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Abstract

The problem of charge creation by x-rays in amorphous selenium (a-Se) is

studied. A quantitative theory is developed which includes collective and single electron­

hole pair excitations by a passing electron. This theory is iDcorporated into a Monte Carlo

code to calculate track structures in a-Se. The initial positions of the electron-hole pairs

along these traclcs are used to study the fraction of pairs which recombine versus incident

x-ray energy and applied electric field. The experimentally-observed energy dependence

of recombination is attributed to a spur size which is dependent on the velocity of the

ionizing electrons. The theory and simulations agree with available experimental data in

the energy range from 20 keV to 10 MeV.

The use of an a-Se based direct-detection active matrix flat-panel imager

(AMFPI) is explored at megavoltage energies for use in the verification of radiotherapy

treatments. As with most other megavoltage detectors. a metal front plate is used to

reduce patient scatter and to act as a buildup layer. The Modulation Transfer Function

(MTF). Noise Power Spectrum (NPS). and Detective Quantum Efficiency (DQE) are

measured. The DQE for the direct detection AMFPI is compared with the published DQE

of an indirect detection AMFPI for portal imaging. The direct detector has a lower DQE

al zero frequency. but there is a cross-over at approximately 0.3 cycles/mm after which it

has a higher DQE.

A theoretical expression for the DQE of medical imaging detectors with non­

elementary cascade stages is derived. This formalism cao he used in conjunction with

Monte Carlo techniques to evaluate the DQE of megavoltage imaging detectors. The

predictions of the theory agree with the experimental DQE results for the direct-detection
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AMFPI and also for published results for the DQE of both a metallphosphor detector and

an indirect-detection AMFPI.

The effect of scatter on image quality is modeled in terms of the scatter fraction

(SF) and scatter-to-primary ratio (SPR) using Monte Carlo techniques. To validate these

simulations. the SF is measured experimentally using a prototype a-Se detector which

uses an electrostatic probe to measure the a-Se surface potential. The simulations are

used. along with the DQE simulations. to study the effect of metal/a-Se or

metallphosphor thicknesses on image quality in direct and indirect AMFPIs at

megavoltage energies. It is found that for a-Se or phosphor thicknesses less than about

300 J.UD, a front plate of about 1 mm copper is optimal whereas for larger a-Se/phosphor

thicknesses a front plate of about 0.4 mm may in sorne situations lead to better image

quality.
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Résumé

Le problème de la création de charges dans le sélenium amorphe (a-Se) est étudié.

Une théorie quantitative est developée qui inclut non seulement la création de paires

électron-trou par un électron ionisant mais aussi les effets collectifs. Cette théorie est

incorporée dans un code Monte Carlo pour calculer les structures de traces dans le a-Se.

Les positions initiales des paires électron-trou sont utilisées pour étudier le montant de

recombinaison en fonction de l'énergie incidente et de champ électrique appliqué. La

déPendence est attribuée à des sphères contenant plusieurs paires avec un diamètre qui

déPend sur la vitesse de l'électron ionisant. La théorie et les simulations sont en accord

avec les mesures disponibles pour les énergies de rayons-x entre 20 keV et 10 MeV.

L'utilisation d'un détecteur plan matriciel avec détection directe basée sur le a-Se

est exploré pour l'imagerie numerique en radiothérapie. Pareillement à autres détecteurs

pour la radiothérapie, une plaque de métal est utilisée pour réduire les rayons-x diffusés

par le patient et pour convertir les rayons-x primaires en électrons. La fonction de

transfers de modulation (modulation transfer function MTF), le spèctre en puissance du

bruit (noise power spectrum NPS), et l'éfficacité quantique de détection (detective

quantum efficiency DQE) sont mesurés. Le DQE est comparé avec le DQE d'un

détecteur plan matriciel avec détection indirecte pour la radiotherapie. Le détecteur

indirect a un DQE supérieur a zero-frequence, mais les DQE se croisent à l'entour de 0.3

cycles/mm après lequel le detecteur direct a un DQE supérieur.

Une expression théorique pour le DQE de détecteurs medicaux avec des stages

non-élémentaires est dérivée. Ce formalisme peut être utilisé en conjonction avec des

techniques Monte Carlo pour évaluer le DQE de détecteurs a hautes-énergies utilisés pour

Hi
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la radiotherapie. Cette théorie est en accord avec les mesures pour les détecteurs à

détection directe et indirecte.

L'effet des rayons-x et électrons diffusés par un patient est étudié en considérant

la fraction de diffusion (scatter fraction SF) et la fraction diffusion-primaire (scatter to

primary ratio SPR) en utilisant la méthode Monte Carlo. Le SF est mesuré

experimentalement avec un détecteur électrostatique basé sur le a-Se. Les mesures sont

en accord avec les simulations. Les résultats des simulations, combinés avec les

simulations du DQE, sont utilisés pour étudier l'effet de l'épaisseur de la couche de métal

sur la qualité de l'image pour les détecteurs à plan matriciel directs et indirects aux

énergies utilisées pour la radiothérapie. Les résultats démontrent que pour une couche de

a-Se ou de Gd2ChS:Tb plus mince qu'environ 300 J.U11, une plaque de métal de 1 mm est

optimale, tandis que pour une épaisseur de a-Se ou de Gd20 2S:Tb plus large une plaque

de 0.4 mm est optimale.

iv
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Original Contribution

The mechanism of signal formation by x-rays in amorphous selenium (a-Se) has

been debated for quite sorne lime in tenns of two competing models. This thesis puts

forward a new model which is successful in explaining the observed energy and electric

field dependencies of the x-ray induced signal in a-Se. This has involved the calculation

of cross-sections for the creation of plasmons and their subsequent disintegration into

multiple electron-hole pairs, the development of a Monte Carlo code to calculate track

structures in a-Se, and the development of a method to extend a two-body fonnula for

recombination (Onsager formula) into a many-body calculation, aIl of which are new

developments in the field.

In tbis thesis, measurements of the MTF. NPS and DQE are rePOrted for a direct­

detection AMFPI detector al megavoltage energies. These measurements are important in

analyzing this new technology.

Linear systems cascade analysis has been used by a number of researchers to

quantify the signal and noise characteristics of medical imaging detectors. This involves

separating the imaging process into stages. The types of stages that can he used are

limited, which poses a serious problem in using tbis formalism at megavoltage energies

required for radiotherapy imaging. In this thesis a new cascade equation is derived which

overcomes this limitation. In addition, Monte Carlo techniques are developed which use

the new cascade equation to calculate the DQE of direct and indirect AMFPI detectors at

megavoltage energies. This allows an investigation into the comparison and optimization

of both techniques.

v
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1.1 X-ray imaging 1
1.2 Portal Imaging 5
1.3 Scope and organization of thesis 7
1.4 References 9

1.1 X-ray imaging

In medical x-ray imaging, x-ray photons are used to ohtain a two-dimensional

image of patient anatomy.l The x-ray energies used for diagnostic purposes typically

range from about 20 kVp· for mammography to about 120 kVp for chest radiography.

Sorne of the factors affecting the choice of energy for a particular application include

consideration of the contrast required to detect the structures under study, minimization

of patient dose, and penetration of x-rays through the patient.

In the diagnostic energy range, the dominant photon interaction is the

photoelectric effect which depends strongly on atomic number.2 This results in a large

contrast between structures of different composition, and this contrast increases with

* 20 kVp refers lo a spectrum of energies from 0 lo 20 keV. Al megavollage energies. a spectrum of
energies ranging from 0 ta 6 MeV (for example) is commonly denoled by 6 MV.



decreasing photon energy. For example, low energies are used in mammography to

obtain the high contrast required to differentiate between soft tissues and possible

microcalcifications. In chest radiography on the other hand, where high contrast is not as

critical, a higher energy is used to achieve more penetration and to reduee patient dose.

The most common detector used for x-ray imaging is radiographie film. A

phosphor sereen is often placed above the film to convert x-rays into optical photons

whieh then expose the film. This approach increases sensitivity, but a trade-off is that the

optical photons scalter within the phosphor leading to a degradation in image resolution.

X-ray detectors other than screenlfilm systems have been explored in the past.

Xeroradiography was introduced into the medical imaging field in the 1950s by

Schaffert.3 This technique was based on the photoconductor amorphous selenium (a-Se),

which is also used for optical imaging.4 Selenium in the amorphous state is formed by

evaporating crystalline selenium (atomic number Z =34) and depositing it on a substrate

in a controlled fashion. In tbis manner large, uniform a-Se layers can be formed. Energy

deposited in a-Se by either optical photons or x-rays leads to the creation of electron-hole

pairs. In the presence of an eleetrie field, these pairs cao he separated and collected to

form a two-dimensional image.5

In xeroradiography, a uniform positive surface charge was plaeed on the a-Se

surface by corona charging, in effect establishing an electric field within the a-Se. The

electron-hole pairs generated by the x-rays would then result in the partial neutralization

of the surface charge distribution. This distribution was recorded by applying charged

toner particles to the a-Se surface, whieh would distribute themselves according to the

2
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electric field lines above the surface. A hard copy of the image couId then be obtained by

pressing special coated paper over the attached toner particles.3

Xeroradiography gained interest in the field of mammography and in the imaging

of extremities, but its use has declined partly due to a lower sensitivity than that of film­

based detectors. It also seems likely that the image quality was severely degraded by the

toner particles. Lately, however, with novel methods such as photoinduced discharge

with a laser6 to read out the surface charge distribution digitally, research into a-Se has

been revitalized.

X-ray detectors which are inherently digital have many advantages, such as

immediate viewing, the ability to digitally enhance image quality, and image archiving.

In recent years, thin film transistor (TF1) technology has lead to the development of a

new category of digital x-ray detectors. Such detectors, often called active-matra flat

panel imagers (AMFPIs), use either the indirect7-10 or the direct ll -13 approach to detect

x-rays. Indirect detection AMFPIs, shown schematically in Fig. 1.1(a), convert x-rays to

visible light using a phosphor sereen. The visible light is then eonverted to charge with a

photosensitive pixel array, and the charge is subsequently read out to fonn a digital

image. For direct detection AMFPIs, shown schematically in Fig. l.l(b), the x-rays are

directly eonverted to charge within a photoconductor, such as a-Se. The charge is

collected though the use of an applied electric field by an array of pixel electrodes, where

it is stored by capacitors and subsequently read out to form the digital image.

• Chapter 1 Introduction
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Figure l.1: Schematic diagram showing (a) indirect and (h) direct AMFPls.

Both indirect and direct AMFPls have been developed and studied for various

modalities, such as mammography, fluoroscopy and chest radiography. Results so far

have heen very promising, and detectors are now beginning to he available commercially.

Of particular help in the optimization of these detectors has been the development of

theoretical models to explore the effects of design characteristics on image quality. These

models are based on linear systems cascade analysis,14 which allows one to follow the

4



propagation of signal and noise within the detector through various stages of signal

fonnation. The effect of characteristics, such as detector thickness, pixel size, and

electronic noise on the image quality, have been studied using this formalism,9.13 and

along with technological advances are leading to improved detector performance.

• Chapter 1 Introduction

•

1.2 Portal imaging

In the treatment of cancer with radiation, the goal is to maximize the absorbed

dose to the treatment volume while minimizing the dose to healthy tissues.2 During

treatment, many factors may influence the proper delivery of a calculated dose

distribution. Sorne of these factors include misalignment of the treatment beam with

respect to the patient, external or internal patient motion, or inaccurate positioning of

beam-modifying devices.I5 In order to quantify these geometric inaccuracies during

treatment, the megavoltage treatment beam which is transmitted through the patient is

imaged on the beam exit side of the patient by a two-dimensional detector. In tbis manner

il is possible to verify the position of the radiation field relative to the bony anatomy.

The extraction of an image from a megavoltage (1-20 MeV) photon beam has

inherent problems. As opposed to the diagnostic energy range, where the photoelectric

effect is dominant, in megavoltage imaging the Compton effect is more probable.

Compton interactions vary Httte with atomic number, resulting in very poor contrast. This

contrast is degraded even further by a large amount of scattered photons and electrons

originating from the patient which reach the receptor. 16 Furthermore, the sensitivity of

5



detectors al megavoltage energies is very low, since lypically 98-99% of x-rays pass

through the detector without interacting. 17

To increase the sensitivity and to reduce scatter, a metal plate is usually placed

directly above the portal imager. 16 X-ray photons interact with the metal and transfer

sorne of their energy to electrons, which subsequently deposit their energy in the

sensitive layer of the detector to generate a signal. For this reason the metal is often

referred to as a front plate, conversion plate, or build-up plate. Since the energy of

scattered photons is on average lower than the energy of the primary beam, scattered

photons are preferentially attenuated by the front plate resulting in less scatter from the

patient reaching the sensitive layer.

Traditionally, film has been used as the portal imaging detector. Over the past

decade, severa! electronic portal imaging devices (EPIDs) have been developed for the

purpose of replacing film. 18 Sorne of these detectors have been developed commercially,

while others are still in the research stage. The advantages of such inherently digital

detectors include immediate viewing, the ability to use contrast-enhancing algorithms to

improve image quality, and the ability to verify dYDamic treatments as they are delivered,

with the potential of haiting treatment if the setup is incorrect. Despite these advantages,

however, EPIDs have not yet widely replaced portal films. This has been attributed to

poor image quality, limited field of view, and bulkiness. 19

In 1973, Wolfe et a[2o reported an a-Se based detector for portal imaging which

used xeroradiographic toner to extract the latent image. In tbis system, the metai plate on

which a-Se is deposited faces away from the treatment beam, and as a result the images

6
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acquired were unsatisfactory. Our laboratory has investigated the use of a-Se for

megavoltage portal imagjng9 with the metal substrate facing the x-ray beam to act as a

conversion plate.21•22 A rudimentary method of measuring the surface voltage with a

coupled electrostatic probe was used to study the imaging prospects of the system. The

prototype detector was shown to produce portal images of bigher quality than other

available detectors9 suggesting the use of an a-Se based direct-detection AMFPI for

megavoltage imaging. Although indirect-detection AMFPIs have been studied for

megavoltage imagjng9
8•23 there has been no study of a direct detection AMFPI at

megavoltage energies.

• Chapter 1 Introduction

•

1.3 Scope and organization of thesis

The main goal of this thesis is to study the use of an a-Se based direct-detection

AMFPI for megavoltage imaging. A1though a-Se has been studied in medical imaging

since the 1970s9 no theory is available for describing the signal produced by x-rays in this

material. The first step of tbis thesis is thus to develop a quantitative method of predicting

the creation of electron-hole pairs by x-rays in a-Se and tbis work24-30 is described in

Chapter 2. A theoretical formalism is developed for the inelastic interactions of electrons

in solids in terms of the dielectric properties of the medium. This formalism is used to

calculate the cross-sections for the excitation of multiple electron-hole pairs by fast

electrons in a-Se. These cross-sections are then used to develop a simulation technique

which describes the observed signal produced by x-rays in a-Se.

7



In Chapter 3, experimental measurements31 of the signal and noise properties of

an a-Se based direct AMFPI at megavoltage energies are presented. This includes

measurements of the Modulation Transfer Function (MTF), Noise Power Spectrum

(NPS) , and Detective Quantum Efficiency (DQE).

ln Chapter 4, a theoretical formalism based on linear systems cascade analysis is

developed30-35 to describe the signal and noise transfer characteristics of medical imaging

detectors. This theory is then used in conjunction with Monte Carlo techniques to explain

published results for metallphosphor detectors at megavoltage energies and aiso the

experimental results from Chapter 3 for the metal/a-Se detector. The formalism is aIso

used to explore sorne issues related to the design of direct and indirect AMFPI detectors

for portal imaging.

In Chapter 5 the effect of scatter on image quality is considered for direct and

indirect AMFPIs using Monte Carlo methods.30•33•36-38 SpecificaIly, the seatter fraction

(SF) and scatter-to-primary ratio (SPR) are modeled and the SF is measured

experimentally with a prototype electrostatic probe-based detector. The simulations are

then used to study the optimal front plate thickness for AMFPI detectors.

The conclusions of the thesis are summarized in Chapter 6. In addition, Chapters

2-5 have their own individual Introduction, Background and Conclusion sections.

• Chapter 1 Introduction
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2.1 Introduction

Although the signal produced by the interaction of visible light in a-Se is

reasonably weil understood, the mechanism of signal formation due to the interaction of

x-rays with a-Se has never been quantitatively explained. The quantity which is usually

measured to describe the signal produced by x-rays is W~ defined as the energy required

to create a detectable electron-hole pair. W:t has been measured by many investigators. I -7

but until recently results have been unreliable due to a limited range of energies. the use

of indirect measurement techniques, and different sample preparations.
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It has been known for sorne time that W:t is mainly govemed by recombinatioD98• Chapter2 Signai formation in .Se

•

and various recombination mechanisms have been invoked to explain the limited data

sets that were available at the time. Hirsch and Jahankhani9 suggested that recombination

occurred within a dense9 unifonn column of electron-hole pairs and that the columnar

recombination model9first introduced by Jaffé for ionization chambers910 was applicable

to recombination in a-Se. Later9 Que et al ll argued that the geminate theory of

recombination9 which is the accepted mechanism for the interaction of visible photons

with a-Se, 12 seemed to best explain the observed trends. They stated9however9that more

data was needed to make any definitive conclusions.

RecentlY9 Blevis et al6 have directly measured W.:t using a pulse height

spectroscopy technique over a relatively wide range of monoenergetic energies9 from

40 keV to 140 keV. Their results indicate a clear energy àependence. and cannot be

explained in terms of either the columnar or geminate models of recombination.

Mah et al l3 have used a xerographie discharge method to measure W.:t up to megavoltage

energies. and have observed a decrease of W.:t up to the MeV photon range, after which

their measured values reached a plateau. They offered a qualitative description in tenns

of a simple microdosimetric mechanism and they suggested that the high energy electrons

generated by the incident x-ray photons dePOsit their energy in discrete spurs. a concept

first introduced in radiation chemistry. The spurs consist of charge clouds created by

inelastic collisions with outer atomic sheUs. which typically occur at the resonant

energies of these shells which has been estimated to lie between 20 eV and 80 eV. In this

simple model the spur size is assumed to he indePendent of the energy of the ionizing

15



electron. At low photon energies., the mean free path between spurs is assumed to be

smaller than the spur size., so that the pairs are formed in a column surrounding the

ionizing electron track., resulting in a high recombination probability. As the photon

energy increases., the spurs are formed farther apart resulting in less recombination. At

megavoltage energies., the spurs are assurned to be isolated from each other so that the

escape probability is no longer dependent on the incident energy.

Although the model of Mah et aIl3 sheds sorne insight into the mechanisms at

work., it is not sufficient to properly explain the signal formation in a-Se in a quantitative

manner. In this work we develop a mechanism for the recombination in a-Se in arder to

describe the energy and applied field dependencies of W~ We first develop cross-sections

for the creation of multiple electron-hole pairs in a-Se and then develop a coupled

photon/electron transport code which uses these cross-sections to determine the positions

of electron-hole pairs along the tracks of ionizing radiation. We follow the positions of

the electron-hole pairs through time in order to calculate the fraction that escapes

recombination and contributcs to the detectable signal. From these simulations we

calculate W.:t as a function of both the applied electric field and incident x-ray energy., and

compare our calculations to the previously unexplained measurements of Blevis et al6

and Mah et al. 13 We use our simulations to explore the effect of energy, electric field and

sample thickness on the signal formation in a-Se.

• Chapter2 Signal formation in .Se
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2.2 Background

Signal formation in .Se

2.2.1 Interaction of visible photons with .se

The interaction of visible light with a-Se leads to the creation of electron-hole

pairs~ typically one pair per photon. The number of pairs collected increases with

increasing applied electric field and also with increasing incident photon energy.

Historically~ various models have been invoked to expIain the experimental

measurements. Poole-Frenkel recombination theory was initially used in an attempt to

explain the observed results. Knights and Davis14 modeled the situation by postulating

that a photon with energy h v will lead to the creation of an electron-hole pair with kinetic

energy hv - E 1: ' where Eg is the band-gap of a-Se (2.3 eV). The pair williose this excess

kinetic energy by interaction with phonons~ and the process is called the thennalization

process. They assumed the motion to he diffusive and that the separation ro at the end of

the thermalization time 1 would he given by

(2.1)

•

where D is the SUffi of the diffusion coefficient for electrons and holes.

Due to the amorphous state of a-Se~ Knights and Davis assumed that there is no

wave vector conservation and that the rate of energy loss during thermalization will reach

its maximum of a typical phonon frequency v p times a typical phonon energy hvp • The

lime required to dissipate the pair' s energy was taken to he
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Signai formation in .se

(2.2)

where Eapp is the applied electric field and 9 is the orientation of the pair relative to the

field. By equating Eqs. (2.1) and (2.2), the electron-hole separation at the end of the

thermalization process is given by the solution of the equation

D
(2.3)

which is a cubic equation in ro., and leads to a binding energy Eo for the pair of

(2.4)

•

A schematic diagram of the Knights and Davis model is shown in Fig. 2.1.

Following the thermalization process, the hole is placed al r=O, and the electron al r =rû •

The electron experiences a potential which is the Coulomb POtential lowered by the

applied field, which fonns an effective barrier. The electron must escape this barrier to

contribute to the measured signal., with a probability which can he calculated with a

fonnula derived by Frenkel. The mode1 of Knights and Davis incorporated further

factors, such as an Uattempt-to-escaPe" frequency, but was unable to quantitatively

account for the observed results.

Pai and Enck12 took a different approach ta calculate the recombination of

electron-hole pairs produced by optical photons. They did not explicitly model the

18
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Figure 2.1: Schematic diagram of the model of Knights and Davis./-I

thermalization process, but assumed that the pair would initially be separated by a

distance ro once it had lost its initial kinetic energy. The pair would subsequently undergo

an average drift in the applied field, defined by the mobilities 11- and Il+ for electrons

and holes, respectively, and would also undergo random diffusion with diffusion

constants given by the Einstein equation

D =f.J.±kT
+ ,
- e

(2.5)

•
where k is the Boltzmann's constant and e is the charge of an electron. The differential

equation governing the motion is then given by a Smoluchowski-type equation
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dP± ." •
--::;-=±p.E· VP- + D.V-P- ,

ut - -
(2.6)

where P±(r,t) is the probability thal the electron or hole is al a position r al time t, and E

is the sum of the applied field and the Coulomb potential between the electron and the

hole. The first tenn of Eq. (2.6) describes the drift in the total electric field, and the

second term describes the diffusion.

A particle separation of zero corresponds to recombination, whereas an infinite

separation corresponds to escape. The differential equation of Eq. (2.6) has been solved

in the steady-state by Onsager,15 and the solution for the escape efficiency TJ (i.e., the

probability of escape) is given by

(2.7)

•

where a =e 2 /(EEoTokT), b =eEappTo /(kT), and Itfx) are modified Bessel functions.

Pai and Enck applied Eq. (2.7) to the creation of electron-hole pairs by visible

light in a-Se, using T0 as a free parameter which they fit to experimental data. They

observed excellent agreement between experiment and theory for applied fields above

1 V/J.lIl1 (typically a field of 10 V/IJ.II1 is used in a-Se based detectors). The theory

overestimates the measured values of Tl below 1 VIJ.IlI1 because bulk trapping becomes

important al these low fields. The parameter To was seen to increase with photon energy

as expected. The Onsager recombination mechanism is now the accepted theory used to

describe the signal produced by the interaction of optical photons with a-Se.
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2.2.2 Interaction of ionizing radiation with matter

In tbis section sorne relevant concepts pertaining to the general interaction of

ionizing radiation with matter are summarized. An ionizing particle impinging on matter

has a probability of interacting with the medium which depends on the tyPe of particle9 its

kinetic energy E9 and the physical characteristics of the constituents of the medium (e.g.,

atomic numher Z and density p). The probability is usually defined in terms of a cross­

section a, equaI to the probability of interaction per unit fluence t/J. The cross-section cao

he thought of as the effective area presented by the target per unit interaction probability.

