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Abstract

Glass ceramic materials have been suggested as a possible high resolution re-

placement for current commercial storage phosphor imaging plates. The low

spatial frequency of the current plates is caused by strong scattering of the

laser light incident on the plate during the read-out process. Glass ceramic

materials show very small scattering due to their transparent nature, which

should lead to a higher resolution. However, a competing argument is the

small amount of scattering that does occur travels a much greater distance

in the plate, limiting the resolution. The aim of this thesis was to simulate

the scattering of light in imaging plates and use this to optimise the trade-off

between resolution, sensitivity and transparency which is implicit in plate de-

sign. Additionally, experiments were performed to determine the resolution

of glass ceramic and commercial imaging plates. Simulations show that high

resolution can be achieved in both the strong and weak scattering limits, cor-

responding to opaque and transparent materials. Increasing the absorption of

the laser light increases the resolution, as does decreasing the laser beam di-

ameter and power. An increase in the resolution almost always comes at a cost

of a decrease in the sensitivity. The resolutions of an Agfa MD30 and glass

ceramic imaging plate were found to be 4.5 line pairs/mm and 6.5 − 8.0 line

pairs/mm respectively for an MTF equal to 0.2.
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Chapter 1

Introduction: X-ray Imaging

Ever since x-rays were discovered in 1895 they have been valuable in applica-

tions such as medical diagnosis, non destructive testing and airport security.

X-rays are electromagnetic waves with shorter wavelength and higher energy

than visible light and are produced by accelerating electrons towards a metal

target. These electrons decelerate on collision with the target and if they con-

tain enough energy, are able to knock an electron from the inner shell of the

atom. Consequently, electrons from higher energy states fill up the vacancy,

emitting x-ray photons in the process.

A shadow image of an object can be created with x-rays through the processes

of the photoelectric effect and Compton scattering. The attenuation of x-rays

by a material depends on the composition, thickness, density and atomic num-

ber (Z). Materials with a high atomic number, such as lead, attenuate x-rays

more strongly than materials with a lower atomic number, such as human tis-

sue. This can be seen in figure 1.1 where the attenuation coefficient for different

materials is plotted against x-ray energy. At low x-ray energies the attenuation

is dominated by the photoelectric effect which has a Z4 dependence on the

atomic number. At high x-ray energies the attenuation coefficient follows the

linear Z dependence of Compton scattering. Steps in the attenuation coeffi-

cient versus energy graph are due to core level transitions in the atoms which

make up the material.
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Figure 1.1: X-ray attenuation coefficient versus energy for various materials.

The first technique of x-ray imaging was based on photographic film. X-ray

film is made by coating a plastic base with a thin layer of light sensitive emul-

sion which is composed of a silver halide mixed with a gelatine. Photons

which are incident on the halide grains produce photogenerated free electrons

which interact with the silver ions to produce silver metal atoms. The higher

the number of photons landing on the grains the larger the concentration of

silver atoms which cluster to form silver particles. The image is represented

by the varying concentration of silver particles. After exposure the film is then

chemically processed in order to enhance the image further (“development”)

and to preserve it (“fixing”). The grain size of the silver halide atoms deter-

mines the resolution and sensitivity of the film, and the maximum dose is lim-

ited by the number of silver halide grains.

However, the film is not particularly sensitive to x-rays; instead it is much

more sensitive to visible light. To exploit this, intensifying screens made from

materials such as calcium tungstate or rare-earth phosphors, are sandwiched

with the x-ray film. The intensifying screen absorbs the incident x-rays and

converts them into visible light through a process known as x-ray induced

luminescence. Adding an intensifying screen increases the sensitivity of the

system but the high spatial resolution is reduced due to light scattering within

the screen.
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Figure 1.2: Process of photostimulated luminescence.

X-ray storage phosphor (XRSP) imaging plates were introduced in 1983 by

Sonda et al [1] as an alternative to x-ray film systems. Current commercial

imaging plates mainly consist of a support film covered with an organic binder

in which BaBrF:Eu2+ crystals are embedded. The mechanism by which storage

phosphors can be used as imaging plates is known as photostimulated lumi-

nescence (PSL) and is illustrated in figure 1.2.

X-rays which are incident on the imaging plate during irradiation cause elec-

trons to be promoted into the conduction band in the BaFBr:Eu crystals. In-

stead of promptly recombining with the corresponding holes, some of these

electrons are trapped just below the conduction band in electron traps. These

traps are commonly anion vacancies, which when occupied by a trapped elec-

tron are known as F centres [2]. Similarly the holes are trapped just above the

valence band in hole traps, for example Vk centres [2]. The latent image in the

plate is then stored as a spatial variation in the concentration of trapped elec-

trons and holes; the concentration is proportional to the x-ray dose.

