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A b stract

This project aims to  improve the performance of the EGSnrc/BEAM nrc sys

tem  for kilovoltage medical physics applications, particularly for simulation of 

x-ray systems. This involves making the simulations more efficient, more accu

rate and more realistic.

For efficient simulations, a variance reduction technique is newly implemented 

which improves the efficiency of simulations involving bremsstrahlung targets by 

up to  five orders of magnitude over analog simulations, and by up to  a full order 

of magnitude over the state  of the art of the system without the newly added 

technique. For accurate simulations, a comprehensive and stringent benchmark 

of the system against experimental measurements of charged particle backscatter 

shows excellent agreement between EGSnrc results and most of the experimental 

data. For realistic simulations, the ability to  simulate voltage ripple and off- 

focal radiation are both  added to  the system. O ther new features have also been 

introduced.

iii
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Chapter 1

Introduction

1.1 T he E G S n rc/B E A M n rc system

Monte Carlo techniques are widely used in simulating coupled photon and charged 

particle transport problems. In a Monte Carlo simulation, a  large number of initial 

particles (histories) is tracked throughout various geometries and media. During 

the simulation, individual particle trajectories are determ ined by using pseudo

random  numbers to  sample from the probability density functions th a t describe 

the  underlying physical processes. The output of a simulation represents the 

average behavior of the tracked particles, and the variance of the reported output 

is inversely proportional to  the number of histories simulated.

EGSnrc5 (Electron-Gamma Shower) is one of the most commonly used Monte 

Carlo codes in medical physics. It contains the core physics and supporting data  

required to  accurately simulate photon and charged particle transport in various 

media. All EGSnrc user-codes use the same core EGSnrc physics, bu t they feature 

different geometries and score different quantities. BEAM nrc6 is a widely-used 

EGSnrc user-code; its geometry package is particularly suitable for simulating

1
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2

clinical linear accelerators, but it can be used for many other applications. As 

a convention in this thesis, the term  EGSnrc system  is used when discussing 

core physics issues, the term  BEAM nrc system  is used when discussing user-code 

specific issues not related to  the physics, and the term  EG Snrc/BEAM nrc system  

is used when discussing issues th a t are either coupled or applicable to  bo th  the 

user-code BEAMnrc and its underlying EGSnrc core.

The EGSnrc system uses the condensed history ,7 or multiple-scattering, tech

nique to  simulate parts of the charged particle transport. The technique groups 

the effect of a large number of charged particle interactions into one condensed 

step. This is because charged particles undergo a large number of elastic collision 

with the nuclei of the  transport media, and simulating those collisions individu

ally makes simulation times prohibitively long. Interactions th a t are not included 

in the condensed steps are treated  explicitly as discrete interactions. Kawrakow7 

proved th a t his im plem entation of the condensed history technique in the EGSnrc 

system yields results th a t are step-size independent, and th a t agree, w ithin less 

than  0.1%, w ith the results obtained using explicit charged particle treatm ent. 

The terminology introduced in this paragraph will be used throughout this thesis.

The EGS system started  as a high energy physics tool,8 bu t over the  years 

many features have been added to  accurately model the low energy physics of 

photon and charged particle transport. For photons, the additions relevant to 

kilovoltage applications include: Rayleigh scattering, binding effects in Compton 

scattering, photoelectron angular sampling, and relaxation cascades after creation 

of atomic vacancies. For charged particles, the additions relevant to  kilovoltage 

applications include: an accurate and artifact-free algorithm for charged particle 

transport,7 electron im pact ionization9 (whereby electrons directly create vacancies 

in the inner shells of the  medium atoms), spin effects for electron elastic scattering,

1.1. THE EGSNRC/BEAMNRC SYSTEM
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3

improved brem sstrahlung angular sampling, and improved treatm ent of inelastic 

collisions. In addition to  the accurate physics, the EGSnrc system uses NIST 

tabulations for photon cross sections10 and for differential brem sstrahlung cross 

sections,11,12 which are the most accurate d a ta  available. For more details on the 

EGSnrc physics and supporting data, the reader is referred to  the EGSnrc m anual5 

and the references therein. For all kilovoltage simulations performed throughout 

this project, the low energy physics mentioned above is always included, and NIST 

tabulations axe used for photon and charged particle cross sections (including 

density effects).

1.2 V ariance reduction  techniques

One of the issues associated w ith Monte Carlo simulations is the potentially large 

CPU time required to  reach the desired statistics on the scored quantities, even 

with the dram atic increase in the speed of computers in the past two decades. To 

get around this issue, variance reduction techniques (VRTs) are often used. These 

techniques artificially m anipulate the simulations to  avoid spending much CPU 

time in aspects of the simulation th a t do not contribute much to  the quantities of 

interest. If a true VRT is implemented properly, it does not alter the simulation 

results.13 A Monte Carlo simulation th a t does not employ any VRT is called an 

analog simulation. The merit of any given VRT is judged by the amount of time 

saving compared to  an analog simulation for the same variance. This m ethod of 

evaluation is heavily used in chapter 2 of this thesis.

Every particle in a Monte Carlo simulation has a statistical weight W  (initially 

unity). W hen VRTs are used, the weight of the particle is adjusted to  keep the 

results unbiased. An example, which is used in chapter 2 of this thesis, is playing 

Russian Roulette w ith a particle. This is done w ith particles th a t are not expected

1.2. VARIANCE REDUCTION TECHNIQUES
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to  have a large im pact on the scored quantities. A random number between 0 and 

1 is sampled; if it is larger than  a  certain fraction (called the survival probability), 

the particle history is term inated; however, if it is less than  the survival probability, 

the particle is kept and its weight is increased from W  to  W f  survival probability. 

The surviving particle then  represents all the other eliminated particles, and for 

a large enough number of histories, the results are not biased.

To improve the efficiency of simulations th a t involve brem sstrahlung pro

duction (e.g. simulation of x-ray tubes), two VRTs are made available in the 

EGSnrc/BEAM nrc system: Uniform Bremsstrahlung Splitting (UBS) and Di

rectional Bremsstrahlung Splitting (DBS). UBS was introduced in the original 

EGS414/B EA M 15 system. In UBS, after a bremsstrahlung photon is generated, it 

is split into N spiit (a user-defined value) photons, each with a reduced weight of 

1 /N sput , then all the N sput photons are tracked in all directions. UBS works best 

in 47r geometry simulations (e.g. brachytherapy) because all the tracked split- 

photons contribute to  the scored quantity (e.g. dose to voxels). On the other 

hand, DBS16 was introduced more recently in the BEAMnrc system. The basic 

concept of splitting in DBS is the same as in UBS. However, in DBS, only the split 

photons th a t are directed towards the  field of interest are tracked, while Russian 

Roulette is played w ith the ones directed away from the field of interest. DBS 

works best in directional geometry simulations (e.g. diagnostic tubes and medical 

linear accelerators) because the field of interest subtends a small solid angle, and 

tracking only the photons directed towards th a t small solid angle substantially 

reduces the simulation time. Because UBS and DBS are very heavily quoted in 

chapter 2 of this thesis, the reader is encouraged to  be sure to absorb the m aterial 

just presented.

1.2. VARIANCE REDUCTION TECHNIQUES
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1.3 X -ray tu b es

X rays can penetrate the hum an body and attenuate with varying degrees de

pending on the materials encountered in their paths. The operation of the tube 

th a t generates these x rays is as follows: The two electrodes of the tube are 

called the cathode and the anode. The cathode contains a  thoriated tungsten 

wire, called the filament which heats up and discharges electrons by thermionic 

emission when current (~  3 — 5 A) passes through it. The anode is typically 

a  disk made of tungsten or molybdenum, alloyed with rhenium or rhodium for 

strength. A high voltage (~  20 — 140 kV), called the kVp, is applied between 

the cathode and the anode, w ith the  anode as the positive end. The electrons 

em itted by the cathode are accelerated towards the anode causing a  tube current 

(~  50 — 1200 mA). A negatively-charged focusing cup surrounds the filament to 

redirect most electrons towards the anode. The accelerated electrons hit the an

ode at the focal spot and undergo elastic and inelastic collisions w ith the nuclei 

and electrons of the target material. Radiative collisions w ith the  target nuclei 

produce a continuous bremsstrahlung spectrum , whereas relaxations after atomic 

vacancy creation produce characteristic peaks. The output of an x-ray tube is the 

combination of the bremsstrahlung spectrum  and the characteristic peaks.

X-ray tubes are very inefficient energy conversion devices; only ~1%  of the 

incident energy is converted into x rays, and the remaining ~99% is converted 

into heat. For th a t reason, rotating anodes (~3000 rpm) are typically used to 

avoid melting of the target a t the focal spot. The cathode and anode are kept 

in vacuum in a sealed glass insert. The glass is thinner in the portion facing the 

focal spot, making the tube exit window  where the generated x rays get out of the 

tube towards the patient plane.

1.3. X-RAY TUBES
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Generated x rays go through multiple stages of filtration where lower energy x 

rays are preferentially absorbed due to  the higher cross section of the photoelectric 

effect a t lower energies. This causes beam hardening which is needed to  avoid 

unnecessary surface dose to  the patient. The first filtration, self filtration, is 

experienced within the target itself. This is followed by the  inherent filtration 

by the glass (or sometimes beryllium) window. The tube ou tput can further 

be filtered (hardenedI) using added filtration. Immediately outside the tube exit 

window, primary collimators are used to  limit the x rays to  a  controlled useful 

cone. This cone of x rays can be further collimated down the pa th  of x rays towards 

the patient plane. This last step of collimation is done using diaphragms, jaws 

or applicators to  form diagnostic or therapeutic fields of particular sizes and/or 

shapes.

For x rays to  get out of the tube towards the patient plane, the target is tilted 

by a relatively small angle (~  6 — 24°) relative to  the line perpendicular to  the 

patient plane. This causes x rays th a t penetrate deeper into the target and still 

reach the patient plane to  be, on average, fewer in number and higher in energy 

than  those closer to  the surface. This is called the heel effect, which can be seen 

when the fluence or the energy fluence is recorded in the patient plane along a 

line parallel to  the cathode-anode axis. The heel effect is either made use of (by 

positioning the thinner body parts in the lower energy end and the thicker body 

parts in the higher energy end), or compensated for (by using compensating filters 

which are shaped to  produce more uniform spectra once the tube output passes 

through them).

To reduce the distortion in the  image caused by the component of x rays 

scattered within the imaged body part, anti-scatter grids are commonly used. 

They are composed of alternating septa of high-Z (lead) and low-Z (air, paper

1.3. X-RAY TUBES
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or plastic) materials, typically focused towards the tube focal spot. A nti-scatter 

grids allow the prim ary x-ray component to  pass through the  low-Z m aterial while 

the  scattered component (which is not lined up w ith the focusing line between the 

x-ray source and the anti-scatter grid) is absorbed by the  high-Z material. In 

practice, focused grids are more frequently used than  other types (parallel or cross 

grids). As part of this project, the BEAMnrc component module MLC (which 

is designed to  simulate multi-leaf collimators in clinical linear accelerators) is 

modified to  be able to  simulate parallel, focused and cross grids. The modified 

component module needs to  be benchmarked against experimental measurements. 

For brevity, this feature is not discussed any further in th is thesis.

By convention, there are three main energy ranges in which x-ray tubes are 

used for medical applications. They are: the mammography range (~  20 — 40 kVp), 

the diagnostic range (~  60 — 140 kVp), and the orthvoltage range (~  160 — 300 kVp). 

M ammography systems (used for breast imaging) typically have molybdenum ta r

gets, small target angles (~  a few degrees), beryllium windows, ~  30 pm  molybde

num added filtration, and an 18 x 24 cm2 imaging field a t 65 cm SSD. Diagnostic 

systems (used for imaging most body parts) typically have tungsten targets, target 

angles ~  7 —10° for Computed Tomography (CT) and ~  10 — 20° for conventional 

radiography, th in  glass windows, 2 - 5  mm aluminum equivalent added filtration, 

and imaging field sizes ranging from 10 x 10 up to  40 x 40 cm2 at 100 cm SSD 

depending on the body part being imaged. Orthovoltage systems (used for trea t

ment of superficial cancers) typically have tungsten targets, larger target angles 

(~  16 — 24°), hooded anodes, th in  glass windows, up to  ~  1 mm copper equivalent 

added filtration, and therapeutic field sizes ranging from 2 x 2 up to  15 x 15 cm2 at 

52 cm SSD depending on the skin portion or the body part being treated. In this 

thesis, although mammography is technically a diagnostic x-ray application, it is

1.3. X-RAY TUBES
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separated from the higher kV p applications because of the difference in the energy

range used, and because of the distinct features of mammography systems (e.g. 

different target m aterial). W ith this in mind, the phrase “diagnostic, mammog

raphy and orthovoltage systems” , which is commonly used throughout this thesis, 

should not confuse the  reader.

There are many ways to  analyze the output of an x-ray tube and to  compare 

simulation results w ith experimental measurements. The spectrum  a t the patient 

plane is a very common way to  represent the tube output. A second way is the 

collision air-kerma, (K c)air , or simply air kerma, K â r (because radiative losses 

in air are negligible). K air is the summation over all energy bins of the energy 

fluence spectrum, weighted by the mass energy absorption coefficient of air. K air 

replaces the older, readily measurable quantity exposure, X .  A th ird  way is the 

Half Value Layer, HVL, which is the thickness of a particular absorber required to  

reduce K air (or A ) to  half its value. HVLs are commonly expressed in millimeters 

of aluminum for mammography and diagnostic applications, and in millimeters 

of copper for orthovoltage applications. A fourth way, which is closely-related 

to  HVL, is the effective energy of the spectrum, E eff,  defined as the energy of 

a monoenergetic x-ray beam  th a t has the same HVL as the spectrum. As part 

of this project, a new user-code (hvLclrp) is developed (in collaboration w ith D. 

La Russa) to  calculate K air, H V L  and E ef f  given an energy fluence spectrum  

a t the patient plane and an absorber material. The code employs the following 

equations for the calculations.

(1.1)

1.3. X-RAY TUBES
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•  For H V L :  The absorber thickness, t, is iterated until the following equation17 

is satisfied (at which point t  — H V L ) :

'tIenY" dVEi
K air i f )  _  i = 1 V P /  E j   »_________________________________________ _  fl 2l
*<*(0) “  “ 5

Here, K (0) and K( t )  are the air kerma at the patient plane w ithout the absorber, 

and with an absorber of thickness t, respectively. E i  is the energy at the center

( u \  a*rof bin i, A E i  is the w idth of bin i ) n  is the number of energy bins, \ p ) E is 

the mass energy absorption coefficient for air a t energy Ej , and are the 

linear attenuation coefficients at energy E i  for the absorber m aterial and for air, 

respectively, and is the differential energy fluence a t energy E t.

• For E ef f : W hen equation 1.2 is applied for monoenergetic x rays th a t give the 

same HVL as the spectrum, and neglecting the thickness of the air substitu ted  

by the absorber in the  exponent of the attenuation term, then n  = 1, t  — H V L ,  

Ei = E ef f , and /4 jf =  Solving for

abs _  I n  2  Q

PE*ff H V L  '  ' ’

Then hvLclrp searches the linear attenuation coefficient table for the absorber

S T h . a e ' !

material to  get the energy E ej f  at which =  jiâ
e f f

Older models of x-ray tubes use single or three phase AC generators. This 

means th a t the high voltage applied between the cathode and the anode is variable. 

The percent voltage ripple is used to  quantify this variation. The percent ripple 

in single- and three phase generators (which are still being used in research and 

in clinical practice) is 100% and 13%, respectively. Mechanical oscillations and 

other operational param eters cause further enhancement of the percent ripple.

1.3. X-RAY TUBES
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Even with the most recent x-ray systems th a t use high frequency generators, 

the ripple is still ~5% . For more realistic simulation of x-ray tubes, voltage 

ripple effects need to  be included. As part of this project, voltage ripple effects 

are added in BEAMnrc. Simulation results w ith and without voltage ripple are 

qualitatively benchmarked against semi-empirical models th a t simulate voltage 

ripple.18 The trends are similar for comparisons of spectra, air-kerma, HVLs and 

effective energies. More quantitative benchmarks are needed, and the effect of 

the V /I characteristic of the tube on the percent voltage ripple need to  be taken 

into account. Ultimately, the user will have the option to  either provide a V /I 

curve for the particular tube and operational param eters simulated, or use a set 

of default V /I curves supplied by BEAMnrc which represent typical x-ray tubes 

and typical operational param eters. For brevity, this feature is not discussed any 

further in this thesis.

The concepts discussed in this section, and the four ways to  analyze the 

output of an x-ray tube are all used throughout this thesis. The user-code hvLclrp 

is used in section 4.4.3 to  study the effect of the off-focal radiation component on 

the output param eters of x-ray tubes.

1.4 K ilovoltage sim ulations in EG Snrc

There has been a growing interest in using the  EGSnrc/BEAM nrc system (and its 

predecessors) in a wide variety of medical physics applications in the kilovoltage 

range, particularly in the simulation of x-ray tubes,1,17>19̂ 30 and in dosimetry.31”34 

This growing interest can be a ttribu ted  to  the accurate low energy physics in 

the system, the  m ultitude of Variance Reduction Techniques (VRTs) available in 

EGSnrc and its user-codes, the system ’s adoption of the most accurate photon 

and charged particle cross sections, the increasing clinical trend of integrating

1.4. KILOVOLTAGE SIMULATIONS IN EGSNRC
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kilovoltage im aging units w ith  m ost therapy system s, and finally, the increase 

in the computing power per unit cost which makes Monte Carlo more appealing 

than  ever. The detailed simulations of kilovoltage systems are essential for bet

ter assessment of image quality in diagnostic x-ray imaging, for investigation of 

challenges encountered in kilovoltage applications, for better evaluation of patient 

entrance absorbed-dose, and for be tter regulation of the standards in diagnostic 

imaging, radiation therapy and dosimetry.

This project uses BEAMnrc to  simulate kilovoltage x-ray systems. The ge

ometry package of BEAMnrc has many component modules th a t can be used to 

accurately represent the various components of an x-ray system. The specific 

component modules used in this project are: XTUBE for the x-ray target and 

backing, CONESTAK and FLATFILT for prim ary collimation and for applicators 

in orthovoltage tubes, CHAMBER for monitor ion chamber, JAWS for secondary 

collimation to  create diagnostic fields, MLC and MESH for anti-scatter grids, and 

SLABS for various components such as the inherent filtration, the added filtra

tion, the cover layers of an anti-scatter grid, ... etc. BEAMnrc allows the user to 

investigate many different output param eters of the x-ray tube system including: 

fluence distribution at the patient plane, energy spectra, energy fluence, angular 

distribution, mean energy, ... etc. The flexibility of the system allows the user to 

answer questions th a t may be hard to  answer experimentally. Figure 1.1 shows an 

example of possible uses of the EGSnrc/BEAM nrc system in simulations of x-ray 

system.