There are various types of interactions which can occur9 depending on the nature

of the incident particle9 each with its own cross-section. For each type of interaction9

there aIso exists differential cross-sections in scattering angle and in energy transfer9

wbich describe the state after collision of both the incident particle and the target atom

(or molecule). The important interactions for photons9 electrons and positrons are

summarized helow.

2.2.2.1 Photons

Photons typically have large mean free paths (small cross-sections) compared to

charged particles and the predominant interactions for x-rays are coherent scattering9

incoherent scattering9 photoelectric interactions and pair (or triplet) production. The

cross-sections for isolated selenium atoms9 taken from the Evaluated Photon Data Library

(EPDL)9 16 are shown in Fig. 2.2. The photoelectric effeet is seen to he the dominant

interaction up to about 100 keV (diagnostic range)9 after which incoherent
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Figure 2.2: Cross-sections for major photon interactions for atomic
selenium (taken from the EPDL database).

scattering takes over (therapy range). Above 10 MeV, pair production becomes the most

important process. The types of interactions are summarized below.

2.2.2.1.1 Coherent scatteriog

Coherent scattering,17 also known as Rayleigh scattering, results from the

interaction of a photon with an atom. The scattering involves contributions from the atom

as a whole, and results in a change of photon direction but no energy is transferred to the

atome The differential cross-section in angle 8 is given by
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der h r 2
., .,.

_cO_=_f!(l+cos-B)[F(x,Z)]-2Jrsm8 ,
d8 2

(2.8)

where the parameter x is defined as

. 8
Sln-

x =__2
À, ,

(2.9)

À. is the photon wavelength, and re is the c1assical electron radius (2.82 fm). Here F(x,Z)

is the atomie fonn factor, which cao he found in tabulated fonn. 18 Coherent scattering is

predominant at low energies and high atomic number Z.

2.2.2.1.2 Incoherent scattering

In an incoherent scattering interaction,17 aIso known as Compton seattering, a

photon transfers sorne of its energy to an atomic electron. In the process, the photon

changes direction and the electron is set in motion. By applying conservation of energy

and momentum, it cao he shown that energy of the photon decreases from hv to

hv'=hv---
1
--­

l+a(l-cos8)
(2.10)

where a =hv 1me 2 and B is the scattering angle of the photon. The kinetic energy K of

the secondary electron is given by

•
K =hv a(l-cos9)

1+a(l- cos 8)

and the scattering angle t/J of the electron can be calculated by the relation

23
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(I +a)tan; =cot8 .
2

Signai formation in .Se

(2.12)

The differential angular cross-section in tenns of the photon scattering angle (J is

where the FKN are Klein-Nishina coefficients given by

{ }

! { , , }F = 1 1 a-(l-cos8)-
KN 1+ a(l-cos8) + h+ a(l- cos8):kl- cos8)! '

(2.13)

(2.14)

and x is the parameter defined by Eq. (2.9). The factor S(x,Z) is called the scattering

function., which takes into account in an approximate way the fact that the atomic

electrons are neither completely free nor stationary. The scattering function is available in

tabular fonn. IS

2.2.2.1.3 Photoelectric effect

The photoelectric effect involves the complete absorption of a photon by an atom,

resulting in the emission of a hound electron from a given subshell. The kinetic energy K

of the photoelectron is given by

K=hv-B, (2.15)

•

where B is the binding energy of the photoelectron"s original subshell. For a photoelectric

interaction to occur with a given subshell., the photon energy must he greater than the

binding energy of the subshell. The cross-section is greatest for the innermost shell
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Figure 2.3: Cross-sections for photoelectric interactions with the
subshells of atomic selenium. taken from the EPDL library.16

(K-shell) and smallest for the outennost shell. The photoelectric cross-sections for each

individual subshell in atomic Se are shown in Fig. 2.3.

For low energy electrons, the angular distribution of photoelectron ernission tends

to form lobes which are peaked at right angles to the incident direction. As the energy

increases, these lobes tend to he more forward peaked.
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2.2.2.1.4 Pair and triplet production

Signal formation in .Se

An x-ray photon can he absorbed in the nuclear field of an atom, with the energy

being converted into an electron and a positron. This is referred to as pair production,

and conservation of energy requires that the photon must have energy greater than a

threshold

(2.16)

•

where mt: is the mass of an electron and mu is the mass of the atom. The second term in

the bracket is small and thus to a good approximation the threshold is 1.022 MeV.

Another POssibility is that the photon is absorbed by the field of an atomic electfon,

which transfers energy to the atomic electron and leads to the creation of an

electron/positron pair. This is called triplet production since it results in two electrons and

one positron. The threshold for this effect is 2.044 MeV (4mt:c2).

2.2.2.2 Electrons

Unlike photons, electrons moving in a medium typically undergo many collisions

with orbital electrons and nudeL The main interactions are elastic scattering,

bremsstrahlung and inelastic scattering. The cross-sections for a-Se, taken from the

Evaluated Electron Data Library (EEDL),19 are shown in Fig. 2.4. The types of

interactions are summarized helow.
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Figure 2.4: Cross-sections for major electron interactions in atomic
selenium (taken from the EEDL database/ 9

)

2.2.2.2.1 Etastie scattering

In elastic scattering, an electron interacts primarily with the atomic nucleus,

resulting in a change of direction with negligible energy loss. The total cross-section

increases with increasing atomic number. The differential cross-section is available in

tabular fonn and is shown in Fig. 2,5 for atomic selenium in terms of an angular variable

x =1- cos8, where 8 is the scattering angle. Larger scattering angles become

increasingly probable with increasing atomic number.
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Figure 2.5: Differentiai cross-section of elastic scattering of
electrons in atomic selenium for various energies (data taken from
EEDL/ 9

). Cross-sections are plotted versus an angular
variab1e x =1- cos8 .

2.2.2.2.2 Bremsstrahlung

In a bremsstrahlung interaction, electrons are accelerated by the Coulomb field of

the nucleus which results in the emission of x-ray radiation. It can be seen in Fig. 2.4 that

the cross-section for bremsstrahlung is very small in atomic selenium compared to cross-

•
sections for elastic and inelastic interactions. It is more important in high-Z materials

such as tungsten.
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2.2.2.2.3 Inelastic scattering

In ao inelastic scattering interaction.. an electroo interacts with the Coulomb

potential of atomic electrons which results in a traosfer of energy. This energy transfer

leads to ionization or excitation of the atom. Inelastic collisions are often grouped ioto

either hard or soft collisions. Hard collisions are catastrophic interactions.. where the

incident electron "knocks out'" an atomic electron, resulting in two high-energy electrons

(the original electron and the secondary electron). For ioner-shell electrons, these cross­

sections cao he reasonably approximated using tabulated cross-sections for isolated

atoms. Cross-sections for hard inelastic collisions with the subshells of atomic selenium.

• Chapter2 Signal formation in .Se

•

taken from the EEDL database. are shown in Fig. 2.6.

The other category of inelastic collisions.. soft collisions. oceurs predominandy

with outer-shell electrons. The energy levels of these electrons depend strongly on the

dielectric propenies of the medium, and the cross-sections cannot he approximated using

data for isolated atoms.

In the following a formula for these cross-sections is explicitly derived, since the

result is central to the work presented in this Chapter. The derivation is a modified

version of that described by Rossi and zaider.20

In an inelastic scattering interaction, an electron with momentum Iiki transfers

energy hm and momentum hq to the medium, after which it has momentum hkf. We

wish to calculate the differential cross-section for inelastic scattering in terms of (JJ and

q . lising the fact that
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•

this cross-section can be expressed in terms of solid angle through the relation

d 2q 2Jrq d'lu
---
dqdm kik f dQdm

30
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We begin by considering the differential cross-section in solid angle~ du!dQ, which is• Chapter2 Signal formation in .Se

given by the tluence through an area dA =r 20dD normalized to the incident fluence. The

tluence j for a particle with wavefunction '" is given by

. ih ( •V liA!· )
J =-\'1' '" - 't'y 'fF .2m

(2.19)

To find an expression for the cross-section we thus need to calculate the wavefunction

",(r) = (,.1 'fF) such that HI 'l') =El 'l') ~ where H is the total Hamiltonian of the

interaction expressed as

(2.20)

where H p =P 2 !2m is the Hamiltonian of the projectile (i.e., the ionizing electron), Hl

is the Hamiltonian of the target (i.e., the medium) and V is the interaction potential. The

isolated eigenstates of the target are represented by

(2.21)

and of the projectile by

(2.22)

•

The total wavefunction lies in the space which is the direct product of the spaces spanned

by 1En) and 1k). We expand it in terms of the eigenstates of the target 1En )

(2.23)
n

31



where the coefficients Ici»n) lie in the projectile space. Applying Eq. (2.20) to Eq. (2.23)• Chapter2 Signal formation in .Se

leads to

(2.24)
fi fi

and multiplying both sides by the final target state (E f 1 gives

(E - Ef - Hp )14» f) = ~(E f IVI E,,)I«Il,,) .
"

(2.25)

The solution to tbis. in the position representation and at a distance r which is far away

from the interaction site, is given by

(2.26)

where (k. f •Ef 1 represents the final state where the projectile has momentum likf and

the target has energy Ef' and L is the length of the side of a square box used for

nonnalization of the plane wave. Since the solution depends on 1'1') which is not known,

l'IF} is replaced in the first Born approximation with l'IF) == 1k; ,E;) [eading to

(2.27)

•
The solution is seen to he the sum of the incident plane wave and a spherical wave with

amplitude proportional to the matrix element of the interaction potential with the total

wavefunction. This matrix element cao be re-wriuen as
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where V (q) is the Fourier Transform of the potential evaluated at q =k f - li. This leads

to an expression for the differential angular cross-section

(2.29)

Since energy must he conserved" i.e., hm = E/ - Ei , then

(2.30)

which" substituted into Eq. (2.18), gives an expression for the differential cross-section

(2.31)

In an inelastic collision, energy and momentum transfer by the incident electron

(projectile) lead to density fluctuations in the medium (target). If the medium is assumed

to consist of a number of particles at positions r j , then the density of the target cao be

expressed as a sum of delta functions

•

p{r) = l:6{r -rj ) ,

j

and the interaction potential as

33
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(2.33)

where , is the position of the projectile. Under this assumption the Fourier Transfonn of

the potential can he expressed in terms of the Fourier Transform of the density through

(2.34)

which leads to an expression

(2.35)

where flk i = mv and where we have summed over the final states. The generalized

oscillator strength distribution (GOSD) is defined as

(2.36)

which gives the following concise result for the cross-section in terms of the GOSD,

•

~ (~ )2d·a 4Jr e· 1
--=-~ -- -f(q,m).
dqdm mv· 41Œo qm

It cao he shown21 that the GOSD satisfies the relation

....

f f(q,m)dm =Z
o
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for ail q, where Z is the atomic number of the medium, which is known as Bethe's sum• Chapter2 Signai formation ln .Se

rule. In section 2.2.3.1 we will discuss how to calculate the GOSD from the dielectric

properties of a medium.

2.2.2.2.4 Jlosi~lls

Positrons undergo elastic, inelastic and bremsstrahlung collisions in a manner

similar to electrons. They do so until they annihilate with an electron, leading to the

creation of two gamma rays with combined energy 2mc 2
• The total cross-section is given

by22

!Cr
2

[E 2 +5mc 2 E +6m
2
c';

0'= ~

E +2mc 2 E(E +2mc 2
)

+ In(E +mc 2 +~E(E + 2mc 2
)_ E +4 ]'

~E(E+2)

(2.39)

where E is the kinetic energy of the incident positron. The differential cross-section in

energy h VI of one of the annihilation photons is

where

(2.40)

1( ... E+mc
2

S(x) =- E +2mc- + 2 ...
x E+2mc- ~ )-1 .

•
It is a1so of note that annihilation into a single photon or into three photons are also

possible, but not as likely as annihilation into two photons.
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2.2.2.3 Atomlc reorg8nizatlon

SIgn81 form8tlon in .Se

•

The photoelectric effect., incoherent scattering., aod inelastic scattering processes

cao lead to the ionization of an atom in the medium. The result is a vacancy in one of the

subshells of the atom. This vacaocy cao be filled by ao electron from a higher energy

level and the transition cao either he radiative or non-radiative.

For the radiative case., the transition results in the emission of ajluorescent photon

with energy hv =En - Em" where Emis the energy of the original vacancy and En is the

energy of the subshell of the electron which fills the vacancy. For the non-radiative c&e..

the transition causes an atomic electron to he emitted. The kinetic energy of this electron

is given by K =En - Em- El;" where El; is the binding energy of the shell whose

electron is emitted. The case E" =En is often called the Auger effect.. and the case

E" * En is often called the Coster-Kronig effect.

Relative probabilities of radiative and nonradiative transitions cao he found in

tabular form 18 (the probability of a radiative transition is often called the fluorescent

yield). The result of one of these transitions is one or two new vacancies in the atom, in

subshells with lower binding energy than the original vacaocy. These new vacancies are

then filled by electrons in higher subshells through new radiative or nonradiative

transitions.. and the process is repeated until the atom reaches its ground state.
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2.2.3.1 Relation between dipole strength and dielectric response function

Eq. (2.37) gives the cross-section for inelastic scattering of electrons in terms of

the density fluctuations in the medium caused by the passing electron. In this section we

derive the relation between these fluctuations and the dielectric response function

E(q,m) of the medium in question, which govems the relation between the electric field

E and the dielectric displacement D in the medium through the relation

D(q,tiJ) =e(q,tlJ)E(q,m) .

The derivation is again similar to that described by Rossi and Zaider.2o

From Maxwell's equations,

1
VD(r,t) =-Pp (r,l)

Eo

and

VE(r,t) =_1 [pp (r,t) + (L1Pr(r,t))] ,
Eo

(2.41)

(2.42)

(2.43)

where (~pr (r, t») is the average charge fluctuation induced in the medium (target) by the

passing electron. This leads to a relation between the charge fluctuations and the

dielectric response function

•
1 =1+ (L1Pr(q,OJ»).

E(q, m) Pp (q,m)

37
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To express the inelastic cross-section in terms of E(q,OJ) the projectile density• Chapter2 Signal formation in.Se

distribution is taken to be

(2.45)

(where 6 ~ 0 is used to make sure that the target does not interact with the particle at

infinite times). The potential V (r, 1) induced by the passing projectile,

(2.46)

is treated as a time-dependent pertubation. Substitution of Eq. (2.45) into (2.46) cao he

manipulated to yield

V( ) e 2 1 () () -;ax )-cir .. t =--.,Pp q Pr q e .
Eo q-

We wish to calculate the charge fluctuation

(2.47)

(2.48)

caused by this potential.. and this requires knowledge of the wavefunction 'fI(r.. l) of the

target. We represent the eigenstates of the target in the absence of the pertubation to he

(2.49)

•
When the pertubation is tumed on, the wavefunction is govemed by the time-dependent

Schr5dinger equation
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il;~'I'(r,')=[Hr+V(r,t)]'I'(r,l) ,at (2.50)

which has the fonnal solution

1 <1» e. (r')V(r' 1')'I'(r' t')
'l'(r,t)=~(r,t)+-rIdEdr{ft'e-iE(I-r) J ' '~ j(r) . (2.51)

21t1i . E-E.
J J

The wavefunction 'l'(r',I') on the right-hand side is approximated by ilS unperturbed

value <!lo(r,l) which is assumed to he in a pure state given by

(2.52)

Substitution and reorganization gives

where I;(i}jo = E j - Eo and the term corresponding to the complex conjugale of Eq.

(2.45) has been omitted for clarity.

Substitution of Eq. (2.53) ioto Eq. (2.44) and using (2.48) gives the expression

1 =l-~ 4K ()~1(CIl 1 ()I<Il )1
2

[ 1
( ) 4 2 Pp q ~ j P, q 0 1; -1; -·h J:E q,(J) KEo q j mjO m 1 u

1 ] ,
+ lim jO + tUIJ + il;â

(2.54)

•
which relates the dielectric response function to the matrix elements of the density

distribution of the medium. Using the identity
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lim '.S = P(!)+iJr6(X),
6-+0X±1 x

Signal formation in .Se

(where P represents the principal value) it cao now be related back to Eq. (2.36) to obtain

the expression for !(q,lJJ) in terms of the dielectric response for positive energy

transfers (OJ > 0) :

2m { -1 }f(q,lJJ) =.,., hm lm .
h-N(e-/41Œo} e(q,lJJ)

(2.55)

The quantity Im{-ll E(q,OJ)} is often referred to as the energy loss junetion. Using

Eq. (2.37), the cross-section for inelastic collisions cao now be expressed in teons of the

dielectric properties of the medium as

(2.56)

•

This expression is correct at relativistic energies23 as long as the energy transfers are

smalt (hm« me!), aod since we are dealing with soft collisions this is an excellent

approximation.

2.2.3.2 Ashley's approximation for the dlpole strength

The cross-section of Eq. (2.56) relies on knowledge of the dielectric response

function E(q, OJ). Theoretical calculations of this function have been performed for only

the simplest cases, and experimental data is typically only available in the optical limit

q - o. Using an approximation due to Ashley,24 it is possible to extract information about
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the generalized oscillator strength distribution in terms of its value al q = 0 through the• Chapter2 Signal formation in .Se

relation

(2.57)

where I(OJ) =I(O.OJ) is simply referred to as the oseillator strength distribution. This

simple relation relies on the extrapolation of the oscillator strength distribution ioto the

(q.OJ) along quadratic dispersion lines. and has been shown to he a good approximation

for a variety of materials. ln terms of the energy 10ss function. Ashley's approximation is

expressed as

OJ Im{ - 1 } = J- dliJbfIm{ - 1 }Ô(OJ _ (OJ'- q2 ») .
ë(q.(iJ) 0 E(O,liJ) 2m

(2.58)

The oscillator strength distribution 1«(iJ) is related to the photoelectric cross-

section K(E) for the interactions of photons with matter through the relation25

me
I(E)=-, K(E)

1fhe-
(2.59)

•

in the dipole approximation, qx « 1. The diPOle limit is adequate, if the photon

wavelength is much smaller than the interatomic distance. In this limit the oscillator

strength distribution is often referred to as the dipole oscillator strength distribution.
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The interaction of x-rays with a-Se has been qualitatively described by many

authors.8.11.13 X-rays lead to the creation of high-energy secondary electrons, which

sl'bsequently create many electron-hole pairs within the medium. The average energy

required to create one pair, Wo, is given in many materials by a semi-empirical fonnula

due to Klein,26

Wu =2.8Eg + rhvp , (2.60)

where the second term is a phonon contribution and is between 0.5 and 1, or the altemate

fonnula ll

Wu =2.2Eg + rhvp , (2.61)

which lead to a value of approximately 4-7 eV for a-Se. In practice, however, what is

measured is W.:b the average energy required to collect a detectable pair. Assuming that

losses of electron-hole pairs result only from recombination (trapping is another

possibility, which may he neglected above 1 V/J.1Ill, as discussed in Section 2.2.1), the

two definitions of pair creation energy are related by

W =Wu
-+- •

- " (2.62)

•
where " is the escape efficiency, i.e., the fraction of elecron-bole pairs which escape

recombination. A description of Wi" tbus requires a model for recombination in a-Se.

42



The main difference between recombination due to visible and x-ray photons is• Chapter 2 Signal formation in .Se

that in the fonner case only one pair is created~ whereas in the latter Many pairs are

created. In principle~ two types of recombination are possible: general and initial

recombination. General recombination refers to recombination between any charges

generated within a volume (in tbis case~ the a-Se layer). General recombination in a-Se

has been shown27 to he consistent with Langevin recombination theory.28 For general

recombination in a volume bounded by parallel semi-infinite planes~ the escape efficiency

can he calculated using the formula 17

(2.63)

where /J is the rate of charge creation in the layer~ d is the thickness of the layer, e is the

charge of an electron~ V is the potential applied across the layer~ J.L~ and Ph are the

electron and hole mobilities~ respectively, and a is the Langevin recombination

coefficient~ given by

(2.64)

•

Here Eo is the permittivity of vacuum and E is the relative dielectric constant of the

material. This result shows that the amount of general recombination varies linearly with

dose rate. To achieve 1% recombination in a-Se~ a dose rate of 108 cGy/s would be

needed~ which is much larger than dose rates used for Medical applications. 13 General

recombination in a-Se cao for tbis reason be ignored for practical purposes.
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Initial recombination refers to recombination between charges which were created• Chapter2 Signai formation in .se

along a single track of ionizing radiation, and hence does not depend on dose rate. Since

general recombination is negligible in a-Se, only initial recombination needs to be

considered. It will be assumed in the remainder of this thesis, unless otherwise specified.

that "recombination" refers to initial recombination only.

In the past, two competing models for initial recombination have been used to

describe the experimental results. Hirsch and Jahankhani9 used the columnar model of

recombination, which assumes that the pairs are generated uniformly along a cylindrical

track, as shown in Fig. 2.7(a). The original columnar model, due to Jaffé,lO assumes that

drift in the electric field is negligible which results in a diffusion equation in cylindrical

coordinates, modified by an effective recombination coefficient a given by Eq. (2.64):

an =D[a 2
n +.!.an] _an 2

at dt! r dr •
(2.65)

•

where n(r, 1) is the number density of electron-hole pairs in the column. The columnar

model was later extended to include an electric field,29 but there is no solution in closed

forro and various numerical techniques have been used to extract results.

ln 1991, Que and Rowlands Il argued that, based on the experimental evidence at

the lime, that geminate recombination could not be ruled out as a possible model for

recombination in a-Se. For the Onsager theory to hold, the pairs created along the

ionizing track (shown schematically in Fig. 2.7(b» would need to be so far apart that they

could only recombine with their geminate pair, and not with other pairs along the track.

The debate as to whether the columnar or geminate recombination models were better
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(a)

Signai formation ln .Se

•

Figure 2.7: Schematic diagram of (a) the columnar recombination
model and (b) pairs created along the track of ionizing radiation.

suited to recombination in a-Se was never resolved., since neither model couid adequately

explain the observed experimental results. [t was noted by Que and Rowlands., however.,

that more reHable measurements of W.:t than those which were available at the time were

needed to demonstrate whether or not W.:t exhibited an energy dependence. Recent

measurements by Blevis et al6 have demonstrated that such a dependence indeed exists.,

indicating that the Onsager model is clearly not acceptable, since it does not depend on

the energy in any way.
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energy

•

Figure 2.8: Qualitative model of Mah et al 13 to account for the
observed energy dependence of W+ .

Mah et al13 have recently extended measurernents of W± to megavoltage energies~

where they found that W± reaches a plateau and becornes energy independent. The

qualitative picture put forward to explain their results is shown in Fig. 2.8. They assume

that an ionizing electron Joses its energy in many small collisions called spurs~ a term

borrowed from radiation chemistry. They assume that these spurs have a fixed energy of

about 40 eV, which lead to the creation of a small group of electron-hole pairs. At high

incident energies~ the spurs are created sufficiently far apart that tbey can he treated as
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more or less independent. For tbis reason the Onsager theory is more or less applicable at• Chapter 2 Signal formation in .Se

high energies. resulting in an energy-independent W;t . As the energy is decreased. the

spurs become doser together and begin to interact with each other. and thus W;t becomes

energy dependent. At very lowenergies the spurs completely overlap and form a column.

in which case the columnar theory becomes valid. This qualitatively explains the

observed trends and gives sorne insight to the mechanisms at work. but is unable to

explain the results in a quantitative manner.