During the read-out process, a focussed red (∼ 630 nm) laser beam is raster

scanned across the plate. The energy of the light is high enough that the elec-

trons or holes are able to overcome their trap barriers. Recombination of the

electrons and holes then occurs with the recombination energy being trans-

ferred to the Eu2+ ions. The Eu2+ ions enter an excited state and then decay
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Figure 1.3: The imaging process using storage phosphor imaging plates.

after a short period of time, emitting characteristic luminescence at ∼ 390 nm,

which is separated from the red laser light by appropriate filtration.

The imaging process for XRSP plates is illustrated in figure 1.3. The emitted

photons are directed by a fibre optic cable to a photomultiplier. The intensity of

the emitted light and the photomultiplier signal is proportional to the density

of trapped electron-hole pairs. The photomultiplier converts the luminescence

into an electrical signal which is passed through an A/D converter into a com-

puter for reconstruction of the image. Once the image has been read-out, the

plate is bleached (all remaining traps emptied) so the imaging plate can be

reused.

Storage phosphor imaging plates have many advantages over conventional

film methods, such as:

• High sensitivity – a lower dose can be applied – greater patient safety.

• Large dynamic range – around 5 orders of magnitude, greater than the

2−3 orders of magnitude for film. This prevents under and over exposed
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images and the corresponding necessity for re-takes.

• Reusable – plates are bleached after each use - up to 1, 000 to 10, 000 ex-

posures.

• Direct digital image – advantageous for image processing/enhancements

and tele medicine.

• No chemical processing – convenient and safer for radiologist staff.

The main disadvantage in these imaging plates is the poor spatial resolution

due to scattering of the read-out laser.

During the read-out process, the laser light which is incident on the storage

phosphor is strongly scattered off the crystallites. This scattering causes the

stimulated area to be greater than the area of the laser beam, which in turn

causes the spatial resolution to be limited to around 2.5 line pairs/mm (lp/mm).

X-ray film has a spatial resolution of approximately 5 lp/mm, which means x-

ray film is still used for high resolution applications such as mammography

(this application requires high resolution for early detection and diagnosis of

treatable illnesses such as breast cancer).

To overcome the resolution problem, a recent approach has been to exam-

ine transparent glass ceramics as storage phosphors [3]. These glass ceram-

ics are typically fluorozirconate glasses co-doped with bromine or chlorine

and europium. The glass ceramics have an advantage in that they are semi-

transparent and so less scattering should occur. In addition, glasses can be

moulded into a variety of shapes meaning new types of imaging systems could

be designed, for example based on fibre optics.

Other types of digital imaging systems are being developed which are rivals

for the storage phosphor imaging plate. These include methods such as those

based on photodiode arrays, and a phosphor screen linked to a CCD array.

Most of the new digital systems require a separate reader for each individual

detector with replacement costs for each detector being very high. Storage
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phosphors have an advantage over these systems as one reader can support

multiple plates and the existing x-ray sets can be retained, simply by replacing

existing screen/film cassettes with imaging plate cassettes.

The ability of a near-transparent XRSP to be used for high resolution imag-

ing is currently under debate. On one hand the scattering is weaker which

at first suggests better resolution; on the other hand, what scattering there is

permeates greater distances from the point of irradiation, implying a lower

resolution.

The aim of this thesis is to simulate the scattering of the read-out laser light to

discover how the variation in changeable variables, such as scattering length

and absorption affects the scattering and resolution. In particular, the trade-off

between transparency, sensitivity and resolution which can be achieved in the

production of imaging plates is of prime interest. Simulation results can then

be applied in refining the materials design of high resolution glass ceramic

imaging plates.

The thesis is structured as follows. Chapter 2 contains background informa-

tion on scattering and related theory, and a brief review of relevant earlier

work reported in the literature. Chapter 3 describes how the scattering sim-

ulations were formulated. Chapter 4 contains results of the simulations for a

spectra of possible imaging plate properties. Chapter 5 describes the experi-

mental methods used, and Chapter 6 contains experimental results for com-

mercial and glass-ceramic XRSP plates and compares them with experimental

simulations.



Chapter 2

Theoretical Background and

Review of Literature

2.1 Glass ceramics and the photostimulated lumi-

nescence effect

Photostimulated luminescence has been observed in simple glasses, for exam-

ple in rare earth doped alkali borate and fluoroaluminate glasses by Qui et al

in 1997 ([4] [5] [6]), although the PSL intensity was not reported. Subsequent

measurements [7] suggested that only a very small effect of negligible com-

mercial significance could be observed.

Glass ceramics are materials comprised of nano or micro-crystallites embed-

ded in a glass matrix. The material is first made as a glass by quenching from

the melt and then heated to induce crystallite growth. The glass matrix com-

monly consists of a mix of alkali and silicon, phosphorous, boron or aluminium

oxides; the crystals are of various compositions but share the properties of be-

ing insoluble at low temperatures in the glass.