1.4. KILOVOLTAGE SIMULATIONS IN EGSNRC
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Figure 1.1: Examples o f possible uses o f EGSnrc/BEAMnrc in simulations of x-ray 
tubes. Specifications in the examples are: 100 kV DC diagnostic tube, 10° angle 
W target, Cu backing, 0.5 mm Al equivalent inherent filtration. Panel a: Fluence 
profiles showing the heel effect along the cathode-anode direction, x, in a 40 x 40 
cm2 field at 100 cm SSD, with and without added Al filtration. Panel b: energy 
spectra for pinhole geometry (opening of radius 0.5 cm at 100 cm SSD on the 
central axis) with and without added Al filtration.

1.5 T hesis overview

This thesis is organized as follows:

•  Chapter 2 presents the “efficient simulations” aspect of the project. The chapter 

describes the idea behind the newly-added VRT, and how it has the potential 

to  address the challenges facing the existing VRTs. Next, implementation and 

benchmarking are briefly highlighted. The Results section shows the efficiency 

gains obtained when optimally combining the newly-added technique with the 

existing ones. Finally, an easy two-step algorithm for simulation optimization is 

described.

1.5. THESIS OVERVIEW
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•  Chapter 3 presents the “accurate simulations” aspect of the project. The chap

te r describes a comprehensive benchmark of the EGSnrc/BEAM nrc system using 

backscatter measurements. The experimental measurements, their associated un

certainties and their respective EGSnrc simulations are described. This is followed 

by presentation and analysis of the  benchmark results for many backscatter pa

ram eters, and for a variety of operational conditions and measurement setups.

•  Chapter 4 presents the “realistic sim ulations” aspect of the  project. The chapter 

describes the implementation and benchmarking of off-focal radiation in BEAM

nrc, followed by a presentation of the characteristics of multiple generations of 

electrons backscattering from x-ray tube targets. The chapter concludes with a 

study of the effect of including off-focal radiation on the output param eters of 

x-ray tubes.

•  Chapter 5 highlights possible extensions to  the project, which could lead to  even 

further improvements in the EGSnrc/BEAM nrc system for kilovoltage medical 

physics applications.

•  Chapter 6 summarizes the overall conclusions from the project.

•  The Appendix is used to  develop some equations needed to  implement the con

tribution of off-focal radiation in BEAMnrc simulations (appendices are pertinent 

to  chapter 4).

Finally, it should be noted th a t this chapter has provided a general intro

duction for only the topics common to  all parts of the thesis. More specific 

introductions are included at the beginning of every part of the project.

1.5. THESIS OVERVIEW
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Chapter 2 

Improving sim ulation efficiency 

for kilovoltage applications

2.1 In trod u ction

The efficiency, s, of a Monte Carlo simulation is defined as:

where T  is the simulation CPU time and s2 is an estim ate of the statistical vari

ance on the quantity  of interest. Using this definition of simulation efficiency, 

analog Monte Carlo simulations involving brem sstrahlung targets operating in 

the kilovoltage range are very inefficient. This is because the probability of 

bremsstrahlung emission from electrons decelerating in the target m aterial is very 

small, which means th a t most of the CPU tim e is consumed in tracking elec

trons to a stop w ithout their giving off any photons. A Monte Carlo study is 

carried out in which a  stream  of monoenergetic electrons impinges onto a thick 

bremsstrahlung target, and the to ta l number of brem sstrahlung events is counted

14
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Figure 2.1: The average number of bremsstrahlung photons, Nb , emitted by an 
electron slowing down from kinetic energy E0 to  1 keV inside thick tungsten and 
molybdenum targets, as a function of the initial electron kinetic energy E0.

and averaged over the to ta l number of histories. Figure 2.1 shows the results for 

both tungsten and molybdenum targets. On average, the probability of emission 

of a brem sstrahlung photon per incident electron is less than  10% for tungsten in 

the diagnostic range (around 100 keV) and less than  0.5% for molybdenum in the 

mammography range (around 20 keV). Even in the range of orthovoltage tubes 

(160-250 keV), the probability does not exceed 20%.

To overcome this inefficiency of analog Monte Carlo simulation of brem sstrah

lung targets, radiation transport Monte Carlo codes based on ETRAN35 and 

PEN ELO PE36,37 have included an option to enhance the production of brem sst

rahlung photons and characteristic radiation if desired (called interaction forcing). 

However, to  the au tho r’s knowledge, there have not been any studies th a t opti

mized the use of th is option or quantified the efficiency gains from implementing 

it in typical situations of interest in the medical physics field. In addition, the

2.1. INTRODUCTION
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EGSnrc/BEAM nrc system does not have this option, and including it would be a 

valuable addition, particularly for kilovoltage simulation. This part of the project 

both  implements the Bremsstrahlung Cross Section Enhancement (BCSE) vari

ance reduction technique in the EGSnrc/BEAM nrc system, and also quantifies 

the associated efficiency gains from using it in typical situations of interest in 

diagnostic x-ray imaging and in radiotherapy.

The basic idea of the BCSE technique is to  scale up the brem sstrahlung pro

duction cross section by a factor / en/t everywhere in the target material, then some 

aspects of the simulation are re-worked to  keep the results unbiased; such aspects 

include reducing the weight of the resulting bremsstrahlung photons in the ta r

get m aterial by a factor of l / f enh> and randomly decrementing the energy of the 

charged particle once every f enh times of bremsstrahlung emission. In other words, 

the energy of the charged particle is not decremented every time a reduced weight 

bremsstrahlung photon is em itted in the target material. This ensures th a t there 

is no bias th a t produces more photons near the target surface and disturbs the 

various features of the x-ray tube output (such as the heel effect or the energy 

spectrum), ft also ensures th a t the charged particle follows the same path  it would 

have followed w ithout BCSE; the only difference is tha t it gives off more reduced 

weight brem sstrahlung photons everywhere (not only close to  the surface). Gener

ation of those statistically-independent extra photons reduces the fractional CPU 

time spent in tracking the charged particles, and hence increases the simulation 

efficiency. The benchmarking section in th is chapter will unequivocally confirm 

th a t BCSE is a true variance reduction technique and th a t it does not introduce 

any bias in the simulation.

2.1. INTRODUCTION
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Despite the large efficiency gains reported when the existing splitting tech

niques in EGSnrc/BEAM nrc (viz. Uniform Bremsstrahlung Splitting and Di

rectional Bremsstrahlung Splitting) are optimized,16,17 there rem ain four issues. 

(1) Both splitting techniques will not come into play until the rare event of 

brem sstrahlung production happens in the  first place. (2) EGSnrc uses a history- 

by-history statistical estim ator38 for the uncertainty on the scored quantity, which 

takes into account correlation between scored particles arising from the same in

cident particle. Since all N spiit photons are correlated when using UBS or DBS, 

efficiency gains saturate then drop once these correlated particles s ta rt falling 

into the same scoring zone or voxel.39 (3) The largest efficiency gains when using 

DBS are achieved for small field sizes (pinhole geometry for exam ple),17 but these 

gains decrease dramatically as the fields of interest get larger (e.g. a 40 x 40 cm2 

diagnostic field). (4) The only currently available variance reduction technique 

in EGSnrc for An geometry is UBS, whose efficiency gains are not as impressive 

as those for DBS, and boosting them  is very desirable. Combining BCSE with 

UBS/DBS alleviates the lim itations caused by the four issues discussed above be

cause BCSE reduces the number of histories th a t do not generate bremsstrahlung 

photons, it creates more statistically-independent photons th a t push the efficiency 

gains of UBS and DBS further, and it works equally well for small field sizes, large 

field sizes and An geometry.

Although the main scope of the BCSE technique is the kilovoltage range, 

where bremsstrahlung production is rarest, its implementation in this part of 

the project is made for the entire energy range. Both electron and positron 

brem sstrahlung emission is dealt with, and the term  charged particle applies to 

both  electrons and positrons.

2.1. INTRODUCTION
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2.2 Im plem enting B C SE  in EG Snrc user-codes

In EGSnrc, cross sections and other da ta  are read from an input da ta  file a t the 

beginning of the simulation.5 For electron cross sections, the input da ta  file in

cludes the to ta l discrete interaction cross section <7totai-m -iginaii and the branching 

ratio Bbrem_originai for the fraction of discrete interactions th a t are bremsstrahlung 

events. To enhance the brem sstrahlung cross section for a user-requested medium 

by a user-requested enhancement factor f enh, the brem sstrahlung cross section is 

scaled to  crbrem-enhanced and the to ta l cross section and the brem sstrahlung branch

ing ratio  are adjusted to  their new values crto ta i-n e w  and Bbrem-new as follows:

GM oiler =  &total ..original (1 Bbrem—original)

f mh p

O total-new  &M oller T  &brem^enhanced

B brem -n ew  ~  &brem -.enhanced/@ total -new

where aMoiier is the discrete electron-electron inelastic scattering cross section. 

Then the two param eters esig-e and esigejm ax  (which are used in specific sam

pling algorithms during the electron transport in EGSnrc) are also adjusted us

ing the new to tal cross section <7totai-new (esig-e and esigejm ax  are the maximum 

electron cross section per unit restricted stopping power for the medium enhanced 

and for all media, respectively). For positrons, in addition to  the quantities men

tioned above for electrons, the input data  file includes a second branching ra

tio, B(brem+Bhabha)-original > for the fraction of discrete interactions th a t are either 

brem sstrahlung or Bhabha events. The brem sstrahlung cross section enhancement 

for positrons proceeds as follows:

2.2. IMPLEMENTING BCSE IN EGSNRC USER-CODES
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& a n n ih + B h a b h a  

G B habha  

@ brem uenhanced

&total-new  =

^ b rem -n ew  

B (brem +B habha)-new  ~

where crBhabha is the discrete positron-electron inelastic scattering cross section 

and (Tannih is the discrete positron-electron annihilation cross section. Then, as 

done for electrons, psig-e  and psigejm ax  are adjusted using the new to ta l cross 

section crtotai_nem (psig-e  and psigejm ax  are the maximum positron cross section 

per unit restricted stopping power for the medium enhanced and for all media, 

respectively).

The simplest case of BCSE implementation is when it is not combined with 

either UBS or DBS. In this case, and for a  cross section enhancement factor 

f enh, when brem sstrahlung photons are produced in the enhanced medium, their 

weight W  (initially unity) is reduced to  W / f enh to  counteract the effect of cross 

section enhancement. In addition, a uniform random num ber between 0 and 1 

is sampled, and if it is larger than  l / f enh, the energy of the charged particle 

is kept a t its value before the bremsstrahlung event took place; otherwise the 

energy of the charged particle is decremented by the amount of energy given to 

the  brem sstrahlung photon. This means th a t the emission of a bremsstrahlung 

photon does not necessarily cause a reduction in the charged particle energy. 

This is done to  avoid altering the physics of the charged particle transport in the 

enhanced medium.

2.2. IMPLEMENTING BCSE IN EGSNRC USER-CODES

&total -original (1 B brem —original)

&total -original {B(brem+Bhabha)-original Bbrem -original)

®total -original Bbrem —original fenh

&annih+Bhabha T  ^brern—enhanced

& hr em-enhanced,/Ototal-new

(&brem -enhanced T  OBhabha)/ ®total -new

(2.3)
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Second-generation charged particles are created through photoelectric, Comp

ton and pair-production interactions of first-generation low weight photons. This 

triggers higher generations of vanishingly low weight photons and charged particles 

tha t, if tracked, will consume CPU time w ithout contributing much to  reducing 

the variance of the scored quantity. In addition, fa t photons (i.e. photons of 

weight W )  are created through relaxation events after electron impact ionization 

(both in the enhanced medium and elsewhere), through brem sstrahlung events 

outside the enhanced medium, and through positron annihilation events. If these 

fat photons reach the field of interest, they degrade the statistics of the scored 

quantity. The complex details of how the BCSE algorithm handles higher order 

low weight photons and large weight fat photons can be found in Ali and Rogers.1

W hen BCSE w ith a cross section enhancement factor f enh is combined with 

either UBS or DBS with a splitting number N sput, many subtle details need to 

be considered in order to  avoid weight variation issues th a t degrade the statistics. 

Again, these details are described in Ali and Rogers.1 In to tal, for all the cases 

involving BCSE, all the  photons th a t reach the field of interest at the scoring 

plane have the same statistical weight.

2.3 B enchm arking B C SE

BCSE is a true  variance reduction technique; if it is implemented properly, it 

should not bias any scored quantity. To ensure its proper implementation, rigor

ous benchmarking tests are performed on all the simulations presented in section

2.4 before they are used to  study the performance of the BCSE technique. O ther 

cases are also benchmarked to  test particular issues. Param eters such as spectral 

distribution, fluence profiles (where the heel effect can be seen for angled targets) 

and three dimensional dose maps are used for comparison. A detailed list of the

2.3. BENCHMARKING BCSE
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Figure 2.2: Depth dose distribution for 130 keV electrons normally incident on 
a tungsten target. Dose is scored inside the target around the central axis in 
small cylinders of 5 mm radius and 1 /rm thickness each. Dose is split into two 
components: a component from direct energy deposition by the incident electrons, 
and a component from energy deposition by the charged particles descending 
from bremsstrahlung photons generated within the target.

benchmarks performed is given in Ali and Rogers.1 Figure 2.2 shows the results 

of one of the most stringent tests performed. The graph confirms th a t the energy 

loss by the charged particles along their tracks is the same, within statistics, with 

and w ithout BCSE. It also shows th a t the extra photons generated by enhanc

ing the brem sstrahlung cross section are generated everywhere along the charged 

particle track, not only closer to  the surface, and th a t their energy and angular 

distribution is the same as it is w ithout BCSE. Similar agreement is obtained for 

all other benchmarking tests, within 0.5%, for energy spectra, fluence profiles and 

dose maps. Passing such rigorous tests confirms tha t the BCSE technique is a 

true variance reduction technique, and th a t it has been implemented correctly in 

EGSnrc/BEAM nrc. It also shows th a t the BCSE technique is compatible w ith 

the other variance reduction techniques in EGSnrc/BEAM nrc.

2.3. BENCHMARKING BCSE
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2.4 R esu lts

In studying the performance of the BCSE technique, emphasis is put on typical 

situations encountered in the clinical use of bremsstrahlung targets, both  in diag

nostic x-ray imaging and in radiotherapy, in order for the reported efficiency gains 

to  be of greatest practical use. Simulations are done using two EGSnrc user-codes: 

BrachyDose40 and a  customized version of BEAMnrc.6 BrachyDose scores dose by 

calculating the collision kerma using a  track length estim ator of fluence, weighted 

by the mass energy absorption coefficient. The customized BEAMnrc version al

lows for grid scoring within the field of interest and reports the sum of the variance 

for all the scoring zones within the grid, which is then used as a measure of the 

variance s2 in equation 2.1 for efficiency calculations. The most accurate physics 

and cross sections available in EGSnrc are included. For kilovoltage simulations, 

electrons and photons are tracked down to  1 keV. A rejection plane is introduced 

with DBS to  prevent fat photons from interacting in the air layer just above the 

scoring plane and degrading the statistics of the scored quantities. Simulations 

show th a t eliminating those fat photons has a negligible effect on fluence scoring 

in the kilovoltage range for typical field sizes of interest.

2.4.1 BCSE without U B S or DBS

Although BCSE is meant to  be used in combination with UBS or DBS to  boost 

their efficiency gains, it is instructive to  study the behavior of simulation effi

ciency versus f enh w ithout UBS or DBS. The diagnostic x-ray tube described in 

section 2.4.3 below is used for th a t purpose. Four scoring grids are used on a 

40 x 40 cm2 held a t 100 cm SSD; each grid has equal square scoring zones (1 x 1, 

2 x 2, 4 x 4 and 8 x 8  cm2). The cross section enhancement factor, f enh, is varied 

between 1 (no cross section enhancement) and 1,000,000.

2.4. RESULTS
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Figure 2.3: The ratio of photon fluence efficiency of a simulation with BCSE over 
the photon fluence efficiency of the same simulation without BCSE, as a function 
of the cross section enhancement factor (f enh) for the 130 kV DC diagnostic tube 
described in section 2.4.3. Results are shown for four grids of square scoring zones 
in a 40 x 40 cm2 field at 100 cm SSD. The sum of the variance for all the scoring 
zones within each grid is used for efficiency calculations. The relative efficiency 
behavior can be interpreted using Kawrakow’s model17'39(solid lines). varies 
with the scoring zone size roughly as 1/y/A .

Figure 2.3 shows the variation of the relative photon fluence efficiency with 

fenh- It can be seen th a t the numerical value of the relative efficiency is almost 

equal to the numerical value of f enh in the range 1-1000, independent of the scoring 

zone size. This can be explained as follows: For very small f enh, less than  one 

photon is em itted per incident electron, and so all photons fully contribute to 

reducing the variance in the scoring zones they fall into. Meanwhile, the CPU 

time does not increase appreciably because photon transport consumes negligible 

CPU time compared to  electron transport. As f enh gets relatively larger (100- 

1000), more than  one photon can be generated from the same incident electron; 

however, they on average still fall into different scoring zones and fully contribute

2.4. RESULTS
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to  reducing the variance in these zones, regardless of the scoring zone size. This 

means th a t the effect of cross section enhancement in this range is equivalent 

to  increasing the number of histories without the a ttendant time penalty; and 

because efficiency goes linearly w ith the number of histories, it also does so with 

f enh in th a t range. As f enh gets much larger (>1000), many more than  one photon 

are generated per incident electron. Such photons start falling in the same scoring 

zones and they do not contribute as much to  reducing the variance because of the 

relative increase in correlation between them ,38 yet they still consume the same 

CPU tim e to  be tracked in the target and thus, according to  equation 2.1, the 

relative efficiency saturates and then drops. The bigger the scoring zone size, the 

more chance photons generated from the same incident electron fall into a given 

scoring zone. This causes the peaks of relative photon fluence efficiency for bigger 

scoring zones to  be smaller in magnitude and a t smaller f enh values compared to 

the peaks for smaller scoring zones.