2.2.5 The Monte Carlo method

In order to calculate W± we will rely extensively on Monte Carlo methods to

simulate random physical processes. The Monte Carlo method is widely used in Many

fields by a large number of investigators. In this section we brietly introduce the basic

concept behind the method.

The Monte Carlo method consists of sampling random numbers which directly

simulate the physical processes of the problem al hand. and of extracting the relevant

infonnation frOID these randorn numbers. Mathematically. if we wish to sample a random

physical variable X with probability density f(x). the Monte Carlo method substitutes X

for another random variable Y with probability density g(y) given by

•

g(y)=l forO~y~l

g(y) =0 otherwise

such that the cumulative probabilities are the same. i.e.•

47
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x y

Jf(x)dx= fg(y)dy ,

Signal formation in .se

(2.67)

which establishes a relation between the random variables X and Y .

The function g(y) can then simply be simulated by sampling raodom numbers R

between 0 and 1. For a given R, Eq. (2.67) leads to

x y

Jf(x)dx =fg(y)dy =Y =R

and

(2.68)

(2.69)

•

Eq. (2.69) relates a physical process represented by the variable X to a random number

between 0 and 1. The function ri is the inverse function of the cumulative distribution

F(x) of f(x). In this manner complicated physical processes cao he reduced to sampling a

unifonn random number.

The trajectory of a photon or an electron in a medium is a succession of

interactions which result in a change of energy and/or direction of the interacting

particles, and often lead to the creation of new particles a10ng the track. The particle

transport can thus be described by sampling the distance, or free path, between

successive interactions and then determining the type of interaction.

Consider a beam of monoenergetic partides of energy E and intensity 10 incident

on a semi-infinite plane, as shown in Fig. 2.9. As the beam travels though an element of

the slab dx at a depth x, its decrease in intensity dl is proportional to its intensity l(x), to
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Figure 2.9: Sehematic diagram of partie/es incident on a slab of
material.

the element dx~ to the total interaction cross-section «E).. and to the number of atoms (or

molecules) per unit volume~ N~ and is given by

dl =-/(x)u(E)Ndx . (2.70)

If we consider that a particle is excluded from the beam after a single collision, the

probability that a particle of the bearn suffers an interaction between x and x+dx is

proportional to I(x) and we may write

dP =-P(x)u(E)Ndx , (2.71)

•

where P(x) is the probability density of such an occurrence which must satisfy the

condition
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(2.72)

Integrating Eq. (2.71) and fixing P(x) with Eq. (2.72) leads to

P(x) =lT(E)Ne-acElNx • (2.73)

To say that a particle suffers its tirst interaction at a depth x is equivalent to saying

that it travels a distance x without interaction; therefore, P(x) also represents the

probability of a free path equal to x, and Eq. (2.73) may serve as a distribution function of

free paths. The mean free path l (E) for a partiele of energy E is given by

00

f P(x)dx
o

oa

fxP(x)dx
o 1
~---=---

u(E)N
(2.74)

In order to sample the distance between interactions, one can sample the distribution

(2.73), which, using the relation (2.68), leads to

lfP(x)dx=R .
o

(2.75)

Since a unifonn random number l-R is equivalent to R, the distance to the next

interaction can thus he detennined from a random number R between 0 and 1 by the

equation

•
Â.(E) =-I(E) ln R .

This is a standard equation used in Monte Carlo transport codes.
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Knowing that an interaction wiU occur at a distance À., if there exists k types of

interactions with the cross-section for jth interaction given by Gj(E)., the probability of

occurrence for an interaction of type j is given by

(2.77)

Thus during the simulation., once the position of interaction is fixed., an interaction of type

j will occur if

f~ <Rstfj ,
;=1 ;;1

where R is a random number evenly distributed between 0 and 1.

(2.78)

•

2.3 Madel for the creation of electron-hole pairs in a-Se

Our goal is to model the signal produced by x-rays in a-Se. For this we require a

model relating energy deposited in a-Se to the creation of electron-hole pairs. In this

section we develop such a model which we wiU use in subsequent sections.

As an electron traverses a medium, it may undergo elastic, radiative

(bremsstrahlung), and inelastic interactions. We focus on the latter, since it is the main

mechanism for the creation of electron-hole pairs. Iooer-shell electrons are tightly bound

to the atomic core and thus can he approximated reasonably by knowo cross-sections for

isolated atoms. Inelastic collisions with outer-shell electrons, on the other hand, typically
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The differential cross-section in energy transfer cao he calculated by integrating

Eq. (2.56) over momentum transfers to give

(2.79)

ln generaI, E may be a tensor which depends on the direction of q. In this work it is

assumed that the medium is homogeneous and isotropic 50 that E(q,m) depends on only

the magnitude of q. This assumption is consistent with the experimentai work of Bell

and Liang.3o The quantities hq_ and hq+ are the minimum and maximum Olomentum

transfers, respectively, and they are found from the relativistic energy/momentum

conservation equations

(2.80)

•

where E is the incident electron energy and hm is the energy transferred to the medium.

In Eq. (2.80) we have ignored tenus of the order of hmlmc 2
• Eqs (2.80) determine the

plane of ail possible momentum and energy transfers to the system.

Energy transferred goes into excitation of different degrees of freedom of the

medium determined by the spectnlm of elementary excitations. There is a certain

probability that the energy transfer goes into the creation of a single electron-hole pair. If

the initial momentum of the outer-shell electron is assumed to be equai to the Fermi
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momentum liqF and to he below the energy gap Ex' then energy transferred to the• Chapter 2 Signal formation in .Se

electron-hole pair for a given momentum transfer "q is given by

IillJ(q) - EK

h2q~

2m
(2.81)

This hounds the possible transfers for the creation of a single electron-hole pair in the

energy/momentum plane by the two parabolas

(2.82)

This electron-hole domain is shown in Fig. 2.10.

Another probable mechanism is that the energy transferred by the passing electron

May induce collective oscillations of electrons in the medium, i.e., plasma waves. The

disPersion relation for these waves is given by3l

(2.83)

where (J)~ =~Ne'! 1Eom is a plasma frequency, and a =t v~. This dispersion line is

shown in Fig. 2.10. Il intersects the electron-hole domain al liqc' which is determined by

the relaùon

(2.84)

•
For q > qc ' the plasmon decays into a single particle excitation state. This implies

that in this case a plasmon lives for a limited time r after it has been created. If this lime
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Figure 2.10: Spectrum of elementary excitations in the bulk
electron gas. The plasmon dispersion line and the electron·hole
pair domain are shown.
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Figure 2.11: Energy loss function for a-Se, measured by Bell and
Liang. 29

is smaller than the characteristic oscillation time of a plasmon 2tr lm~' then the plasmon

cannot exist as a coherent motion of ail electrons in the charge cloud and it will no longer

be an observable entity. On the other hand, for the q < qc: regime, the arguments

presented above would predict that plasmons are undamped. Experiments, however,

indicate that this is not always so and therefore sources of damping different from the

•
single pair excitations must he invoked in order to explain the observations. Fig. 2.11

shows the experimentally measured optical (q -0) energy loss function Im{-lle(O,m)}
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for a-Se (the data has been taken from Bell and Liang3<). One cao see that the energy loss• Chapter2 Signal formation ln .Se

•

function is not in the fonn 6«(j) - (j)iN)' as it is for media in which plasma waves are

undamped once created. It exhibits a spread about its peak, indicating a finite damping

rate (r -mJN 12) and a finite lifetime (T - 2/mJN) for plasma waves in this material.

This indicates that in a-Se energy transfers to collective excitations are not constrained to

exist along the plasmon dispersion line.

One of the sources of plasma damping is the simultaoeous excitation of several

electron-hole pairs. These multiparticle excitations are no longer confined to lie in the

strip of the (q,m) plane defined by Eq. (2.82). The possibility that plasma waves decay

into several (more than one) electron-hole pairs has also been qualitatively discussed by

other authors.32•33 Another source of damping is the interaction of the electrons with the

lattice periodic potential (electron-phonon interaction), resulting in the decay of plasmons

into phonons.

In the present section we will concentrate on the effect of plasmon decay into

several electron-hole pairs and its manifestation in the studies of charge formation and

transport in a-Se. Our goal is to obtain the n-particle excitation inelastic cross-sections

and implement them in a Monte Carlo code to study the charge transport.

In the physical model presented in tms work, energy/momentum transferred in

inelastic collisions with outer-shell electrons goes into either the creation of a single

electron-hole pair or the excitation of plasma waves. The plasma waves quickly decay

into n electron-hole pairs. Since the lifetime of the plasmon is short, the whole picture

looks as if the ionizing electron created n electron-hole pairs in the vicinity of the
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interaction point. These pairs constitute a spur. The number n of electron-hole pairs in a
e· Chapter2 Signai formation ln ..Se

given spur is a stochastic quantity which we model in terms of cross-sections for the

creation of n pairs in an inelastic collision. un (E). To calculate these cross-sections. we

must determine the regions of integration in the (q. CiJ) plane for each individual n. and

integrate Eq. (2.79) over the regions of interest. The integration regions can be found by

considering the relation between the energy and momentum transfer to the system for the

case when n electrons are excited from the Fermi surface to the conduction band. For a

given n. the region of allowed excitations is hound by the lines

(2.85)

e

In Eq. (2.85) we have assumed that the density of electron states in the Fermi surface is

large. so that the initial momenta of the electrons that are subsequently excited into the

conduction band are close to the Fermi momentum liqF (the number of the excited

particles is much smaller than the number of the electrons in the Fermi surface).

Eq. (2.85) together with Eq. (2.80) constitutes the domains of the n-particle excitations

allowed in the system. Fig. 2.12 shows the dispersion relation diagram for the n-particle

excitation domains. The domain above the single-particle excitation state (plasmon

domain) is split into subdomains for the n-particle excitation states. In general. there

exists overlapping between different domains. i.e., the single electron-hole damain

contains part of the two-particle excitation domain. the two-particle excitation domain
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Figure 2.12: The n-particle excitation domains. Regions from n=1
to 4 are explicitly shown on the graph whereas the other regions
(n>4) are grouped together for clarity.

contains part of the three-panicle excitation, etc. As a first approximation we shaH

neglect the effect of overlapping in the calculation of the cross-sections.

2.4 Calculation of inelastic cross-sections

Having identified the integration regions, we can proceed to calculate the n-

partiele excitation cross-sections. Eq. (2.79) contains the energy loss function

lm (-II e(q, OJ) }. As discussed in Section 2.2.3.2, the optical data, shown in Fig. 2.11,
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only gives us the long wavelength response of the medium. The extension of the energy• Chapter2 Signal formation in .Se

loss fonction to q >0 from the opticallimit is made using Ashley's approximation given

by Eq. (2.58). To simplify the integration in Eq. (2.79) we map the (q,OJ) plane into the

(B, T) plane, using the transformation h2q2/2m =T - B and T =hm. The n-particle

cumulative inelastic cross-section for all energy transfers up to T =T· can be found by

substituting Eq. (2.58) into Eq. (2.79) and reversing the order of integration, leading to

.., ., P" Pwhere X =21trt!-me - 1 -, =vIe,

T" B)- l
g( ., - T'(T'-B) ,

(2.86)

(2.87)

and f(B) is the dipole oscillator strength distribution, which is related to the energy 10ss

fonction by

(2.88)

•

which is simply the optical limit of Eq. (2.55). The integration regions for n-particle

excitation states in the new (8,T) plane are shown in Fig. (2.13) and for a given n are

defined by the equation

(2.89)
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Figure 2.13: The n-particle excitation states in the (B, T) plane, for
n = 1 (single particle) and n = 2 (double particle). The solid line
represents the energy-momentum conservation equation.

Eq. (2.86) requires knowledge of the oscillator strength up to high energies, while

the energy 10ss function data of Bell and Liang30 extends only up to 40 eV. For high

•
energies, however, the atoms can he approximated as independent and therefore the

dipole strength at these energies is independent of the state of the material. It can thus he
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calculated from the photoelectric cross-section for isolated atoms using Eq. (2.59). For

energies greater than 100 eV9 we use the outer-shell photoelectric data from EPDL16 to

calculate the oscillator strength distribution. Below -100 eV, [(m) will begin to he

affected by the amorphous state and cross-sections of independent atoms will no longer

he accurate. Note that we do not include the inner-shell photoelectric cross-sections in the

calculation9 since we are concemed only with outer shell electrons. In order to bridge the

gap between 40 eV and 100 eV, we follow the procedure of Laverne and Pimblott34 and

ioterpolate the data sets with an inverse power law. For consistency, we check that our

constructed oscillator strength data satisfies Bethe's sum role, Eq. (2.38). For tbis,

however9 we need the total dipole strength lM (liJ) which includes not only the outer-shell

electrons but the inner-shell electrons as well. This is accomplished by using the inner­

shell photoelectric effect cross-sections from EPDL. Integration yjelds a value of 34.2,

which we deem satisfactorily close to the atomic number of a-Se, i.e. Z = 34. We a1so

integrate the oscillator strength distribution for the outer electrons and obtain a value of

6.02 which is surprisingly close to the number of outer electrons (Zouter =6).

Having constructed the dipole oscillator strength, we are now in a position to

integrate over each region of the (B, T) plane, corresponding to the appropriate n.

Integration is carried out numerically with a computer algorithm. The resulting cross­

sections (7" (E) for the creation of n electron-hole pairs in an inelastic collision by an

ionizing electron with a-Se are shown in Fig. 2.14 for various n. With increasing electron

• Chapter 2 Signal formation in .se
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Figure 2.14: The calculated n-particLe ineLastic cross sections
versus electron energy.

energy the possibility of creating n > 1 electron-hole pairs increases. For tbis reason9

since an ionizing electron loses kinetic energy along ilS path9 it has a greater probability

of creating more electron-hole pairs in a given spur al the beginning of its track than at

the end of its track. The total inelastic cross-section9 summed over aIl n, is shown in

Fig. 2.15. Also shown for comparison are the inelastic cross-sections for isolated atoms

taken from the EEDL database. Agreement is excellent above about LOO eV9 since at
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Figure 2.15: The calculated inelastic cross sections versus electron
energy for a-Se compared to the cross-sections taken from the
EEDL database/ 9 for isolated Se atoms.

these energies the physical state does not strongly affect the interactions. The normalized

cumulative n-particle cross-sections Yrr (E, T) versus energy transfer T ,defined as

• 63

(2.90)



are shown in Fig. 2.16 for sorne representative values of n" and for an incident electron

energy of 10 keV. We have found the Y-distributions are relatively insensitive to the

electron energy.

A question which needs to he addressed is the initial size of a spur. Obviously"

energy transferred to the system is not concentrated al one point. One way to approach

this problem is as follows.32 From the viewpoint of the outer atomic electrons" a passing

charged particle constitules an electrical impulse. The duration of the impulse increases

with distance r from the particle trajectory as rI v, where v is the charged particle

velocity. When the pulse duration becomes much longer than the response lime of the

hound outer shell electrons (- llaJ~), then these electrons fol1ow the electrical field

adiabatically. In this case the medium merely polarizes under the influence of the charged

particle with negligible energy absorption. The resonant condition r =vI aJ~" Bohrs

adiabatic criterion,3S determines the distance of maximum energy deposition from the

path of the ionizing particle. This region constitutes the spur core, which increases with

increasing velocity of the ionizing electron. Qualitatively" this effect would lead to an

escape efficiency TI which increases with the energy of the ionizing electron.

Electron-hole pairs created in the spur core lose their initial kinetic energy in a

thermalization process" after which they are separated by a finite distance ro• This

• Chapter 2 Signai formation ln .Se
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Figure 2.16: The calculated Y-distributions, i.e., cumulative cross·
sections as a function of energy transfer T normalized to the total
cross-section for the creation of n electron-hole pairs in the
inelastic cross section of an electron with a-Se.

distance can he estimated for a given initial kinetic energy using the Knights and Davis

equation (Eq. (2.3». We define the spur size as the spur core size plus the thennalization

distance ra' In the next section we model the physics described in this section using

•
Monte Carlo techniques to calculate the escape efficiency Tl and the pair creation energy
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2.5 Determination of track structure
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(2.91)

•

In order to calculate the recombination of electron-hole pairs. we first need to

determine the track structure in a-Se. Standard Monte Carlo transport codes such as

EGSnrc22 cao not he used for this purpose. since they do not follow individual collisions.

We have thus developed our own single-collision Monte Carlo code for the transport of

photons. electrons and positrons in a-Se. which we now describe.

To simulate particle transport. we need a way to keep track of the direction each

particle is travelling. Consider a particle with energy E and velocity v in a fixed cartesian

frame of reference with axes (x,y,z), shown in Fig. 2.17. We characterize the direction of

its trajectory by direction cosines which are defined by

u = sin 8cos; •

v = sin 8 sin; •

w =cos; •

where 8 and ; are the angles in spherical polar coordinates relative to the (x.y.z) axes.

Consider that the particle being transponed interacts at a point M with an atom in the

medium. Following the interaction. the incident particle will have a new direction defined

by a velocity VI. and a secondary particle may he created with a velocity V2 • Let 8' and

8· he the angles that v1 and v2 make with v, and ;' and ~J" the angles that the projections

of VI and V2 make on a plane perpendicular to v (referenced to an arbitrary angle). The
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Figure 2.17: Coordinate system used in Monte CarLo transport
code.

angles fl and fl' are the azimuthal deflections and are in general evenly distributed

hetween 0 and 21t.

The new particle directions, referenced in the frame of the incident particle, must

he referenced back to the (x,y,z) frame. Using rotation matrices, one can show that the

new angles which characterlze the velocities v/and V2, given in the fram\~ of reference

(x,y,z), are given by

•

coser =cos 8cos8'-sin 8 sin (J'cos t/J

A. cost/J(sin8'cost/J'cos(J + sin8cos9') -sin (J'sin t/J'sin t/J
COSV'I =----=-~--......:...----------=----_:.....-~

sin(Jr

and

67
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cos82 =cos8cos8"-sin 8sin 8""cost;"

cos;(sin8""cosçf"cos8 + sin 8 cos8") - sin8"sinqf'sin; .
cos;., =-.....;....---.-..;..------------~-~

- sin 82

The direction cosines of VI and V2 then become

"1 =sin81 costP1 "

vt = sin 81 sin;t "

W t = COS;t '

and

W 2 =COS;2 .

(2.93)

(2.94)

(2.95)

•

We have chosen to write our transport code in the C programming language to

take advantage of speed and flexible memory management. The geometry is taken to be a

Copper layer (optional) above an a-Se layer" both of variable thickness. We use a linked

list structure to keep track of the particles. A linked list is a set of nodes in memory which

is linked together with pointers. Each node represents a particle" and hoIds the particle"s

parameters: its charge Q (0 for photons, -1 for electrons., 1 for positrons), its kinetic

energy E" its x., y, and z positions, and its direction cosines u, v and w. We have used tbis

structure because the links cao be created and destroyed" depending on how many

particles are being followed al any given time, which saves space in memory.

We begin a particle history by creating an incident photon or electron with a

specific energy E. We then interpolate from tables of the total interaction cross-sections
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cross-sections are assumed to he the same as for isolated atoms, and are taken from the

EPDL and EEDL databases, with the exception of inelastic collisions with outer-shell

electrons for a-Se. In the latter case our calculated results are used (see Fig. 2.15). We

calculate the mean free path from the total cross-section using Eq. (2.74), and sanlple the

distance to the next interaction À. using Eq. (2.76).

If the free path À. is larger than the distance d to the closest interface (e.g., CuJa-

Se interface) along the path of the particle, then À. is replaced by À = d . We then change

the coordinates of the particle from its original location (x, y, z) to (x', y', z') given by

x'=x + Àu ,

y'= y + À.v ,

z'= z+À.w .

(2.96)

•

The next step is to determine which type of interaction is to occur. This is done by

sampling a uniform random number and using Eq. (2.78). Depending on the type of

interaction chosen, one of the following then occurs:

a) coherent interaction

The angular differential cross-section of Eq. (2.8) is integrated and inverted. The

Forrn Factor data is interpolated from tables taken from the Evaluated Atomic Data

Library (EADL).18 A uniform pseudo-random number R is generated and the

corresponding scattering angle is calculated through Eq. (2.69). The direction cosines of

the photon are updated to reflect tbis change using Eqs. (2.92) and (2.94).
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•

b) incoherent interaction

The photon scaltering angle is sampled similarly to coherent interactions except

Eq. (2.13) is used instead. The atomic scatter function values are taken from the EADL

database. 18 The kinetic energy and angle of the Compton electron are calculated by Eqs

(2.11) and (2.12), respectively. A new node is added to the end of the Iinked Iist

reflecting the creation of the secondary electron. The direction cosines of this new

electron are calculated from the electron scattering angle using Eqs. (2.93) and (2.95),

and the direction cosines of the original photon are changed using the photon scattering

angle a10ng with Eqs. (2.92) and (2.94).

c) photoeLectric effect

The subshell of interaction is first determined by sampling the subshell cross-sections.

taken from EPDL (see Fig. 2.15). The photon is then removed from the linked list and a

new node is added to account for the creation of the photoelectron. The kinetic energy of

the photoelectron is equal to that of the incident photon minus the binding energy of the

subshell in question. As is common practice in most Monte Carlo transport codes, the

angular distribution of the photoelectron is ignored; its direction is assumed to he the

same as that of the incident photon.
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d) pair production
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The kinetic energy and angles of the electron and positron are sampled using an

a1gorithm described in the EGSnrc manual.22 The photon is removed from the linked list

and nodes are created for the new electron and positron. The scattering angles are used to

find the new direction vectors using Eqs. (2.93) and (2.95).

e) Elastic collision

Elastic collisions are treated the same as coherent interactions except that the angular

distribution is taken from tables provided in the EEDL database.

JJ lnelastic collisions with inner-shell electrons

The subshell is determined by sampling the individual subshell cross-sections,

taken from EEDL.19 The differential cross-sections in terms of kinetic energy for the

appropriate subshell and electron energy are read in from data tables taken from EEDL.

Cumulative distributions are constructed from tbis data and inverted, and a random

number is generated to sample the kinetic energy K from these distributions. A new node

is added to the end cf the linked list reflecting the creation of the secondary electron. The

scattering angles of the incident and secondary electrons, 8 and 8', are calculated using

classical mechanics:

•
cos 2 8 = (E - T)(E + 2mc

2
) ,

2E + (E - T)E
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(2.98)

•

whieh is an adequate approximation, if the incident electron energy is much larger than

the velocities of the target electrons. The direction cosines of the new electron are

calculated from 8 using Eqs. (2.93) and (2.95), and the new direction cosines of the

original electron are calculated from 8'using Eqs. (2.92) and (2.94).

g) Inelastic collisions with outer-shell electrons

We only distinguish between outer and inner shell collisions for the a-Se layer.

For the Cu layer we treat ail subshells as described above in ft. When an inelastic

collision with the outer shell in a-Se oceurs, we sample the cross sections for n-particle

excitation for the given electron energy E (see Fig. 2.14) to detennine the number of

electron-hole pairs generated at the interaction site. We subsequently sample the energy T

transferred to the medium from the cumulative cross sections (see Fig. 2.16). This kinetic

energy is assumed to he equally distributed among the n electron-hole pairs. The

direction of the ionizing electron is assumed to remain unchanged, since energy transfers

are typically small (about 20 eV).