Fluorozirconate glasses are heavy-metal fluoride glasses based on the glass-

forming properties of zirconium fluoride. One member of this family is ZBLAN

glass which is composed of fluorides of zirconium, barium, lanthanum, alu-
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(a)

(b)

Figure 2.1: (a) PSL efficiencies relative to BaFBr:Eu2+ and transmittance for
annealed glass. The lines are guides to the eye. (b) Visual appearance of glasses
annealed at temperatures (◦C) as indicated. [9]

minium and sodium. Compared to more traditional glasses, ZBLAN has a

higher refractive index and transmits further into the infrared which makes it

useful for optical fibres in communications and medical applications.

By replacing F− ions in a fluorozirconate glass with Br− ions, Edgar et al [3] ob-

served a significant PSL effect. However, the PSL conversion efficiencies (the

fraction of x-ray energy converted to PSL light) was around 0.025− 0.05% that

of the standard XRSP material BaFBr:Eu2+. Later, Schweizer et al [8] found

by replacing the Br− ions with Cl− ions a larger PSL signal is achieved with a

conversion efficiency of up to 80% that of BaFBr:Eu2+. When first made these

fluorozirconate glasses show no PSL effect and are transparent. The glasses

are then annealed (heat treated) to induce growth of BaCl2 crystallites. Ini-

tially BaCl2 forms in a hexagonal phase and as the annealing temperature is

increased the orthorhombic phase of BaCl2 is seen [9]. The orthorhombic phase

shows the strongest PSL effect.
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Once the temperature for orthorhombic phase BaCl2 crystallites has been reach-

ed any further increase in temperature causes the crystallites to grow in size

rather than number. This affects both the PSL and transparency of the glass.

As can be seen in figure 2.1(a) higher annealing temperatures produce opaque

glass ceramics which show a strong PSL intensity. Glasses annealed at a lower

temperature show a weak PSL intensity but are relatively transparent. The vi-

sual appearance of the glass ceramics for different annealing temperatures is

shown in figure 2.1(b).

One of the key aims of this thesis is to provide guidance on the thermal pro-

cessing for optimisation of the imaging performance of these glass ceramic

materials.

2.2 Light scattering

Scattering of an electromagnetic (EM) wave can arise from structural inhomo-

geneities in a medium and the corresponding spatially varying refractive in-

dex. The scattering of light together with selective absorption explains why

objects have particular colours under illumination by white light.

Matter is composed of discrete electric charges – electrons and protons. If an

obstacle in the material is illuminated by an EM wave it sets the electric charges

into oscillatory motion due to this incident wave. These oscillating particles

emit EM radiation in all directions – a secondary radiation which is known as

scattered radiation. If instead these particles change the incident radiation into

some other form (for example heat) the process is known as absorption.

The effects of scattering are different depending on the concentration of scat-

tering centres involved – either single scattering off one centre or multiple scat-

tering involving many centres. Multiple scattering is a coherent phenomenon

and can be difficult to deal with especially if the interaction between scatter-

ing centres must be taken into account. Scattering can be elastic or inelastic
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depending on whether the energy is transferred during scattering. Rayleigh

and Mie scattering are examples of elastic scattering where there is no energy

transfer during scattering. In contrast, Compton scattering is a type of x-ray

inelastic scattering where the energy of an x-ray photon decreases after it in-

teracts with matter (details can be found for example in [10]). The interaction

between electrons in the material with a high energy photon (x-ray) results

in the ejection of an electron from an atom or ion which carries away part of

the incident photon energy; a photon with the remaining energy is emitted in

a different direction to the incident photon, consistent with the conservation

of momentum for the incident photon, emitted x-ray photon and the electron.

For lower energy x-ray photons, all of the photon energy may be transferred to

the ejected electron; in this case the effect is known as the photoelectric effect.

2.2.1 Rayleigh scattering

Rayleigh scattering (after Lord Rayleigh 1871) describes the scattering of light

by dielectric spherical particles which are much smaller than the wavelength

of the radiation.

The size of the scattering particle is defined by the size parameter x (equation

2.1) where a is the radius of the sphere, λ is the wavelength of incident radia-

tion and nm is the refractive index of the medium.

x =
2πanm

λ
(2.1)

The Rayleigh scattering regime corresponds to the size parameter being much

less than one.

Since the scatterer is very small compared to the wavelength in this regime, the

electric field is assumed to be uniform over this small distance. The scatterer is

then modeled by assuming it behaves like a dipole. Incident EM radiation on
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the scatterer induces the dipole, causing it to oscillate and radiate. By consid-

ering the total electric field inside the scatterer, results such as the cross-section

and phase function can be found. Detailed analysis of Rayleigh scattering can

be found for example in Kerker [11].