The efficiency behavior shown in figure 2.3 can also be explained in light of a 

recent theoretical model derived by Kawrakow.39 The model is derived for UBS 

and DBS to  explain the functional form of the relative photon fluence efficiency 

versus the splitting number, and to  predict the optimum splitting number. By 

replacing N sput in the derivation with f enh, the derivation becomes applicable to 

the  BCSE technique. A practical implementation of the derivation for UBS and 

DBS has recently been published.17 Figure 2.3 shows the  results of using tha t 

same implementation bu t for BCSE instead of UBS or DBS by replacing N sput 

w ith f enh■ The excellent agreement shows th a t the efficiency behavior when using 

the BCSE technique can be described theoretically using Kawrakow’s model. The 

model can also be used to  predict the optimum f enh for maximum efficiency gain, 

which is useful if BCSE is to  be used without UBS or DBS.

2.4. RESULTS
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2.4.2 BCSE in An geom etry (brachytherapy)

The largest efficiency gains over the current state  of the art of the EGSnrc/ 

BEAMnrc system are expected when BCSE is combined with UBS for An geometry 

simulations with low incident charged particle energy. This expectation is because 

UBS is the only currently available variance reduction technique in the EGSnrc 

system for An geometry simulations. The reported UBS efficiency gains are not 

th a t large on their own, and so BCSE will boost such gains, particularly a t low 

energies where brem sstrahlung production is very rare.

An example of this situation is the calculation of the three dimensional dose 

distribution28 from the Xoft Axxent™  source, a  m iniature brachytherapy elec

tronic x-ray source developed by Xoft.41 The source consists of an electron gun 

in an evacuated tube w ith a th in  coating of target m aterial on a conically shaped 

anode surface. The source operates between 40 and 50 kV DC. The geometry is 

modeled using Yegin’s general purpose geometry package42 for EGSnrc, and the 

simulation is done using BrachyDose.40 Analog simulations of the source inside a 

30 x 30 x 30 cm3 water phantom  show tha t more than  95% of the simulation time 

is spent in generating the photons from the source as opposed to  tracking them  

in the water phantom. This reflects the importance of boosting the efficiency of 

the process of photon generation. For efficiency calculations, a cube of dimensions 

l x l x l  cm3, with the x-ray source a t its center, is divided into equal size small 

voxels w ith dimensions relevant to clinical practice and to  TG-43 dosimetry pa

ram eter calculations40 (0.3 x 0.3 x 0.3 mm3, 1.0 x 1.0 x 1.0 m m 3 and 2.5 x 2.5 x 2.5 

mm3). Dose uncertainty is averaged for the voxels making the  faces of the l x l x l  

cm3 cube. Figure 2.4 shows, for an operating voltage of 50 kV DC, the relative 

dose scoring efficiency for three voxel sizes, bo th  when BCSE is used alone and

2.4. RESULTS
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Figure 2.4: The ratio o f dose scoring efficiency of a simulation with BCSE or with 
UBS over the dose scoring efficiency of the same simulation without BCSE or 
UBS, as a function o f the cross section enhancement factor (f enh) or the splitting 
number (Nsput) for the Xoft Axxent™  50 kV DC brachytherapy electronic x-ray 
source (an example o f a 47r geometry simulation). BCSE alone outperforms UBS. 
Further appreciable efficiency gains are achieved when BCSE is combined with 
UBS for the same simulations (see table 2.1).

when UBS is used alone. Because BCSE creates photons w ith less correlation 

than  UBS, it allows for a  larger f enh value and produces a  higher peak efficiency.

To combine BCSE with UBS, f enh values of 50, 100, 500, 1000 and 2000 are 

tested, and each of them  is combined with a wide range of N sput values. Table 2.1 

summarizes the results for the three voxel sizes investigated. W ith the param eters 

as defined in the table caption, the following observations can be made:

•  The optimum combination ( / ^ ,  N ^ it) yields efficiencies th a t are up to  four 

orders-of-magnitude larger than  those obtained w ith analog simulations, and up 

to a full order of m agnitude larger than  the corresponding peak efficiencies with 

UBS alone.

2.4. RESULTS
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Table 2.1: Efficiency gains when optimally combining BCSE with UBS for the  
Xoft Axxent™  50 kV DC brachytherapy electronic x-ray source (an example o f a 
47t geometry simulation). /enL ow xy >s optimum cross section enhancement 
factor when only BCSE is used. N%f£it_ONLY is the optimum splitting number 

when only UBS is used, {f^h^aput)  's optimum combination of cross section 
enhancement with splitting. Eopt is the ratio of efficiency when optimally combining 
BCSE with UBS over the efficiency without BCSE or UBS. R b c s e  is the ratio of 
efficiency when optimally combining BCSE with UBS over peak efficiency when 
BCSE is used alone. Ru  is the ratio of efficiency when optimally combining BCSE 
with UBS over the peak efficiency when UBS is used alone.

side of 
cubic voxel 

(mm)

fopt
J e n h - O N L Y N  °plit _ O N L Y

( f 0?* K fopt 1 
\ J  e n h i s p l i t ' -o p t R b c s e R u

0.3 200,000 25,000 (500,200) 13,032 1.13 2.22
1.0 50,000 10,000 (500,100) 14,750 1.42 6.43
2.5 10,000 5,000 (1000, 50) 4,510 1.44 9.81

•  W hen BCSE is combined with UBS, f ^ h is not very sensitive to  voxel size 

change because f ^ h does not get very large.

•  Ru  is much larger than  R b c s e • This means th a t most of the variance reduction is 

achieved through the cross section enhancement rather than  through the splitting.

•  For a given source energy, R u  is larger for bigger scoring voxels because the 

advantage of cross section enhancement over splitting in creating less correlated 

photons is more prominent.

2.4.3 BCSE in directional geom etry (diagnostic, m am m og

raphy and orthovoltage tubes)

For directional geometry (as opposed to  4x geometry), the largest efficiency gains 

are expected when BCSE is optimally combined with DBS, with larger gains for 

lower incident charged particle energies. This expectation is because DBS is the

2.4. RESULTS
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best splitting option for small solid angle simulations. BCSE will then boost DBS 

efficiency gains by reducing the correlation between scored particles, especially at 

lower incident charged particle energies.

To quantify BCSE performance in directional geometry simulations, diagnos

tic, mammography and orthovoltage tubes are simulated using BEAMnrc. The 

diagnostic tube specifications are: a  20° tungsten target in vacuum with copper 

backing, a beryllium window, aluminum added filtration, lead collimators, and a 

pair of heavy metal jaws to  shape rectangular fields. Simulation param eters are: 

20 x 20 and 40 x 40 cm2 fields a t 100 cm SSD and grid scoring zone sizes of 1 x 1, 

2 x 2  and 4 x 4  cm2. The tube operates a t 130 kV DC. For the mammography 

tube, the  differences from the diagnostic one are: a molybdenum target, molyb

denum added filtration, an 18 x 18 cm2 field a t 65 cm SSD and a grid scoring 

zone size of 1.5 x 1.5 cm2. The tube operates at 20 kV DC. The orthovoltage 

tube specifications and simulation param eters are similar to  those of the Siemens 

Stabilipan2 TH300 unit reported by Verhaegen et al.ig This includes: a 24° tung

sten target, aluminum filtration, a close-ended lead-lined applicator w ith a 3 mm 

thick polymethylmethacrylate (PMMA) endplate, a 10 x 10 cm2 field a t 52 cm 

SSD and a grid scoring zone size of 1 x 1 cm2. The tube operates a t 230 kV DC. 

Exact specifications of the tubes simulated are not given here because these tubes 

are meant to  be only representatives of different classes of x-ray tubes.

Simulations with BCSE alone, w ith UBS alone and with DBS alone are done 

first, and the corresponding relative photon fluence efficiency curves are plotted. 

As expected, DBS a t its peak outperform s both  BCSE and UBS at their peaks 

by about an order of magnitude, simply because of the directional nature of the 

DBS algorithm.

2.4. RESULTS
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To combine BCSE with UBS or DBS, f enh values of 10, 50, 100, 200, 300, 

400, 500 and 1000 are tested, and each of them  is combined w ith a  wide range 

of N spiit values for bo th  UBS and DBS. Table 2.2 summarizes the  results for all 

the investigated tube configurations, source energies, field sizes and grid scoring 

zone sizes. W ith the param eters as defined in the table caption, the following 

observations can be made:

•  The optimum combination ( / e°^ , N ^ lit) yields efficiencies th a t are up to  five 

orders-of-magnitude larger than  those obtained w ith analog simulations, and up 

to  4.8 times larger than  the corresponding peak efficiencies w ith DBS alone.

•  For a given tube and source energy, when BCSE is combined with UBS or DBS, 

fZ h  is not very sensitive to  field size change or to  scoring zone size change.

•  fZ h  increases as the source energy decreases (130 keV to  20 keV), and as the 

target m aterial changes to  a lower-Z m aterial th a t produces less bremsstrahlung 

(tungsten to molybdenum).

•  For a given tube, source energy and field size, / Z L o n l y , n Z u u o n l y  and N $ it 

all have a 1 /y fA  dependence on the size of the grid scoring zone (v4).

•  For a given tube, source energy, field size and grid scoring zone size, R p  (the 

efficiency improvement relative to  th a t of DBS alone) is consistently larger than 

R u  (the efficiency improvement relative to  th a t of UBS alone). This is because, 

when BCSE is combined with DBS, all the extra photons generated due to  the 

cross section enhancement contribute to  the  scored quantity (because the ones 

directed away from the field are not generated except for one fat photon repre

senting them ), whereas when BCSE is combined with UBS, all the extra photons 

are generated and tracked, and only a fraction of them  contributes to  the scored 

quantity.

2.4. RESULTS
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Table 2.2: Efficiency gains when optimally combining BCSE with UBS or DBS for 
the diagnostic, mammography and orthovoltage tubes described in section 2.4.3. 
Parameters are defined as in the caption of table 2.1, except that N ^ it_ONLY and 
£0pt refer here to either UBS or DBS. In addition, Ru  is the ratio of efficiency 
when optimally combining BCSE with DBS over the peak efficiency when DBS is 
used alone.

field
size

(cm2)

scoring 
zone size 

(cm2)

ropt
J e n h - O N L Y ^ s p l i t - O N L Y

( f o p t  A jopt \ 
e n h J s p l i t) fi-opt

R u
or

R d

m a m m o g ra p h y  tu b e ,  20 k V  D C , 65 cm  SSD

18 x 18
(UBS)
(DBS)

1.5 x 1.5 500,000
50.000
500.000

(500, 1000) 
(500, 2000)

14,512
251,240

1.75
4.80

diagnostic  tu b e , 130 kV D C , 100 cm  SSD

20 x 20 
(UBS)

1 x 1 
2 x 2  
4 x 4

100,000
50.000
25.000

50.000
25.000
10.000

(100, 2500) 
(200, 500) 
(200, 200)

4,137
3,831
3,179

1.19
1.38
1.62

20 x 20 
(DBS)

1 x 1
2 x 2
4 x 4

200,000
100,000
50,000

(200, 2000) 
(200, 1000) 
(200, 500)

84,450
54,874
30,181

1.74
2.22
3.37

40 x 40 
(UBS)

1 x 1 
2 x 2  
4 x 4

100,000
50.000
25.000

50.000
25.000
10.000

(100, 2500) 
(200, 500) 
(200, 200)

3,816
3,886
3,575

1.21
1.42
1.68

40 x 40 
(DBS)

1 x 1 
2 x 2  
4 x 4

100,000
50.000
25.000

(100, 2000) 
(200, 1000) 
(200, 500)

40,766
35,382
20,222

1.37
1.92
2.57

o r th o v o lta g e  tu b e ,  230 k V  D C , 52 cm  SSD

10 x 10 
(DBS)

1 x 1 100,000
100,000 (100, 2000) 83,511 2.10
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3 1

•  For a given tube, source energy and grid scoring zone size, R p  is consistently 

larger for smaller field sizes (20 x 20 cm2) than  it is for larger ones (40 x 40 cm2). 

This is because as the field size gets smaller, the optimum splitting number with 

DBS alone increases as yfA  but the actual number of photons going towards the 

field of interest (and thus sampled) decreases roughly as 1 /A , so the net effect is 

a  reduction in the number of sampled photons by 1 / \[A . This implies th a t the 

fractional tim e spent in tracking the charged particles gets larger, and so the effect 

of cross section enhancement becomes more obvious.

•  For a given tube, source energy and field size, both R u  and R p  get larger as 

the grid scoring zone size gets larger (for the same reason discussed before for the 

voxel size effect in An geometry).

•  For a given tube, source energy and grid scoring zone size, R p  and f/nh.ONLY 

do not change w ith the field size (20 x 20 or 40 x 40 cm2). This is because, unlike 

DBS, both  UBS and BCSE are non-directional, and all the photons are generated 

and tracked regardless of the size of the field of interest.

•  Both R p  and R p  increase as the source energy decreases. This is because the 

brem sstrahlung emission process is rarer, which makes the advantage of combining 

BCSE with splitting more prominent.

2.4.4 BCSE w ith clinical linear accelerators

For monoenergetic electrons of kinetic energy 6 MeV, incident on a 1 mm tung

sten slab followed by a  1.5 mm copper slab (a typical transm ission-type target 

arrangem ent in a  clinical linear accelerator), our analog Monte Carlo studies show 

th a t although about 3.8 brem sstrahlung photons are em itted per incident charged 

particle, only about 18% of those bremsstrahlung photons survive target self

attenuation and make it out of the target towards the patient plane. In other

2.4. RESULTS
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words, only 3.8 x 0.18 =  0.7 photons per incident charged particle make it out of 

the target towards the patient plane. This gives potential for efficiency improve

ments when BCSE is combined with DBS in the megavoltage range as well.

To quantify BCSE performance in the megavoltage range, 6 MV and 18 MV 

Varian accelerators w ith 10 x 10 cm2 fields at 100 cm SSD are simulated. Simu

lation param eters are similar to  those used by Sheikh-Bagheri and Rogers.43 Two 

grids within the 10 x 10 cm2 field are investigated: a  grid of equal l x l  cm2 scoring 

zones, and a  grid of one big 10 x 10 cm2 scoring zone. To combine BCSE with 

DBS, f enh values of 2, 5, 10, 20, 30, 50 and 100 are tested, and each of them  is 

combined w ith a  wide range of N sput values for DBS. Table 2.3 summarizes the  re

sults for the 6 MV and 18 MV beams. W ith the param eters as defined in the table 

caption, it can be seen th a t even in the megavoltage range w ith grid scoring zone 

sizes of clinical relevance, the optimum combination ( / ê ,  N ^ it) yields efficiencies 

th a t are up to  800 times larger than  those obtained with analog simulations, and 

up to  40% larger than  the corresponding peak efficiencies w ith DBS alone. In 

addition, for the 6 MV beam when the whole 10 x 10 cm2 field is considered as 

one big scoring zone, the efficiency gain is a  factor of 2.6 over th a t w ith optimum 

DBS alone.

2.5 D iscu ssion

When combining BCSE with UBS or DBS, the goal is to  find the optimum combi

nation (ffnh, N°'pfit) th a t achieves the maximum efficiency gain for the simulation. 

Using cross section enhancement creates less correlated photons, bu t takes a little 

more CPU tim e per photon than  splitting. Using splitting creates correlated pho

tons, but takes a  little  less CPU time per photon than  cross section enhancement. 

One would then  expect th a t the optimum combination is to  use a cross section

2.5. DISCUSSION
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Table 2.3: Efficiency gains when optimally combining BCSE with DBS for the 
6 MV and 18 MV Varian accelerators43 with 10 x 10 cm2 fields at 100 cm SSD. Pa
rameters are defined as in the caption of tables 2.1 and 2.2, except that N ^fit_ONLY 
and £opt refer here to  only DBS.

beam
quality
(MV)

scoring 
zone size 

(cm2)

ropt
J e n h - O N L Y N s p l i t  J O N L Y

( fO pt AjOpt \
\ J  e n h i sp l i t) E-opt R d

6 l x l  
10 x 10

4,500
200

3,500
250

(20, 750) 
(20, 50)

823
125

1.43
2.62

18 1 x 1 800 500 (20, 100) 83 1.21

enhancement factor f ^ E th a t produces exactly one bremsstrahlung photon per 

incident charged particle (to get as many uncorrelated photons as possible), and 

then do the rest of the variance reduction through splitting (to save CPU time). 

Figure 2.1 page 15 can be used to  estim ate this f EnEE■ For example, for 50 keV 

monoenergetic electrons incident on a tungsten target (the brachytherapy x-ray 

source), the probability of emission of one bremsstrahlung photon per incident 

charged particle is 0.024 and so fenhE — 1/0.024 ~  42. Similarly, f2!h.E — 250 

for 20 keV electrons incident on a molybdenum target (the mammography tube), 

~12 for 130 keV electrons incident on a tungsten target (the diagnostic tube) 

and ~ 9  for 230 keV electrons incident on a tungsten target (the orthovoltage 

tube). However, if a cross section enhancement factor of only f ^ E is used, self

attenuation in the target material, the tube exit window and the added filtration 

eliminates many of these uncorrelated brem sstrahlung photons and brings the av

erage number of brem sstrahlung photons exiting the target per incident charged 

particle to  less th an  unity. In the diagnostic tube described in section 2.4.3, only 

10% of the brem sstrahlung photons generated inside the target survive the self-

2.5. DISCUSSION
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attenuation. This observation suggests th a t using a cross section enhancement 

factor f enh > fefHE to  recreate the  uncorrelated photons th a t do not survive self

attenuation will still have an advantage over splitting, as long as the tim e penalty 

is not too large.

Figure 2.5 shows an example of the  behavior of the efficiency gain while 

searching for the optimum combination ( f ^ h, N ^ it) for the 6 MV accelerator. 

Although the scope of the study is the kilovoltage range, the 6 MV accelerator is 

chosen as an example because in the  megavoltage range, efficiency gains are more 

sensitive to  slight variations in f enh and N spm , which serves better in illustrating 

the behavior of the efficiency gain. It can be seen th a t many different ( f enh, N sput ) 

pairs can achieve comparable efficiency gains, although the pair (20, 750) gives 

the maximum. The m agnitude of the peak efficiency gains is smaller for very 

small f enh (5 for example), increase to  a maximum (fe n h —20) and then drop again 

for larger f enh (50 for example) when the  time penalty is more than  the variance 

reduction th a t the cross section enhancement gives over the splitting.

