3767 3345
3.400 257 558 935 1288 1523 1998 2428 2990 3400 2962
3.600 183 469 874 1131 1433 1725 2161 2657 3027 2556
3.800 197 425 836 1079 1319 1624 1936 2276 2660 2376
4.000 159 379 690 949 1205 1510 1745 2152 2464 2156

4.200 159 327 659 859 1089 1326 1665 1939 2293 1955
4.400 145 343 604 766 944 1270 1478 1737 1990 1739
4.600 127 279 519 716 956 1101 1353 1629 1786 1556
4.800 115 271 480 654 859 1013 1190 1473 1683 1436
5.000 104 261 487 565 754 893 1121 1353 1500 1394
5.200 86 209 370 500 659 803 975 1201 1322 1215
5.400 79 217 374 470 599 737 912 1093 1190 1078
5.600 94 188 340 467 513 676 821 985 1096 996
5.800 68 162 312 371 490 584 781 839 1005 868
6.000 52 150 263 349 439 567 696 848 906 763

6.200 50 129 246 337 387 494 644 722 833 672
6.400 48 140 222 283 329 445 550 632 709 608
6.600 48 110 195 261 326 405 469 562 623 524
6.800 36 97 185 194 222 351 429 446 490 425
7.000 36 100 152 156 231 302 336 391 419 373
7.200 24 52 129 146 184 229 274 310 327 269
7.400 13 41 107 106 140 168 214 214 267 192
7.600 13 42 63 84 96 108 128 127 149 139
7.800 7 18 40 54 44 55 45 81 80 64
8.000 3 11 17 11 13 24 26 27 36 20
8.200 0 0 5 1 3 5 5 5 1 4
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Table A.4 Calculated lOMV bremsstrahlung photon spectra, from the Philips SL15, sampled at 100cm SSD for a
40x40cm^ freld, as a function of radial distance, r, from the CAX.

Energy (MeV) r= 2.0 4:0 M 10.0 12.0 14.0 16.0 18.0 20.0c

0.200 0 3 13 29 26 37 32 34 48 41
0.400 28 200 451 783 1255 1971 2571 2936 3433 4565
0.600 53 490 1207 2090 3040 4557 5401 5992 6939 8570
0.800 81 588 1476 2365 3355 4639 5644 6134 6758 8230
1.000 70 581 1439 2160 3178 4101 5108 5253 6122 7318
1.200 64 618 1349 2087 2840 3887 4423 4801 5447 6399
1.400 53 558 1279 1995 2733 3421 4129 4272 4835 5598
1.600 69 495 1251 1807 2475 3061 3594 3886 4217 4889
1.800 60 472 n il 1703 2211 2847 3157 3392 3780 4334
2.000 45 450 1079 1593 2055 2510 2832 3217 3380 3844

2.200 48 425 995 1409 1891 2378 2625 2843 3097 3448
2.400 54 383 864 1446 1714 2134 2402 2510 2771 3108
2.600 30 371 874 1243 1537 1891 2186 2403 2447 2812
2.800 45 315 718 1079 1380 1770 1947 2111 2211 2495
3.000 41 294 741 1040 1283 1580 1756 1896 2059 2236
3.200 39 299 675 1001 1203 1485 1698 1782 1814 1959
3.400 28 268 603 909 1098 1308 1525 1532 1740 1879
3.600 35 261 561 855 994 1289 1388 1459 1557 1733
3.800 21 225 557 749 888 1149 1231 1303 1547 1549
4.000 32 217 475 697 877 1010 1169 1182 1277 1418

4.200 25 197 482 641 816 1008 1083 1163 1194 1302
4.400 18 189 410 590 727 940 1071 1067 1159 1255
4.600 24 182 353 551 680 813 937 977 1031 1137
4.800 24 165 344 526 656 867 898 913 965 1115
5.000 12 133 391 496 671 774 828 838 947 979
5.200 15 137 336 463 536 734 762 823 807 922
5.400 18 149 313 438 533 682 671 699 764 839
5.600 8 146 285 409 535 616 645 694 722 744
5.800 14 121 255 405 440 536 582 646 675 740
6.000 18 107 257 335 424 513 585 582 639 716