The differential cross-section is defined as the power radiated in the scattered

direction per unit solid angle, per unit incident flux and is given in equation

2.2 where n is the relative refractive index np/nm, np is the refractive index of

the particle and θ is the angle of scattering.

dσ

dΩ
=
a6

2
n4

m

(
2π

λ

)4(
n2 − 1

n2 + 2

)2

(1 + cos2 θ) (2.2)

The scattering cross-section, σsca is the effective area which removes the in-

cident radiation from the forwards direction and is found by integrating the

differential cross-section over the sphere surrounding the scatterer, to give,

σsca =
128π5

3

a6

λ4
n4

m

(
n2 − 1

n2 + 2

)2

(2.3)

Rayleigh scattering is commonly seen in gases (where the refractive index of

the medium is almost equal to one) and the scattering cross-section is often

quoted in the form of equation 2.4 by assuming nm = 1.

σsca =
128π5

3

a6

λ4

(
n2

p − 1

n2
p + 2

)2

(2.4)

In the cross-section equations there is a λ−4 dependence which explains why

the sky is blue. Gas atoms in the atmosphere scatter the light which is incident

from the sun. Blue light is predominately scattered because of its shorter wave-

length leading to the sky being seen as blue, whilst the setting sun appears red

as blue light is scattered out of the direct beam.

When light is scattered, the angle at which it scatters is a function of the prop-

erties of the particle and material. The phase function describes the scattering
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Figure 2.2: The phase function for Rayleigh scattering (red curve) and isotropic
scattering (blue curve).

intensity as a function of the angle of scattering and is found by dividing the

total differential cross-section (equation 2.2) by the cross-section (equation 2.3)

and normalising by 4π. The Rayleigh phase function is given in equation 2.5

and shown graphically in figure 2.2.

pR(θ) =
3

4
(1 + cos2 θ) (2.5)

2.2.2 Mie theory

Mie theory describes the scattering of radiation by spherical particles and is

an analytical solution to Maxwell’s equations inside and outside the particle,

matched at the boundary. It is a complete theory which covers all particle sizes

and refractive indices, both real and complex. A complete explanation of Mie

theory can be found in Bohren and Huffman [12].

Maxwell’s equations are used to derive a wave equation for incident and scat-

tered electromagnetic radiation in three dimensions with appropriate bound-

ary conditions at the surface of the particle. Due to spherical symmetry the

wave equation is expressed in spherical polar coordinates (r, θ, φ). The wave
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equation is a separable partial differential equation, the solution of which is

expressed as an infinite series of functions containing sines and cosines, spher-

ical Bessel functions (ψm(x), ξm(x)) and Legendre polynomials (P 1
m(cos θ)).

The main equations required to generate a solution for a given system are the

scattering coefficients, am and bm (equation 2.6), and the angle-dependent func-

tions πm and τm (equation 2.7).

am =
nψm(nx)ψ′m(x)− ψm(x)ψ′m(nx)

nψm(nx)ξ′m(x)− ξm(x)ψ′m(nx)

bm =
ψm(nx)ψ′m(x)− nψm(x)ψ′m(nx)

ψm(nx)ξ′m(x)− nξm(x)ψ′m(nx)
(2.6)

πm =
P 1
m(cos θ)

sin θ

τm =
dP 1

m(cos θ)

dθ
(2.7)

The scattering and extinction cross-sections (equation 2.8 and 2.9) are equa-

tions involving infinite sums of the scattering coefficients and the wavenum-

ber k. The extinction cross-section is defined as the effective area of a totally

absorbing material that would absorb the same amount of radiation as the par-

ticle.

σsca =
2π

k2

∞∑
m=1

(2m+ 1)(|am|2 + |bm|2) (2.8)

σext =
2π

k2

∞∑
m=1

(2m+ 1)Re(am + bm) (2.9)

The Mie phase function is given in equation 2.10 where S1(θ) (equation 2.11)

and S2(θ) (equation 2.12) are the scattering amplitude functions which involve

infinite sums of both the scattering coefficients and angle-dependent functions.

pM =
1

σsca

|S1(θ)|2 + |S2(θ)|2

2k2
(2.10)

S1(θ) =
∞∑
m=1

2m+ 1

m(m+ 1)
(amπm + bmτm) (2.11)
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(a) (b)

Figure 2.3: Mie phase function for (a) various size parameters with np = 1.5
and (b) various particle refractive indices with x = 1.5. Both have a fixed
medium refractive index of nm = 1.

S2(θ) =
∞∑
m=1

2m+ 1

m(m+ 1)
(amτm + bmπm) (2.12)

For particles which are small compared to the wavelength of light, Mie theory

has an approximate analytical solution. An assumption that |n|x � 1 is made

which requires not only the radius to be much smaller than the wavelength but

also for the field to penetrate readily into the particle. Taking terms of order

up to x4 the scattering and absorption cross-sections are given by equation 2.13

and 2.14 respectively.