Based on the observations above, the  following two steps are proposed for 

optimizing production runs th a t involve bremsstrahlung targets:

S te p  1: The user chooses an optim um  cross section enhancement factor depend

ing on the simulation type. Recommended ffffh are summarized in table 2.4. 

Getting the maximum efficiency gain is not very sensitive to the exact choice of 

f f f lh. In addition, f ^ h itself is not very sensitive to  tube configuration, to  scoring 

zone size, or to  voxel size, and so the proposed numbers should suffice and the 

complementary N^Jit should pick up any little difference and get the efficiency 

gain very close to  its maximum.

2.5. DISCUSSION
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Figure 2.5: The ratio of photon fluence efficiency when BCSE and DBS are 
combined over the peak efficiency when DBS is used alone, as a function of both 
the cross section enhancement factor ( f enh) and the splitting number (N sput) for 
the 6 MV Varian accelerator.43 A 10 x 10 cm 2 field at 100 cm SSD is split into 
equal square scoring zones of 1 x 1 cm2. Solid lines represent Kawrakow’s model.

Step 2: The user determines the optim um  N°^it (this applies to  both  UBS and

DBS) by applying Kawrakow’s model17,39 as follows:

•  perform a few short runs w ith f°^h from step 1 combined w ith a number of N spht

values, and calculate the efficiency £/v Iit f°r each run;

• F it N spnt/ e Nsplit versus (N sput — 1) to  the following quadratic equation:

-—-— =  A q +  A i(N sput — 1) +  A 2{Nsput — l ) 2 (2-4)
^ N SpHt

where A i: i — 0,1, 2 are the polynomial coefficients;

•  calculate N $ it using N ^ jit = y/A Q/ A 2.

Production runs then use the cross section enhancement factor f ^ h from step 1

and the splitting number of N ^ it from step 2 for maximum simulation efficiency.

2.5. DISCUSSION
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Table 2.4: Recommended optimum cross section enhancement factors ( /°n l)  when 
combining BCSE with the splitting techniques, for typical situations in diagnostic 
x-ray imaging and in radiotherapy that involve bremsstrahlung targets.

simulation type energy range recommended f°„h

47T geometry (brachytherapy) kilovoltage range 500
x-ray tubes mammography range 500
x-ray tubes diagnostic range 200
x-ray tubes orthovoltage range 100
clinical linear accelerators megavoltage range 20

For fluence profiles, when the EGSnrc/BEAM nrc system is optimized as ex

plained above, it usually takes about one m inute on a single 3.0 GHz Intel® - 

Woodcrest processor to simulate realistic radiotherapy or diagnostic tubes to  an 

average uncertainty of 2% on photon fluence. Table 2.5 shows the timing results 

for various situations of clinical interest.

For spectral distributions, when the optimum combination of f enh and N sput 

for fluence scoring is used to  obtain the spectral distribution, a one m inute simula

tion on the same processor yields reasonably good statistics as shown in figure 2.6. 

In the figure, large L lines can be seen because of the lack of filtration and be

cause of the relatively larger bin w idth (which combines close-by L peaks into a 

few large peaks). Uncertainty on the characteristic peaks is larger than  it is on 

the  brem sstrahlung spectrum. This is because all relaxation photons, which are 

the main contributor to  the characteristic peaks, score in very few energy bins, 

and so the chance of correlated photons falling in the same energy bin is much 

higher than  it is for the brem sstrahlung photons. Longer simulation times (~  a 

few minutes) yield better and more uniform statistics.

2.5. DISCUSSION
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Table 2.5: CPU time, T (2%), required to reach an average of 2% uncertainty 
on the fluence when an optimized EGSnrc/BEAMnrc system is used to  simulate 
realistic radiotherapy and diagnostic tubes. Simulations are done on a single 3.0 
GHz lntel® -W oodcrest processor using a g77 compiler.

simulation case SSD
(cm)

field
size

(cm2)

scoring 
zone size 

(cm2)
T( 2%) 

(seconds)

20 kV DC mammography tube 65 18 X 18 1.5 X 1.5 43
130 kV DC diagnostic tube 100 20 X 20 1 X 1 100

2 X 2 56
4 X 4 21

100 40 X 40 1 X 1 146
2 X 2 85
4 X 4 22

230 kV DC orthovoltage tube 52 10 X 10 1 X 1 37
6 MV Varian accelerator 100 10 X 10 1 X 1 20

10 X 10 1.4
18 MV Varian accelerator 100 10 X 10 1 X 1 56

This project intends to  make the BCSE macros available as part of the stan

dard EGSnrc/BEAM nrc macros in future releases of the system. The user will 

have the option (through the graphic user interface of the user-code) to  use BCSE. 

If the option is chosen, the user is asked for three simple inputs: the medium to 

enhance the brem sstrahlung cross section in, the enhancement factor, and whether 

or not to  play Russian Roulette with secondary charged particles. All the details 

of the BCSE algorithm will be handled internally by the system.

2.5. DISCUSSION
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Figure 2.6: A one-minute simulation to obtain the spectral distribution for the 
unfiltered 130 kV DC diagnostic tube described in section 2.4.3. The graph shows 
the average spectrum over a 20 x 20 cm2 field at 100 cm SSD in 2 keV energy bins. 
The optimum combination of f enh and Nsput for fluence scoring is used. Simula
tion is done on a single 3.0 GHz lntel(R)-Woodcrest processor using a g77 compiler.

2.6 Sum m ary

In this part of the project, the bremsstrahlung cross section enhancement variance 

reduction technique is implemented and benchmarked in the EGSnrc/BEAM nrc 

system. Combining BCSE with the existing splitting techniques improves the 

simulation efficiency bo th  in the kilovoltage and megavoltage range. Efficiency 

gains can be up to  five orders-of-magnitude over those obtained w ith analog simu

lations, and up to  a full order of magnitude over those w ithout BCSE. This study 

recommends combining BCSE with the existing variance reduction techniques in 

EGSnrc/BEAM nrc for both  kilovoltage and megavoltage simulations. Optim um  

cross section enhancement factors are proposed, along with an easy two-step al

gorithm for simulation optimization.

2.6. SUMMARY
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Chapter 3

Benchmarking EGSnrc for 

kilovoltage application

3.1 In trod uction

The few published benchmarks of the EGSnrc system in the kilovoltage range are 

mostly subsets of larger benchmarks th a t focus more on the megavoltage range 

(60Co and above), or have a split focus a t best. In this paragraph, only the kilovolt

age parts of these benchmarks are highlighted. The first of such benchmarks came 

with the original release of the EGSnrc system.7 It consists of a monoenergetic 

beam of electrons normally incident of a semi-infinite water surface. Kawrakow7 

showed th a t for 10 and 100 keV electron beams, the fraction of energy reflected, 

calculated using the EGSnrc condensed history algorithm, is step-size indepen

dent, and th a t it agrees w ith single scattering calculations at the 0.1% level. Borg 

et al44 benchmarked EGSnrc against NRC experimental measurements of ion- 

chamber response to  kilovoltage photon beams. They showed agreement a t the 

0.5% level for energies 50-250 kVp. The agreement is at the 3% level for lower en

ergies due to  uncertainties in ion chamber impurity levels and geometric details.

39
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Kawrakow and Rogers45 compared EGSnrc calculations of electron backscatter 

coefficients to  experimental data. The study used a limited set of experimental 

da ta  from the literature, and the  comparison was done for only aluminum and 

gold. Neither the energy spectra nor the angular distribution of backscattered 

electrons was investigated. Their study showed th a t including electron spin in 

EGSnrc simulations is essential to  get be tter agreement w ith experimental data. 

Verhaegen46 reported good agreement between EGSnrc simulations and parallel- 

plate ion-chamber measurements of interface perturbations in kilovoltage photon 

beams. Most recently, Mainegra-Hing and Kawrakow17 showed agreement a t the 

2% level between EGSnrc simulations and NRC experimental measurements of 

HVL for a DC x-ray tube operating in the range 120-200 kV.

In this part of the project, charged particle backscatter is used to  benchmark 

the EGSnrc system. The choice of charged particle backscatter for the bench

mark is m otivated by many reasons. (1) The literature is lacking such a detailed 

benchmark. (2) Charged particle backscatter is known to  be one of the most strin

gent tests of any Monte Carlo code th a t uses the condensed history technique7 

discussed in section 1.1. (3) There is a plethora of experimental da ta  in the liter

ature for charged particle backscatter in the kilovoltage range (see section 3.3 for 

references). This is mainly because such d a ta  are of great im portance to  many 

applied physics fields (particularly scanning electron microscopy and microprobe 

analysis), and investigators in these fields have been continuously enriching the 

literature with experimental data. (4) W ith  the advent of hybrid C T /M R I sys

tem s,47,48 accurate characterization of electron backscatter is needed in order to 

predict the performance of an x-ray tube placed in the magnetic field of an MR 

scanner. (5) Charged particle backscatter plays an im portant role in accurately 

predicting dose perturbations due to  high-Z inhomogeneities in tissue.49 (6) Ac-

3.1. INTRODUCTION
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curate characterization of electron backscatter is crucial in predicting the effect 

of off-focal radiation on the output param eters of x-ray tubes (which is the th ird  

component of this project).

W hen charged particles impinge onto a solid target, they undergo elastic and 

inelastic processes th a t cause them  to  lose energy and divert from their original 

path  to  the extent th a t they may scatter back out of the target. The backscat

ter probability depends on the cross section of bo th  the elastic and the inelastic 

processes. A larger elastic scattering cross section (as in high-Z targets) causes 

more large angle deflections and increases the probability th a t the charged particle 

backscatters before it stops. Conversely, a larger inelastic scattering cross section 

(as in low-Z targets) reduces the backscatter probability because the charged par

ticle will have less chance to  undergo enough deflections to backscatter before 

it stops. Consequently, the fraction of incident charged particles th a t backscat

ter, their energy spectra and their angular distribution, all depend on the target 

material, the incident charged particle energy and the angle of incidence. These 

aspects of the physics of charged particle backscatter are highlighted throughout 

this chapter.

3.2 D efin itions

There is a large variation between different investigators in their definition of the 

param eters used to  characterize the backscatter of charged particles. Because 

this part of the project compares da ta  from more than  one experiment on the

same graph, consistent terminology is needed. Figure 3.1 and table 3.1 define the

param eters used in this benchmark. These definitions should be used to  interpret 

the graphs in section 3.5. The experimental da ta  taken from the literature are

mapped to  the terms given in table 3.1.

3.2. DEFINITIONS
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plane of incidence

planes of 
backscatter P2

P3

- 0

Target surface

Figure 3.1: Definition o f angles and planes used in the benchmark study.

3.3 E xperim ental data

An exhaustive literature search led to the compilation of experimental da ta  from 

26 independent experiments performed over a span of 5 decades (1954-2006). 

Table 3.2 lists the sources of experimental da ta  used in th is study. All the ex

perim ental datasets are taken from their original sources, except for the dataset 

with index 2 which is reproduced by Niedrig50 from a Ph.D. thesis. W hen the 

energy range of an experiment goes beyond the range of interest in this study, 

only the relevant d a ta  are considered. The only m athem atical manipulations per

formed on the experimental da ta  are standard conversions of angles, bins, units 

and coordinate systems. Examples of such m anipulations are the conversion of 

the  integral energy spectra of Darlington51 into their differential equivalent, and 

the  conversion of the polar da ta  of Darlinski52 into their Cartesian equivalent.

3.3. EXPERIMENTAL DATA
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Table 3.1: Definition of the parameters used in the benchmark study. The defini
tions are applicable only to  this chapter, not anywhere else in the thesis.

param eter (units) definition

E 0 (keV)

E  (keV)
Z

incidence plane

backscatter plane

a* (deg.)

<t> (deg.)

Plane P I  
Plane P2  
Plane  P 3  

(deg.)

AO (sr)

d2rj(Px, E, 6 ) /d E  dO 
(keV-1 sr-1 )

dr](E)/dE
(keV” 1)

dr)(Px, 9)/dVL 
(s r"1)

v -  (v+)

Kinetic energy of the incident monoenergetic 
charged particles.
Kinetic energy of the backscattered charged particle. 
Atomic number of the target element.
A plane defined by the normal to  the  target surface 
and the vector of the incident beam.
A plane defined by the normal to  the target surface 
and the vector of the backscattered charged particle. 
Angle of incidence: angle between the  vector of the 
incident beam and the normal to  the  target surface. 
Angle between the plane of backscatter and 
the plane of incidence.
Incidence plane; also a backscatter plane with 0 =  0°. 
A backscatter plane w ith <fi =  45°.
A backscatter plane w ith (f) = 90°.
Backscatter angle in a given backscatter plane, 
measured from the normal to  the target surface 
(see figure 3.1).
Solid angle subtended by the detector. AO =  27r sr if 
the detector is a hemispherical collector.
Localized energy spectrum: number of charged 
particles backscattered in a given plane, P x ,  with 
energy between E  and E  +  dE,  at a backscatter 
angle between 6 and 9 +  d9, per unit energy, 
per unit solid angle.
Overall energy spectrum: number of charged 
particles backscattered in the hemisphere above 
the target surface, w ith energy between E  
and E  +  dE, per unit energy.
Angular distribution: number of charged particles 
backscattered in a given plane, P x ,  at a backscatter 
angle between 9 and 9 +  d9, per unit solid angle. 
Total electron (positron) backscatter coefficient: 
percent of incident electrons (positrons) th a t back
scatter into the hemisphere above the target surface.

1 Different experiments report the incidence and backscatter angles with respect to 
different reference vectors. The reader must map the angles carefully to relate the 
experimental data reported in this chapter to the sources from which they are taken.

3.3. EXPERIMENTAL DATA
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Table 3.2: Index of experimental data used in the benchmark study.

Indexa author(s)
(alphabetically)

year
energy
range
used6
(keV)

exp. da ta  
taken fromc

appear in 
this chapter 

in figure 
no.

table
no.

figure
no.

A Bishop53 1965 5-40 1 3,5,7,8 3,4,7,8,9,15
B Coleman et al54 1992 5-50 1,2 - 14,15
C Coslett k  Thom as55 1965 10-30 1 1,2 3,13
D Darlington51 1975 10-30 3 - 6,8
E Darlinski52 1981 30 - 2,3 9,10,11
G Dreshcer et al d’56 1970 10-100 1 2 3,4,5
H Fitting  k  Technow57 1983 10 - 2 Sec. 3.5.1
J Gerard et al58 1995 30 - 19,21 6,9
K Heinrich59 1965 10-49 3 - 3,4,15
L Hunger k  Kuchler60 1979 5-41 1 - 3,4,15
M K anterd’61 1957 50 k  70 - 5,9,10 7,12
N K anter62 1964 10 k  15 - 3 13
P Kulenkampff k  Riittiged763 1954 30 2 8 8
R Kulenkampff k  Spyrad’64 1954 20-40 1,2 5 3,4,6,8
S Makinen et al65 1992 5-30 - 2 14,15
T M artin et al66 2006 40-124 - 3 3
U Massoumi et al67 1991 35 1 - 14,15
W Massoumi et al68 1993 5-35 - 5,7,8 ,9 3,4,15,16
X M atsukawa et al69 1974 20 - 3,4 6
Z Neubert k  Rogaschewski70 1980 15-60 1,2 - 3,4,5,15
2 Niedrig50 1982 20 k  30 - 25 13
3 Niedrig k  Sieberd’71 1971 20-53 - 2 13
4 Rau et al72 2002 20 - 2 13
5 Soum et al 6,73 1984 40 k  90 - 7 3
7 W einryb k  Philiberte’74 1964 4.5-30 1 - 3,4
8 W ittry75 1965 5 & 30 1 “ 3,4

“ Letters and numbers that may be confusing in graphs are skipped.
6 not necessarily the full energy range covered in the experiment. 
c If the source reports the experimental data more than once or in different forms,

only the exact figure or table the data is taken from is mentioned. 
d article in German.
6 article in French.

3.3. EXPERIMENTAL DATA
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W hen experim ental datasets are not available in tabular form, th ey  are digitized  

electronically from their graphs. In section 3.5, indices from table 3.2 are used 

instead of symbols, bo th  in the graphs and in the captions, in order to  avoid 

graph clutter and tex t redundancy. Additional notes on specific experiments are 

mentioned in the captions whenever needed.

Although measurements of charged particle backscatter are conceptually sim

ple (viz. measuring the current due to  the incident beam and the current due to 

the backscattered beam for a  given setup), they are very challenging in practice, 

and they are fraught w ith sources of uncertainty. Knowledge of these uncertain

ties is essential for insightful comparison between the results of EGSnrc simulation 

and such experimental data. A careful examination of the experiments considered 

in this study indicates th a t the uncertainties can tentatively be classified into 

6 groups, and they are summarized in the following 6 paragraphs. The reader 

is referred to  the references in table 3.2 for detailed discussion of the different 

experiments and their associated uncertainties.

The first group includes uncertainties due to  low energy electrons. W hen 

incident charged particles interact with the target material, a large number of very 

low energy electrons is produced due to  various atomic relaxation processes (by 

convention in the field of scanning electron microscopy, very low energy electrons 

are those w ith energy <  50 eV). Such electrons can enter the charged particle 

collector and lead to  over-estimation of the backscatter coefficient. Experim ents 

avoid this by either using negatively-polarized grids (called retarding grids) at 

-50 eV to  re tu rn  these low energy electrons to  the target, or by positively biasing 

the target itself to  prevent these low energy electrons from leaving it, or both. A 

careful application of a retarding grid can largely control (but not eliminate) the 

problem of low energy electrons. However, a grid correction is needed to  account

3.3. EXPERIMENTAL DATA
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for backscattered electrons intercepted by the grid, and there are non-negligible 

uncertainties associated with this grid correction .53 In addition, small differences 

in the experimental setup or operational param eters can have a considerable effect 

on the low energy electron currents.59

The second group includes voltage-bias uncertainties. Positively-charged ta r

gets a ttrac t the backscattered electrons and other electrons produced from differ

ent parts of the experimental setup to  impinge or re-impinge onto the target. Also, 

depending on the geometry and voltage bias distribution, backscattered charged 

particles can hit different parts of the experimental setup and generate multiple 

lower energy electrons th a t can alter the results if detected .59 Small changes in 

the bias can also cause systematic variations in the incident beam  intensity .65

The th ird  group includes target uncertainties. Despite cleaning, polishing 

and operating at low pressure, surface contam ination is always an issue to  varying 

extents;75 it leads to  under-estim ation of the backscatter fraction because surface 

contam inants are generally lower-Z m aterials th a t have a backscatter coefficient 

lower than  th a t of the target m aterial (as will be shown in section 3.5.1). Surface 

contam ination is more im portant a t lower energies and a t grazing incidence54 

because a t such energies and angles the effective perpendicular penetration of the 

charged particle decreases, and hence the effect of the contam inant layer increases. 