The thermalization distance is calculated using the Knights and Davis equation

(Eq. (2.3». For the spur core, we assume a Gaussian distribution with a full width at half-

maximum given by r = jV 1(J)~' where r is a parameter we have introduced to obtain

agreement with experimental data. The parameter is required because Bohr's adiabatic

criterion is only an approximate length scale. In our simulations, we use a value of
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r =1.6. The positions of the electron-hole pairs are recorded in a file so that they may he

used later to study recombination.

• Chapter2 Signai formation in .Se

•

h) Bremsstrahlung

We neglect bremsstrahlung in our simulations, since, as can be seen in Fig. 2.4 ,

its cross-section is very small for a-Se.

i) Annihilation

If a positron undergoes annihilation, then Eq. (2.40) is used to sample the cross­

section using an algorithm developed for EGSnrc.22 The angle of emission of one of the

photons is randomly sampled in the full 4Jr solid angle, and the second photon is sent in

the opposite direction. The incident positron is removed from the linked Iist and two

nodes are added to accommodate the newly created photons.

After an ionization event, radiative and nonradiative probabilities are sampled

from probabilities provided in the EADL database. 18 This is repeated in a recursive

fashion until the vacancy reaches the outer shell. The photons and eleetrons created by

these transitions are sent in a direction sampled from an isotropie distribution.

We follow ail photons, eleetrons, and positrons until tbey reach a eut-off energy

Ecu!. We use a value of E cu1 =50 eV, since Eq. (2.37) for the inelastic eross section is

denved in the first Born approximation. We found that this particular energy was a

threshold value above which the simulation results did not vary substantiaIly. Another
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reason for introducing the cutoff energy is the possible inelastic collisions of low energy• Chapter2 Signai formation ln .Se

•

electrons with phonons, the physics of which is not weil understood for amorphous

materials. As the electron's kinetic energy falls beyond the cutoff energy, the electron is

removed from the simulation.

For each inelastic outer-shell collision we record the energy deposited Ed~p and

the number of pairs created n, and calculate Wo =Ed~p 1n. After averaging over many

histories, the simulated energy required to create an electron-hole pair was found ta he

Wo == 4.8 eV, which lies within the range of accepted values of 4-7 eV. Figs. 2.18 and

2.19 show typical track structures for a SO keV and 1 MeV electron traversing the a-Se

detector, respectively. The spur core size, averaged over the track structures, is plotted

versus incident photon energy in Fig. 2.20 for an a-Se thickness of ISO J.1D1. As the

photon energy increases, the average size of the core is seen to increase due to the higher

kinetic energies of the secondary ionizing electrons produced by the primary photons. As

shown in Fig. 2.21, the number of pairs in a spur, averaged over the track structures,

increases only mildly with the incident photon energy over the range of energies shown.

2.& Determination of escape efficiency 11

Once the initial positions of the electron-hole pairs are found for a large number

of particle histories, the subsequent motion of the pairs must he known in order to

determine the amount of recombination. In essence, the Onsager model, which describes

a two-body problem, must be extended ta a 2N-body problem, where N is the number of

pairs created along the track. The differential equation governing the motion is given by
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(2.99)

•

where P(r,t) is the probability that the th carrier is found al a position r al a time t (the

±referring to the carrier's charge), p.± is the mobility of the th carrier, and Dt is its

diffusion constant which can he assumed related to the mobility through Eq. (2.5). The

electric field is given by the sum of the applied field and the self-consistent Coulomb

field due to the rest of the carriers, i.e.,
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(2.100)

The mobilities for electrons and holes in a-Se have been measured to be 3xl0-3 cm2/(Vs)

and 0.12 cm2/(Vs), respectively,13 and to he dominated by the presence of shallow traps.

•
Eq. (2.99) consists of 2N partial differential equations which are coupled by the

presence of the self-consistent field. The initial conditions are detennined by the track
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Figure 2.22: Schematic diagram describing an example of
transport, recombination and escape of electron-hole pairs to
calcu/ate the escape efficiency.

structures calculated in Section 2.5. We solve for the escape fraction using a computer

simulation code similar to a technique previously used in radiation chemistry.36 The

code7 written in the C programming language7 works as described below. A schematic

•
diagram is shown in Fig. 2.22.
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We initially place electrons and holes at locations along a particular track

structure (for a given photon energy and metaVa-Se thickness). The trajectory of each

charge is subdivided into discrete time steps LIt. For each step, the displacement is

calculated by taking into account the Coulomb field due to the other charges, the applied

field, and the random diffusion.

A cartesian coordinate system is used for the transpon, with the applied field in

the z-direction. The electric field is determined by adding the applied field and the

Coulomb fields due to ail the other panicles. The displacements are then calculated by

• Chapter2 Signal formation in ..Se

(2.101)

where /.li is the mobility of the ;th particle, and E:c.; is the x component of the self­

consistent field; the displacement in the y- and z-directions are calculated in a similar

fashion. The diffusion components L1xdiff' .tJYdiff' and .dzJiff must he sampled from a

distribution which represents the physical properties of diffusion. Only the mean and

variance of the displacement distribution are important when averaged over a large

number of histories. The displacements are thus sampled from a uniform distribution

between the limits -L; and +L;. In order to fix the standard deviation, the value of L; is

given by

(2.102)

•
where D; is the diffusion constant of the ,,,h particle. The total displacement in the x­

direction in time LIt is then given by
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(2.103)

•

and similarly for the other directions.

The displacements are calculated for each particle~ and particles are discarded

along the way if 1) they approach a charge of opposite sign within a distance a~ called the

recomb;nat;on rad;us~ in which case both particles are counted as having recombined~ or

2) the central hole is a distance of at least Rmin away from ail of the other negative

charges. If the central hole recombines or escapes~ the history is tenninated. If it has

recombined~ the escape efficiency for the history is given a value of 0, and if it has

escaped it is given a value of 1. The escape efficiency is averaged over at least 104

histories~ to obtain a standard deviation within 5%. This took approximately 4 houcs for a

given energy and electric field.

Since our simulation code is an extension of the Onsager fonnula~ we verified that

it agrees with Eq. (2.7) for the case of a single initial electron-hole pair. We place this

pair with a distance ra at a random direction relative to the electric field. The simulation

results are shown in Fig. 2.23 as a function of electric field for various r 0 and

temperatures T. The simulations are seen to fit the Onsager theory within the statistical

uncertainties~ which gives credence to our results. A recombination radius a of 1 nm~ a

distance R min of 100 nm~ and a lime interval ât of 1 x 10-16 s were sufficient in the one­

pair simulations, and we therefore used these values in the multi-pair simulations as weil.

We ran simulations for various a-Se thicknesses in the absence of a front Cu

plate. Results for W± = Wa / Tl, where Wa was taken from our simulations to he 4.8 eV~
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are shown in Fig. 2.24 for three photon energies (40 keV, 140 keV and 1.25 MeV) along

with the experimental data points measured by Mah et al13 (Co-60) and by Blevis et al6

(40 aod 140 keV). As one cao see, there is a good agreement between the theoretical and

experimental values within uncertainties. As previously discussed, the electric field

dependence is due to the fact that more particles will escape recombination with

increased electric field, which will lead to higher " and lower W±. The scaling with

•
electric field, however, depends on both the number of electron-hole pairs and their

spatial distribution within a spur. The dependence of W± on electron energy, for an
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The thickness of the a-Se Layer is 150 pm for the 40 and 140 keV
photons t and 50 pm for the 1.25 MeV (Co-60) photons.

applied electric field of 10 V/J.U1l~ is shown in Fig. 2.25. W± is seen to decrease with

increasing energy and to reach a plateau at approximately 600 keV. The energy

dependence is due to the facl that the spur size is proportional to the electron velocity v.

As the spur size increases, electron-hole pairs are farther apart on average~ resulling in

•
less recombination and a correspondingly lower W±. The plateau arises because v

saturales al relativistic energies.
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In Fig. 2.25 we also show the depeodence of W± 00 photon energy. The trend is

similar to that of electroosy except that W± is higher and the plateau is reached at about

1 MeV iostead of 600 keV. This occurs because the ionizing secondary electroos are of

•
lower energy than their parent photons. Also shown in Fig. 2.25 are experimental values

83



measured by Mah et al and by Blevis et al. The simulations agree with the measurements

within experimental uncenainties.

• Chapter2 Signal formation in .se

•

The energy dependence of W± in a-Se has been debated by various authors for

quite sorne time.9•11•37 The two main competing models have been the Onsager model of

geminate recombination and the Jaffé model of columnar recombination. In the Jaffé

model, it is assumed that the ionizing electrons produced by x-rays create electron-hole

pairs continuously in a column surrounding their tracks. For this to hold the separation

between spurs would have to he smaller than the spur size. The interspur separation,

calculated from the total outer inelastic cross-sections. is plotted in Fig. 2.26. Assuming

that on average the spur size is 5-6 nm, the overlapping only becomes important when the

electroo energy is less than 5 keV. The columnar model is therefore too simplistic a

model to describe recombination over a wide range of incident energies. In the Onsager

model, on the other hand, it is assumed that charges can ooly recombine with their

gemioate pair. This modelleads to a dependence of W± on electric field, albeit oot with

the proper slope, but does not predict a dependence on x-ray energy. The reason for the

failure of tbis model is twofold: first, it takes into account only a single electron-hole pair

while there are on average about 4-5 pairs in a spur, and secoodly the distance between

pairs does not vary with energy of the ionizing electron, since ooly thermalization is

takeo into account which ooly depends on energy transfer.

Our model can perhaps he seen as an extension of the Onsager theory. The model

is extended to include multiple electron-hole pairs in a spur. The energy dependence of

W± cornes from the velocity-dependent spur size. Our results suggest that although
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Figure 2.26: The inter-spur separation distance plotted versus
electron energy.

interspur separation cao influence the energy dependence., it does not play as significant a

role as the size of the spur.

On a minor note., the temperature dependence of W± has sometimes been used to

distinguish between recombination models. The Onsager model predicts a temperature

dependence., while the columnar model does not. Experimental evidence about the

temperature dependence of W+., however., is contradictory. Hirsch and Jahakhani9 have
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found that " increases by more than a factor of two between 200-300 K., while recent

measurements by Haugen et a(37 have shown that there is no temperature dependence in

the range 260-300 K. We have run simulations for various temperatures with our code

and have found no significant dependence (less than 5%) within the range 200-300 K.

Further experimental evidence must he acquired before the temperature dependence can

he properly understood.

We have a1so explored the dependence of W± on the a-Se thickness. Simulation

results are shown in Fig. 2.27. At low x-ray energjes there is no thickness dependence.,

because the electrons generated in a-Se are completely absorbed in the layer. At

megavoltage energies., we observe an increase of W± with a-Se thickness. This is because

the electrons generated in the a-Se lose their energy as they traverse the layer., and there

will he greater proportion of electron-hole pairs generated by low energy electrons for

larger a-Se thicknesses., leading to an increase in W±.

For megavoltage imagjng., the x-rays are usually generated from a linear

accelerator and thus have a spectnlm of energies. We have run simulations for a typical

6 MV spectrum38 for various a-Se thicknesses, shown in Fig. 2.28. Il is seen that with

this spectrum W± increases with thickness until about 200 J.lm, after which a saturation is

reached.

We have investigated the effect of a Cu front plate on W±. X-rays are mostly

converted to electrons through Compton scattering in the plate., and these electrons create

the electron-hole pairs in a-Se. Conceptually, since these electrons are of lower energy

•

•
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than the primary x-rays, the presence of the plate could increase W±. We have run

simulations with various metal thicknesses and have found that W± is independent of the

metal plate thickness, showing that this effect is negligible.
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2.7 Conclusions

The signal generated by x-rays in the photoconductor a-Se is not weil understood.

It is primarily govemed by recombination, which is very sensitive to the positions of the

•
electron-hole pairs generated along the photon/electron/positron track structures. In this

work, we develop a theoretical description of the charge formation in a-Se. In our model,
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high energy electrons created by the interacting x-rays undergo interactions with atomic

electrons~ exciting collective (plasma) oscillations as weil as single electron-hole pairs.

We develop cross sections for the decay of plasma oscillations into the creation of n

electron-hole pairs. These cross sections are integrated into a Monte Carlo code which

simulates the stochastic track structures in a-Se. From these tracks~ we determine the

initial positions of electrons and holes in the medium. We subsequently follow their time

evolution using a simulation code which effectively solves the many-body transport

equation. From these simulations we calculate W± which depends on bath the pair

creation energy Wo and the escape efficiency TJ.

Using our model~ we calculate W± as a function of incident energy and electric

field for bath electrons and photons. We compare to available experimental data and

show good agreement. W± decreases with electric field because a higher fraction of

particles escape recombination, thus increasing TJ. W± decreases with increasing photon

energy up to about 1 MeV~ after which it approaches a constant plateau. In another

paperl3 this has been qualitatively described by an inter-spur recombination mechanism.

In our model, the energy dependence is not due to inter-spur recombination, since spurs

are only close enough to affect each other at energies less than about 5 keV. Instead, the

energy dependence is attributed to an energy-dependent spur size. This arises because

energy is deposited within a sphere whose size is proportional to the incident velocity of

the ionizing particle. The escape efficiency increases with increasing spur size because

electron-hole pairs in the spur are farther apart, resulting in a greater probability of

•

•
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escaping recombination. This mechanism seems to explain the observed energy• Chapter2 SIgn81 formation in amorphous selenium

•

dependence of W± in a-Se.

The results presented in this work cao be used to calculate the signal in a-Se-

based x-ray detectors for applications in diagnostic radiology and portal imaging. Better

understanding of the signal generation in these detectors may lead to further optimization

of both detector design and the choice of x-ray energy spectra used for imaging with

these detectors.
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• Chapter 3 DQE measuremente of a direct AMFPI at megavoltage energies

3.1 Introduction

In this Chapter. we report the measurement of the imaging characteristics of a

metal/a-Se based direct AMFPI for portal imaging. We first define parameters used to

describe imaging detectors. such as the sensitivity. modulation transfer function (MTF).

noise power spectrum (NPS), and Detective Quantum Efficiency (DQE). We then

measure these quantities and compare the DQE of the direct AMFPI to published values

for an indirect AMFPI.

3.2 Background

In this section we introduce sorne basic concepts of medical imaging to define the

quantities rneasured in this Chapter. In-depth descriptions have been given in a number of

books on the subject. J-3

3.2.1 Contrast and Sensitivity

•

In x-ray imaging, photons emanating from a point source are detected on the exit

side of a patient by a detector to form a two-dimensional image. Consider the schematic

representation of Fig. 3.1. where a unifonn spherical object with attenuation coefficient

Pl embedded in a uniform material of attenuation coefficient /12 is imaged with x-rays.

The two-dimensional distribution of x-ray quanta per unit area qo(x, y) impinging on the
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Patient (P2) Object contrast âp.

Subject contrast &i

Image contrast M

Figure 3.1: Schematic representation of x-ray imaging geometry,
labeling object, subject and image contrast.

detector plane is the detector input, which, for a monoenergetic beam neglecting scattered

radiation, is proPQrtional to

(3.1)

•

where the integration is over the straight Hne subtended between the source and the point

(x,y) in the detector plane. The role of the detector is to convert qo(x, y) ioto a two-

dimensional image d(x, y).

For a given x-ray energy the visibility of the spherical object will he related to

both the size of the object and the difference in attenuation coefficient ~Jl =!JI - Jl.2
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between the object and its surroundings, which is related to their atomic numbers and

densities. This inherent physical difference in x-ray attenuation properties is referred to as

the abject contrast.3 Consider two points in the detector plane: point Pl at location (x/,y/)

which is in the "shadow" of the spherical object, and a point P2 at location (X2,y2J which

is not in the shadow. The subject contrast of the spherical object can be defined as

(3.2)

Similarly, the image contrast for the simple spherical object cao he defined as

(3.3)

The image contrast will dePend on the subject contrast (which in tum depends on

the object contrast), as weil as on the sensitivity of the detector. The sensitivity r is a

function which govems how the large-area input to the detector is mapped to a signal in

the image (the input must have a large unifonn area so that imperfect resolution, which

will he discussed in the next section, does not affect the response). For an average input

q the detector signal is given by

(3.4)

•

The sensitivity curve may or may not he linear, and can be determined by exposing the

detector to various inputs. In general the sensitivity may depend on the x-ray energy

spectrum.
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1 ----fi8 r 1

Log(Relative Exposure)

Figure 3.2: Schematic representation of sensitivity curve for film
(H&D curve) and associated contrast.

In the above, the contrast was defined using an analogy to a spherical object.

Another, perhaps more general. definition of image contrast describes how a variation of

the input dqo is converted into a signal variation which is given by the derivative of the

sensitivity curve,

(3.5)

•
To illustrate the concept, consider the schematic diagram for the sensitivity curve of film

(usually called a H&D curve) shown in Fig. 3.2. In this case the input qo is defined as the

relative logarithm of the exposure, and the output as the optical density (0.0.) of the
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film. At low and high exposures~ the O.D. varies little with exposure whereas in the

middle region the 0.0. is approximately linear with the log of the exposure. The contrast~

defined as the derivative of the sensitivity curve. is also shown. This shows that outside

the linear region there is low contrast (since the sensitivity curve is constant)~ and that

there is high contrast in the linear region. For this reason it is important~ when using film~

to use exposures in the linear range of the film in question. A film with a high slope in the

linear region of its sensitivity curve will subsequently have a high image contrast usually

at the expense of the latitude (i.e.~ the range of exposures for which the sensitivity curve

is linear).

3.2.2 Resolution and noise

•

The image quality discussed in the previous section pertains to signais which do

not vary drastically with position. [deally~ each input point qoCt, y) is represented by a

point in the image d(x~ y) =r[qo (x~ y)]. Inputs qo(x~ y) with high spatial variations,

however~ may not he weil reproduced due to a lack of detector resolution.3 Resolution is

sometimes defined as the minimum separation between two points or lines which can be

distinguished in the image. Altematively, il cao he defined as the smallest object size

which can be viewed in the image. The mechanism which limits the resolution is often

called blur~ and arises because the detector usmears out" infonnation.

X-ray interactions are stochastic processes and thus there will a1ways be noise

present in images. Furthermore, components such as electronic amplifiers in the detector
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may increase the noise in the image. If the noise is of the same order of magnitude as the

contrast between an object and its background, the object will be obscured.3

Although contrast, resolution and noise are usually discussed as the most

imponant quantities affecting image resolution, there are other unwanted effects which

may be present in an image. Distonion, for example, a1ters the size, shape or relative

position of an object, but this does not affect its visibility. Detectors may a1so produce

artifacts, i.e., objects, which appear in the image but are not present in the input x-ray

disttibution. A1though artifacts are often recognizable, they may he confused with actual

objects and lead to misinterpretation.

3.2.3 Linear systems analysis

3.2.3.1 Modulation Transfer Function

ln the previous sections we have discussed imaging characteristics in a qualitative

sense. In order to characterize a detector, it is often useful to regard it as a "black box"

which maps a two-dimensional input qo(x, y) into a two-dimensional output d(x, y), as

shown in Fig. 3.3. The effect of the system can then he represented mathematically by an

operator S, i.e.,

d(x, y) =S{qo(x, y)}. (3.6)

•
ln this section we neglect noise and assume that the input and output are detenninistic;

noise will he treated in the Section 3.2.3.2.
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Detector
"black box" ..-_~. Output d(x, y)

Figure 3.3: Deleclor viewed as a "black box".

The input/output characteristics of a system are usually treated in the framework

of linear systems analysis.2.4 This assumes the following about the system under

investigation:

(a) Linearity: if two inputs, A and B, give outputs d A(X., y) =sko A(X., y)} and

dB (X., y) =sko B (x, y)}, then

S~qoA(X. y) +bqoB (x. y)}=adA(x, y) +bd 8 (x, y) , (3.7)

where a and b are arbitrary constants. This implies that if the input is broken down ioto a

weighted sum of elementary inputs, the output will he a weighted sum of the outputs.

(h) Shift invariance: shifting the input by (x',y') will merely lead to a corresponding shift

in the output, but not change its shape. Mathematically tbis cao be written as

d(x - x'. y - y') = S{qo(x - x'. y - y')} . (3.8)

•

The linearity requirement is not always satisfied with practical detectors, since

according to Eq. (3.4) the output is related to the input by the sensitivity curve

d =r(qo) which may he non-lînear. This can he overcome, if the output is "linearized"
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by applying the inverse function dliMar =r- l (d) to the image data. The requirement of

shift invariance. on the other hand. will not hold. if the sensitivity is not unifonn over the

detector. if there is distortion. or if the detector produces artifacts. It is usually possible.

however, to either correct for these or to Iimit measurements to a small area of the

detector. Even if these effects are insurmountable, useful information cao nonetheless he

determined using linear systems analysis. For example. as will he discussed in

Section 3.2.4. digital detectors are not shift invariant due to the finite size of the pixels; in

this case linear systems analysis must he used with caution, but the technique remains

extremely useful.

It is useful to consider a "point-like" input at coordinates (x',y'). which cao he

represented as a two-dimensional delta function b(X - x', y - y'). The corresponding

output (nonnalized to unit area), denoted as p(x, y;x', y'). will have a finite width due to

imperfect detector resolution and is referred to as the point spread function (PSF), shown

schematically in Fig. 3.4. Since the system is assumed to he shift-invariant, the PSF must

only depend on the differences x - x' and y - y', and is denoted by p(x - x'. y - y').

Using the shifting property of the delta function, any input can be expressed as a

sum of delta functions, implying that any output distribution is related to its

corresponding input by

•
d(x, y) = s{ll%(x', y')"(x'-x, Y'-Y)dr'dY'} .
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Delta function input

~rred output (PSF)

Figure 3.4: Schematic representation of a point spread function
(PSF).

Using the linearity assumption, the operator S cao he moved inside the integral 50 that it

acts only on the delta function. Since the response of a delta-function input has been

defined as the PSF, Eq. (3.9) becomes

d(x, y) = ffqo(x', y')p(x'-x, y'-y)dx'dy' . (3.10)

This is a two-dimensional convolution integral, which cao be represented in shonhaod

notation as

d(x,y)=qo(x,y)@@p(x,y) . (3.11)

•

This shows that the system blurs the input by convolving it with a PSF. A wide PSF

indicates a low detector resolution. Note that, since we are dealing only with resolution

properties at tbis point, we have assumed for simplicity that d(x, y) and qo(x, y) have

been normalized appropriately 50 that differences in units cao he neglected in the above

equations (otherwise a gain factor should he included).
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It is useful to break the input and output distributions ioto sinusoidal components

of fixed frequencies using Fourier analysis. We write their two-dimensional Fourier

Transforms as qo (u, v) =FT{qo(x, y)} and J (u., v) =FT{d(x, y)}, where

.'

and

z(u, v) =FT{z(x, y)}= f Jz(x., y)e-2m(IlX+~'.ldtdy (3.12)

(3.13)

Description of the input and output distributions into their spatial frequency contributions

is useful since the convolution theorem states that if two functions are convolved in the

spatial domain, then they are multiplied in the spatial frequency domain (and vice-versa),

which greatly simplifies Eq. (3.11) to

where the optical transfer fonction (OTF) is the Fourier Transform of the PSF, i.e.,

OTF(u, v) =FT{p(x, y)}. The role of the imaging system can thereby he seen as a

"spatial frequency filter". A perfeet system transfers ail spatial frequencies equally; real

systems, however, will he unable to reproduce high spatial frequency sinusoids due to

their imperfect resolution capabilities. The two-dimensionai Modulation Transfer

Function MTF(u, v) is defined as

•

J(u., v) =qo(u, v)· OTF(u, v) ,

MTF(u, v) =IOTF(u, v)1 '

105

(3.14)

(3.15)



• Chapter 3 Doe measurements of a direct AMFPI at megavoltage energles

and gives a complete description of the resolution properties of a system. It is espeeially

useful by the faet that if a detector has many separate blurring meehanisms, the total MTF

is given by the product of eaeh individual MTF.