σsca =
128π5

3

a6

λ4
n2

m

∣∣∣∣n2 − 1

n2 + 2

∣∣∣∣2 (2.13)

σabs =
8πa

λ
nmIm

{
n2 − 1

n2 + 2

}
(2.14)

The scattering cross-section given here is exactly the same as equation 2.3 for

real n, meaning for small dielectric particles Mie theory reduces to Rayleigh

scattering.

For large particles the equations have to be solved numerically with the use

of a computer. Since infinite sums cannot be calculated the series has to be

truncated at a sufficiently large number of terms in order to achieve an accu-
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rate result. Bohren and Huffman [12] suggest for numeric experiments that

the nearest integer to x + 4x1/3 + 2, where x is the size parameter can be used

as the number of terms required. Computational algorithms for Mie theory

were written using MATLAB and were based on previous work by Christian

Mätzler [13]. Results of the Mie phase function for various size parameters and

refractive indices are shown in figure 2.3. These graphs show for a large size

parameter the scattering occurs predominately in the forwards direction. The

refractive index also has a significant impact on the shape of the curve; parti-

cles with a negative imaginary refractive index scatter in the reverse direction.

2.2.3 Henyey-Greenstein approximation

Glass ceramic materials are formed as a glass and then heat treated (annealed)

to induce crystallisation. It is these crystallites which cause the storage phos-

phor effect and from which scattering occurs. Depending on the type of an-

nealing, crystallites of sizes from 10 − 100 nm can be produced (see section

2.1), and so in any modelling of a glass ceramic imaging plate, a scattering

theory which works with a range of particle sizes needs to be used. The ideal

scattering theory would be Mie theory. However, Mie theory is very time con-

suming for a large number of scattering events so here the Henyey-Greenstein

phase function is used as a computationally simpler approximation.

The Henyey-Greenstein phase function [14] was developed to model the scat-

tering of diffuse radiation in the Galaxy by dust. The function Φ (equation

2.15) defines the direction of scattering by an angle θ which is the deviation

from the forwards direction and a factor g known as the anisotropy coefficient.

Φ(θ) =
1− g2

4π(1 + g2 − 2g cos θ)
3
2

(2.15)

The anisotropy coefficient describes how strongly the scattering deviates from

spherical scattering. For g = 0 the scattering is isotropic and for g = 1 all of
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(a) (b) (c)

Figure 2.4: Plots of Henyey-Greenstein phase function versus Mie phase func-
tion for particles with radius (a) a = 10 nm, (b) a = 100 nm and (c) a = 500
nm.

the light is scattered in the forwards direction. A negative g corresponds to the

scattering tending towards the backwards direction. The anisotropy coefficient

is defined as the average cosine of the phase function, p(θ).

g = 2π

∫ π

0

p(θ) cos θ sin θdθ (2.16)

Figure 2.4 shows how the Henyey-Greenstein function compares with Mie the-

ory for various particle sizes. In each case the anisotropy coefficient was de-

termined by substituting the Mie phase function for the particular particle size

into equation 2.16 and numerically integrating over θ. The Henyey-Greenstein

function is a good approximation to Mie theory for particles with radius∼ 100

nm (size parameter of approximately one).

2.3 Reflection

When a light wave passes between media of differing refractive indices reflec-

tion and refraction of the light may occur as shown in figure 2.5. The angles

at which the reflected and refracted waves travel with respect to the normal of

the interface are given by the law of reflection (2.17) and Snell’s law (2.18).

θi = θr (2.17)
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Figure 2.5: Diagram of reflected and refracted waves at a boundary between
media of different refractive indices.

n1 sin θi = n2 sin θt (2.18)

In imaging plates this occurs when the laser or PSL light is incident at the sur-

faces between plate material and their surroundings. To implement reflection

in computations the Fresnel equations are used. Treatment of the Fresnel equa-

tions can be found in any elementary electromagnetism text book, for example

Griffiths [15].

The Fresnel equations were developed by Augustin-Jean Fresnel to explain the

behavior of light at the boundary between media of different refractive indices.

These equations are given in terms of a reflection and transmission coefficient

which give the fraction of the intensity of incident light which is either re-

flected or transmitted. The different polarisations for the incident light wave

lead to different Fresnel equations. The Fresnel equations for perpendicular

and parallel polarisation are given in equations 2.19 to 2.22.

R⊥ =

(
n1 cos θi − n2 cos θt

n1 cos θi + n2 cos θt

)2

(2.19)

T⊥ =
n2 cos θt

n1 cos θi

(
2n1 cos θi

n1 cos θi + n2 cos θt

)2

(2.20)

R‖ =

(
n2 cos θi − n1 cos θt

n2 cos θi + n1 cos θt

)2

(2.21)
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T‖ =
n2 cos θt

n1 cos θi

(
2n1 cos θi

n1 cos θi + n2 cos θt

)2

(2.22)

Due to energy conservation the reflection coefficient and transmission coeffi-

cient must always add to one.