For backscatter from thin  film targets (as opposed to  bulk targets), uncertainty 

in the thickness of the film target can be up to  10%.72

The fourth group includes geometric uncertainties. Small incident beam 

movements can cause fluctuations in the  detector response.54 Setup or opera

tional constraints can lead to  deviations of up to  5° from normal incidence while 

still calling it normal incidence.54,65 The non-zero diameter of the incident beam

3.3. EXPERIMENTAL DATA
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can become an issue at grazing incidence angles because it becomes harder to 

guarantee th a t all charged particles hit the ta rg e t.68 Uncertainties in alignment 

of detectors, angles and planes can add ~2%  to  the overall uncertainty .66 In 

general, geometry effects can be large enough th a t certain experiments apply a 

dedicated geometry correction factor.60

The fifth group includes detector uncertainties. The lower part of the en

ergy spectrum  of the backscattered charged particles is noisier and it has poorer 

resolution .53,68 Energy calibration and the  exact determ ination of the point of 

zero energy loss can also be an issue.53 Detector pulse pileup can occur when 

more than  one backscattered electron reaches the detector within the detector 

resolving time, and the two electrons erroneously count as one charged particle 

with kinetic energy equal to  the  sum of the two .68 The accuracy of the angular 

distribution of backscattered charged particles can be affected by the exact posi

tioning of the detector in high-gradient regions; uncertainty can be up to  12% for 

extreme angular distribution gradients.52 Electrons backscattered from the ta r

get may also backscatter from the face of the detector when they reach i t;68 this 

effect may cancel out because it affects the measurement of both the incident and 

the backscattered current (assuming the effect is energy independent). At grazing 

backscatter angles, and because of the finite solid angle subtended by the detector, 

a portion of the detector may be masked by the target itself;67 this leads to under

estim ation of the backscatter coefficient. There are also uncertainties associated 

with extracting the true energy spectra from the overall detector response.66,68 

Finally, lower energy backscattered electrons may completely stop in the detector 

entrance window;58 this can lead to  under-estimation of the backscatter coeffi

cient, and it may not be possible to  account for it using the detector response 

function.

3.3. EXPERIMENTAL DATA
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The sixth and last group includes data  analysis uncertainties. Some experi

ments use hemispherical collecting electrodes to  determine the overall backscatter 

coefficient. For various reasons (including experimental convenience), other ex

periments take measurements a t single or multiple fixed angles to  determine the 

energy spectra and /o r the angular distribution, then  certain m athem atical and 

numerical procedures are applied to  estim ate the overall backscatter coefficient. 

Such procedures have uncertainties associated w ith them. For example, Massoumi 

et al68 estim ated the uncertainty in their experiment due to  da ta  analysis to  be 

about 10% for Z >  20, and >  10% for Z <  20.

Some of the uncertainties discussed above are more challenging than  others, 

and some experiments are more careful than  others in reducing these uncertainties. 

The most recent experiment included in the benchmark66 uses two different mea

surement techniques - current integration and silicon detector measurements. The 

reported reproducibilities are within 5 and 7%, respectively. W ith the addition of 

other uncertainties, the reported overall uncertainties are 9 and 12 %, respectively. 

In general for all the experiments th a t measure charged particle backscatter, the 

overall uncertainty is higher for lower incident energies (due to  the effects of low 

energy electron currents, sample contamination, detector resolution, detector en

trance window, ... etc), and for lower-Z targets (due to  smaller backscatter yield). 

The uncertainties discussed above can explain the variation between different ex

periments measuring the same parameter. They can also help in evaluating the 

quality of agreement between EGSnrc results and the  experimental data.

3.4 EG Snrc sim ulation

Throughout this benchmark study, the EGSnrc simulations employ the most accu

rate  low energy physics and the most accurate cross sections th a t EGSnrc offers for

3.4. EGSNRC SIMULATION
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charged particles and for photons as discussed in section 1.1. Simulations are done 

using DOSRZnrc, an EGSnrc user-code, bu t many other user-codes could have 

been used instead. Simulations are for pencil beams of monoenergetic charged 

particles w ith energy between 5 and 140 keV, incident on 20-cm thick targets 

with Z between 4 and 92. The target thickness of 20 cm is considered infinite 

because it is much larger than  the range of the incident charged particles. Both 

normal and oblique incidence are simulated. Tallying the backscattered charged 

particles is done using a macro newly added to  DOSRZnrc as part of this study. 

Details of the macro features can be found in Ali and Rogers.3 The macro reports 

the  following for the backscattered charged particles: the to ta l backscatter coeffi

cient, the overall energy spectrum  (i.e. A fl =  2n sr), the localized energy spectra 

for the backscatter angles chosen by the user, and the angular distribution for the 

backscatter planes chosen by the user.

For this study, three backscatter planes, P I , P2 and P3, are defined (see table 

3.1). In each plane, 59 scoring regions (representing detectors) are distributed 

uniformly on the circumference of a semi-circle of radius 5 cm (a typical radius 

for placing detectors in backscatter experiments), with the face of the scoring 

regions perpendicular to  the plane of backscatter. For the energy spectra, 120 

energy bins are used, which implies th a t the w idth of each energy bin is Eo/120. 

All simulations are analog (i.e. no variance reduction techniques). However, very 

good statistics on the  scored parameters can be obtained in a  reasonable amount 

of time (~  minutes to  hours) because backscatter is a relatively abundant event. 

Simulation times becomes longer (~  a few days) when the param eter of interest is 

the energy spectrum  recorded in a very small scoring region, with higher energy 

beams incident on higher-Z targets.

3.4. EGSNRC SIMULATION
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W hen BEAMnrc is used instead of DOSRZnrc to estim ate the backscatter 

parameters, simulation results are found to  be sensitive to  the choice of an internal 

param eter in BEAMnrc called the boundary tolerance. This param eter is used in 

BEAMnrc to  avoid round-off errors by artificially moving the boundaries between 

different regions in the geometry by a small distance $BDY_TOL. The default 

value of $BDY_TOL is 10~5 cm, and the user has the option to  adjust it. As 

mentioned in section 1.1, the BEAMnrc system has been mainly designed for and 

used in the simulation of clinical linear accelerators. This very small boundary 

adjustm ent has absolutely no effect in the megavoltage range and in the upper 

kilovoltage range. However, a t low energies, the charged particle step sizes are in 

the same order of magnitude as the default value of $BDY_TOL, hence the default 

value is too large a t such energies.

Figure 3.2 shows the variation versus $BDY_TOL of the percent deviation 

of BEAMnrc results from the correct value of the to tal backscatter coefficient for 

low- and high-Z targets a t three different energy ranges. It can be seen th a t the 

default value is adequate a t megavoltage energies regardless of the atomic number 

of the target. At about 100 keV, the default value can cause deviations up to  5% 

for high-Z targets. In the mammography range w ith a high-Z target, the  deviation 

can be up to  50%. In addition, the default value of $BDY_TOL causes a slight 

shift towards lower values in the energy spectrum  of the backscattered electrons. 

W hen $BDY_TOL is reduced to  5 x 10~7 cm, deviations in the to ta l backscatter 

coefficient drastically diminish.

The effect of the value of $BDY_TOL is not as dram atic when the focus of the 

simulation is on param eters other than  charged particle backscatter, bu t it still 

exists. For example, when simulating a 20 keV monoenergetic beam  of electrons 

normally incident on a semi-infinite tungsten target, larger values of $BDY_TOL

3.4. EGSNRC SIMULATION
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cause a slight but noticeable hardening of the photon energy spectrum  at the pa

tient plane (SSD =  100 cm). Therefore, this study recommends using a  value of 

$BDY_TOL -  5 x 10 7 cm for all kilovoltage medical physics applications th a t 

use component modules in BEAMnrc which use the $BDY_TOL param eter, re

gardless of the focus of the application. For the backscatter calculations under 

consideration in this part of the project, the value of $BDY_TOL =  5 x 10”7 cm 

limits the maximum deviation to  less than  2% for the extreme case of mammog

raphy situations. Values of $BDY_TOL lower than  5 x 10-7  cm require BEAMnrc 

to  run fully in double precision.
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Figure 3.2: Effect of the boundary tolerance parameter ($BDY_T0L) on the 
accuracy of backscatter coefficient calculation in BEAMnrc for different target 
materials at different energies. The correct value is obtained using the DOSRZnrc 
user-code, which does not have the boundary tolerance issue. The arrow goes to  
-50% at the default value of $BDY_TOL (i.e., 10-5 cm) for Eo = 20 keV and a 
tungsten target. Data points are connected by line segments. The scale o f the 
abscissa is logarithmic.
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3.5 R esu lts

This section presents comparisons between EGSnrc simulation results and experi

mental da ta  taken from the sources in table 3.2. For the figures containing energy 

and angular distribution curves, the  highest peak in the EGSnrc results and the 

highest peak in the experimental d a ta  are both  scaled to  unity, unless otherwise 

stated. O ther data  in the figure are scaled by the same factor, which means th a t 

the relative shapes and areas under different curves in a given figure are preserved. 

Error bars on the simulation results are too small to  show. No error bars are shown 

on the experimental da ta  to  avoid clu tter of the already crowded graphs, and also 

because most experiments describe an overall uncertainty associated w ith their 

measurements, but they do not give detailed error bars. The reader is referred to 

section 3.3, and to  the references listed in table 3.2 for more on the uncertainties 

of the experimental measurements.

3.5.1 Total backscatter coefficient

Figure 3.3 compares EGSnrc results versus experimental d a ta  for the  variation of 

the to ta l electron backscatter coefficient, r]_, with the incident electron energy, E q, 

for a  — 0°. Low Z targets exhibit a  slight decrease in r/_ as E a increases, whereas 

high-Z targets exhibit an opposite trend. EGSnrc simulations replicate this slight 

energy dependence very well. The discrepancy between some experimental data  

and the EGSnrc simulations for very-low energy electrons incident on low-Z targets 

can be a ttribu ted  to  the uncertainties summarized in the last paragraph of section 

3.3. Tungsten and molybdenum are the two most commonly-used elements in x- 

ray tube targets; the value of rj_ for tungsten at diagnostic energies is ~  50%, and 

for molybdenum at mammography energies is ~  38%.

3.5. RESULTS
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Figure 3.3: EGSnrc results versus experimental data for the variation of the total 
electron backscatter coefficient, 7?_, with the incident electron energy, E0, for a  =  0 
(normal incidence) and A fi =  2ir sr (hemispherical collector). EGSnrc simulations 
(filled diamonds) are done at slightly different energies from the experiments (e.g. 
38 instead of 40 keV) for graph clarity. Simulation results are connected by solid 
line segments to aid the eye. Experimental data are taken from experiments with 
indices A, C, G, K, L, R, T, W, Z, 5, 7 and 8 (see table 3.2 page 44 for the 
indexing). In panel a for experiment A, data for platinum (Z = 78) are used for gold 
(Z = 79). Experiment R has only one data point at 30 keV for Al, Cu, Ag and Au. 
Experiment T used two different measurement techniques, so there are two values 
at each energy for both Be and Si. The scale of the abscissa is logarithmic.
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Figure 3.4 compares EGSnrc results versus experimental d a ta  for the variation 

of r]_ w ith the target materials, Z. The value of rj_ shows a smooth and monotonic 

increase w ith Z (from ~  3% up to  ~  50% for E 0 = 30 keV). EGSnrc simulations 

replicate this monotonic behavior very well. The elastic scattering cross section 

varies as Z 2, whereas the inelastic scattering cross section (and hence the stop

ping power) varies roughly as54 Z. This implies th a t the elastic scattering increases 

faster than  the inelastic scattering as Z increases, which leads to  more large angle 

deflections and increases rj_ as Z increases. The experimental da ta  from experi

ment w ith index 7 by Weinryb and Philibert74 are systematically lower than  the 

rest of the experimental and simulation data. Bishop53 explains th a t this may be 

because of the systematic errors introduced by the retarding grids used, and by 

the scattering of electrons back onto the target.

Figure 3.5 compares EGSnrc results versus experimental da ta  for the varia

tion of rj_ w ith the angle of incidence, a , for different m aterials in two different 

experiments performed at two different energies. The value of rj_ monotonically 

increases w ith a , and the increase becomes more significant as grazing angles are 

approached. EGSnrc simulations match the two experiments very well, except 

a t near-grazing incidence on high-Z targets. Similar agreement (not shown to 

avoid redundancy) is obtained between EGSnrc simulations and the experimen

ta l d a ta  of F itting and Technow57 for E 0 =  10 keV. As a  increases, the portion 

of the forward-peaked differential elastic scattering distribution th a t falls in the 

backscatter hemisphere increases, hence more electrons can backscatter out of the 

target and r\_ increases. Also the rate of increase of rj_ increases as Z decreases. 

This makes the variation of r]_ with Z more dram atic a t near-normal incidence 

compared to  near-grazing incidence. The small discrepancy between the EGSnrc 

simulation results and a few of the experimental d a ta  points a t very large a  can
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Figure 3.4: EGSnrc results versus experimental data for the variation of the total 
electron backscatter coefficient, r/_ , with the atomic number of the target material, 
Z. EGSnrc results (filled diamonds) are connected by solid line segm ents to  aid the 
eye. Experimental data are taken from experiments with indices A, G, K, L, R, W, 
Z, 7 and 8. E0 in experiments G, L and 7 is not exactly 30 keV (25.2, 31.0 and 
28.0 keV, respectively).
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Figure 3.5: EGSnrc results versus experimental data for the variation of the total 
electron backscatter coefficient, r}_, with the angle of incidence o f the electron 
beam, a. EGSnrc results are connected by solid line segments without symbols for 
graph clarity. Experimental data are from experiments with indices G and Z.
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be a ttribu ted  to  the issues associated w ith near-grazing incidence which were 

discussed in section 3.3 (i.e., incident beam masking, detector masking, surface 

contamination, ... etc).

3.5.2 Energy spectra

Figure 3.6 compares EGSnrc results versus experimental d a ta  for the overall en

ergy spectra of electrons backscattered from semi-infinite targets of Al, Cu, Ag and 

Au. Given the variation between experiments in the lower portion of the spectra, 

it can be said th a t the EGSnrc prediction of the spectra of backscattered charged 

particles is in agreement w ith experimental da ta  for all Z. As Z increases, the 

spectra peak closer to  the original incident energy, and consequently their mean 

energy increases. The slight energy shift between different experiments could be 

due to  energy calibration uncertainties. Some experiments53 report an overall un

certainty of ~  10%, but the observed variations among experiments in the lower 

portion of the spectra are much larger. This could be due to  the poorer detector 

resolution in th a t energy range (see section 3.3).

Panel a of figure 3.7 compares EGSnrc results versus experimental da ta  for 

the variation of the overall energy spectra of backscattered electrons with the angle 

of incidence, a. Given the poor resolution of the data  digitized from the article 

by K anter,61 it can be said th a t EGSnrc tracks the experimental da ta  well. For 

normal incidence, the electrons penetrate  the deepest and lose the most energy 

compared to larger incidence angles. This is dem onstrated by the broad spectrum  

at a  — 0°, which gets narrower and peaks towards higher energies as a  increases. 

The area under the curves also increases w ith a  following the same argument 

presented in figure 3.5.
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Figure 3.6: EGSnrc results versus experimental data for the overall energy spectra 
of electrons backscattered from semi-infinite targets of Al, Cu, Ag and Au. Exper
imental data are taken from experiments with indices D, J, R and X. See figure 3.1 
and table 3.1 for definition of the axes labels and other symbols. In panel a, the 
anomalous point labeled with an arrow could be a typo in table 3 by Darlington,51 
or it could be due to  experimental instabilities o f the energy recorder. Data below 
E /E q ~  0.1 are either unavailable or too noisy.
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Figure 3.7: EGSnrc results versus experimental data for the variation of the overall 
energy spectra of backscattered electrons with the angle of incidence, a, in panel 
a, and the variation of the localized energy spectra with the backscattering angle, 
0, in panel b. Experimental data are taken from experiments with indices A and 
M. In panel a for a  =  80°, both experimental data and EGSnrc results are scaled 
down by a factor of 5 for clarity of other curves. For a  =  0°, the resolution of 
experimental data is poor, and it was hard to faithfully digitize the data. Note 
that the ordinate in panel a is different from that in panel b.
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Panel b of figure 3.7 compares EGSnrc results versus experimental d a ta  for the

EGSnrc reproduces the  experimental measurements reasonably well. For normal 

incidence, the differential probability for backscattering at a  larger 9 before losing 

much energy is higher than  th a t at a smaller 9. This makes the energy spectrum  

at 9 =  67.5° peak closest to  the original incident energy E 0. However, the  number 

of electrons backscattered at larger 9 is smaller than  th a t at smaller 9, and so the 

relative area under the curve of 9 =  67.5° is the smallest. The energy shift between 

the experimental d a ta  and EGSnrc simulations could be due to  energy calibration 

issues. At the near-grazing backscatter angle of 9 = 67.5°, the uncertainties are 

larger than  those for smaller 9. Also, geometrical and alignment issues can play 

a role in explaining the differences.

Figure 3.8 gives the difference, in keV, between EGSnrc results and exper

imental d a ta  for the  most probable energy (panel a), and for the m ean energy 

(panel b) of the energy spectra of backscattered electrons. For fair comparison, 

the integration to  calculate the mean energy starts  at E /E 0 =  0.2 for the exper

imental and simulation data. The mean energy for comparison purposes is given

Figure 3.8 indicates th a t EGSnrc can reproduces the experimental values of the

variation of the spectra of backscattered electrons with the backscatter angle, 9.

by:

E,'mean (3.1)

most probable and mean energies to within ±1.5 keV at Eq =  30 keV (i.e. within
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Figure 3.8: The difference (in keV) between EGSnrc results and experimental 
data for the most probable energy (panel a), and for the mean energy (panel b) 
of the energy spectra of backscattered electrons. Experimental data are taken 
from experiments with indices A, D, P and R. The line segments in the figure are 
merely to aid in tracking a particular experiment. Experiments D and R measure 
the overall energy spectrum (i.e. AQ, =  2n sr), while experiments A and P measure 
a localized energy spectrum in plane PI at 9 — 45° and 43°, with A fl  — 31.4  
and 4.81 msr, respectively. Uncertainty in determining the most probable energy 
is higher for lower-Z targets because the peaks are much broader.