If an imaging system is isotropie, the one-dimensional OTF

OTF(f) =OTF(u,O)

eontains the same information as the 2-D OTF and is given by

where the 1-0 Fourier Transform is defined as

QG

F~D{Z(X)}=fz(x)e-2Jti
/
xdx

and the Line Spread Funetion as

QG

LSF(x) = Jp(x, y')dy' .

(3.16)

(3.17)

(3.18)

(3.19)

The one-dimensional modulation transfer fonction (MTF) is defined as the magnitude of

theOTF

MTF(f)=loTF(f)1 ' (3.20)

•
whieh removes information about the phase of the OTF. The MTF is the quantity whieh

is usually used to deseribe the resolution of a deteetor. Note that the PSF is defined to

have unit area, indicating that the MTF is equal to unity at zero spatial frequency. A
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perfect detector will perfectly reproduce aU spatial frequencies of the input and will he

unitYat all spatial frequencies (since the Fourier Transfonn of a delta-function PSF is a

constant). In a practical detector, the MTF typically decreases with increasing spatial

frequency due to imperfect resolution. The higher the MTF at a particular spatial

frequency, the better it can reproduce that frequency in the image. One way to

experimentally measure the MTF of a detector is to measure its response to an

infinitesimally thio "line" input. The image of the line is blurred by the detector, and its

profile corresponds to the LSF. The magnitude of the one-dimensional Fourier Transfonn

of the LSF, normalized such that MTF(O) =1, is the detector MTF.

3.2.3.2 Noise Power Spectrum

In the previous section we analyzed the input and output characteristics of a

detector in the spatial frequency domain. The MTF was seen to describe how an input

sinusoid of a given spatial frequency is transferred by the system. The assumption made

in the analysis was that the input and output were detenninistic. In reality, however, x-ray

images contain noise. An image d(x,y) is only one realization of all possible images. For

this reasoR it can he described by a random variable D(x,y).5.6 The set of all possible

d(x,y) is called the ensemble of D(x,y), and the n'h realization of D(x,y) is denoted by

d"(x,y). In the following we make the same assumptions about linearity and shift

invariance as in the previous section. Furthermore, we make the assumption that the

distributions are wide-sense stationary (WSS), i.e., their first and second order statistical

properties do not vary with position. We aIso make the assumption of ergodicity, which
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meaos that statistics cao be obtained in two equivalent ways: a) by measuring the

fluctuations al maoy (x,y) positions in a single image or b) by obtaining many reaiizations

(n=l..N) of the same image.

Ideaily~ a uniform input to a detector will produce a unifonn output. In reality,

however, there will he fluctuations in the output. If we gather enough statistics about

these fluctuations, we can obtain sorne parameters to describe them. Since we have

assumed that the noise is ergodic, the mean and variance cao he found by averaging over

both (or either) (x,y) and n:

_ ( 1 1 XY )
d(x,y)= lim -- ffdxdyd,,(x,y)

X.Y~-2X 2Y
-X-y n

and

0'2(X~y)=( lim _1_1 fX JY dxdY(M,,(X,y)y) ,
x.Y~-2X 2Y

-X-y n

where M" (x~ y) =d n (x, y) - d" and ( ) n denotes the average over n .

(3.21)

(3.22)

•

The mean and variance describe first-order statistics, but do not describe

correlations which may occur either between successive images or between neighbouring

positions. Although both tyPes of correlation are possible in medical imaging detectors,

in this work we are interested ooly in the latter; i.e. we assume that successive images are

independent of each other. The spatial correlations hetween two points separated by

(L1x, L\y) cao he described by the autocovariance function (ACF), defined as
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(

1 1 XY )
y(At,L1y)= lim -- l IdxdyMn(X, y)&Jn (x+âx,y+L1y) .

X.Y-+- 2X 2Y
-X-Y n

(3.23)

The ACF only depends on the separation (At,L1y), not on the absolute location of the

points, since as mentioned above we have assumed that the noise is ergodic. The ACF is

large for two points which are strongly correlated, and is small otherwise. The variance is

simply a special case of the ACF, since

q2 =y(O,Q) . (3.24)

ln analogy with the MTF, it is useful to break the variance down into

contributions from sinusoids of various spatial frequencies. The Fourier Transform of the

fluctuations,

M(u, v) =FT{&J(x, y)}, (3.25)

contains information about the phase of the fluctuations. Noise typically has random

phase, and thus tbis quantity is not a good descriptor of image noise. Typically the Noise

Power Spectrum (NPS) is used, which is defined as

NPS(u, v) =( lim _1__1 IFT{&J(x, y)]2) .
x.r-.- 2X 2Y n

(3.26)

•

The absolute value operator removes the phase infonnation. [t is usefuI to find the

equivalent of the NPS in position space. This cao he found if Eq. (3.26) is re-written as

NPS(U,V)=( Hm _1__1 [FT{M(X,Y)}][FT{M(X,Y)}]·) , (3.27)
x.Y-..... 2X 2Y

n
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which., using the convolution theorem., is equivalent to

rr-I{S(u,V)}=( Hm _1__1 M(x,Y)@@&f(x,y»)
Xy--2X 2Y n

(
1 1 x y )= lim --Jjdx'dY'M(x',y')&f(x'-x, y'-Y) .

X.Y __ 2X 2Y
-x -y n

For real and ergodic d(x, y), using Eq. (3.23) this becomes

NPS(u, v) = FT{y(x.. y)} ,

(3.28)

(3.29)

i.e.• the ACF and the NPS are Fourier Transform pairs. Thus if noise is perfectly random,

then the NPS will he constant over all spatial frequencies which is referred to as white

noise. If, on the other hand, there are spatial correlations in the noise, then the NPS will

decrease with increasing spatial frequency. ft is also of note that

u 2 = r(O,O) = fJNPS(u, v)dudv .. (3.30)

•

which shows explicitly that the NPS describes how the variance of an image is distributed

into spatial frequency components. The NPS is commonly used to describe the noise

properties of a detector, analogously to how the MTF describes the resolution properties

of a detector.

Often a one-dimensional representation of the NPS is used for clarity. Ideally tbis

could he done by taking the NPS along a single axis, i.e.. NPS(!) = NPS(u,O). A

problem with this definition is that al very low spatial frequencies, noise from both the u

and the v axes contribute to the noise which artificially inflates the low-frequency values
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in the I-D NPS. Williams et a(7 have studied various approaches to solving tbis problem.

They demonstrate that a reasonable solution is to take a thick slice of the 2D NPS near.

but not on. the u-axis.

3.2.3.3 Detective Quantum Efflclency

In the previous sections the imager has been treated as a black box which converts

an input distribution of x-ray quanta qo(x. y) into an output distribution d(x. y). The

output "signal·· in the spatial frequency domain is given by

signalout(f)=d ·OTF(f) , (3.31)

where OTF(f) is the optical transfer function and dis the large-area signal. If we define

the total noise of the output by its standard deviation (the square root of the variance),

then the output "noise·' as a function of spatial frequency is given by

noiseuUl =~NPS(f) .

Using these definitions the signal-to-noise ratio (SNR) of the output is given by

SNR (f> = d .OTF(f) .
Ollt .JNPS(f)

(3.32)

(3.33)

•

The output SNR contains the total noise of the output, which contains the noise of the

input. A quantity which describes the SNR transfer characteristics of a detector is called

the Detective Quantum Efficiency (DQE). defined as8•9
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(3.34)

where SNRin (/) is the signal-to-noise ratio of the incident x-rays. Since x-rays ohey

Poisson counting statistics. the variance is equal to the mean which gives the input SNR

(3.35)

where lio is the average fluence incident on the detector. This leads to an expression for

the DQE:

(3.36)

•

where we have used MTF(f) =IOTF(f)l. The DQE govems how the system transfers

the SNR of the input into the SNR of the final image. and is the quantity most widely

used to describe the physical image quality characteristics of a detector. A high DQE

over a wide range of spatial frequencies indicates good imaging characteristics.

Measurement of the DQE requires separate measurements of the MTF. the NPS. and the

average fluence (x-rays per unit area) incident on the detector. If the DQE is due only to

the fluctuations of quanta within the detector, it is said to he quantum limited and in this

case does not depend on the incident fluence.
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3.2.4 Transfer characteristics of digital detectors

In the previous sections of this Chapter we have summarized how linear systems

theory can be used to describe image quality in tenns of the MTF, NPS and DQE. We

have described the image signal as il(x, y), a continuous function of spatial position. In

tbis section we describe digital detectors, where the signal is sampled by a discrete

rectangular grid of spacing ÂX and Ay.1O

There are usually a number of ~~analogn processes that occur in a digital x-ray

detector before the infonnation is digitized. The incident distribution of x-ray quanta

qo (x, y) can undergo a variety of interactions with the detector, often producing other

types of quanta, for example optical photons for the case of phosphor-based detectors.

These interactions will be explored in the following Chapter. The ana/og image q(x, y)

refers to the distribution just prior to digitization. To convert the analog image at a point

(xm, yn) into a digital value, sorne kind of measuring aperture must he used. In practice

this aperture will have a finite size, and may have a non-uniform response about its

centre. This response cao he described by an aperture function A (x, y) . For example, for

a unifonn square aperture of finite size a the aperture function cao he written as

(3.37)

•
where the rect function is defined as
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rect(x):: a .

0, Ixl > a 12

(3.38)

A digital image is fonned by sampling the analog image at an array of points

(xm , y Il ) =(miU, nAy) to form a discrete image d mn' Each point corresponds to ao

integration of the analog image over the measuring aperture, i.e.,

(3.39)

which cao be re-weitten as a convolution

(3.40)

In Eq. (3.40) il cao be seen that the analog image q(x, y) is both blurred by the detecting

aperture and sampled at discrete points (xm ' yIl)' It is convenient to conceptually separate

these effects into two separate stages. The presampling image d pTt! (x, y) is defined as the

image which has been blurred by the aperture but prior to sampling, i.e.,

d pTt! (x, y) =q(x, y) ® ®A(x, y) . (3.41)

•

If we could arrange so that the distance between samples were infinitesimally small, then

the digital image wouId effectively he continuous and would he equal to the presampling

image. In practice, the digital image is a discrete version of the presampling image,

corresPOnding to the points (xm , yn ) =(mAt-, nAy), and cao he represented by the

expression
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d mn =dpr~(x.y). m(x. y; L\x. ây) =d(x. y) ® ®A(x. y). m(x, y;âx.ây). (3.42)

where the comb function m(x, y; L\x, ây) is a two-dimensional string of delta functions

... ...
m(x. y;Âr.ây) = 1: L6(x-mL\x)8(Y -n~) •

n=-n;-

which effectively "picks ouf' the presampling signal at the sampling points.

3.2.4.1 Digital Modulation Transfer Functlon

(3.43)

If the digital detector is given a delta-fonction input, the analog processes will

typically introduce blurring (for example the scattering of x-rays within the detector),

leading to an analog point spread fonction p(x, y) and a corresPOnding analog OTF

OTF(u. v) =FT{p(x. y)}. The presampling PSF is the analog PSF which is blurred by the

effect of the detecting aperture. i.e.,

Ppr~(x, y) =p(x. y) ® @A(x, y).

The Fourier Transform of this expression defines the presampling OTf

OTFpr~(u.v) =OTF(u. v)· .4(u, v) ,

(3.44)

(3.45)

where o4(u. v) is the Fourier Transform of the aperture resPQnse fonction. From

Eq. (3.42), the digital PSF is given by

•
Pmn = PPTI"(X, y)' m(x, y;L\x,~y).
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Since in practice the LSF is usually measured instead of the PSF, the digital LSF is

similarly defined as

(3.47)

Since the Fourier Transform of a comb function m(x; Â.t) is another comb fonction

m(1,11 Ar), tbis leads to the digital OTFlO

OTFdit (f) =OTFp'O (f) @ [ m(u; :x )] .
The digital MTF is then defined as

(3.48)

(3.49)

•

This shows that sampling of the presampling LSF with spacing âK, shown in Fig. 3.5(a),

results in a repetition of the presampling OTF in the spatial frequency domain shown in

Fig.3.S(b). The repetitions are sometimes called the aliases of the OTF. The Nyquist

frequency, f N =1/(2L1x) , is also shown and represents the mid-point between the aliases.

The repetition itself does not cause any problems, as long as one is only interested in

frequencies below IN.

The problem occurs if there is overlap between the aliases, which results in bigh

frequencies disguising as lower frequencies in the MTF as seen in Fig. 3.S(c). This effect

is called aliasing and occurs in undersampled digital detectors. If the analog signal is

sampled with a moving aperture, the spacing between samples cao be made small enough
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Figure 3.5: Schematic representation of (a) undersampling of LSF
in cartesian space, (b) corresponding repetition of OTF in frequency
space, and (c) aliasing due to the overlap of the OTF.

that the overlaps between aliases are negligible. A mIe of thumb is that the sampling

frequency must be smaller than the Nyquist frequency, which is equivalent to saying that

the spacing between samples must he at least half the size of the measuring aperture. In
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many modem digital detectors, the digital signal is sampled using a grid of square pixels

with size a and pitch (i.e. centre-to-centre spacing) p. Since physically the condition

p ~ a must he true for such detectors, it is not possible to have two samples per pixel

size. For tbis reason these detectors are ioherently undersampled.

For uodersampled digital detectors, the definition of the MTF must be approached

with caution because the condition of shift invariance is broken. lO Consider an

experiment in which one wishes to measure an LSF. The setup is such that the thin

collimated lioe of x-rays falls in the centre of a column of pixels. The resulting digital

LSF is shown schematically in Fig. 3.6 (a). The digital MTF is also shown and is seen to

increase at high spatial frequencies relative to the presampling MTF because of aliasing.

Now consider tbat the experiment is repeated.. except this time the line of x-rays is shifted

and falls in between two adjacent columns of pixels. The digital LSF and MTF will now

he different, as can he seen in Fig. 3.6 (b). In general, any shift (except shifts equal to an

integer number of pixels) willlead to a different MTF.

One way to generalize the MTF for digital systems is to average the digital MTF

over all possible phases. This MTF is referred to as the "expectation MTF' (EMTF).lO

Although the EMTF gives a phase-independent description, it does Dot describe the

degradation of a single sinusoid by a detector. For this reason the presampling MTF is

usually used as a descriptor of the resolution of a digital imaging system.

Conceptually, the presampling LSF cao he constructed by measuring the digital

LSF al many phases. A more convenient method is to use the angulated-slit

technique. 11.12 Here the input line is tilted slightly relative to the pixel grid, as shown
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•

Figure 3.6: Digital LSF is measured with input fine incident on
(a) the centre of a row of pixels and (b J between two rows of pixels.
Also shown are the corresponding digital MTFs (the dashed fines
correspond to the presampling LSFs and MTFs J.

schematically in Fig. 3.7 (the angle is exaggerated in the figure for clarity). The digital

LSF values from each row are recorded and used to piece together a finely sampled

version of the presampling LSf (a smaller tilt angle results in a tiner sample spacing).

Fourier transformation then leads to the presampling MTF.

3.2.4.2 Digital Noise Power spectrum

The NPS of a digital detector is affected in the same way as the MTF, i.e., it is

repeated at regular intervals in the spatial frequency domain which cao be expressed

as1•10
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detector

input Hoe

•1\J,
l ",

l ... ............ ........
Finely sampled LSF

•

Figure 3.7: Angulated slit technique 10 delermine Ihe presampling
LSF of an undersampled digital deteclor. The inpul Une is sLighlly
lilled relative 10 the pixel grid (tilt is exaggerated here for clarity),
and the digital LSF values for each row are recorded. These values
are pieced together to build a finely sampLed version of the
presampLing LSF.
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NPSdi, (u, v) =NPSP'" (u, v) @ c!{m(u;~ Jn(v; ;y )] .

If the detector is undersampled, high noise frequencies can he disguised as low

frequencies in the aliased NPS. Experimentally the digital NPS, which includes the

effects of aliasing, is used as a measure of the noise properties of a digital detector.

3..2..4..3 Digital Detective Quantum Efficiency

The DQE of a detector is a description of its signal-to-noise transfer properties for

each spatial frequency. The "signal" and "noise" as a function of spatial frequency are

aliased in undersampled digital detectors, and it is not c1ear how these should he defined

in the DQE. If the signal is defined as the response of the detector due to a single sinusoid

of a given frequency, it will he different than if it were defined as the response due to an

input consisting of equal contributions from all spatial frequencies. This is hecause the

assumption of shift-invariance is not held in undersampled digital detectors.

The presampling MTF correctIy gives the response of the detector to a sinusoidal

input of a given frequency.lO In the output, a sinusoidal would he obscured by the aliased

NPS for that given frequency, and thus a reasonable definition for the digital DQE is

DQE(ijo,f) ( J._ . NPSdill (f)
qo dl

(3.51)

•
where MTFprt! (f) is the presampling MTF of the detector, which can be conveniently

measured using the angulated sHt technique, and NPSdiR (f) is the digital NPS of the
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detector (which contains the aliased components which can not be removed). A drawback

to this definition is that in practice the input to the detector will not consist of a single

sinusoid but will contain many spatial frequencies. In fact~ the signal and noise transfer

properties of the detector will depend on the input to the detector since the particular

input will determine how much aliasing is present. It is not possible to obtain an input­

independeot measure of the signal-to-noise properties of a digital detector. The definition

of Eq. (3.51) is most commonly used as a measure of image quality for digital detectors.

3.3 Materials and Methods

3.3.1 Description of detector

The direct-detection AMFPI detector that we have used is a prototype a-Se based

fiat panel deteclor developed by ANRAD Corporation. 13•14 The detector has beeo

designed for interventional mammography, and we are investigating ilS use and design

modification for portal imaging. It is incorporated ioto a compact cassette, and is shown

with the front cover removed in Fig.3.8(a). A 200 Jl.01 a-Se layer is vacuum deposited

directly onto an a-Si:" thin-film transistor (TF1) substrate. A coplanar bias electrode

with a thickness of 450 nm has been evaporated onto the top surface of the a-Se layer

which allows the application of a potential (up to 3000 V) across the a-Se. Above the

electrode, there is a 40 f.IJ1l polymer for electrical insulation. In order to use the detector at

megavoltage energies, we have placed a 1.2 mm Cu plate in contact with the polymer~

shown schematically in Fig. 3.8(b). Because we are unsure about the effect of pressure on
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(a)

(b)

polymer

electrode

x-ray photon

TFT.

•
Figure 3.8: (a) Picture of direct-detection AMFP/ with cover
removed (h) Schematic diagram showing interaction of x-rays with
the direct-detection AMFP/ .
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top of the flat-panel, a holding device was built to place the metal plate on the panel

without actually resting on it. The device consists of two elbow-shaped nylon frames on

opposite sides of the plate with the lower part of the elbow attached to the plate. The

upper parts of the elbow have small nylon adjustment screws that rest on the casing

surrounding the active area to a1low the metal plate to he lowered right above the panel

without applying pressure on it. The metal plate was smaller than the active area to avoid

any contact with the edges of the panel and the casing. A paper thin sheet of plastic was

placed between the plate and the panel to avoid scratching.

The TF{ array has an active area of 8.7 cm x 8.7 cm and has 1024 x 1024 pixels

with an 85 J.U11 pitch. Each pixel comprises a common electrode, a pixel electrode, a

0.68 pF storage capacitor and a TFT which acts as a switch as shown in Fig.3.9(a). A

micrograph of a pixel is also shown in Fig. 3.9(b). The source (S) and the drain (0) of

each transistor are connected to the storage capacitance and to a data line, respectively,

while the gate (G) is connected to a scan line.

The image formation process is as follows. X-rays interact with the metal/a-Se

detector, and create electron-hole pairs within the a-Se layer (Fig. 3.8(b»). The charges

drift in the applied electric field and are collected by the pixel electrodes at the surface,

where they are integrated by the storage capacitors which are directly connected to the

pixel electrodes. As opposed to other designs, which collect the holes, this design collects

the electrons by applying a negative polarity on the top electrode. The capacitor thus

becomes increasingly negative during irradiation, which allows for a self-limiting

collection process. When a positive potential is placed on the gate of the transistor, the
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Figure 3.9: (a) Schematic diagram and (h) micrograph of a pixel in
the direct-detection AMFPl.
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Figure 3.10: (a) Schematic diagram of the active matrix.

TFTs of one scan Hne are made conducting and the charges stored in the storage

capacitance flow into the data lines to charge pre-ampHfiers which are located at the end

of the data lines as shown in Fig. 3.10. This action also automatically resets each

individual pixel by putting the collecting electrode to ground. The process is rePeated for

each scan Hne to allow the reading of the two-dimensional image.

Other detectors,15 which colleet holes rather than electrons, are not self-limiting

and require an independent reset of the device after each acquisition. The difficulty,

however, with colleeting the electrons is that their mobility is on the order of 100 limes
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lower than that of holes, meaning that they have a Iarger probability of falling into deep

traps. This problem has been solved through the use of proprietary multi-Iayer a-Se in the

detector. 14

Multichannel amplifiers and scan driver circuits are attached to the array to read

out the collected charge. The amplifiers have various gain settings between 0.29 fiV/fC

and 8 mV/fC, with each setting having a Iinear dynamic range of 78 dB, 13-bit AID

conversion resolution, and an electronic noise of approximately 1600 electrons. Image

data is transferred from the cassette to an interface module and a frame grabber (Genesis,

Matrox Inc.) installed in a host computer by a high-speed seriallink.

3.3.2 sensitivity

•

We explored various gain settings of the fiat panel detector and found that

saturation was achieved very quickly for the high settings. We thus chose the lower gain

of 0.29 mVIfC for our measurements. Furthermore, although it was possible to attain

applied electric fields up to 15 V/1J.I1l, we used a lower field of 5 VIflm to forther decrease

the system gain (a lower electric field results in more recombination of electron-hole

pairs).

Prior to the measurements, ten offset images and ten flood-field images were

acquired and averaged. These were used in subsequent images to correct for non­

uniformities in the a-Se layer, and variable offsets and gains of the amplifiers.
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Measurements were performed on a Clinac 2300 EX (Varian Medical Systems9

Palo Alto. CA) medicallinear accelerator (linac) which has photon energies of 6 MV and

15MV.

The sensitivity of the detector was measured by taking a series of uniform images9

and taking the average pixel value in a 5 x 5 cm2 central region of interest. The detector

was placed at an SSD of 140 cm9 and various images were acquired with different

monitor unit (MU) settings: The MUs were then converted to dose in water by

measuring the dose in a solid water phantom (plastic material with x-ray interaction

cross-sections very close to those of liquid water) with the same SSD as the detector and

al depth of dose maximum. Sensitivity measurements were repeated with various dose

rates ranging from 200 MU/min to 600 MU/min.

In order to investigate dark signal 9 i.e., charges generated in the a-Se in the

absence of radiation due to thermal fluctuations, we acquired images without radiation

for various coUection times. We also explored ghosting artifacts in a qualitative manner

by irradiating high contrast abjects and observing whether they were still visible in

subsequent images.