If the incident light is unpolarised then the reflection and transmission coeffi-

cients are given by the average of perpendicular and parallel polarisation, as

shown below.

R =
1

2

[(
n1 cos θi − n2 cos θt

n1 cos θi + n2 cos θt

)2

+

(
n2 cos θi − n1 cos θt

n2 cos θi + n1 cos θt

)2
]

(2.23)

T =
1

2

n2 cos θt

n1 cos θi

[(
2n1 cos θi

n1 cos θi + n2 cos θt

)2

+

(
2n1 cos θi

n1 cos θi + n2 cos θt

)2
]

(2.24)

When the light wave is incident normal to the boundary the Fresnel equations

reduce to equations 2.25 and 2.26.

R = R⊥ = R‖ =

(
n1 − n2

n1 + n2

)2

(2.25)

T = T⊥ = T‖ =
4n1n2

(n1 + n2)2
(2.26)

2.4 Modulation transfer function

Spatial resolution is defined as the ability to distinguish the shape or extent of

features within an image and depends on the properties of the system which

creates the image.

A periodic image can be expressed as a sum of a series of harmonic sinusoids

in image brightness with the use of Fourier series theory. For non periodic im-

ages the Fourier transform F (ν) (ν is the spatial freqency) of the image bright-

ness f(x) (equation 2.27) contains the equivalent information about the image
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Figure 2.6: Determination of the MTF by imaging a lead grid. [16]

brightness in the frequency domain.

F (ν) =
1√
2π

∫ ∞
−∞

f(x)e−iνxdx (2.27)

An important measure of the spatial resolution of an imaging plate is the mod-

ulation transfer function (MTF). The MTF is defined as the ratio of the contrast

in the read-out image to the contrast of the original image, and is a function of

the spatial frequency. The MTF is mathematically equivalent to the normalised

Fourier transform of the line spread function (LSF), which is the read-out im-

age as a function of distance from an ideal line image of infinitesimal width. In

practical applications, the MTF can be found in two different ways.

The first (figure 2.6) is to obtain an image of a periodic test object, which con-

sists of a series of vertical lines at small known spacings, on the imaging plate.

An example of a test object is a lead grid where the spatial frequency (line

pairs per mm) changes stepwise between each set. The plate is then scanned

in a direction perpendicular to the lines with a laser, the response being a signal

which is modulated by the lines. This response of the imaging plate generates
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Figure 2.7: Determination of the MTF by imaging a sharp edge.

the contrast transfer function (CTF) which can be transformed into the MTF by

approximating the square wave pattern as a series of sinusoidal functions.

The second way is to scan across an image of a sharp edge, the response

is known as the edge spread function (ESF). Subsequent differentiation and

Fourier transformation of the ESF determines the MTF as shown schematically

in figure 2.7.

2.5 Literature review

Several authors have investigated the influence of scattering on the spatial res-

olution of storage phosphor imaging plates. In particular two papers, Thoms

[17] and Fasbender et al [18], have modelled the scattering of light using com-

putational methods.

Thoms [17] treats the scattering of light as a diffusion-like process and de-

velops theoretical equations which can be solved numerically using standard

computational methods. The model finds that by increasing the absorption,

decreasing the scattering length or decreasing the plate thickness the resolu-

tion will be increased at a cost of a decrease in the sensitivity. To achieve a

specific resolution it is suggested that the thickness of the plate should be as

large as possible, the absorbance of the medium as small as possible and then

the resolution is fitted by adjusting the scattering length of the medium. The

model has several limitations. The scattering from particles is assumed to be
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isotropic implying small particle sizes which does not include BaBrF:Eu2+ with

particles around 8 µm in size or glass ceramics with crystallite sizes of 100 nm

or larger. The scattering length is assumed to be much smaller than the plate

width, which excludes transparent materials such as glass ceramics. Bleaching

of the image during read-out is not included, nor is reflection from any sur-

face.

Fasbender et al [18] model the scattering of light using a Monte Carlo algo-

rithm where the incident laser light is split up into packets of photons. The

packets are followed as they travel through the plate where they experience

numerous random events until they leave from the plate surfaces or are ab-

sorbed by the medium. Random events are determined with the use of prob-

ability distributions and randomly generated numbers. The scattering distri-

bution allows for anisotropic scattering with the use of the Henyey-Greenstein

function (see section 2.2.3). Once the laser packets have been followed through

the plate the intensity distributions are found by mapping the photon paths

onto a two dimensional matrix where the rows and columns represent the

spatial positions and each entry is the photon density within that range of val-

ues. The PSL photons experience similar random scattering events to the laser

photons. Of interest is the escape probability (from top or bottom surface) of

PSL photons generated on a light-emitting x-y plane at a given depth in the

plate. After generation, the initial direction of the PSL photons is assumed to

be isotropic. Based on the probability of escape and intensity distribution of

the laser, the LSF and MTF can be determined. In addition, bleaching of the

line is considered with the number of storage centres after scanning a certain

distance decreasing with laser intensity. A series of storage phosphor plates of

varying thicknesses where then created by Fasbender et al to determine their

resolution and sensitivity. The MTF was determined experimentally from the

square wave response function of a periodic bar pattern and the sensitivity

was measured using an Ulbricht sphere to integrate the PSL photons. The
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Figure 2.8: MTF’s for a glass ceramic (squares) and Agfa MD30 (triangles)
imaging plate [19].