6.200 13 102 257 362 455 461 571 583 585 573
6.400 7 78 209 362 373 446 504 504 548 591
6.600 7 84 219 282 350 388 460 440 504 575
6.800 6 75 208 268 315 384 396 425 476 497
7.000 7 72 211 233 311 345 401 448 403 458
7.200 16 69 169 251 291 364 372 379 378 456
7.400 4 61 181 226 267 332 66 326 388 420
7.600 9 72 151 205 267 315 348 349 363 373
7.800 4 62 142 197 256 267 301 308 297 360
8.000 13 58 130 172 233 248 290 275 302 325

8.200 6 57 111 157 214 220 274 260 274 262
8.400 6 55 105 167 200 228 226 232 223 228
8.600 7 42 87 119 191 180 181 199 203 237
8.800 1 26 98 102 152 147 179 169 165 175
9.000 3 37 89 120 143 144 165 150 133 181
9.200 3 19 79 103 120 97 122 111 125 130
9.400 3 13 56 76 83 110 109 96 107 117
9.600 2 16 48 55 67 71 83 73 75 80
9.800 0 15 26 48 57 40 51 39 50 46
10.000 0 8 29 34 19 26 23 19 21 26
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Table A.5 Calculated 21MV bremsstrahlung photon spectra from the SL25-21MV, sampled at 100cm SSD, for a
40x40cm^ field, as a function of the radial distance, r, from the CAX.

Energy (MeV) r= 2.0 M 4 0 M 10.0 12.0 14.0 16.0 18.0 20.0cm

0.25 37 295 549 775 1100 1240 1528 1754 1930 2129
0.50 177 1380 2910 4617 6325 8746 11701 16485 23181 29045
0.75 226 2011 4481 7269 10682 14920 20029 27861 39023 47216
1.00 219 2297 4994 8270 11969 16106 21507 28991 39503 46016
1.25 273 2682 5846 9599 13274 17665 23201 30444 39842 46296
1.50 348 2996 6306 9955 13873 18063 23811 30472 38649 44313
1.75 376 3165 6510 10196 13974 18281 23076 29251 37535 41644
2.00 351 3084 6404 10242 13753 17852 22252 27899 34862 39035
2.25 350 3273 6443 10020 13167 16791 21173 26297 32285 36437
2.50 343 3190 6252 9665 12624 16253 20062 24428 30094 33523

2.75 351 3101 6135 9061 12030 15025 18889 22879 27997 30740
3.00 305 2860 5943 8779 11412 14214 17974 21520 26083 28824
3.25 314 2832 5503 8296 10893 13492 16752 19875 24173 26703
3.50 312 2717 5565 8103 10285 12964 15784 18793 22507 24596
3.75 288 2729 5124 7631 9615 12251 14775 17552 21344 23154
4.00 277 2506 4887 7288 9364 11491 13828 16394 19817 21363
4.25 262 2475 4708 6964 8792 10831 13047 15565 18402 19873
4.50 252 2326 4431 6360 8451 10175 12128 14506 17145 18628
4.75 237 2107 4336 6248 7867 9679 11620 13813 16176 17556
5.00 231 2143 4004 5961 7371 9103 10700 12913 15368 16082

5.25 192 2049 3795 5681 7051 8562 10426 12204 14272 15184
5.50 202 1915 3713 5160 6797 7996 9780 11408 13468 14534
5.75 184 1840 3563 4956 6318 7768 9177 10674 12473 13470
6.00 208 1805 3278 4751 6078 7246 8663 10234 12213 12876
6.25 198 1691 3054 4622 5659 6820 8257 9667 11469 11926
6.50 161 1630 3060 4330 5274 6478 7749 9105 10615 11451
6.75 177 1469 2915 4156 5175 6080 7382 8667 10108 10739
7.00 143 1431 2724 3833 4933 5921 6985 8321 9701 10186
7.25 150 1383 2669 3777 4628 5610 6548 7665 9084 9542
7.50 136 1330 2461 3542 4515 5265 6359 7530 8761 9140

7.75 134 1299 2366 3369 4200 5000 6015 7135 8153 8768
8.00 128 1250 2386 3221 4048 4925 5694 6508 7852 8352
8.25 122 1195 2194 3175 3834 4632 5399 6282 7161 7984
8.50 134 1152 2158 2863 3714 4476 5261 6073 7096 7290
8.75 107 1033 1980 2840 3498 4245 4977 5805 6731 6954
9.00 121 1006 1900 2633 3352 4019 4832 5494 6429 6762
9.25 105 1042 1804 2591 3214 3798 4648 5313 6214 6497
9.50 101 943 1898 2425 3040 3722 4352 5136 5881 6080
9.75 101 907 1674 2345 2922 3549 4121 4862 5631 5956
10.00 100 876 1608 2140 2816 3411 3854 4634 5382 5640

continued..
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Table A.5 21MV bremsstrahlung photon spectra continued....