•A medical linear accelerator's output is measured in monitor units (MU). detennined by ionization
chambers in the linac head which are calibrated such that 1 MU results in a dose of 1 cOy (10-2 Jlkg)
at the depth of maximum dose in waler. at 100 cm away from the source with a field size of IOxIO.,
cm-.
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3.3.3 Modulation Transter Function

•

The measurement of MTF at megavoltage energies has been described in a

number of works. I6-20 LSF images were acquired by collimating the beam with two lead

blocks (25 cm x 5 cm x 10 cm) separated by 25 J.U1l with shims. The blocks were placed

on a motion stage which a110ws linear translation to within 0.05 mm, and the assembly

was placed on the treatment couch as shown in Fig. 3.11. The gantry was rotated to 900

and the detector was placed directly behind the blocks (a separation between the blocks

and the detector is shown in Fig. 3.11 for c1arity). The legs of the stage were adjusted so

Lead blocks

treatment couch

Figure 3.11: Experimental setup for L5FIMTF measurements.
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that the blacks were tilted by approximately 2° relative to the pixelated grid of the

detector. The motion stage was fmt leveled coarsely. and then was translated until

maximum transmission through the blocks was achieved.

Images of the sHt were taken with the 6 and 15 MV beams of the linear

accelerator to form the line spread functions (LSFs). Background trends were removed by

acquiring similar images with the sHt translated by 5 mm so that it no longer faced the

radiation beam. and subtracting these background images from the LSF images. The

presampHng LSFs were then constructed using the angulated sHt technique described in

Section 3.2.4.1. Although most of the background signal was removed from the

subtraction, any remaining background was subtracted (typically less than about 3% of

the signal). The LSFs were folded about their centre and averaged to reduce statistical

uncertainty. The magnitude of the Discrete Fourier Transforms were calculated and

normalized to unitYat zero spatial frequency to detennine the presampling MTFs.

3.3.4 Noise Power Spectrum

•

The detector was irradiated with 10 uniform fields for 6 and 15 MV beams. and

the images were corrected with the offset and gain corrections. Since we were unsure of

the extent of radiation damage to the electronics outside of the sensitive area, we limited

our field size to 10 x 10 cm2 al the detector surface. For this reason. and also because our

Metal plate did not cover the entire image area. we extracted a central 800 x 800 pixel

region from each uniform exposure to avoid penumbral effects. Each field was further

subdivided into 16 sub-images for analysis. The two-dimensional NPS was calculated
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from the difference between sub-images and averaged.7 The NPS of the difference

images was used to correct for any low-frequency trends not completely removed from

the image correction procedure. The resulting NPS was divided by two to account for the

increased noise due to the subtraction of images. In order to obtain a one-dimensional

NPS from the two-dimensional NPS, we extracted a 4x4 slice on either side of the central

axis.21 The spatial frequencies were taken as f =.Ju2 + V2 , and the resulting NPS values

were sorted into bins of 0.1 cycles/mm width. We compared other techniques of

extracting the 1-0 NPS and found that the results were essentially the same.

3.3.5 Detective Quantum Efficiency

•

We calculated the DQE using Eq. (3.51). Evaluation requires knowledge of the

fluence (photons per unit area) incident on the detector surface. 18•22 Although direct

measurement of this quantity is not possible, it can he approximately calculated from

dose in water. The dose in solid water at the plane of the detector was measured at the

same SSD as the fiat-field NPS measurements, and at the relevant depth of maximum

dose for the given energy (6 or 15 MV). In order to convert these doses to fluence, we

used the Monte Carlo code EGSnrc23 (discussed in Chapter 4) to calculate fluence-to­

dose ratios for the given geometry. For these simulations we used 6 MV and l5 MV

spectra generated by our treatment planning system which produce the correct measured

percent depth dose curves. We obtained fluence-to-dose factors of 7.5lx10-8

cGy·mm2/photon (6 MV) and 1.1 lx10-7 cGy·mm2/photon (l5 MY). The estimation of

fluence from dose is not necessarily very precise; for example our fluence-to-dose factor
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is within 15-20% of those used by Munro and Bouius20 which is at least partial1y due to

the difference in energy spectra between linear accelerators.

3.4 Results and Discussion

The sensitivity curves we obtained for the flat-panel detector are shown in Fig.

3.12. The curves are linear within experimental uncertainties with a slope of (344 ± 2)

counts/cGy, and a latitude of about 4 cGy. Larger sensitivities are possible with larger

electric fields and/or gain settings, at the expense of the latitude. The sensitivity of the

detector was found to he the same for both 6 and 15 MY beams. This is in agreement

with the fact that W:!: is independent of x-ray energy in the megavoltage energy regime,

as discussed in Chapter 2. We also found that the sensitivity is unaffected by the dose rate

for the repetition-rate settings of our linear accelerator. This is because virtuaIly ail

recombination is due to initial recombination which, as opposed to general

recombination, is independent of dose rate.24 We investigated the effect of dark current

for various accumulation times and found that it was negligible for up to 1 minute

accumulation, which is much larger than typical acquisition times which are on the order

of 1-2 seconds. We found little evidence of ghosting artifacts, and only saw faint outlines

for very high contrast objects at very high doses, which is not likely to pose a problem in

megavohage imagjng where contrasts are typically inherently low.

The measured presampling MTF curves are shown in Fig. 3.13 for the 6 and 15

MV beams. The MTF is degraded at the higher energy due to the increased lateral

transport of high energy radiation within the detector. The results of the NPS
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Figure 3. J2: Sensitivity curve for the IMAM detector for 6 and 15
MV photon beams. Signal (ADe counts) is plotted versus dose
measured in water at depth of dose maximum, with the same SSD as
the detector.

measurements are shown in Fig. 3.14. The results are presented for a dose of 1 cGy; for

other doses the NPS was found to he proportional to dose indicating that the detector is

quantum limited at these doses (down to at least 0.5 cOy). Contrary to the case of

diagnostic energies, where the NPS has heen observed to be white for a-Se flat-panel

detectors,25 the NPS decreases with increasing spatial frequency at megavoltage energies.

This must be due to correlations in the noise, which will he explored in Chapter 4. This

effect is useful since it partially couRter-balances sorne of the degradation of the DQE

caused by the MTF.
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Figure 3.13: Presampling Modulation Transfer Function for the
metal/a-Se AMFPl for 6 MV and 15 MV beams.

The measured DQE are shown in Fig. 3.14. A result which may seem surprising is

the fact that the DQE is higher (and the NPS lower) for the 15 MV beam than for the

6 MV beam. We will see in Chapter 4 that our theoretical description of the DQE also

predicts this. A possible explanation is that al high energies the total photon cross-section

increases slightly with energy due to pair production. The opposite has been observed for
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Figure 3.14: Measured Noise Power Spectrum for the metal/a-Se
AMFPl for 6 MV and 15 MV beams.

an indirect AMFPI using a different linear accelerator,20 however, and further

investigation should he pursued into this matter.

In Fig. 3.16, we show the DQE we have measured for the direct AMFPI plotted

against the indirect AMFPI measured by Munro and Bouius.2o The DQE depends on the

detennination of fluence. Unfortunately, there is always a large uncertainty in the

detennination of fluence in these types of measurements, and the comparisons should he
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Figure 3.15: Measured Detective Quantum Efficiency for the
metal/a-Se AMFPl for (a) 6 MV and (b) 15 MV beams.

studied with caution. Furthermore, the detectors have different mass thicknesses and

pixel pitch which may substantially affect the DQE. Our direct detector has a mass

thickness of 87 mglcm2 and pixel pitch of 85 J.I.ID while the indirect detector to which we

compare has a mass thickness of 134 mglcm2 and pixel pitch of 750 J.I.I11. It cao he seen

that our detector has a lower DQE at zero spatial frequency, but there is a cross-over at

about 0.3 cycles/mm after which the DQE of our detector becomes larger. The zero-

frequency DQE of the direct AMFPI could be increased substantially by using a larger
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Figure 3.16: Detective Quantum Efficiency for the metal/a-Se based
direct AMFPI compared to a metal/phosphor based indirect AMFPI.

a-Se layer, whereas the rapid drop-off with spatial frequency for the indirect AMFPI

might he improved by using a smaller pixel pitch. These design characteristics must he

explored further before a real comparison of direct vs indirect AMFPI detectors for portal

imaging can he made. This will he explored in Chapter 4.
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3.5 Conclusions

We have measured the sensitivity, MTF, NPS, DQE of a direct-detection

AMFPI for megavoltage imaging. The detector consists of a 1.2 copper plate above a

200 JlDl a-Se layer with an a-Si:H TFT structure. The results for the DQE show that this

detector exhibits very good imaging characteristics at megavoltage energies, and that

these could he improved significantly with a larger a-Se thickness.
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•

4.1 Introduction

In Chapter 3, measurements of the DQE for a prototyPe direct detection AMFPI

were compared to the DQE of a prototype indirect detection AMFPl. The thickness, pixel

size and pixel pitch of these detectors were different which made comparison difficult. To

understand the effect that these detector characteristics have on image quality, it would be

useful to have a theoretical description of the DQE. This cao be approached using linear

systems cascade analysis. We discuss this theoretical formalism in Section 4.2, and in

Section 4.3 we extend the formalism so that we can apply it to megavoltage imaging. We

use our fonnalism in conjunction with Monte Carlo techniques to calculate the DQE for

direct and indirect AMFPIs which we compare to experimentaI results.

4.2 Background

The interaction of x-rays with a detector is govemed by stochastic processes and

as such affects the signal and noise of the final images. Furthennore, x-ray quanta may

create other types of quanta, such as opticaI photons, which are also govemed by

stochastic processes. For this reason it is important to understand how the interactions of

quanta within a detector affects the image quaIity.

Quanta have infinitesimaI extent and can he described in a naturaI fashion using

delta functions. They are treated in this manner in the theory of point processes. 1•2 We are

often interested in two quantities: the average spatial distribution of quanta q(r) (Le., the

expectation value of finding a quantum at a givcn location), and the noise power
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spectrum NPS(f) which describes the statistical fluctuations about the average

distribution. For calculation of these quantities it is possible to use a statistical analysis

based on multivariate moment generating functions (MMGF) rather than point processes

to describe the interaction processes.

Rabbani et ap.4 have used an MMGF analysis to calculate the average and noise

power spectra of quanta for two special cases. If the quanta undergo a pure amplification

process. where the number of quanta changes but their locations do not. then the average

and NPS of the distribution after the interaction, lioul (r) and NPSour (f), are given in

tenns of the average and NPS before the interaction, liin (r) and NPSin (f), by the

transfer relations

• Chapter4 Theoretlcal calculatlons of the DQE at megavoltage energies

qoul (r) =g. liner) , (4.1)

(4.2)

where g is the average amplification gain, 0': is the variance of the gain, and <l>in is the

broad-area fluence at the input, i.e.• the zero-frequency component of the average

distribution of input quanta

(4.3)

•

A SPecial case of an amplification stage occurs if quanta have a probability '1 of being

detected and 1-1] of not being detected. This is sometimes called a binary selection

stage and is described by Eqs. (4.1) and (4.2) with g ='1 and u: = 1](1- '1) .
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If quanta undergo a pure dislocation process, i.e., they are dislocated to new

locations but the number of quanta is conserved.. then the transfer relations are given by

• Chapter4 Theoretical calculations of the DaE at megavoltage energies

•

qU1I1 (r) =qin (r) ® p(r) .. (4.4)

NPSOUf (/) = (NPSin (/) - 4>in )MTF 2 (1) + 4)in ' (4.5)

where p(r) is the probability that a quantum scatters a distance r and

MTF(f) =rr{p(r)}. This shows that for a pure dislocation process, sometimes called

stochastic b/urring, the correlated noise is filtered by the square of the MTF while the

uncorrelated part is note

If quanta undergo many interactions within a detector consisting of pure

amplifications or dislocations.. then the expressions for the signal and noise can he

cascaded as many times as necessary. This has been incorporated into a linear-systems

cascade analysis framework by Cunningham5 which has proven usefui in the prediction

of the signal and noise properties of various imaging modalities.6-8 In this framework the

detector is conceptually subdivided into a series of stages. If a stage involves interaction

of quanta, then it can be one and only one of either a) a pure amplification stage or b) a

pure dislocation stage. At sorne stage in the detector the quanta must he converted to a

physical signal which can be described by ao average (j(r) and a noise power spectrum

NPS(/). In cascade aoalysis, a stage involving a physical signal cao he classified as

either a) a deterministic blurring (or linear fi/ter) stage, where the signal is blurred in a
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detenninistic fashion by a point spread function perl (perhaps by a physical aperture).• Chapter4 Theoretlcal calculatlons of the DQE at megavoltage energles

This stage is described by the cascade equations

- -
d

OU1
(r) = d in (r) ® perl , (4.6)

(4.7)

where MTF(f) = FT{ p(r)} . Note that unlike an elementary dislocation stage the whole

NPS is filtered by the square of the MTF; b) a noisy gain stage which may, for example,

occur if the signal is fed through a noisy amplifier. In tbis case the cascade equations are

given by

(4.8)

(4.9)

where g and 0': are the average and variance of the gain (although the cascade

equations goveming tbis stage have the same form as the equations for a pure

amplification stage, the former is for a physical detector signal while the latter is for the

multiplication of quanta through stochastic interaction processes); c) an additive noise

stage, where an independent noise source with noise power spectrum NPSadd (f) is

simply added to the NPS of the previous stage, i.e.,

• NPS
OU1

Cf> =NPSin (f) + NPSudd (f> ;
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or d) an aliasing stage. If the signal is defined as the presampling signal and the NPS is• Chapter4 Theoretical calculatlons of the DQE at megavoltage energies

replicated in the Fourier domain, then the cascade equations are gjven by

- -
doul (r) =d;n (r) , (4.12)

(4.13)

Once the image fonnation is delineated as a sequence of stages, the DQE at the th

stage cao be calculated from the expression

(4.14)

where d; (r) is the average signal at the th stage produced by a delta-function input at the

zeroth stage qo(r) =<l>06(r) and where <1>0 is the average input fluence. This cao be

rewritten as

DQE;(f) = g[2g; ...g;2MTF[2(f)· MTF2
2
(f)...MTF/(f) ,

NPS;(f)4>o
(1)

•

where the numerator is the squared product of ail gains and MTFs for each stage up to

the th stage. Note that the order of the stages is important, as the cascade equations for

the NPS do not ail commute.
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4.3 Theory

4.3.1 Motivation for a new cascade equation

•

The interaction of quanta with a detector may involve multiple amplifications and

dislocations. In sorne cases, it may not be possible to c1early delineate a sequence of

elementary stages from these interactions. Barren et ail have used the theory of

correlated point processes to develop a more general approach, where a single quantum

may create many secondaries which are each dislocated to different positions. In tbis

formalism, they assume that the secondaries are not correlated to each other. They note

that this is a good approximation for many interaction processes unless there is sorne

physical mechanism coupling the secondaries, such as space charge.

It is possible that even though secondaries are not correlated by a physical

coupling mechanism, that they can be correlated for other reasons. Consider as an

example the interaction of x-rays at diagnostic energies with a phosphor screen. The

simplest situation which can occur is that an x-ray interacts with the screen and deposits

its energy locally, creating many optical quanta at the point of interaction. This process

cao he modeled as an elementary amplification stage. It is possible, however, that a

fluorescent x-ray created at the initial interaction point deposits energy at another location

in the phosphore In this case, the optical photon usecondaries" created by the incident x­

ray consist of two groups: those created at the primary interaction site and those created

at the fluorescent reabsorption site. The optical photons in the first group are spatially

correlated to the optical photons in the second group. This correlation is due to the fact
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that the optical photons are created at different points along the track of ionizing radiation

through matter, not because they are coupled by any physical mechanism such as a force.

The problem of fluorescent reabsorption has been described by Cunningham2

using a parallel cascade formalism. In his analysis there are thcee paths that the ionizing

radiation may follow: 1) the incoming x-ray deposits ail of its energy at the interaction

point, 2) the incoming x-ray deposits part of its energy at the interaction point, and the

rest escapes the phosphor in the form of a fluorescent x-ray, and 3) the incoming x-ray

deposits part of its energy at the interaction point, and the rest is deposited at another

location by a fluorescent x-ray. In his work, the paths are analyzed individually and used

to calculate the noise power spectrum using the parallel cascade formalism.

In situations where the numher of possible paths that the ionizing radiation cao

take is large, il may not he feasible to use the parallel cascade approach. Consider, for

example, megavoltage imaging with a metal/phosphor detector. As shown in Fig. 4.1, x­

rays interact with the detector and create a complex shower of ionizing photons,

electrons and positrons. The ionizing electrons and positrons create many optical photons

along their paths through a large number of discrete collisions. The number of possible

paths that these particles can undergo is very large, and these paths are typically

calculated using Monte Carlo techniques. If we consider all of the optical photon

'~secondaries" created by a given interacting x-ray, we cao not treat their locations as

uncorrelated since they all depend on the particular path an ionizing particle takes

through the phosphor. For example, it cao he seen in Fig. 4.1 that the position of the

(i+2lh photon depends on the position of the (i+llh photon, which in tum depends on the
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e

x-ray photon

•

Figure 4.1: Schematic diagram showing the interaction of a
megavoltage x-ray photon with a nletal/phosphor detector. The x­
ray creates a cascade of ionizing photons. electrons, and positrons
which subsequently create optical photons aLong their paths. The
locations of the ith. (i+1 )th, (i+2}th. etc. optical photons are
correLated to one another. The optical photons created scatter
within the phosphor until they either they escape or they are
absorbed.

position of the th photon9 etc. In principle9 the reason for the spatial correlation is the

same as for the case of fluorescent reabsorption; the only difference is that the number of

possible paths is greatly increased9 making the solution using parailei cascades a difficult

task. For this reason9 we develop a new complimentary approach using multivariate

moment generating function (MMGF) analysis to derive a cascade equation which cao he

easily evaluated using Monte Carlo simulations.
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Derivation of a cascade equation for non-elementary

stages

The goal is to derive equations for the signal and noise transfer for a stage

involving multiple amplification and dislocation processes9 where secondaries generated

by the same input quantum may be correlated to each other. We follow the steps in the

derivation of Rabbani et af3 closely to c1early identify the differences between our work

and theirs.

Consider Fig. 4.29 where the input and output image planes are subdivided into

pixels. The sets of random variables {Xi} and {Yi} represent the number of input and

output quanta at each pixel 9 respectively. The goal is to calculate the multivariate

moment-generating function (MMGF) of the output and express it in terms of the MMGF

of the input which is defined as

i=1 i=n

•
Figure 4.2: Schematic diagram showing the pixelization of the input
and output pLane used in the statistical anaLysis.
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(4.15)

•

where Pr{xi =a'9•••9XI =an} denotes the probability that the input consists of al quanta

at pixel 19 azquanta at pixel 29 etc. Statistical quantities such as the mean9 variance and

covariance can then he calculated frOID the MMGFs.

ln their work9 Rabbani et al derive the MMGF for pure amplification processes by

defining the set of probabilities {a; (m)} that an input quantum at the th pixel produces m

output quanta. They have a separate derivation for pure dislocation processes by defining

the set of probabilities {p YI }that a quantum originating from the th pixel scatters to the j'h

pixel. In the situation we wish to consider9 however9 an input quantum cao undergo any

variety of processes9 and thus the output it produces may consist of multiple correlated

quanta spread out over various pixel locations in the output plane. This is the main

difference between this work and that of Rabbani et al. To generalize the notatio09 we

represeot the output distributio09 due to a single input quantum at pixel i, by the set of

random variables (g~;)}. We assume that the set {g~i)} is shift invariant with respect to i,

and can thus he represented by {g;_ j } .

The MMGF for the distributions represented by {g ;_j} is

The summation cao he re-ordered, yielding
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Y(slxi =1)=r ...rSlXt-...s"x,,-. Pr{Yi-1 =gi-l"""Yi-" =gi-n IXi =l}.. (4.17)
Xl X.
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where Pr(Yi-1 = gi-l ,..... Yi-n = gi-n 1Xi = I} is independent of i due to the assumption of

shift-invariance.

As previously described, each incident quantum will produce many output quanta.

If we assume that the distribution of quanta produced by one input quantum is

independent of the distributions produced by the other input quanta.. then the MMGF for

a specifie input distribution of input quanta is given by

Note that we have merely assumed that the input quanta are independent, but there can

still be correlations between the quanta in a given output distribution gj. We obtain for a

general input the output MMGF

which leads to

Y(s) =X(Y(s 1Xl = 1),...,Y(s 1X n =1») . (4.20)

•

Eq. (4.20) gives the output MMGF in tenns of the MMGF of the input and the

MMGF of the output produced by a single input quantum. Following Rabbani et al, we

use the expression for the mean value and the covariance of Yi' which are given by
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and

s=1

(4.21)

.(4.22)

The derivatives of the input MMGF are known to be

il~s~st, = Xi

and

where 6j1c is the Kronecker delta function defined as

6 _ {1 if j =k
jk - 0 if j * k

(4.23)

(4.24)

The derivatives of Eqs. (4.21-4.22) can be expressed in terrns of the {gj}

distributions as

•
s=1

=~ ...~g1c-j Pr{Yk_1 =gk-I'···.Yk-n =gk-n IXk =1}.
KI K.
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d2y(S 1xIe = 1)

dS.aS.
1 J 6=1

=l',···l',glc-igle-j Pr{YIc_1 =glc-I'···"Y"-n =gle-n lx" =l}. (4.26)
KI Kil

In the work of Rabbani et al, these derivatives are expressible in tenns of values such as

the mean and variance of the amplification process for the case of a pure amplification or

in terms or the probability of scattering to a new pixel for the case of a pure dislocation

process.

In terms of our more generaI approach.. we must carefully interpret {g ~i) } to

evaluate the derivatives. Suppose we have N input quanta incident at the ;th pixel, labeled

by m=l..N. Note that label m is simplyan index used for notational convenience, Dot a

label distinguishing one quantum from another. Using this notation, a particular

realization of the distribution of output quanta produced by the m1h input quantum can he

represented by gk:/. Assuming we could construct a set of ail possible g~:/ then we can

re-write Eqs. (4.25) and (4.26) as

(4.27)
r.=;/

and

•

a2y(s 1XIe = 1)

(JSidS j
s=1

(
Cm) lml)= glc-i glc-j m •
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expectation value and the covariance of the output are then given by

- ~- ( (m))
Yi =~ X k gk-i m 'Je

and

(4.29)

COV(Yi'Yj)= rr(COV(XJe,Xl)-Xk8kJXgk~:)m(g;~;)m+ rXk(gk~:gk~;). (4.30)
1 k k

4.3.2.1 Transfer relation for the Average distribution of quanta

In the limit of infinitely small pixels the average input and output distributions of

quanta become continuous distributions of quanta per unit area as a function of position r,

which we will write as qin (r) and qoul (r). Eq. (4.29) hecomes a convolution and thus

cao he re-written as

(4.31)

where gCm) (r) is a particular realization of the spatial distribution of quanta produced by

a single input quantum. If we define an average amplification gain as

(4.32)

•
and a normalized point spread function
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(glmJ(r»)
p(r) = m,Jdr(g'ln) (r»)m

(4.33)

then the average output distribution can he re-written as

{jUill (r) =g. qin (r) @ p(r) ,

which in the Fourier domain becomes

FT{qullt (r)}= g. FT{qin (r)}· MTF(f) ,

(4.34)

(4.35)

where MTF(f) == FT{p(r)}. The zero-frequency component of this distribution is the

broad-area fluence, i.e.,

(4.36)

It follows that the transfer relation for this average fluence is

(4.37)

•

4.3.2.2 Transfer relation for the Noise Power Spectrum

The noise power spectrum (NPS) is valid under wide-sense stationary (WSS)

conditions, i.e., Xi =X for all ;. Under WSS conditions we cao re-write the covariance

COV(Yi' y j) =R;.-i to indicate that it only depends on the difference ;-j. From Eq. (4.30),

this leads to
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Ry(r) =JJRz('i - r2 >(g(ml('i - r» m(g<ml(r2 »)mdr..dr2

-xf(g(ml(Ij -r»)m(gCm'(r..»mdfj

+ xf (gCml(r.. - r)gCml(r..»mdl[ .