3.5.3 Angular distribution

Figure 3.9 compares EGSnrc results versus experimental d a ta  for the angular 

distribution in plane P I  for normally-incident electrons backscattering from semi

infinite targets of Cu and Au. For both  low- and high-Z targets, the agreement 

between EGSnrc results and experimental da ta  is within the experim ental un

certainties. The angular distribution at normal incidence exhibits a  cosine-like 

distribution, i.e. dr]_(Px,9)/dfl  varies almost linearly with cos9, which shows as 

a circle in the polar plots. At large 9 (close to  90° and -90°), the angular distri

bution deviates slightly from a perfect cosine. For normal incidence, the angular 

distribution does not vary much w ith Z (the angular distributions for Cu and Au 

are almost the same).
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Figure 3.9: EGSnrc results versus experimental data for the angular distribution 
of electrons backscattered from semi-infinite targets of Cu and Au. Experimental 
data are taken from experiments with indices A, E and J. Results are presented 
in Cartesian and polar form for both elements. AO =  31.4, 1.9 and 0.9 msr for 
experiments A, E, J, respectively.
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Figure 3.10 compares EGSnrc results versus experim ental data  for the varia

tion of the angular distribution w ith Z for oblique incidence. EGSnrc reproduces 

the experiment well except for a normalization and a  slight peak shift issue with 

carbon, which could be due to  alignment uncertainties or other systematic changes 

in the experiment when target materials are changed. Unlike normal incidence, 

the angular distribution at oblique incidence varies dram atically w ith Z.

Figure 3.11 compares EGSnrc results versus experimental da ta  for the varia

tion of the angular distribution w ith a. EGSnrc reproduces the experiment very 

well, except for Ag a t a  = 30°. The number of backscattered electrons per unit 

solid angle peaks near the “reflection” or “mirror” angle of a. This trend becomes 

more obvious as a  increases. The small discrepancy a t grazing incidence (a  =  80°) 

can be attribu ted  to  the uncertainties associated with grazing incidence, which 

were discussed in section 3.3.

Most angular distribution measurements are done w ith the plane of backscat- 

te r being the same as the plane of incidence (both are plane P I). Very few ex

perimental data  are available for angular distributions in backscatter planes other 

than  P I. Figure 3.12 compares EGSnrc results versus experimental da ta  for the 

variation of the angular distribution with the  plane of backscatter, Px, for A1 and 

Au at oblique incidence. EGSnrc reproduces the  experiment reasonably well, with 

the agreement being better for A1 than  it is for Au. The feature th a t the distri

bution peaks at the “m irror” angle of a  is evident in P I  for Al. As P I  rotates 

45° to  become P2, the angular distribution gets broader. As P2 rotates another 

45° to  become P3 and perpendicular to  the plane of incidence, P I , the angular 

distribution becomes symmetric around 9 =  0°. In the polar plots, as the plane 

of backscatter rotates from P I to  P3, the cigar-like angular distribution gradually 

changes to a pancake-like one.
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Figure 3.10: EGSnrc results versus experimental data from experiment E for the 
variation of the angular distribution of backscattered electrons with the atomic 
number of the target material, Z, at oblique incidence.
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Figure 3.11: EGSnrc results versus experimental data for the variation of the 
angular distribution of backscattered electrons with the angle of incidence, a, for 
Al and Ag. Experimental data are taken from multiple graphs in experiment E, 
each for a particular a. Experiment E does not provide a common normalization 
between different a, consequently all curves in this figure had to be normalized to  
unity at their peak. Unlike other graphs in this study, the areas under the curves 
in this figure do not represent a measure of the relative total backscatter.
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Figure 3.12: EGSnrc results versus experimental data for the variation of the 
angular distribution of backscattered electrons with the plane of backscatter, Px, 
for oblique incidence on semi-infinite targets of Al and Au. Experimental data are 
taken from experiment M. Unlike all other polar plots in this study, the plane of 
the page in this figure does not represent a particular backscatter plane.
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3.5.4 Backscatter from thin  films

As discussed in section 3.1, accurate prediction of dose perturbation due to  th in  

layers of high-Z inhomogeneities in tissue is strongly affected by the accuracy of 

simulating the backscatter of charged particles from these th in  layers.46,49 For 

this reason, the capabilities of EGSnrc to  simulate backscatter from thin  films is 

investigated in this section.

Panels a  and b in figure 3.13 compare EGSnrc results versus experimental 

da ta  for the variation of r/_ w ith the film thickness for various E q for Cu and Au. 

The experiments are designed such th a t the th in  films are self-supporting.55 The 

EGSnrc data  shows an almost-linear increase of r\_ with film thickness at different 

energies for both Cu and Au; the increase is steeper for lower E q. A s the film 

thickness increases, t]_ approaches the value for bulk targets and then saturates. 

The saturation occurs at smaller film thicknesses for lower Eo because the ratio 

of the film thickness to  the range of the incident electrons in the target m aterial 

increases as Eo decreases. At 20 keV, the EGSnrc value of the film thickness at 

which r]_ reaches half its saturation value, divided by the CSDA range of electrons 

in the target m aterial76 is ~  0.1 and ~  0.07 for Cu and Au, respectively. This 

indicates th a t about half of the  backscattered electrons are backscattered from 

within the first 10% of their full penetration depth.

The variation among different experimental da ta  in panels a and b of fig

ure 3.13 is more dram atic th an  it is for bulk materials because measuring backscat

ter from thin  films is fraught w ith more uncertainties than  backscatter from bulk 

materials is (e.g. exact film thickness, effect of substrate material, more sensi

tivity to  surface contam ination). Given these facts, it can be said th a t EGSnrc 

reproduces the experimental “trends” well. The large discrepancy at E q — 20 and
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Figure 3.13: Backscatter from thin films: EGSnrc results versus experimental 
data for the variation of electron backscatter coefficient with the incident electron 
energy. Experimental data are taken from experiments with indices C, 2 and 3. 
EGSnrc results (filled diamonds) are connected by solid line segments.
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30 keV is most likely due to systematic uncertainties in the experiments. This 

conclusion is drawn because at large film thicknesses, a  few of the experimental 

datasets saturate a t much lower values th an  those reported for bulk targets by 

many other experiments a t the same energies. For example, from figure 3.3 page 

54, for backscatter from bulk targets a t 30 keV, bo th  EGSnrc and experimental 

da ta  predict rj_ values of ~  31% and ~  50% for Cu and Au, respectively. However, 

the experimental d a ta  in panels a and b of figure 3.13 saturate a t ~  26% and 

42%, respectively.

Panel a  in figure 3.14 compares EGSnrc results versus experimental d a ta  for 

the localized energy spectrum  of electrons backscattered a t 9 =  25° in plane P I 

from a 0.1 fim  Cu film deposited on an A1 substrate. EGSnrc reproduces the 

features of the energy spectrum  very well, except for the magnitude of the high 

energy peak. Panel b in figure 3.14 compares EGSnrc results versus experimental 

da ta  for the angular distribution of electrons backscattered in plane P I  from a 

composite film of 20 nm of Au followed by 20 nm  of AI2O3 a t different E0. Because 

only one experiment is available, and w ith a very limited number of da ta  points, 

only a qualitative statem ent can be made th a t EGSnrc is capable of predicting 

the angular distribution of backscattered electrons from composite th in  films. The 

relative amplitude of the backscatter between E 0 =  10 and 15 keV is very well 

predicted by EGSnrc.
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Figure 3.14: Backscatter from thin films: EGSnrc results versus experimental data 
for the energy spectra and angular distribution of backscattered electrons. Exper
imental data are taken from experiments with indices N and 4. In panel a, experi
mental data starts at E/E0 =  0.25, and the data are noisy up to  E/Eo ~  0.375. 
Normalization in panel a is arbitrary (i.e. not largest-peak to largest-peak). In panel 
b, only 6 experimental data points are available at each energy. Also in panel b, 
the hole openings for collecting backscattered electrons vary slightly between data 
points, and the average is used to  determine Af2 for the EGSnrc simulation.
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3.5.5 Positron backscatter

Unlike some of the other m ajor Monte Carlo codes, EGSnrc always explicitly takes 

into account the difference in the stopping power and the inelastic scattering cross 

section between positrons and electrons.5,77 Positron transport can be im portant 

in certain Positron Emission Tomography (PET) simulations. This section ex

amines the capabilities of EGSnrc to  reproduce experimental measurements of 

backscattering of kilovoltage positrons from solid targets. Only monoenergetic 

positron beam s are considered. Benchmarking point sources w ith an energy spec

trum  (e.g. f3+ radioactive sources) is expected to  yield similar agreement since 

it is merely a superposition of multiple monoenergetic sources. In most positron 

experiments, backscatter is indirectly estim ated from measurements of the anni

hilation count ra te  of positrons decaying in the target (i.e., those th a t did not 

backscatter). The uncertainty associated with this technique is th a t energetic 

positrons backscattered at large angles may annihilate in front of the  detector 

and get recorded as if they occurred in the target. This leads to  under-estim ation 

of r]+ , which gets worse as E 0 increases.54

Similar to  figures 3.3 through 3.5 for electrons, figure 3.15 compares EGSnrc 

results versus experimental da ta  for the variation of r) w ith E 0, Z and a. The 

amount of experimental da ta  available for positron backscatter is much less than  

for electron backscatter, and it covers a narrower energy range. In panel a, EGSnrc 

simulations can predict the energy dependence of rj+ well. The energy dependence 

is more pronounced than  it is for electrons. In panels b and c, EGSnrc simula

tions can replicate the monotonic increase of rj+ w ith Z and a. O ther arguments 

presented for electrons are also applicable to  positrons.
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Figure 3.15: EGSnrc results versus experimental data for the variation of the total 
positron backscatter coefficient, rj , with the incident energy of the positron beam, 
E0 - panel a, with the angle o f incidence of the positron beam, a  - panel b, and 
with the atomic number of the target material, Z - panel c. EGSnrc results (filled 
diamonds) are connected by solid line segments. Experimental data are taken from 
experiments with indices B, S and U. In panel a, experiment U has only one data 
point at 35 keV for C, Al, Ag and Au. In panel b, experimental data at a  =  65° 
are available for Au only. In panel c, Eq in experiment U is 35 keV, not 30 keV.
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Figure 3.16 compares EGSnrc results versus experimental da ta  for the vari

ation of the ratio rj_/i]+ with Eo and Z. The experimental ratios are obtained by 

dividing the results from different electron and positron experiments. This is be

cause, except for the experiment with index U, no other experiment has performed 

both  electron and positron backscatter measurements. The experiments chosen 

to  calculate the ratio are the ones th a t have the same param eters for electrons 

and positrons (Z, E 0 and a), w ith preference given to  more complete electron 

datasets. Given the random  nature of choosing pairs of experiments to  obtain 

the ratio, it can be seen th a t EGSnrc results can predict the variation of rj_/rj+ 

with E 0 and Z very well. For the energy range shown, because elastic scattering is 

larger for electrons, and inelastic scattering is larger for positrons, the ratio rj_/ri 

is always >  1 and increases slightly with Z. The ratio  is much higher a t low E 0, 

and it saturates a t about 1.3 as Eo increases. This saturation value of 1.3 has 

often been reported in the literature from different attem pts to  estim ate the ratio 

r]_/ri+ using various experiment pairs.54,68 The ability of EGSnrc to  predict these 

trends is a direct result of its explicit account of the differences in electron and 

positron transport.

Unlike electrons, there is a dearth  of experimental da ta  for the energy spectra 

and angular distribution of backscattered positrons. The only spectra th a t could 

be located are those by Massoumi et al,67 bu t they are convolved with the response 

function of the detector used. For the angular distribution, figure 3.17 compares 

EGSnrc results versus experimental data  for the variation of the angular distribu

tion of backscattered positrons w ith a. As w ith electrons, EGSnrc reproduces the 

experimental d a ta  very well. The angular distributions of backscattered positrons 

qualitatively resemble those of backscattered electrons, and arguments similar to 

those made for electrons can be made for positrons.

3.5. RESULTS
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Figure 3.16: EGSnrc results versus experimental data for the variation of the ratio 
of the electron-to-positron total backscatter coefficient, rj_/rj+, with the incident 
charged particle energy, E q - panel a, and with the atomic number of the target 
material, Z - panel b. EGSnrc results (filled diamonds) are connected by solid line 
segments. In panel b, the ratio for Be (1.75 ±  0.64) from experiment U is not 
plotted for clarity o f other data points, and also because it is reported with 40% 
uncertainty. Also in panel b, experiment U is at 35 keV, not 30 keV.
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Figure 3.17: EGSnrc results versus experimental data for the variation of the 
angular distribution of backscattered positrons with the angle of incidence, a, 
for Al and Au. Experimental data are taken from experiment W. Normalization 
in panel b is arbitrary (i.e. not largest-peak to largest-peak), but the relative 
magnitude o f all data points is preserved.
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3.6 Sum m ary

This part of the project benchmarked the EGSnrc system in the  energy range of 

interest to  kilovoltage medical physics applications (5-140 keV). Given the un

derlying measurement uncertainties, and the fact th a t the EGSnrc results show 

excellent agreement with most experimental data, it can be concluded th a t the 

EGSnrc system produces accurate results in the kilovoltage range, and th a t the 

system is suitable for kilovoltage medical physics applications. In addition, the 

EGSnrc system can also be used to  generate catalogues of backscatter da ta  th a t 

are needed in many applied physics fields. An EGSnrc macro customized for 

backscatter calculations is available from the author upon request. More details 

on the m aterial presented in this chapter can be found in Ali and Rogers.2’3

3.6. SUMMARY
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Chapter 4

Off-focal radiation (OFR)

4.1 In trodu ction

In an x-ray tube, when electrons impinge onto the target, a large fraction of them  

backscatter out of the target into the tube vacuum as discussed in chapter 3. Be

cause of the electric field applied between the cathode and the anode (the kV), 

these backscattered electrons decelerate until they come to  a  stop, then they accel

erate back towards the anode and re-enter it, mostly outside the focal spot. This 

causes what is known as the  off-focal, or extra-focal, radiation (OFR) (figure 4.1). 

Backscattered electrons which re-enter the target have energies and angles of en

try  different from those of the  original incident beam. Consequently, they alter 

the overall output of the x-ray tube. The presence of an off-focal component in 

the overall output of an x-ray tube has been known since the early days of x-ray 

tubes.78 It is interesting to  note th a t the first issue in the first volume of the 

Medical Physics journal has an article discussing OFR.79 Researchers have ruled 

out the possibility th a t the O FR component is mainly caused by mis-focused pri

mary electrons80,81 (due to  electric field distortions), or by scatter from peripheral 

patient organs82 (such as hair or ear lobes).

81
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Figure 4.1: Example of OFR. The figure is an anode image at the SSD with the  
focal spot blocked. The dark parts of the anode that show in the image are due 
to  OFR. Used with permission from Professor Paul Johns at Carleton University.

There are two distinct uses of the term  “off-focal radiation (OFR)" in the 

literature. The first usage is to  refer to  x rays em anating only from outside the 

focal spot, regardless of their source, and regardless of where they hit the image 

receptor a t the SSD. According to  this usage, x rays generated by electrons which 

backscattered then re-entered the  anode within the focal spot are considered part 

of the primary component. The second usage is to  refer to  features in the image 

receptor a t the SSD th a t are outside the useful imaging field. According to  this 

usage, x rays within the useful imaging field a t the SSD are considered primary, 

even if they originate from outside the focal spot. This part of the project adopts 

the first usage, i.e. neglecting mis-focused electrons, OFR from hereon refers to 

x-rays produced by backscattered electrons which re-enter the  anode outside the 

focal spot. As will be seen in section 4.4, the fraction of backscattered electrons 

which re-enter the anode w ithin the focal spot is negligible, and the usage of 

the term  OFR can be relaxed to  include all x-rays generated by backscattered 

electrons which re-enter the anode. This implies th a t at the SSD, OFR can have 

a component inside and a component outside the useful imaging field.

There is a large variation between investigators in quantifying the effect of 

the OFR component on x-ray tube output. Different investigators reported OFR 

contribution to  the overall exposure (or air kerma) at the patient plane, th a t

4.1. INTRODUCTION
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ranges between 5 and 25%.82-90 One investigator82 reported a contribution tha t 

varied from 5 to  22% for the same tube assembly, depending on the m ethod 

of measurement. It is reported th a t no successful a ttem pt has been made to 

standardize either the measurement m ethod or the permissible levels of O FR in 

diagnostic machines.81

The contribution of O FR  to  the overall tube output depends on the design 

and operational param eters of the tube assembly. OFR is more pronounced for 

rotating anode targets because their disks are larger th an  stationary ones; it is 

also because stationary targets have copper surrounding the target (which has a 

low bremsstrahlung cross section), and so backscattered electrons th a t miss the 

tungsten target do not generate much O FR elsewhere. For the rest of this part 

of the project, only rotating anode targets are investigated, but the treatm ent is 

applicable to  stationary targets as well. The am ount of O FR strongly depends on 

the grounding configuration of the tube assembly. There are a variety of reasons 

for the choice of a particular type of grounding.91,92 It is reported th a t OFR in 

grounded cathode assemblies is a factor of 10 more than  it is in grounded anode 

ones.

The OFR component is undesirable in x-ray systems. Its negative effects 

are similar to  those of the scatter component. It impairs image quality, increases 

patient dose, and introduces errors in beam  quality specification.86 The OFR 

component outside the useful imaging field shows on radiographs as faint images 

of anatomical structures outside the collimated field of interest (called penumbral 

images).88 O ther image artifacts include patches or concentric rings.81 OFR 

also introduces uncertainties in the determ ination of the to ta l filtration of x-ray 

tube assemblies (which is necessary for quality assurance).93,94 In the language 

of diagnostic radiology, O FR reduces the M odulation Transfer Function (MTF)

4.1. INTRODUCTION
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at low frequencies, which implies th a t O FR is more of an issue for imaging larger 

structures than  it is for finer details.83 OFR is also one of the reasons for the 

discrepancies reported in the literature in measurements and calculations of the 

Back-Scatter Factor (BSF) for kilovoltage dosimetry purposes.95 Very recently, 

OFR has been shown to  strongly affect the output of x-ray tubes when placed 

in the magnetic field of an MR magnet.48 It is argued, however, th a t the effect 

of the scatter component on degrading the image quality is much stronger than  

th a t of the OFR component, which renders the  O FR  component insignificant in 

practice.82 Nevertheless, the same investigator82 confirms the significance of the 

OFR component in fluoroscopy systems with image intensifiers.