simulation and experimental results show that increasing the plate thickness

decreases the resolution and increases the sensitivity. Simulated scattering pro-

files show that increasing the optical absorption coefficient decreases the scat-

tering area and increases the resolution. This model does not include reflection

from surfaces and only investigates plate widths which are much greater than

the scattering length.

Several authors have investigated the spatial resolution of glass ceramics ex-

perimentally and their ability to be used as imaging plates.

Edgar et al [19] determined the modulation transfer function of a flurochlorozir-

conate glass doped with 1 mol% Eu2+ and a commercial Agfa imaging plate by

point-by-point scanning across an image of a bar pattern (figure 2.8). The spa-

tial resolution for a translucent glass ceramic was found to be a considerable

improvement over that for commercial plates. The MTF for the glass ceramic

was found to have a bimodal nature, which was accredited to the finite laser

beam width for the high frequency regime and the surrounding scatter halo in

the low frequency regime.

Chen et al [20] evaluate the MTF using a bar pattern phantom and an extended

laser beam which reads out all of the irradiated image. The glass ceramics

used are based on the ZBLAN20 composition with varying Eu2+ concentra-
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tions and annealed using either a one or two step method. A two step anneal-

ing treatment produces a larger number of smaller crystallites. The resolution

of a single annealed 2% Eu2+ doped sample was found to be approximately

30 lp/mm. A double annealed 1% Eu2+ doped sample has a resolution of ap-

proximately 90 lp/mm at a MTF of 0.2.

Schweizer and Johnson [21] investigated the spatial resolution using the same

glass ceramics and methods as in Chen et al [20]. Measurements on a double

annealed 2% Eu2+ doped glass show a resolution of 110 lp/mm at an MTF of

0.2.

It should be noted that the read-out of Chen et al and Schweizer and Johnson

was not by a scanned laser beam but by total illumination of the plate and im-

age recording using a CCD based camera. In this case the resolution is limited

not by the scattering of the stimulating laser light but by scattering of the PSL

light.





Chapter 3

Scattering Simulations

3.1 Monte Carlo methods

A Monte Carlo simulation is a method for iteratively evaluating a model with

the use of random numbers and probability statistics. A simple example of a

Monte Carlo method is to calculate the area of a unit circle using a “hit and

miss” method which leads to an estimation of π. Mathematically the area is

given by A = 4
∫ √1−x2

0

∫ 1

0
dxdy = π.

The Monte Carlo method is applied by imagining throwing darts at one quad-

rant of the square in figure 3.1. The number of darts landing in the shaded

part, tested by comparing the radius of impact with one, divided by the total

number of darts is equal to the ratio of the two areas.

Figure 3.1: Quadrant of circle in box for Monte Carlo determination of π.
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# darts hitting shaded part

# darts hitting inside square
=

area of shaded part

area of square
(3.1)

An estimation of π is then given by equation 3.2. A very large number of

throws are required to get an accurate value of π.

π = 4
# darts hitting shaded part

# darts hitting inside square
(3.2)

Monte Carlo simulations were set up to describe the light scattering in storage

phosphor imaging plates and closely follows the model developed by Fasben-

der et al [18]. To apply the method, the laser light which is incident on the

plate during read-out of the image is split up into a large number of packets

which are followed as they travel through the plate. Monte Carlo techniques

are used to determine simulation events such as the position photon packets

land on the plate, the distance packets travel before scattering and the angle at

which packets are scattered.

3.2 Random number generation

Monte Carlo methods rely on random numbers to compute their results. In

this work, uniform random deviates between 0.0 and 1.0 are generated by two

random number generators. Two generators are used to produce the most ran-

domly distributed number possible. The first random number generator is a

Park-Miller generator with a period of about 3.1 × 1018 [22]. This generator

requires a negative integer seed to initialise the number generation and for a

given seed the list of generated numbers is exactly the same. Therefore, a sec-

ond random number generator [23] is used to generate a random seed which

will change the list of generated numbers. The second generator uses the com-

puter’s clock to generate a random sequence of numbers but suffers from a

periodic pattern of numbers, so cannot be used on its own. To generate the

seed for the first generator an average of two random numbers from the sec-
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ond generator is multiplied by −100 to give a seed value between −100 and 0.