(4.39)

The noise power spectrum NPS)o (f) is defined as the Fourier Transfonn ofR)o(r),

which leads to

NPS-,,{!) = JJfRz{'i - r2 )(gCml('i - r»)m(gCml(r2 »)m e-2xirfdr.,dr2dr

-xJJ(gCml (r.. - r»)m (gCml(r.,»)me-2JCirfdr.,dr

+ xJf(gCml (r.. - r)gCml (r., »)me-2Jrirfd'idr
(4.40)

We now modify the notation and write the transfer relation for the noise power spectrum

as

where NPSin and NPSuut represent the input and output noise power spectra

respectively, and
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4.3.3 Special cases of the non-elementary cascade equation

The transfer of average signal and noise for a stage which involves both

amplifications and dislocations is given by Eqs. (4.34) and (4.41). and cao be cascaded as

many limes as necessary. The equations involve the quantity SK(f). which requires a

knowledge of the set of output distributions due to a single input quantum. {g (1Pl 1(r)}. In

future sections we will use Monte Carlo techniques to calculate the set. In certain simple

cases. however, SR(f) cao be detennined in a straightforward fashion as described

below.

4.3.3.1 Pure amplification stage

If the process consists of a pure amplification stage, then the {g (m) (r)} will not

depend on spatial position r and thus

(4.43)

This cao he expressed in tenns of the average gain

(4.44)

and the variance of the gain

(4.45)

•
to yield
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Since in tbis case MTF(f) =1then Eqs. (4.34) and (4.41) become the familiar cascade

equations for a pure amplification stage,3

(4.47)

(4.48)

4.3.3.2 Pure dislocation stage

ln the case of a pure dislocation stage, each output g(ml (r) will consist of a delta

function at a position r(m) , and thus

•

which leads to the standard cascade equations for an elementary dislocation stage,3

(jour (r) = 'ln (r) ® p(r)

NPSOU1 (f) =(NPS in (1) - cJ)in )MTF 2
(f) + cf)in '

since g =1.
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4.3.4 oaE of metallphosphor detectors at megavoltage

energies

4.3.4.1 DaE neglecting Lubberts effect

In tbis section we focus on phosphor-based megavoltage x-ray detectors, although

the principles are applicable to other megavoltage detectors. A fraction of x-ray photons

interact with the detector, generating a complex shower of high-energy photons, electrons

and positrons. These ionizing particles lead to the creation of many optical photons along

their paths within the phosphor layer. The positions of these photons are correlated, as

previously discussed in Section 4.3.1. The optical photons then scatter within the

phosphor until they either they escape or are absorbed. These processes are shown

schematically in Fig. 4.1.

In other works, the DQE of phosphor-based detectors at megavoltage energies has

been calculated using cascade analysis consisting of elementary stages. Two approaches

have been taken. Bissonnette et a[8·9 have divided the interactions into the following

stages: 1) detection of x-rays by the phosphor, modeled as a binary selection process with

probability 1/1; 2) scatter of ionizing radiation within the detector, modeled as an

elementary dislocation with MTF T2(f); 3) deposition of energy and creation of optical

quanta, modeled as an elementary amplification with gain g3 and variance O'i; 4) spread

of optical quanta, modeled as an elementary dislocation stage with MTF T4 (f); and 5)

loss of optical photons in the phosphor, a binary selection process with probability TJs •
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The remaining stages which they used were specific to the mechanism of detection of• Chapter4 Theoretlcal calculatlons of the DOE at megavoltage energles

•

optical photons Ce.g.• lenslmirror combination, CCD camera, etc), which we are not

including in this work. The DQE calculated from these stages is given by

where the approximation is made because g3 » l, i.e.• many optical photons are created

per interacting x-ray (typically on the order of (04
).

Since the scattering of ionizing radiation and the creation of optical photons

occurs simultaneously, it is not clear why stage 2) should he placed before stage 3) in the

analysis used to calculate Eq. (4.52). Drake et allO have taken the opposite approach and

interchanged stages 2) and 3). In their work the steps become 1) x-ray interaction (binary

selection with probability '11 ), 2) energy deposition and creation of optical photons

(amplification stage with average gain gl with variance CT:. >, 3) total spread of high

energy radiation and of optical quanta with a combined MTF of T3(f), and 4) loss of

optical quanta in the phosphor (binary selection with probability '14 )' This leads to a

different DQE than that of Bissonnette et al, and is given by

where we have again made the approximation that the optical photon gain is much larger

than unity. Note that Eq. (4.53) predicts a DQE which is essentially independent of
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•

their DQE included effects of the lens/CCD system which dominated their DQE.

To solve the apparent problem of applying cascade analysis to megavoltage

imaging, we may use the new transfer equations we have developed, given by Eqs. (4.34)

and (4.41), to delineate the following stages: 1) x-ray interaction (binary selection with

probability '11 ), 2) deposition of energy and creation of optical photons along the palh of

ionizing radiation (a non-elementary stage including multiple amplifications and

dislocations, with parameters g." T')(f), and S (f», 3) spread of optical photons
~ ~ ~

(elementary dislocation stage with MTF T3(f», and 4) loss of optical photons (binary

selection with probability 114). Using these stages, we use Eqs. (4.34) and (4.41) to obtain

an expression for the DQE

Note that this DQE is similar to Eq. (4.52), with the g2 + 0': term replaced by the

frequency-dependent Sg (f) term. Thus our fonnalism predicts a spatial frequency

dependence to Swank noise (i.e., noise due to the deposition of energy in the phosphorll ).

In the approximation of many optical quanta per interacting x-ray, which is

typicallyan excellent approximation, it be seen from Eqs. (4.52), (4.53) and (4.54) that

the only parameters which are needed to evaluate the DQE depend on the deposition of

energy in the phosphor (since the number of optical photons created is proportional to the

energy deposition). Energy deposition in any material cao be calculated using publicly
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available Monte Carlo codes such as EGSnrc. 12 Implementation of tbis code to calculate• Chapter4 Theoretlcal calculations of the DQE at megavoltage energies

•

the DQE will be described in Section 4.4.2.

4.3.4.2 DOe including Lubberts effect

In the previous subsection we assumed that the transport of optical photons is not

affected by the depth at which they were created. In practice.. optical photons which are

created farther away from the surface have less chance of escaping than those created

near the surface; in addition they will also scatter more witbin the phosphor before

escaping. This depth-dependence.. referred to as the Lubberts effect.. 13 is more likely to he

important for thick phosphors. There are two possible approaches to include tbis effect.

Van Metter et al l4 have used an MMGF analysis to modify the equations for cascade

analysis of elementary stages to include the Lubberts effect. Their approach is only

applicable to a series of elementary stages and in general is not applicable to our

formalism. We thus we have chosen to include the Lubberts effect by explicitly modeling

the transport of optical photons using Monte Carlo methods.

To accommodate this change, stages 24 in our cascade analysis are grouped

together resulting in the following sequence of stages: 1) interaction of x-rays with

probability 1/1 " 2) creation of optical photons along the tracks of ionizing radiation, and

subsequent transport of the photons until they reach the phosphor surface (generalized

stage with parameters K2" T2(f) .. and S~2 (f». These stages result in the DQE

(4.55)
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Although this expression looks identical to Eq. (4.54)~ the tenns represent differeot• Chapter4 Theoretlcal calculations of the DQE at megavoltage energles

stages. Evaluation of this expression now requires oot only Monte Carlo calculatioos of

energy deposition in the phosphor~ but also Monte Carlo modeling of optical transport.

The specifies will he described in section 4.4.2.

4.3.5 OQe of metal/a-se detectors at megavoltage energies

In this section we apply the previous analysis to metal/a-Se detectors. We divide

the signal formation into the following stages: 1) X-ray interaction with the detector~ a

binary selection stage with quantum efficiency '11; 2) Creation of electron-hole pairs

along the track of ionizing radiation. This is the same as for metal/phosphor detectors

except that electron-hole pairs are created instead of optical photons. The number of pairs

E
n =~± ~ ,

o
(4.56)

•

where Eabs is the energy absorbed by the a-Se~ and Wo :::: 5 eV is the energy required to

create an electron-hole pair. 15 This is treated as a non-elementary stage with parameters

i2 ~ T2,<i) ~ and SK2 (/) ); 3) EscaPe from recombination. Sorne of the pairs recombine,

as described in Chapter 2, and consequently do not contribute to the detectable signal.

This is treated as a binary selection process with probability '13. We assume that the

electron-hole pairs drift parallel to the applied electric field with negligjble deviation,
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wbich has been shown to he an excellent approximation. 16 The DQE calculated from• Chapter4 Theoretlcal calculatlons of the DQE at megavoltage energles

these stages is given by

(4.57)

•

where, once again, the approximation cornes from the fact that many electron-hole pairs

are produced per interacting x-ray.

The stages for the metallphosphor and metaVa-Se detectors are seen to he very

similar. One of the main difference between phosphor and a-Se detectors is that optical

photons in phosphor spread before being detected. whereas the electron-hole pairs in a-

Se, to a good approximation, do not. In the Iimit of many quanta created per interacting

x-ray, however, tbis difference is not manifested in the expression for the DQE. This is

hecause even though the resolution of phosphors is degraded by the spreading of quanta,

the scattered optical quanta are correlated to their point of origin which results in a NPS

wbich decreases with increasing spatial frequency. This cancels out the degradation of

the DQE caused by the MTF.

Evaluation of Eq. (4.57) requires calculation of the spatial positions of electron-

hole pairs a10ng the tracks. Since the number of pairs is proportional to the energy

deposited in a-Se. this can he accomplished using EGSnrc as long as we make the

following assumptions: 1) the amount of recombination does not depend 00 the energy of

ionizing particles, and 2) the amouot of recombination does not depend on the depth of

interaction in the a-Se. It was shown in Chapter 2 that these conditions are satisfied at

megavoltage energies. The second condition would lead to an effect similar to the
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Lubberts effect in phosphors. The fact that tbis limitation is not present in a-Se May he an

important advantage over using phosphors, and will he explored later in tbis Chapter.

4.3.6 DQE of direct and indirect AMFPI detectors at

megavoltage energies

The DQE of metaJ/phosphor and metal/a-Se detectors have been derived in

Sections 4.3.4 and 43.5, respectively. We refer to these expressions as the ana/og DQE,

i.e.. the DQE that these detectors would have if the distribution of optical photons or

electron-hole pairs could be perfectly detected. In a simple model of AMFPI detectors.

these distributions of quanta are integrated over square pixels of size a with ceotre-to-

centre spacing (pi~el pitch) p. The stages cao he delineated as follows: l) Integration

over pixels, described as a deterministic blurring stage. In our simple model the aperture

response function is a rect function. which leads to a sinc function degradation in the

spatial frequency domain; 2) aliasing due to digitization; and 3) addition of electronic

noise. This is modeled as an additive noise component with NPS S~(f). Incorporation of

these stages ioto the analysis lead to the DQE

(4.58)

•
Although the equation is the same for both direct and indirect AMFPIs, the terms g;,

T2(f) and Sxz represent different physical processes. For direct detection they are
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calculated from the spatial distribution of energy deposition in a-Se. For indirect• Chapter4 Theoretlcal calculations of the DQE at megavoltage energles

•

detection, they cao either he calculated from energy deposition within the phosphor if the

Lubberts effect cao be neglected, or they cao be calculated from a full Monte Carlo

simulation including optical traosport if the Lubberts effect can not be neglected.

Eq. (4.58) depends on the pixel size a. In direct-detection systems, charges which

fall within the spacing between pixel electrodes may accumulate, tending to repel further

accumulation and thus leading to charges deviating towards the pixel electrodes. This

results in a larger Ueffective" pixel size acoll' which will modify Eq. (4.58) by replacing

·th 17a Wl a cou '

4.4 Materials and Methods

4.4.1 Monte Carlo simulations of energy deposition

4.4.1.1 Brief description of EGSnrc

Evaluations of the expressions for the DQE require knowledge of how energy is

deposited in the detector. The best way to accomplish this is with a Monte Carlo code. In

Chapter 2 we described a Monte Carlo code which we have written to calculate track

structures. We have chosen not to use this code here since it was written for the specifie

task of calculating track structures and would have required major modifications. We

have instead used EGSnrc,12 which is freely available and widely used by the scientific
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community. Although it can not calculate track structures, it is excellent for calculations

of energy deposition in complex geometries.

Since the simulation of each collision, which we have implemented in our track

structure code, is lime consuming and not necessary for energy deposition calculations,

EGSnrc uses a "condensed histocy" technique for transport of electrons and positrons,

where many collisions are grouped together into a single interaction. The effective energy

transfer and direction change are sampled from the appropriate multiple scattering

distributions. This approximation is justified when particles undergo may collisions

which individually only slightly affect the transport. This simplification introduces a step

length parameter into the transport. Although the results are dependent on the step length,

routines have heen implemented to properly choose this parameter during simulations.

EGSnrc allows the user to define their geometry with a user code. Photons,

electrons or positrons can he sent into the geometry, and the showers of ionizing particles

they create are followed until ail photons fall below a value PeUT and all electrons and

positrons fall below a value ECUT (both parameters are user-defined. and are typically

about 10 keV). The geometry cao he separated into regions, and the user cao keep track

of the energy deposited in each of these regions in the user code.

• Chapler4 Theorellcal calculallons of lhe OaE al megavoltage energles

•

4.4.1.2 OaE simulations uslng EGSnrc

In order to evaluate the theoretical DQE for a-Se, we used EGSnrc to model the

detector as a Cu plate above a layer of a-Se. The a-Se was modeled as atomic Se with a

density of 4.27 g/cm3 to match the density of the amorphous state. Modeling a-Se in this
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Figure 4.3: Schematic diagram showing modeling 01 detector using
EGSnrc.

manner is adequate since we are only calculating energy deposition. not track structures

as in Chapter 2.

We divided the a-Se layer into thin 0.1 mm strips as shown schematically in

Fig. 4.3. A thin beam of N = 106 photons was set to he incident on the detector. with

energy sampled from the 6 MY or 15 MV spectra used by our treatment planning

system. For each photon history. the distribution of energy deposited in each strip

Er1l!p (ml (X) (m=l.•N) was scored in the EGSnrc user code. and converted to

g2cml(X)=Elkpcm)(x)IWo where Wo =5 eV (the actual value was not important since it

cancels out in the expression for the DQE). The average of g '2 (ml (X) over ail histories

(normalized to unit area) produced the LSF which was used to calculate T2(/) • and Eq.
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(4.42) was used to calculate S (/). The value for the gain g2 was simply evaluated
,~• Chapter4 Theoretlcal calculatlons of the DQe at megavoltage energies

from the distributions g2 (ml (X) by

(4.59)

and the fraction of x-rays which deposited energy gave the value for '11 •

For situations where the Lubberts effect could he neglected~ energy deposition for

metallphosphor detectors was calculated in the same way as for a-Se except the a-Se

layer was replaced by Gd202S:Tb with a reduced density of 3.67 g/cm3 as described by

Jaffray et ailS to account for air pockets. For thick phosphors where the Lubberts effect

could not he neglected the phosphor was not only subdivided in the x plane but also in the

z plane. The bin size in the z-direction ranged from 0.01 mm to 0.1 mm depending on the

phosphor thickness. For each x-ray history~ the energy deposited in each (x,z) bin was

recorded in a text file. This text file was used as input to the optical transport code which

is described in the following section.

4.4.2 Monte Carlo simulations of optical transport within a

phosphor

We have written a Monte Carlo code which simulates optical transport in a

•
phosphor. It is based on a code fU'St described by Radcliffe et a[19 and later by

Kausch el aL.20 The phosphor layer is assumed ta consist of phosphor grains within a

plastic binder. Optical photons scatter at the grainlbinder interface, which is modeled by

170



171

randomly sampling an optical scattering length S from an exponential distribution

exp(-S 1S). The parameter Sis taken to he 25 J.Ull whieh represents the typical spacing

between phosphor grains (this and all other parameters in the simulations are the same as

used by Radcliffe et al19 which gave reasonable results). The angular seattering is

assumed to he isotropie.

For eaeh optical photon history, an absorption length is sampled from an

exponential distribution exp(- T / T) where the parameter T is taken to be 4 cm. If, for a

partieular history, the total pathlength of a photon exceeds the absorption length, it is

absorbed within the phosphor aod the history is tenninated.

Ifa photon reaches the metal, it can either he absorbed by the metal or cao reflect

baek into the phosphor. The refleetanee of the metal is assumed to he 0.5. To accomplish

tms, a random number uniformly distributed between number between 0 and 1 is

generated; if it is greater than 0.5, it is reflected whereas if the random number is less

than 0.5 it is absorbed by the metal.

If a photon reaches the phosphor/air interface, one of two situations can occur. If

sin 8 ~ n2 1n[ , where 8 is the angle of incidence relative to the nonnal, then the photon

undergoes total internai reflection and is reflected back into the phosphor for funher

transpon. If sin 8 <n2 1nI' on the other hand, the photon escapes the phosphor and is

detected.

The initial positions (x.zJ of the optieal photons are taken from the EGSnrc

simulations, and the initial directions are sampled from an isotropie angular distribution.

•

•
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For each optieal photon, the transport is continued until either it is absorbed or it escapes

the phosphor. The x-eoordinate of the escaPed photons is recorded to build the set

gl(ml(x). Thequantities Tl (!) , Sn (1), and "il arethencaJculated from g/m,(x).

• Chapter4 Theoretical calculatlons of the DQE at megavoltage energles

4.4.3 OQE calculations

•

We first ran simulations to compare the DQE predicted by the equations of

Bissonnette et al and Drake et al to the DQE predicted by our fonnalism (without

Lubberts effeet since this effect was not ineluded in the other works) for a 1 mm Cu plate

and a 134 mglem2 Gd202S:Tb phosphor detector.

Most experimental data for the DQE of metaVphosphor detectors are for systems

with read-out stages which severely degrade the DQE, such as lens assemblies. and thus

the intrinsie DQE of the metaVphosphor is masked in these measurements. Munro et aPi

have measured the DQE for a 1 mm Cu plate and 400 mg/cm2Gd202S:Tb phosphor with

x-ray film, and have shown that the resulting DQE is not significantly affected by

presence of the film. For tbis reason their measured DQE can be taken as the intrinsic

DQE of metal/phosphor. To verify our theory against this data. we ran simulations for the

DQE for tbis detector. The thick phosphor used in their experiment, however, required us

to include the Lubberts effect in our calculations.

To compare to experimental data for AMFPI detectors. we calculated the DQE

using Eq. (4.58) for two detectors. The first detector was our direct-detection AMFPI

described in Chapter 3, i.e.. 1.2 mm Cu above 200 J.1rn a-Se. We are unsure of the

effective pixel size a cull ; the real pixel size of the detector is approximately 75 1J1Il, but its
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effective pixel size has been estimated to he approximately 80 J.UIl.22 Over the range of

spatial frequencies we have considered9 we have found that varYing acol/ from 75 J.U1l to

80 J.U1l in Eq. (4.58) does not create a significant difference in the DQE9 and thus we have

used acol/ = 75 J.lI11 in our calculations. Since the detector was quantum limited over the

• Chapter4 Theoretical calculations of the DOE at megavoltage energies

•

doses used9 we set 5('/(/) =Oin Eq. (4.58). The second detector (0 which we compared

our simulations was the prototyPe indirect-detection AMFPI described by Munro and

Bouius.23 This detector has a 1.5 mm Cu plate above a 134 mg/cm2 Gd202S:Tb phosphor9

and a 0.75 mm pixel pitch. This detector was also shown to he quantum limited and thus

we set S('/(f) =0.

To allow comparison between direct and indirect AMFPI detectors, we calculated

the DQE for mass thicknesses of 67, 1349 3589 721 9 and 947 mg/cm2
. Mass thicknesses

(i.e., the product of thickness and density) were used instead of physical thicknesses for

comparison between the different absorbing materials since x-ray absorption is

proportional to this quantity (there is very liule atomic number dependence at

megavoltage energies24) •
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4.5 Results and Discussion

Results of the DQE calculations using our theoretical formalism for the 1 mm Cu

plate and a 134 mglcm2 Gd20 2S:Tb phosphor are shown in Fig.4.4, along with the DQE

curves we have calculated using the equations of Bissonnette et al and Drake et al. For

tbis thickness the x-ray quantum efficiency was calculated to be 0.0198, and the average

optical photon gain to he L73xl04 with an associated standard deviation of 1.66x104
,

values similar to those calculated by Bissonnette el al. Although ail three DQE curves

have the same value at zero frequency, they exbibit very different spatial frequency

dependencies. Il cao he seen that the DQE derived in this work lies between that

predicted by the cascade stages of Drake et al and that predicted by the stages of

Bissonnette et al. This is the result of correlations between the locations of the optical

photons along the track of ionizing radiation.

Comparison of our theory (including Lubberts effeet) to the experimental

measurements of Munro et al are shown in Fig. 4.5, and excellent agreement is observed.

AIso shown are the DQE calculated using the cascade analysis of Bissonnette et al and

Drake et al, but comparison is difficult since their equations do not include the Lubberts

effect. The curve of Drake el al does not decrease with spatial frequency, and thus does

not agree with experiment. The curve of Bissonnette el al has better agreement with

experiment but underestimates the DQE; inclusion of the Lubberts effect in their model

would only serve to decrease their DQE even further. This indicates that our
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Figure 4.4: DQE for a 6MV x-ray beam interacting with a 1 mm Cu
front plate above a 134 mg/cm2 Gd2 0 2S:Tb phosphor calculated
using the cascade analysis developed in this work (without taking
the Lubberts effect into account) compared to the DQE calculated
using the cascade analysis of Bissonnette et aIs and of Drake et
al/o.

fonnalism provides a good description of the DQE of megavoltage metallphosphor

detectors.