Reducing the OFR component is challenging because OFR is generated inside 

the vacuum envelope of x-ray tube. A few of the methods used to  reduce (but 

never eliminate) O FR are:82,91,96’97 Use of well-designed collimators right outside 

the tube assembly, use of filtration, careful arrangem ent of the elements inside the 

x-ray tube, placing diaphragms inside the x-ray tube very close to  the focal spot, 

specific shaping of the anode surface and use of hooded anodes (for stationary 

targets only).

Because OFR is an inherent part of the ou tput of x-ray tubes, realistic sim

ulation of these tubes requires including the O FR  component. Only very few 

theoretical or com putational attem pts to  describe or quantify the OFR effects 

have been reported.47,83,92 To the au thor’s knowledge, there has never been a 

Monte Carlo study of OFR. The goals of this p art of the project are to  add to  

BEAMnrc the ability to  simulate OFR for more realistic simulations of kilovolt

age x-ray systems, and to  quantify the effect of O FR on the output param eters of 

x-ray tubes.

4.1. INTRODUCTION
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4.2 Im plem enting O FR  in B E A M nrc

To add to  BEAMnrc the ability to  simulate OFR, the code is modified to  transport 

electrons in an electric field in vacuum. The transport within the target is not 

altered because the electric field is zero inside a conductor. EGSnrc inherited from 

EGS4 a few macros for transporting charged particles in electromagnetic fields. 

These macros are not used here because they need to  be adapted to  work with 

EGSnrc (as opposed to  EGS4), and also because the problem at hand is straight

forward (transport is in vacuum not in media) and the macros are too general. It 

should also be noted th a t other m ajor Monte Carlo codes used in medical physics 

research (Geant498 and PEN ELO PE36) can perform charged particle transport in 

electromagnetic fields in media.

The following assumptions are made in the implementation. (1) Prim ary 

electrons hit the  anode normally. Finite element simulations of the electric field 

distribution in grounded cathode tube assemblies show th a t electrons h it the anode 

normally or near-normally.91,99 In addition, new tube designs have the cathode 

tilted to  be parallel to  the focal spot.100 Finally, from figure 3.5 page 57, the 

variation of the  to ta l backscatter coefficient versus the incidence angle is very 

small for near-norm al incidence (a  ~ 0 ° ) ,  and so ignoring possible small deviations 

should not affect the results. (2) Electric field distortions are ignored; the field is 

assumed uniform, constant, and perpendicular to  the anode surface. (3) Possible 

radiation damping in vacuum due to  acceleration and deceleration of backscattered 

electrons is ignored. (4) Although backscattered electrons can re-enter different 

parts of the  target assembly, only those electrons which re-enter through the 

target face containing the focal spot are considered. This is because geometry 

constraints make it hard for other electrons to  generate x rays th a t emerge from

4.2. IMPLEMENTING OFR IN BEAMNRC
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the tube and reach the patient plane. (5) Because BEAMnrc does not have a 

component module suitable for simulating the full details of a ro tating  anode, an 

approximate rectangular target is used to  simulate the portion of the anode th a t 

significantly contributes to  the OFR. The OFR generated beyond the  real round 

edges and up to  the simulated rectangular edges is expected to  be negligible.

The implementation takes into account th a t fact th a t electrons can backscat

ter multiple times. The convention in the implementation is th a t when an electron 

backscatters for the first time, it belongs to  the first generation; if it backscatters 

again, it belongs to  the second generation, but its original contribution to  the first 

generation is kept. Backscattering more than  twice generates multiple generations 

of backscattered electrons. The user is given the choice to  include first, second or 

all generations of backscatter in the simulation.

Appendix A .l presents the derivation of the equation for the  range or lateral 

displacement, R , of the backscattered electrons in vacuum. Appendix A.2 shows 

the algorithm newly added to  BEAMnrc to  transport the backscattered electrons 

to  their re-entry locations, and to  determine their energies and their directions 

of re-entry. The treatm ent is relativistic because a non-relativistic treatm ent 

introduces errors of up to  20% in the calculations of the lateral displacement, R , 

in equation A. 16 page 108 at orthovoltage energies.

4.3 B enchm arking O F R  in B E A M nrc

Benchmarking the  new addition of O FR in BEAMnrc is difficult. The useful ex

perim ental d a ta  available for quantitative comparisons are very scarce because 

many experiments only describe O FR effects qualitatively on radiographs. Most 

of the da ta  are 3 - 4  decades old, and most of the experiments are not described

4.3. BENCHMARKING OFR IN BEAMNRC
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well enough to  be simulated. The only available data  to  benchmark the results 

of higher generations of backscatter are from a theoretical model w ith simplify

ing assumptions.92,101 However, three experiments85,86,90 have good potential for 

possible meaningful comparisons.

4.4 R esu lts

To understand and quantify the effect of the OFR on the output param eters of 

an x-ray tube a t the patient plane, one needs to  first analyze the source of OFR 

radiation at the x-ray target. Simulation results of the characteristics of first 

and higher generations of backscattered electrons are presented first, followed by 

results of the overall effect of OFR on the tube output.

4.4.1 First-generation backscatter

BEAMnrc simulations show th a t the extent of spread of the backscattered elec

trons when they re-enter the anode strongly affects the OFR component a t the 

patient plane. Equation A. 16 page 108 shows th a t the range (or lateral displace

ment), R, of the backscattered electrons is inversely proportional to  the electric 

field strength E  =  kV p /d , where d is the cathode-anode separation (which ranges 

between 0.75 and 4.5 cm in typical x-ray tubes). This means th a t the  lateral spread 

of the backscattered electrons is directly proportional to  the cathode-anode sepa

ration, d. Because of geometric constraints, the larger the spread, the less chance 

th a t the OFR em anating from these electrons reaches the patient plane.

Figure 4.2 shows the  effect of d on the lateral displacement of backscattered 

electrons in a realistic tube. The figure shows th a t for kVp =  65 and d =  0.75 cm, 

all backscattered electrons land back on the target within 1.4 cm from their point 

of backscatter (which is typically very close to  their point of impact when they first

4.4. RESULTS
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Figure 4.2: Variation o f the lateral displacement of first generation backscattered 
electrons with the cathode-anode separation (labeled on each curve) for a given 
kVp.

hit the anode as primaries, particularly for high-Z targets). W hen d is increased 

to  3 cm with the same kVp, less than  50% of the backscattered electrons land 

within 3.5 cm of their backscatter position. The value of d = 1.5 cm is typical for 

x-ray tubes (and it is the value measured from a demo glass insert in the x-ray 

lab a t Carleton University). This value of d — 1.5 cm is used for the rest of 

this part of the project. A different choice of d may strongly affect the results. 

Two other observations are worth mentioning about equation A. 16. Because both 

to ta l energy, eo, and electric field strength, E , depend on the kVp, the lateral 

displacement, R , in the equation is not sensitive to  the kVp for a given fractional 

energy of a backscattered electron. This means th a t for mammography, diagnostic 

and orthovoltage tubes, the spread of backscattered electrons is almost the same. 

Finally, it can be shown th a t when electrons backscatter at an angle near 45° 

(not exactly 45° as in non-relativistic treatm ent of charged particle motion), they 

undergo the farthest lateral displacement.

4.4. RESULTS
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Figure 4.3: EGSnrc results for the first generation backscatter coefficient, r}_, 
for typical x-ray target elements in the energy range of interest in mammography, 
diagnostic and orthovoltage applications. E0 is the kinetic energy of the incident 
monoenergetic beam. The scale of the abscissa is logarithmic.

After the exhaustive benchmark tests presented in chapter 3, EGSnrc can 

confidently be used to  extract the characteristics of backscattered electrons. Fig

ure 4.3 shows EGSnrc results of the backscatter coefficient, r?_, for the materials 

commonly used in x-ray target alloys. The reader is referred to section 3.5.1 for a 

full discussion. Similarly, figure 4.4 shows EGSnrc results for the energy spectra 

and angular distribution of first generation backscattered electrons for typical sit

uations of x-ray tubes in mammography, diagnostic and orthovoltage applications. 

The reader is referred to  sections 3.5.2 and 3.5.3 for a full discussion. For most 

medical x-ray tubes, about ~50% of the incident electrons scatter back into the 

vacuum of the tube (~38%  in mammography). In all cases, backscattered elec

trons undergo almost the same lateral spread; they retain ~90% of their original 

energy; a large fraction of them  backscatter at an angle of 45° and they are the 

ones th a t spread the farthest.

4.4. RESULTS
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Figure 4.4: EGSnrc results for the energy spectra (panel a) and angular distribution 
(panel b) o f first generation backscattered electrons for typical situations of x-ray 
tube usage (normal incidence). Unlike angular distribution graphs in chapter 3, the 
distribution in panel b is per unit angle, 9 (as opposed to per unit solid angle, L2). 
All curves are arbitrarily normalized to unity at their peak.
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4.4.2 Higher generation backscatter

Electrons th a t backscatter more than  once are expected to  have much less impact 

on the extent of OFR in an x-ray tube. This is because they are less in number 

and lower in energy (which means their bremsstrahlung cross section is smaller). 

Because the  backscatter coefficient is almost energy independent in the  kilovoltage 

range (see figure 3.3 page 54), when a fraction /  backscatters for the first time, 

/  of it will backscatter a second time, and so on. This is generally true, but 

two other factors come into play. The first is th a t backscattered electrons re

enter the target at angles different from the angle of incidence of the prim ary 

incident beam, which alters the fraction backscattered from one generation to 

the next. The second is th a t the backscatter coefficient starts  showing stronger 

energy dependence at lower energies. This implies th a t the backscatter between 

successive generations is expected to  loosely follow a geometric series [which has a 

sum of / / ( l  — /)] . Table 4.1 corroborates this expectation. As an aside, the table 

also shows th a t the first generation backscatter is almost entirely due to  prim ary 

electrons, not knock-on (secondary) electrons.

Figure 4.5 shows th a t the higher the backscatter generation, the more uniform 

their spread is. This can be attribu ted  to  the smearing of energies and angles 

from one generation of backscattered electrons to  the next. The figure also shows 

th a t despite the difference in the average energy between backscatter generations, 

they spread to  almost the same extent. This has been explained in section 4.4.1. 

Figure 4.6 shows th a t the energy spectrum  dramatically changes towards lower 

energies from one generation to  the next, while the angular distribution preserves 

its shape w ith some shift towards shallower backscatter angles.

4.4. RESULTS
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Table 4.1: Results using the modified BEAMnrc code for the multiple-generation 
backscatter coefficient (in percent) for typical situations of x-ray tube usage, as
suming a cathode-anode distance of 1.5 cm. The first generation backscatter co
efficient is broken into two components: contribution from primary electrons and 
contribution from knock-on (secondary) electrons. For second and higher gener
ation backscatter, a rectangular target of dimensions 10 cm x 2.6 cm is used to  
represent the area of the anode (on the plane of the focal spot) which contributes 
to the OFR. Backscattered electrons that land outside this representative target 
area do not contribute to the numbers below for second and higher generations of 
backscatter.

simulation case 1st
pri

genera
sec

tion
to t

2nd
to t

>2nd
to t

to tal

mammography, Mo, 20 kV DC 
diagnostic, W, 100 kV DC 
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49.43
49.47
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1.12
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Figure 4.5: Results using the modified BEAMnrc code for the lateral displacement 
of different generations of backscattered electrons for the diagnostic tube in table 
4.1. Consult the caption of table 4.1 for more details. Saturation values for each 
curve are those reported in table 4.1.

4.4. RESULTS

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



93

0.8

0.6> 2

£ 0.4 0.4

0.2 0.2

0.2 0.4 0.6 0.8
E/E,

11111llll11!II11 111 111II M IIL_l I I I I I I I l |  t l l f I l l l l | l l l

0.8

^  0.6 
T3
"D
CD
N  «  „
1  0.4
E
o
c  0.2

0.6
> 2

0.4

0.2

0.00.0 i i  1 1111 m  11 I i  i n  m  111 1 n  i n  1111 1 m  i i  1111 1 i n  i m  i

20 30 40 50 60 70 80 90'
m u m 1'mu

0 / degree

Figure 4.6: Results using the modified BEAMnrc code for the energy spectra 
(panel a) and angular distribution (panel b) of multiple-generation backscattered 
electrons for typical situations o f x-ray tube usage. The distribution in panel b is 
per unit angle, 9. All curves are arbitrarily normalized to unity at their peak.
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4.4.3 Effect of OFR on output parameters of x-ray tubes

In this section, typical x-ray tube assemblies are simulated, and the effect of the 

OFR component on the output param eters at the patient plane is studied. The 

simulated diagnostic tube has a 16° target (90% W  and 10% Re) w ith dimensions 

equivalent to  the portion of the anode th a t contributes to  the OFR (10 cm x 

2.6 cm). The filtration used is 0.5 mm aluminum equivalent inherent filtration, 

followed by 2 mm aluminum added filtration. M anufacturer’s collimators (2 mm 

thick lead plates) are placed immediately outside the exit window, where it creates 

a maximum field of 56 x 56 cm2 a t 100 cm SSD. Jaws to shape diagnostic fields are 

placed a t 15 cm. For the orthovoltage simulations, typical filtration (0.5 mm Cu 

followed by 2 mm Al) and typical applicators are used.19 Situations of no practical 

interest (such as a laterally-infinite target, or a tube w ithout its m anufacturer’s 

collimation), are not included because they can lead to  unrealistically-large OFR 

contribution. To estim ate the effect of OFR on the HVL and the effective energy, 

BEAMnrc is used for the simulations to  generate the spectra, then the newly 

developed user-code hvLclrp is used to  determine the HVL and the effective energy 

(refer to  section 1.3 for full details).

Figure 4.7 shows the effect of OFR on the output spectrum  of an x-ray tube. 

Despite the poor statistics of the  OFR component, it can be seen th a t it is softer86 

than  the primary spectrum, and th a t it causes a very slight shift89 in the overall 

spectrum. It also causes noticeable change (reduction in the case of high energy 

peaks) in the m agnitude of the characteristic peaks.92,101

4.4. RESULTS
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Figure 4.7: Results using the modified BEAMnrc code for the effect of OFR on 
the output spectrum of a diagnostic x-ray tube. The simulation parameters are: 
16° W target, 100 kV DC, 1.5 mm cathode-anode separation, manufacturer’s col- 
limation in place, no added filtration, and normal incidence. Spectra are averaged 
over a 20 x 20 cm2 field at 100 cm SSD. All spectra are arbitrarily normalized to 
unity at the peak o f the bremsstrahlung spectrum. OFR slightly softens the overall 
spectrum.

Figure 4.8 shows the effect of OFR on the tube output in term s of air kerma, 

HVL and effective energy for various kVp. W hen only the m anufacturer’s collima- 

tion is used w ithout added filtration (panel a), the  contribution of the OFR can be 

significant (up to  10% for K air and HVL). The O FR contribution increases with 

increasing kVp, which is contradicted by a few investigators,101 and supported by 

most others.83,86,97 The OFR component alone (panel b) is dram atically softer 

than  the prim ary component. W hen typical filtration of diagnostic and ortho

voltage systems is added (panel c), the O FR contribution gets smaller than  it is 

without added filtration. W ith added filtration, the  OFR contribution noticeably
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Figure 4.8: Modified BEAMnrc results for the effect of OFR on the tube output in 
terms of air kerma, HVL and effective energy, for various kVp. For all panels, the 
cathode-anode separation is 1.5 cm. Panels a and b: manufacturer collimation is 
in place, no added filtration, and spectra are averaged over a 20 x  20 cm2 field at 
100 cm SSD. Panels c and d: manufacturer collimation is in place, added filtration 
of 2 mm Al for kVp <  140 and 0.5 mm Cu +  2 mm Al for kVp >  140 (in order for 
the effect to be as realistic as possible), and spectra are averaged over a 20 x  20 
cm2 diagnostic field at 100 cm SSD for kVp <  140, and averaged over a 10 x  10 
cm2 therapeutic field at 52 cm SSD for kVp >  140. Panels a and c: The subscript 
“total” represents the primary component +  the OFR component. Panels b and 
d: The subscript "OFR” represents the OFR component alone.
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increases w ith kVp for the typical diagnostic tube, and slightly increases with 

kVp for the typical orthovoltage tube. For a typical kVp of 100 and 2 mm Al 

filtration, O FR  contributes ~6%  to  the air kerma (and hence to  the patient dose), 

and reduces the HVL of the prim ary spectrum  by ~2% . The heavy filtration in 

the typical orthovoltage arrangement is the reason for the diminishing effect of 

the OFR.

Figure 4.9 shows the effect of O FR on the tube output in term s of air kerma, 

HVL and effective energy for various added filtrations typical of diagnostic and 

orthovoltage systems. The more the filtration, the less the contribution of the OFR 

component to  all the output param eters at the patient plane. It is worth noting 

th a t M ainegra Hing and Kawrakow17 simulated the NRC DC x-ray tube and 

obtained agreement a t the 2% level with the experimental HVLs without including 

the O FR contribution in their simulation. W hen their tube is re-simulated (by the 

author of this thesis) to  include the OFR contribution, no noticeable effect on the 

HVL is observed. Further investigation shows th a t their use of heavy filtration 

for their HVL measurements completely suppresses possible O FR contribution, 

particularly a t the high kVp range of their experiments. This can easily be seen 

in panel c for all filtration thicker than  2 mm Al +  0.25 mm Cu.

Finally, tim ing results show th a t including only the first generation of backscat

ter in a typical x-ray tube simulation increases the CPU simulation tim e by ~30%. 

First and second generation together increase the CPU tim e by ~45%, and in

cluding all backscatter generations causes an increase of ~55%. This is consistent 

with the expectations based on the amount of backscatter reported in table 4.1. 

Currently, the code has an option which allows the user to  choose how many 

backscatter generations to  include (the options are: one, two and all).