Enw ev (MeV) r=  2.0 M M 8 4 10.0 12.0 14.0 16.0 18.0 20.0cm

10.25 96 896 1545 2189 2644 3224 3873 4412 5186 5254

10.50 93 819 1418 2048 2614 3096 3641 4278 4905 5027

10.75 78 786 1483 1953 2432 2909 3460 3928 4696 4828

11.00 81 773 1328 1938 2335 2903 3372 3872 4484 4577

11.25 81 710 1345 1838 2275 2751 3197 3747 4332 4504

11.50 68 753 1286 1821 2259 2714 3158 3559 4122 4272

11.75 74 677 1227 1733 2121 2563 2989 3464 3994 4139

12.00 64 653 1184 1626 1976 2433 2794 3342 3744 3870

12.25 58 590 1143 1552 2047 2381 2665 3104 3702 3724

12.50 64 594 1076 1484 1922 2233 2664 3025 3441 3681

12.75 63 533 1023 1510 1854 2190 2550 2867 3367 3459

13.00 50 561 1005 1419 1728 2037 2361 2707 3162 3238

13.25 56 523 943 1367 1747 1973 2295 2663 3015 3074

13.50 56 506 972 1321 1618 1893 2289 2486 2865 3022

13.75 56 491 905 1265 1617 1813 2124 2435 2703 2961

14.00 62 481 897 1208 1432 1812 2071 2331 2703 2915

14.25 52 444 825 1118 1435 1700 1859 2238 2461 2650

14.50 33 465 751 1160 1382 1583 1878 2195 2450 2506

14.75 43 445 746 1039 1322 1548 1738 1976 2396 2399

15.00 39 387 779 1028 1225 1431 1681 1880 2220 2271

15.25 29 384 698 1011 1187 1409 1625 1845 2160 2098

15.50 34 349 747 946 1114 1355 1552 1818 2074 2101

15.75 48 358 705 966 1155 1282 1459 1750 1876 1875
16.00 41 344 658 831 1052 1178 1371 1629 1857 1891

16.25 33 332 562 822 1053 1147 1307 1512 1767 1793
16.50 30 321 563 778 967 1093 1299 1488 1676 1784

16.75 22 319 533 792 896 1045 1184 1368 1574 1572
17.00 34 296 540 683 804 990 1107 1297 1464 1470

17.25 23 274 461 657 820 997 1056 1247 1417 1467

17.50 34 257 492 663 722 898 1034 1109 1264 1316

17.75 26 260 445 629 778 852 942 1105 1231 1257

18.00 23 236 439 617 706 749 849 1042 1118 1137
18.25 30 215 402 543 637 732 844 808 1016 1044

18.50 14 190 370 495 648 639 798 829 917 915
18.75 21 201 323 448 558 648 700 767 880 871

19.00 17 169 354 447 529 591 636 707 794 754

19.25 12 176 308 406 391 498 570 659 658 645

19.50 17 155 263 346 432 433 509 532 599 569

19.75 8 155 239 287 307 362 428 427 502 466

20.00 12 121 199 235 301 297 324 387 392 396
20.25 6 102 168 190 245 258 261 285 301 321

20.50 6 94 118 182 204 240 216 190 246 228
20.75 2 44 65 77 79 113 123 145 149 163

21.00 3 23 47 47 28 43 67 44 48 72
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Appendix B

Photographs of the constructed perspex extrapolation chamber with its 9m low noise coaxial 

cable. The second photograph shows the perspex along side NE-2535 aluminium extrapolation 

chamber.



Appendix C

F ig .C l The buildup depth dose distributions for the 5M V photon beam measured with the four

different fixed-plate pancake chambers.
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Fig.C l The buildup depth dose distributions for the 6MV photon beam measured with the four

different fixed-plate pancake chambers.
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Fig.C3 The buildup depth dose distributions for the 8M V photon beam measured with the four

different fixed-plate pancake chambers.
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Fig.C 4 The buildup depth dose distributions for the lOMV photon beam measured with the four

different fixed-plate pancake chambers.
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