Comparison between theory and our measurements for the MTF of the direct-

detection AMFPI which we described in Chapter 2 are shown in Fig. 4.6 and comparison

for the DQE are shown in Fig. 4.7. The theoretical MTF and DQE agree very closely

with the measured values for 6 MY ~ but underestimate the measured values
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Figure 4.5: DQE for a 6MV x-ray beam interacting with a 1 mm Cu
front plate above a 400 mg/cm2 Gd20 2S:Tb phosphor calculated
using the cascade analysis developed in this work (with the
Lubberts effect taken into account) compared to the experimental
measurements of Munro et a/21

• A/so shown are the DQE calculated
using the cascade analysis of Bissonnette et aI8 and of Drake et
al lO

•

for 15 MV. We believe that this is due to the faet that 1.2 mm of Copper is insufficient

for full buildup at 15 MV, and thus the simulations are more sensitive to the low energy

portion of the speetrum which is not weil known. For our simulation for the DQE of the

indireet-deteetion AMFPI of Munro and Bouius, we obtained zero-frequeney values

which were about 10% low compared to experiment. We attributed this due to the faet

that their flat panel is above a glass substrate. We added this substrate in our Monte Carlo
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Figure 4.6: Theorelical calculations of MTF for the direct­
detection MTF compared to measured values, for 6 MV and 15 MV
x-ray beams.

simulations, where we approximated il as 0.2 mm of Si (we found that the results did not

vary substantially with Si thickness). The results are shown in Fig. 4.8, and show good

agreement with experiment. The spatial frequency dependence of the DQE is dominated

by aliasing of the NPS due to the large 0.75 mm pixel size. For tbis reason we have found

that the DQE calculated from the model of Bissonnette et al fit the experimental data

equally weil since the aliasing overpowered any differences in the analog DQE.
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Figure 4.7: Theoretical calculations of DQE for the direct­
detection MTF compared 10 measured values t for (a) 6 MV and (h)
15 MV x-rays .
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Figure 4.8: Theoretical calculations of DQE for the indirect­
detection DQE compared to measured values described by Munro
and Bouius. 23

In Fig. 4.9 we show calculations for the inherent DQE of metaUa-Se and

metallphosphor detectors for various mass thicknesses. For 10w mass thicknesses, the

DQE is essentially the same because the degradation due to the lower MTF of phosphors

is counterbalanced by a corresponding 10ss in the NPS. Higher thicknesses lead to higher

absorption of x-rays, and thus higher zero-frequency DQE, but also more scattering of

ionizing radiation witbin the detector. For a-Se, tbis loss of resolution does not
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Figure 4.9: Theoretical calculations of DQE for various mass
thicknesses for (a) direct-detection and (h) indirect-detection
AMFPls. Calculations are for 6 MV with a J mm Cu front plate.
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significantly affect the DQE because of the correlations among the locations of the

electron-hole pairs along the tracks of ionizing radiation described in our theory; thus the

highest possible a-Se thickness should be used. A1though the same holds for phosphors,

the Lubberts effeet begins to he important at large thicknesses which strongly degrades

the DQE. Further increase of phosphor thickness above about 358 mg/cm2 leads to high­

frequency degradation of the DQE while not substantially improving the zero-frequency

DQE. EXPeriments with high a-Se thicknesses are needed to confirm this prediction.

• Chapter4 Theoretical calculations of the DQE at megavoltage energies

•

4.6 Conclusion

We derive a generalized cascade equation for stages which involve bath

amplifications and dislocations. The equation simplifies to the usual equations for pure

amplification and pure dislocation stages but is sufficiently general to he useful for more

complicated cases where Monte Carlo techniques can he used to descrihe the interactions.

We apply our fonnalism to the case of megavoltage imaging with both phosphor­

based and a-Se based detectors. In this case, it is oot appropriate to separate the processes

into pure amplification and pure dislocation stages. We evaluate the quantities in our

cascade equation using Monte Carlo techniques, and our results show excellent

agreement with experiment. We believe that the theory will he useful for other

applications which can not be fully subdivided into elementary processes. We show with

our theory that for small mass thicknesses the DQE is the same for direct and indirect

AMFPIs, whereas for large mass thicknesses there should he advantages to using direct­

deteetion AMFPIs for megavoltage imaging.
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5.1 Introduction

In Chapter 4 we have developed a formalism to calculate the DQE of direct and

indirect AMFPI detectors at megavoltage energies. We have used this fonnalism to

compare these types of detector for various thicknesses of the sensitive layer (i.e.• a-Se or

phosphor layer) on the DQE. In these comparisons we have used a fixed front plate of 1

mm Cu.

As previously discussed in Chapter 1~ the use of a front plate in portal imaging

has become customary since its first use in metal/film detectors. 1 The plate acts as a
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buildup layer, providing electronic equilibrium in the detector. It increases the fraction of

x-rays which contribute to the signalt resulting in an increase in the broad-area detective

quantum efficiency DQE(O), but also reduces the resolution, i.e., a decrease in the

modulation transfer fonction MTF(f) due to lateral radiation transport within the plate.

The presence of the front plate also increases contrast by preferentially decreasing the

contribution of scattered radiation, which has a lower average energy than the primary

beam.

• Chapter 5 Effect of front plate on image quallty

•

The sensitive layers of AMFPI detectors are thicker than film, which inherently

increases the number of interacting x-rays. Typically a front plate equivalent to about

1-1.5 mm of Cu has been used for these detectors.2 There have been very little studiest

however, on how the front plate thickness affects the image quality for thick detectors.

Wowk et af3 have studied the effect of the front plate on the spatial-frequency dependent

DQE(j) for thick phosphors, but in their model they assumed that the quantum noise was

white, and they did not take the influence of patient scatter into accouot. In tbis Chapter

we explore the effect of the front plate thickness 00 the DQE using the methods

developed in Chapter 4, and we also explore the influence of the front plate on scatter

rejection using Monte Carlo simulations. To confirm the scatter simulationst we measure

the scatter fraction (SF) using a prototype a-Se based detector which uses an electrostatic

probe to scan the surface charge distribution.
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5.2 Background: the effect of scattered radiation on• ChapterS Effect of front plate on Image quallty

image quality

To mode1 the effect of scatter9 consider the example of a circular object

embedded in a water-equivalent phantoffi9 as in Fig. 2.1.4.5 The difference in signal

caused by the object 9 M 9 determines the visibility of the object in the final image. The

contrast C compares this difference to the signal itself9

M
C =--=- 9

d

and the differential signal-to-noise ratio DSNR compares it to the image noise G 9

M
DSNR=- .

Gd

(5.1)

(5.2)

The signal is comprised of a portion due to the primary beam9 d p • and a portion

due to the scattered beam, i( i.e.,

(5.3)

•

Assuming the presence of the object only changes dp , but does not significanùy alter ds •

then M := M p does not depend on the presence of scatter. Dy Eq. (5.1). the contrast

reductionfactor (i.e., the decrease in contrast due to scatter) is given by

(5.4)

187



where Cs and Cns are the contrast with and without seatter. respectively. and the scatter• ChapterS Effect of front plate on image quality

fraction SF is defined as

(5.5)

Using the same assumption. a similar factor cao be found for the reduction in

DSNR. In the presence of seatter. the standard deviation in the signal CTd is given by

(5.6)

sinee seatter and primary signais are mutually exclusive. In the absence of scatter, this

simply becomes Gd =CTd • Dy Eq. (5.2), this leads to the DSNR reductionfactor
/1

DSNRs _ 1

DSNRns - .J1 + SPR
(5.7)

where DSNRs and DSNRns are the DSNR with and without the presence of scatter, and

the scaner-to-primary ratio SPR is defined as

(5.8)

•

These factors. SF and SPR. describe how scattered radiation affects image quaIity

in terms of the contrast and differential signal-to-noise ratio. For a digital display system.

the 10ss in contrast can often be compensated by contrast-enhancing a1gorithms as long as

the DQE is adequate. The 10ss in DSNR, however, must he compensated by an increase in

dose. The increase in dose at a depth of dma:c in the patient is given approximately by
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D
_s=L+SPR
D '

ns

(5.9)

•

where Ds and Dns are the dose with and without the presence of scatter, respectively.

5.3 Materials and Methods

5.3.1 Description of Electrostatic probe .se detector

The scatter measurements have been performed on a prototype detector developed

by our group6.7 (these measurements were not possible with the flat panel detector due to

its limited area which limits the field size). The basic principle of operation is that a

unifonn positive charge distribution is first applied to the a-Se surface, which sets up an

applied field across the layer. Electron-hole pairs generated by irradiation drift in this

field and partiaIly neutralize the surface charge above the location where they were

created. The resulting surface charge distribution above the a-Se is scanned with an

electrostatic probe to fonn a two-dimensional image.

The detector consists of a light-tight box with a 20 x 20 cm2 frame which holds

various metaVa-Se plates. These plates consist of a-Se which is directly deposited on a

metaI substrate, and the metal faces the radiation beam to act as a front plate. Scanning is

performed by a servo-motor operated two-dimensionaI motion stage, which is controlled

by a two axis microprocessor-based motion controller (Unidex Il, Aerotech, Inc.,

Pittsburgh, PA) capable of 2 lJlIl positionaI accuracy. An electrostatic coupling probe

(Trek Inc., model P0766/344, Medina, NY), with an aperture width of 200 J.lm and the
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capability to measure potentials up to 3000 V, is installed 00 tbis stage and is positiooed

at a distance of approximately 100 tJ.I11 from the a-Se surface. The probe output is

digitized via a 16-bit analog-to-digital converter (ADC488/16A, Iotech). The stage

motion and data acquisition are controlled by a commercial package (LABVIEW,

National Instruments, Inc., Austin, TX) on a 486 Personal Computer.

Also installed on the motion detector is a scorotron, wbich consists of three fine

conducting wires set to a high potential (6550 V) above a wire mesh grid set to 2100 V.

The wires cause electrical breakdown of the surrounding air, resulting in negatively

charged carriers (mostly CO)-). These carriers subsequently drift in the electric field

created by the grid towards the a-Se surface, where they become trapped. To charge the

plate, the motion controller sweeps the scoroteon (which is 2 mm above the a-Se surface)

three times across the plate, resulting in an even accumulation of charge on the a-Se

surface. After this procedure, a surface potential equal to the grid potential (2100 V) is

achieved.

After irradiation, the remaining surface voltage distribution is measured by

scanning the probe over a 13"x 13" ROI in a raster fashion, with a measurement sample

of 200x 200 points (approximately 650 J.lIIl intervals).

• Chapter5 Effect of front plate on image quality

5.3.2 Measurement of Scaller Fraction

•
As previously discussed, the SF and SPR were measured using the probe-based

detector. The measurement of the voltage at the surface of the a-Se layer represents the

signal. A sensitivity curve was tirst obtained to linearize this signal. The imager was
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placed under the 6 MV beam of a Clînac 2300 CID linear accelerator. such that the

distance between the source-to-receptor distance (SRD) was 172 cm. For each

measurement point, the plate was charged to an initial voltage Vo of 2100 V via corona

charging. The imager was then exposed with a 10 xl0 cm2 field to an increasing number

of monitor units (MU), and the resulting average plate voltage in a 5 x 5 cm! ROI at the

centre of the plate was measured with the scanning electrostatic coupling probe. Since the

dose deposited in the a-Se is directly proportional to the number of monitor units, plots of

plate voltage versus relative dose to the a-Se were obtained. The calibration was

performed for the following front plates: a) 1.0 mm copper, h) 1.5 mm copper, c) 2.0 mm

aluminum, and d) 1.0 mm tungsten. each with a 300 J.UI1 a-Se layer.

To measure the scatter fraction, a polystYrene phantom was placed at a source-to­

surface distance (SSD) of 100 cm. The plate voltage remaining in the central ROI after a

fixed monitor unit (MU) irradiation (approximately 7 MU, depending on the plate),

V'(A), was measured with the probe for field sizes A varying from 2 x 2 cm! to 20 x 20

cm2
, and converted to the linearized signal (i.e., relative dose) D '(A) with the sensitivity

curve. The lower limit to the field size was determined by the size of the beam penumbra

which interfered with the ROI, and the upper limit by the size of the phantom. This was

repeated three limes for each of the four plates; the standard deviation of the trials was

used to estimate the uncertainty. The curve D'(A) was then extrapolated to zero-area field

by the use of a weighted second-order polynomial to find the contribution of the primary

beam, D'(O). The curve was 5ubsequently normalized to D'(O) 50 that the relative dose at

zero-field was unity.

•

•
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In calculating the scatter fraction, it is only the effects of patient scatter which• Chapter 5 Effect of front plate on Image quallty

must he considered. However, D'(A) is expected to increase not only due to an increase

in patient scatter with field size but also to an increase in scatter from the linear

accelerator jaws. To correct for this, the same experiment was repeated in the absence of

the phantom. The resulting curve DJA), also normalized to unity at zero field, represents

the increase in a-Se dose with field size which is no! due to patient scatter. Consequently,

the dose variation with field size due purely to the effects of patient scatter, D(A), is

approximately given by5

D(A) D'(A)
D("(A)

(5.10)

From the corrected curve, the sealter fraction for a 20 x 20 cm2 cao tben be calculated.

Since D(20) represents the total dose, and D(O) the primary dose, then the difference

represents the scatter dose. From Eq. (5.5), the scatter fraction is tben given by

SF(20) = D(20) - D(O) .
D(20)

(5.11)

•

The scatter fraction was measured in this fashion for eacb of the four plates. One

factor in this measurement which is arbitrary is the amount of MUs used. Assuming the

dose-response curve accurately linearizes the signal, tbis factor sbould make no

difference. To check the validity of this technique, however, the experiment was repeated

with different MUs to expose the plate, both with and without the presence of the

phantom.
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5.3.3 Monte Carlo simulations of Sf and SPA

User codes were written for EGSnrc8 ta model the quantities SF and SPR for the

a-Se detector; the geometry is shawn in Fig. 5.1. X-ray photons originate from a point

source with a direction sampled such that ail photons are incident with even probability

onto a square 20 x 20 cm2 field defined at a source-ta-surface distance (SSD) of 100 cm.

The photon energy is sampled from a 6 MY or 15 MV spectrum taken from our treatment

planning system. The change of spectrum with angle and the beam profile are not

considered since we only calculate energy deposition close to the centrai axis where these

effects are not important. A 20 cm water phantom is defined at SSO = 100 cm. The

detector is modeled as a metal plate over an a-Se layer in the same fashion as in the DQE

simulations of Chapter 4, and is placed at a specified air gap away from the phantom. The

sensitive region of interest (ROI) in which dose is scored is defined as the central 5 x 5

cm2 of the detector.

Primary photons and scanered particles originating from the polystYrene slab are

labeled in the EGSnrc code with the use of the LATCH variable.8 This was accomplished

by detennining which photons were about to undergo either Rayleigh, photoelectric,

Compton or pair production interactions. Once the LATCH variable is attached to a

particle, it is passed to ail of the progeny of that particle. In tbis way we could distinguish

between the dose due to the primary and the scattered radiation.

For each history, the energy deposited in the central ROI of the detector by

primary photons and by scattered radiation were scored with separate variables. When N
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Figure 5.1: Schematic diagram of the EGSnrc user code geometry to
simulate the SF and SPR.

histories were completed, the average and standard deviation in the energy deposited due

to the primary and scattered beams were calculated and used to calculate the Sf and SPR.

The energy cutoffs used in the simulations were 10 keV, i.e., PCUT=10 keV and

ECUT=521 keV. These values proved to be a good balance between accuracy and

computer time. Rayleigh scattering was neglected since it did oot significantly affect the

results. The number of histories were divided ioto L0 batches, with sufficient histories to

•
achieve standard deviations of less than 5%. Simulations required between 8 and 24

hours on an SGI workstation (IRIS INDIGO, Silicon Graphies, Mountainview, CA).
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For the phosphor detectors, we have proceeded in a manner similar to the a-Se

detector except we corrected the signal for the effect of light transport since energy

deposited in the top of the phosphor layer does not contribute as much to the signal as

energy deposited neac the bottom of the layer. To accomplish this, we first mn the optical

transport code discussed in Chapter 4 for the phosphor thickness in question, and

determine the fraction of visible photons which escape the layer as a fonction of depth in

the phosphor. We find a best-fit eurve for these funetions and use this analytical

expression to weigh the energy deposited depending on the depth directly in the EGSnre

simulations. The rest of the ealculations proceed the same as for the ease of a-Se.

• Chapter5

5.4

Effect of front plate on Image quallty

Results and Discussion

5.4.1 Sf and SPR: comparison of simulations with experiment

•

The results of SF and SPR simulations for a metaI/a-Se deteetor for a 20 cm

phantom and a 20 x 20 cm2 field are shown in Fig. 5.2. The SF decreases with plate

thiekness. This is because the plate preferentially attenuates scatter which is of lower

average energy and stops electrons originating from the patient. Both factors are seen to

decrease with metal thickness. The lower density metals have a srnaller SF and SPR for a

given thickness because they have lower x-ray attenuation coefficients.

The sensitivitY curves for the probe-based detector are shown in Fig. 5.3. The

curve is seen to be non-lïnear. This arises because as electron-hole pairs are created

during X-Tay exposure, they neutralize the surface charge which results in a lower applied
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Figure 5.2: a) SF and b) SPR for a 20x20 cm 2 field versus metal
thickness for various metals, generated by EGSnrc, with a 20 cm
phantom and SRD of 172 cm. Empty points (with error bars)
correspond to measured values.
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Figure 5.3: Measurements of surface potential versus relative
absorbed dose 10 a-Se, wilh four plates. Only one curve is shown
for 1.0 mm Cu and 1.5 mm Cu plaIes, since Ihey were idenlical
wilhin experimental uncerlainties. Measured on a CUnac 2300 CID
(6 MV, SRD=172 cm).

field and a corresponding increase in W± as the image is being acquired.7 The curve for

1 mm Cu and 1.5 mm Cu were found to he the same within experimental uncertainties

and therefore only one is shown for clarity.

The change in surface potential with field size with and without a 20 cm phantom

at SRO of 172 cm was measured for the four plates. The potential was converted to
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relative dose using the sensitivity curves (Fig. 5.3). The curves of relative dose to a-Se

versus field size, with and without phantom, and the corrected curve which represents the

change in dose due to phantom scatter, are shown in Fig. 5.4. From these the scatter

fractions were calculated, and are plotted for comparison with the Monte Carlo

simulations in Fig. 5.2(a). It is seen that the measurements agree with the simulations

within experimental uncertainties. The results were identical when different combinations

of Monitor Units were used to expose the a-Se, as long as it was within the practieal

dynamic range of the plate.

• ChapterS Effect of front plate on Image quallty

5.4.2 Effect of front plate on DQE, contrast and DSNR

•

The dependence of DQE on front plate thickness is shown for metaVphosphor and

metal/a-Se deteetors in Fig. 5.5 and Fig. 5.6, respectively, for a 6 MV beam. Graphs are

included for various mass thieknesses ranging from 67 mg/cm2 to 721 mg/cm2
• It is seen

that the zero-frequency DQE increases with front plate thickness, but plateaus at a

thickness of about 1 mm Cu. This occurs because although more x-rays interact with the

detector for a larger front plate, once the thickness reaches the maximum range of

electrons in the metal it serves only to attenuate the photon beam. Although the zero­

frequency DQE increases with front plate thickness, there is a corresponding decrease in

the DQE at higher frequencies. This oceurs because larger thieknesses lead to more

lateral scatter of radiation within the detector which degrades the MTF.

For small thicknesses of the sensitive layer, about 1 mm Cu seems to he optimal

for metal/a-Se and metallphosphor deteetors, depending of course on the spatial
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frequencies of interest. At larger mass thicknesses" however" the front plate worsens the

DQE because it degrades the higher frequencies withoUl significantly increasing the low

frequencies.

The contrast degradation ratio for a 6 MV beam (for a representative 20 cm

phantom" 10 cm air gap and 20x20 cm2 field size) is plotted versus front plate thicknesses

for various a-Se and phosphor mass thicknesses in Fig. 5.7. The contrast is seen to

increase substantially with front plate thickness" because it fHters out the lower-energy

scatter component of the beam. The increase starts to saturate at about 1 mm Cu. The

same trends are also seen in Fig. 5.8 for the DSNR degradation ratio" except the DSNR

starts to saturate al about 0.4 mm Cu. Another feature of note is that the contrast is more

affected by scattered radiation for the metallphosphor detector than for the metal/a-Se

detector; this is because the Gd202S:Tb has a higher atomic number than a-Se" meaning

that the low-energy scattered radiation has a higher photoelectric interaction cross-section

with the detector.

As discussed in Section 5.2" the degradation of contrast due to scatter is important

in fixed-display detectors such as film while in digital detectors it can often he improved

using contrast-enhancing algorithms. The degradation of DSNR" on the other hand" can

only be recovered by increasing the dose. Taking the DSNR as the important parameter"

we interpret our results in the following way: for a 6 MV beam" about 1 mm Cu is

optimal for detector thicknesses less than about 100 mglcm2 (i.e., about 0.3 mm of a-Se

or Gd202S:Tb)" while for larger detector thicknesses about 0.4 mm Cu is optimal. These

numbers are generalities" of course, and the actual optimal thickness depends on the mass

200
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thickness of the detector in question and on the relative importance of contrast., DSNR

and DQE at various spatial frequencies on image quality for a particular task.

The DQE for the 15 MV beam are shown in Figs. 5.9 and 5.10. The same trends

observed for the 6 MY beam are still relevant. The contrast and DSNR degradation

factors for the 15 MV beam are shown in Figs 5.11 and 5.12., respectively. It is seen that

much larger thicknesses are needed to filler out the scattered beam at 15 MV than at 6

MV beam because of the bigher penetration of x-rays at these energies; saturation has

still not been reached at thicknesses as large as 4 mm. A 6 MV beam is typically used for

portal imaging., however., and the detector design is more likely to he suited for tbis

energy than for 15 MY.

• Chapter 5 Effect of front plate on image quallty

•

5.5 Conclusions

We have run simulations of the DQE., scatter fraction and scatter-to-primary ratio

for various metal/a-Se and metal/phosphor thieknesses using Monte Carlo methods. We

have measured the SF for a metal/a-Se detector to validate our simulations. We have

found that although 1 mm Cu is adequate for small detector thicknesses., for a-Se or

phosphor thicknesses greater than about 300 Jl11l a smaller front plate of about 0.4 mm Cu

may be optimal for a 6 MV beam. We have generated graphs which cao he used for more

specifie optimizations depending on the imaging task.
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Chapter 6: Conclusions

We have developed a theory for the quantitative description of the signal

produced by x-rays in a-Se. This has involved the calculation of cross-sections for the

creation of multiple electron-hole pairs, the development of a single-collision

photonlelectron Monte Carlo transport code, and simulations of electron-hole pair

recombination along these tracks. We have shown that the electron-hole pairs are created

in spurs with energy-dependent radii, which governs the observed energy dependence of

the pair creation energy W±. We find that W± depends on the thickness of a-Se at

megavoltage energies, but not on the front plate thickness.

We have measured the sensitivity, MTF, NPS, and DQE of an a-Se based direct-

detection AMFPI for megavoltage imaging. The detector consists of a 1.2 copper plate

above a 200 J.IlD a-Se layer with an a-Si:H TFf structure. The results for the DQE show

that this detector exhibits very good imagjng characteristics at megavoltage energies. and

that these could he improved significantly with a larger a-Se thickness.

We derive a generalized cascade equation for stages which involve both

amplifications and dislocations. The equation simplifies to the usual equations for pure

amplification and pure dislocation stages but is sufficiently general to be useful for more

complicated cases where Monte Carlo techniques cao he used to describe the interactions.
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We apply our fonnalism to the case of megavoltage imaging with both phosphor-based

and a-Se based detectors. In tbis case, it is not appropriate to separate the processes ioto

pure amplification and pure dislocation stages. We evaluate the quantities in our cascade

equation using Monte Carlo techniques, and our results show agreement with experiment.

We believe that the theory will be useful for other applications which can not be fully

subdivided ioto elementary processes. We show with our theory that for small mass

thicknesses the DQE is the same for direct and indirect AMFPIs, whereas for large mass

thicknesses there should he advantages to using direct-detection AMFPIs for

megavoltage imaging.

We model the effeet of seatter rejection by the front plate usiog Monte Carlo

techniques, and confirm our simulations with measuremeots using a prototype

eleetrostatic probe-based detector. Taking both the DQE and scatter rejection into

account, we fiod that the front plates typically used for ponal imaging (-lmm) are

optimal for small a-Selphosphor thicknesses, but that for larger a-Selphosphor

thicknesses (greater than about 300 JJ.m) a smaller front plate (0.4 mm) could lead to

better image quality.

• Ch.pter6: Conclusions
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