4.4. RESULTS
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Figure 4.9: Results using the modified BEAMnrc code for the effect o f OFR on 
the tube output in terms of air kerma, HVL and effective energy, for various added 
filtrations in a typical diagnostic tube (panels a,b), and a typical orthovoltage tube 
(panels c,d). Refer to the caption of figure 4.8 for details.
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4.5 Sum m ary

This part of the project implements a new feature in BEAMnrc to  simulate OFR 

in x-ray tubes. The extent of the O FR contribution depends on many parameters, 

such as the kVp, the cathode-anode separation, and the details of collimation and 

filtration. This makes EGSnrc/BEAM nrc the first Monte Carlo code to  include 

this feature, and it will allows researchers to simulate x-ray tubes more realistically.

4.5. SUMMARY
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Chapter 5

Future work

In addition to  further investigation of the OFR, and continuing along the main 

theme of this project to  make the EGSnrc/BEAM nrc system more efficient, ac

curate and realistic in simulating kilovoltage x-ray systems, the following issues 

could be pursued:

•  A node roughness: as x-ray tubes age, their output changes due to  increased 

roughness of the anode.102 A study to  include anode roughness in BEAMnrc is 

needed for more realistic x-ray tube simulation.

• Generalized transport in electrom agnetic field: Generalization of charged 

particle transport to  include transport in electric and magnetic fields would be a 

valuable addition. It gives flexibility to  simulate situations such as the presence of 

an x-ray tube in the magnetic field of an MR magnet in hybrid C T/M R I systems,48 

or the electromagnetic steering of the electron beams in recent designs of x-ray 

tubes.100

• Higher order atom ic relaxations: For efficiency considerations, the EGSnrc 

system averages higher order atomic relaxations5 (e.g. M-L and N-L relaxations). 

Although this approach is accurate for most practical medical physics situations, it

100
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may not be suitable for certain benchmarks of spectra at very low energies.28 The 

option of explicit treatm ent of higher order atomic relaxations could be included 

in the system.

•  Benchmarks of x-ray spectra: There is a strong need for benchmarking the 

EGSnrc/BEAM nrc system against experimental x-ray spectra. The problem often 

encountered is th a t there are not enough specifications about the experiments and 

the about the detector spectral response correction th a t allow the Monte Carlo 

code to  simulate their full details.

•  A nti-scatter grid benchmarks: As part of this project, BEAMnrc is now 

capable of simulating anti-scatter grids, bu t the feature has not been benchmarked. 

The experimental measurements available in the literature for the performance of 

various grids can be used to  benchmark th is feature in BEAMnrc.

• Scatter-to-prim ary (S /P )  benchmarks: There are plenty of experimental 

data  measuring S /P  for various diagnostic situations. Simulation of these situ

ations is needed in order to  benchmark the EGSnrc/BEAM nrc system for such 

applications, and also to  answer questions related to  S /P  research th a t may oth

erwise be hard to  answer.

• X-ray GUI: There is a need for a graphic user interface in the form of a stand

alone executable file dedicated to  simulating x-ray tubes. The GUI should not 

require the user to  have prior knowledge of Monte Carlo or the EGSnrc/BEAM nrc 

system. The input param eters the user is prom pted to  enter should be the ones 

th a t are directly related to  the x-ray system being simulated [target, voltage ripple, 

filtration and collimation, off-focal radiation, tube age (for anode roughness), ... 

etc]. This is expected to  greatly expand the number of users who benefit from all 

the additions to  the system for kilovoltage applications.
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Chapter 6

Conclusions

This project aims a t making the EGSnrc/BEAM nrc system more efficient, accu

rate and realistic for kilovoltage medical physics applications in general, and for 

kilovoltage x-ray systems in particular.

Chapter 2 describes the implementation and benchmarking of the Bremsst- 

rahlung Cross Section Enhancement (BCSE) variance reduction technique in the 

EG Snrc/ BEAMnrc system. The technique scales up the rare event of bremsstrah- 

lung production, and then re-works the simulation details to keep the results un

biased. W hen BCSE is combined w ith the existing splitting techniques in the 

system, efficiency gains in the simulations can be up to five orders-of-magnitude 

over those obtained with analog simulations, and up to a full order of magnitude 

over those w ithout the new technique. This p art of the project concludes th a t 

the BCSE technique should be combined w ith the existing variance reduction 

techniques in EGSnrc/BEAM nrc for both  kilovoltage and megavoltage simula

tions th a t involve bremsstrahlung targets. Two easy optimization steps are also 

provided.

102
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C hapter 3 benchmarks the EGSnrc system in the energy range of interest to 

kilovoltage medical physics applications (5-140 keV). The benchmarks compare 

EGSnrc results against experimental da ta  from 26 independent experiments. The 

agreement is excellent between EGSnrc results and most of the  experimental data. 

There are many experimental uncertainties th a t could be reasons for the few 

noted discrepancies. This part of the project concludes th a t the  EGSnrc system 

produces accurate results in the kilovoltage range, and th a t the  system is suitable 

for kilovoltage medical physics applications. The EGSnrc system can also be used 

to  generate catalogues of backscatter da ta  th a t are needed in many applied physics 

fields.

C hapter 4 describes the implementation and benchmarking of the off-focal 

(extra-focal) radiation (OFR) in the BEAMnrc system. BEAMnrc is modified 

to  include the transport of multiple generations of backscattered electrons in an 

electric field in vacuum. Results show th a t the OFR spectrum  is softer, with 

effective energy 10-30% lower than  the main spectrum. Consequently, the HVL of 

the overall spectrum  can be reduced by up to  10%. The O FR component can also 

increase the air kerma at the patient plane by up to  10%. This part of the project 

concludes th a t electrons backscattering from the targets of x-ray tubes play an 

im portant role in x-ray tube simulation. The O FR caused by these backscattered 

electrons has a non-negligible effect on the output param eters of x-ray tubes and 

it should be included in the simulations.

This project has contributed many new features to  the  EGSnrc/BEAM nrc 

system. The following could be a useful summary of these new features, including 

those th a t have not been discussed within the text of this thesis.
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• Brem sstrahlung cross section enhancement: A new variance reduction 

technique for use in simulations of brem sstrahlung targets, bo th  in the  kilovoltage 

and megavoltage range.

• Off-focal radiation: The ability to  include off-focal radiation for more realistic 

simulation of x-ray tubes.

• Backscatter macro: A new macro to  simulate backscatter experiments and 

to  report backscatter coefficient, energy and angular distribution of backscattered 

charged particles.

•  hvLclrp: A small user-code newly developed (in collaboration w ith D. La Russa) 

to  calculate air kerma, HVL and effective energy given an energy fluence spectrum  

and an absorber material.

•  Voltage ripple: The ability to  include voltage ripple for more realistic simula

tion of x-ray tubes (details not included in this thesis).

•  A nti-scatter grids: BEAMnrc component module MLC is modified to  be able 

to  simulate parallel, focused and cross grids, (details not included in th is thesis).

•  Grid scoring The ability to  score particles in a rectangular grid in the scor

ing plane. Previously, the only two options available were concentric circles and 

concentric squares (original macros kindly provided by B. W alters a t NRC).

• R ejection plane: A rejection plane is added to  be used w ith DBS. It prevents 

photons of large weight (fa t photons) from interacting in the air layer just above 

the scoring plane and degrading the statistics of the scored quantities.

• Boundary tolerance: A new default value is proposed for the  boundary tol

erance param eter, $BDY_TOL, in BEAMnrc for more accurate kilovoltage simu

lations.
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A ppendix A

OFR im plem entation

A .l  R ela tiv istic  k inem atics o f electron  m otion  

in vacuum  in a uniform  electric field

In chapter 4, to  simulate the off-focal radiation in x-ray tubes, the equation of 

motion for an electron in a uniform electric field needs to  be solved to  determine 

the trajectory of the backscattered electrons in the vacuum in front of the target, 

which is then used to  determ ine where they re-enter the target. In what follows, 

E  is the electric field strength (constant, uniform and perpendicular to  the target 

surface), c is the speed of light, —e, mo and m  are the electron charge, rest mass 

and to ta l mass, respectively. At time t after the instant of backscattering into 

the vacuum, the electron has a position vector x, a  velocity vector v, a  relative 

velocity vector 0  = v /c , a m omentum vector p, and a to tal energy e. In the plane 

of motion, vector quantities can be split into a component parallel to  the electric 

field (x||,U||,/?||,p||), and a  component perpendicular to  it (x±, v±, 0± ,p±). This 

means tha t, by definition, the components of the electric field are: E\\ =  E  and 

E± =- 0. The instant of getting out of the target into the vacuum, and the instant

105
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of re-entering the target are denoted by the subscripts 0 and / ,  respectively. The

goal is to  obtain the range R  (can also be called the lateral displacement) of the

electron at which x\\ — 0 and x± — x±max — R, because this is where the electron

re-enters the target. From the basic equations of momentum (p = m v) and to tal

energy (e = m e2), the velocity vector can be w ritten as:
v = p c 2/e: . (A .l)

Breaking equation A .l into its parallel and perpendicular components,

U|| =  dx\\/dt =  p\\c2/e  and v± = d x± /d t = p±c2/e  . (A.2)

Expressions for p\\, p± and e are needed to  plug into equation A .2 and get the

param etric equations of x\\ and x±. This is obtained using the basic equation of 

motion of the backscattered electrons, given by

p  =  — eE, (A.3)

where p is the ra te  of change of momentum. Breaking equation A.3 into its parallel 

and perpendicular components,

PH =  — eE  and p± =  0 . (A.4)

Integrating with respect to  time,

p\\ =  - e E t  +  p\\0 and p x = Pj_0 - (A.5)

The to ta l energy is given by:

e = \J  mgC4 +  p2e2 . (A.6)

In equation A.6, p  can be expressed (using equation A.5) as:

p2 =  (A.7)
=  e2E 2t 2 - 2 e E p h t + p \Q+ p \ o .

Putting equation A .7 into equation A.6,

e =  ^moC4 +  e2E 2c2t 2 — 2eEp\\0c2t + p |oc2 + p ± 0c2 . (A.8)

A .I. RELATIVISTIC KINEMATICS OF ELECTRON MOTION
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At t  = 0, equation A.8 reduces to:

£0 = yjm lc4 +  p |Qc2 + p { 0c2 . (A.9)

Putting  equation A.9 back into equation A.8,

e = yje o +  e2E 2c2t 2 — 2eEp^0c2t . (A. 10)

Putting equation A.5 and equation A. 10 into equation A.2 and integrating with 

respect to  time, we get the param etric equations as follows:

•  For x \\:

r  dx\  =  f  - e E c H ' + P h c* dt, ( A  n )

J° E  yjeo +  e2E 2c2t '2 — 2eEp\\0c2t'

Carrying out the integration,

x * = 7e
So — \Je § +  e2E 2c2t 2 — 2eEp\\0c2t (A.12)

•  For xx:

P  dx'± =  r , ...........P±°c2...................... dt . (A.13)
JO JO . A ?  , J?2r 2i-'2 _  OP p ,nn r 2f'p o  +  e2E 2c2t '2 — 2eEp\\0c2t'

Carrying out the integration (by completing the square under the root sign),

, - 1  I  P l l o C  »  ^ u - 1  /  P\\oC -  eEctsinh — 0 2 = = -  sinh
Ĵ£0 - P \ \ o c 2  /  V  V £° - P i C 2

(A-14)

Equations A.12 and A. 14 are the param etric equations. The backscattered elec

tron re-enters the target when x\\ =  0, t  =  t f  and xx =  x± max — R.

Putting X|| =  0 in equation A.12 gives t f  — 2p\\0/e E . Putting  t f  into equation 

A. 14 gives the range R,

R  = x± = s in h -1 ( .. r M L .., \  (A. 15)
eE U £2o- p I c2 )

A .I. RELATIVISTIC KINEMATICS OF ELECTRON MOTION
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Using p (|0c =  £0/3||Oj P±oc = £o/3±0, and sinh l y  =  In (y + \ / y 2 + 1 ) , equation 

A. 15 reduces to:

which is the range equation used in the newly-implemented algorithm in BEAM

nrc to  simulate off-focal radiation. W hen e0 is expressed in MeV, E  in M V/cm 

and e in number of elementary charges (1 for an electron), the  resulting R  is 

in cm. To verify th a t the derivation presented above is correct, simple algebra 

shows th a t for /? 1, equation A. 16 reduces to  its known non-relativistic limit

(R  = 2m 0v\\ov±o/e E ^ . Another check is to solve for t  in equation A. 14 and sub

stitu te  the result into equation A .12 to  eliminate t. After very tedious algebra, 

and by introducing 70 =  1 / \J l — Pq , it can be shown th a t the trajectory  is given 

by:

x \\

m 0c2 70 
eE

, (  eE x±  \   ̂ , /  eE x±
cosh ----- -— —  -  1 +  P\\o sinh

m 0c270(3h J  110 \ m 0c2 7o/?||0/
(A.17)

which is the same equation given without proof by Bielajew .103 W ith more tedious 

algebra, it can also be shown th a t equation A.17 reduces to  the familiar parabolic 

non-relativistic form when /1 < 1,
eE

lim £11 =  uiin t  t 2 (A. 18)
p c i  11 1,0 2m0

Equation A.17 could have been used directly from Bielajew103 to  reach equation 

A .16 by putting  x\\ — 0 and solving for x±. The derivation presented above would 

still have been needed for more insight about the physics of the problem and, more 

importantly, to  make sure equation A.17 as reported by Bielajew103 does not have 

any typos (in the past, the same author reported an equation involving transport 

in electromagnetic field with a typo, and he noted the typo elsewhere).

A.I. RELATIVISTIC KINEMATICS OF ELECTRON MOTION
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A .2 A dded  algorithm  in B E A M nrc to  transport 

electrons backscattered  from x-ray targets

In a BEAMnrc simulation of an x-ray tube, the following param eters are known for 

each electron backscattering out of the target into the vacuum: the to ta l energy 

(so)j the  position of backscatter (xo, yo, Zo) and the direction cosines (uo,Vo,wo, 

or briefly n 0). The goal of the following algorithm is to  calculate the same pa

ram eters for the backscattered electron a t the instant it re-enters the target (i.e. 

£ f , Xf , y f , Zf , u f , v f ,Wf).

•  For £f.  In vacuum, conservation of energy dictates th a t the  energy lost by the 

electron during its deceleration is re-gained during its acceleration, so,

Ef — eo . (A.19)

• For X f , y f , Z f : The equation of a line passing through point ( x q , yo, zo) and 

having direction cosines (u0,v 0,w 0) is The equation of a

plane whose unit normal vector has direction cosines (a,b,c) is azx + by + cz + d — 0. 

The x-ray target surface contains the origin (0,0,0), and so d — 0. If the target 

angle w ith respect to  + z  direction is 9, then the direction cosines of the unit 

vector h i normal to  the target surface are (cos0 ,0, sin (9), and the  equation of the 

plane of the target surface is cos 9 x  + sin 9 z =  0. Based on this, the plane of 

motion of the backscattered electron contains the point (x0, yo, z0), contains the 

line and is perpendicular to  the plane cos# x  + sin# z = 0.

The equation of a plane satisfying these conditions is104

A.2. TRANSPORT OF BACKSCATTERED ELECTRONS
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x  y z  1

x0 Vo zo 1
=  0

cos 9 0 sin 9 0

u0 v0 w0 0

which reduces to  PiX + P2y + P?>z +  P4 =  0, where P i, P 2 and P3 are the 

direction cosines of the  unit vector, h 2, normal to  the plane of motion, with 

P i =  —t?0sin 9/ F,  P2 =  (m0 sin 9 — w0co s9 )/F  and P3 =  v0 cos 9 / F.  The factor

F = / (  —vo sin 9)2 + (uo sin 9 — wo cos 9)2 +  (vq co s 9)2 converts direction numbers 

of P i, P2 and P3 into direction cosines. Finally, the equation of the line of intersec

tion (L ) between the target surface and the plane of motion of the backscattered 

electron is = sj ^ L, where Li, L 2 and L3 are the direction cosines of a

unit vector, h 3, parallel to  L. Because h 3 is perpendicular to  both  h i and h 2, its 

direction cosines L i, L 2 and L3 can be obtained from the cross product of h i and 

h 2, i.e.

n 3 =  n i x n 2 =

x y z 

Pi P2 P '3  

cos 9 0 sin 9

P2 sin 9x + (P3 cos 9 — P\ sin 9)y  — P 2 cos 9z

Then, L i =  P 2sinh, L 2 — P3cosh — Pi sin 9 — v0/ F  when reduced, and L3 =  

—P 2 c o s 9 .  Knowing the range R  from equation A. 16 in appendix A .l, and the 

direction cosines of h 3, the backscattered electron can be transported  along the 

line L  to  its location of re-entry:

Xf — x  o +  L iR , y f — yo +  L 2R, Zf — zq +  L%R. (A.20)

Since the electron can be transported  either way along L, certain checks are done 

to  ensure th a t the transport is in the proper direction. Next, Xf, y f  and Zf are used

A.2. TRANSPORT OF BACKSCATTERED ELECTRONS
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to  check if the re-entry location of the backscattered electron is outside the target 

dimensions. If so, the electron is discarded. Otherwise, the algorithm proceeds 

to  calculate the final direction cosines (Uf , Vf , Wf ) of the returning backscattered 

electron.

•  For Uf , Vf , Wf : The angle of backscattering, a , is the angle between n 0 and n 3, 

which are both  contained in the  plane of motion, a  is also the angle of re-entry, 

which is the angle between a unit vector, h /, with direction cosines (uf ,  Vf, Wf)  and 

h 3. a  can easily be calculated using the dot product of either h 0 and n 3 or h f  and 

n 3. In the plane of m otion of the backscattered electron, fif  can be broken down 

(with respect to  the electric field) into a parallel and a perpendicular component. 

The parallel component has the same direction cosines as fix but w ith a  negative 

sign and weighted by sin a.  The perpendicular component has the same direction 

cosines as h 3 w ithout change of sign but weighted by cos a . The final direction 

cosines are the algebraic sum of these components.

U f  — L\  cos ol — cos 0 sin ck, V f  — Z^cosa: =  no, W f  — L 3 cos a  — sin 0 sin a

(A.21)

Algebraic m anipulation reduces L2 cos a  to  v0. This is expected because the y-axis 

is contained in the plane of target surface.

Equations A .19, A .20 and A.21 determine the param eters needed when the 

backscattered electron re-enters the target in the simulation. Once the backscat

tered electron re-enters the target, the simulation proceeds normally.

A.2. TRANSPORT OF BACKSCATTERED ELECTRONS
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