3.3 Overview of the model

As mentioned previously, the incident read-out laser light is split up into a

number of packets, each containing a set number of photons. These packets

are followed step-wise as they advance through the plate, where they undergo

numerous events such as scattering, absorption by the material and/or stor-

age centres and reflection off plate surfaces. Intensity distribution profiles of

the scattered laser light are constructed by splitting the plate into a number of

volume units (voxels) and determining the density of photons in that volume.

Due to spherical symmetry of the laser beam, these intensity distributions are

represented in terms of r and z coordinates.

Once stimulated the PSL photons will also undergo similar numerous events

to the laser photons. To simulate this, packets of photons are generated at a

number of depths in the plate, and these are followed step-wise through the

plate. The number of photons leaving through a surface of the plate is recorded

and this generates the probability of escape of PSL photons from a plate sur-

face for a given depth.

Both the laser intensity distributions and PSL probability of escapes are then

used to determine the LSF. The laser beam is scanned across a thin line of irra-

diated centres and the intensity of the stimulated PSL is collected as a function

of distance from the line. The MTF is then determined by Fourier transforming

and normalising the LSF, from which the resolution of the plate can be deter-

mined.

All code was written in the Fortran 90 language and was compiled using the

free gfortran compiler for windows available on the internet [24]. Typical com-

putation times ranged from an average of 8 hours for intensity distribution
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and LSF calculations to an average of 48 hours for probability of escape calcu-

lations. To compensate for large computation times, often several computers

(up to a maximum of 20) were used with each computer running a different

simulation.

3.4 Photon packet description of the laser beam

The number of photons in a packet, Npht (equation 3.3) is a function of the

power of the read-out laser, Plas, energy of the laser photons, Epht, velocity

of the read-out scanner, vscan, the sampling interval,∆x, and the number of

packets the total beam is split into, Npkt.

Npht =
Plas∆x

EphtvscanNpkt

(3.3)

The intensity of the incident laser beam over its cross-section is assumed to

be Gaussian distributed with variance w. Since the laser beam is perpendicu-

larly incident on the plate, cylindrical geometry can be applied leading to an

intensity distribution as given in equation 3.4.

I(r) ∝ 1√
2πw

exp

(
−r2

2w2

)
. (3.4)

To find where the photon packet lands on the plate the probability density

function (equation 3.5) is found by the normalisation condition for a beam of

unit power,
∫∞

0
I(r)2πrdr = 1 and then multiplying through by 2πr.

p(r) =
r

w2
exp

(
−r2

2w2

)
(3.5)

A Monte Carlo technique can be applied to determine the positions the photon

packets land on the plate (r). To do this a set of values of r need to be generated

which will follow the probability density distribution p(r). Figure 3.2(a) shows
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(a) (b) (c)

Figure 3.2: Illustration of probability density function with partitioning of r on
basis of (a) equal ∆r spacing and (b) equal area spacing and (c) illustration of
probability distribution function.

the probability density function with the range of r values divided into incre-

ments of ∆r. Imagine throwing darts at this figure so that the number of darts

per unit area is uniform; the number of darts in each box is then proportional

to the area p(r)∆r of the box. If instead the boxes are organised on the basis

of equal areas (figure 3.2(b)), the number of darts in each box will be the same

and those values of r are equally likely to occur. Generating random numbers

between 1 and the number of boxes, the linear density of corresponding r val-

ues is a good approximation to p(r). This process is equivalent to taking the

integral of p(r), P (x) =
∫ r

0
p(z)dz (figure 3.2(c)) which extends from 0 to 1 and

dividing it up into equal segments. By choosing a value of P (r) between 0 and

1 (just like random number generators) a particular value of r can be found.

A large number r values can be generated by this process, all of which will

follow the distribution of p(r).

This is an example where a given normalised probability density function p(z)

which satisfies
∫ b
a
p(z)dz = 1 has been simulated by taking the probability dis-

tribution function P (x) =
∫ x
a
p(z)dz to be uniformly distributed over this in-

terval (a, b) and generating sets of z which satisfy p(z) from it using sets of P

selected by a random number generator.

Using this technique equation 3.5 is changed into the probability distribution
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Figure 3.3: Simulated laser beam incident on plate for a beam variance of w =
20 µm.

function equation (3.6).

P (r) = 1− exp

(
−r2

2s2

)
(3.6)

The simulation then generates two random numbers, Rr and Rα to find the

radial (equation 3.7) and angular (equation 3.8) landing positions of the photon

packet.

r = w
√
−2 ln(1−Rr) (3.7)

α = 2πRα (3.8)

The radial position is found by substituting Rr for P (r) and rearranging for r.

The angular position is equally distributed in the range of 0 to 2π.

A simulation of the intensity distribution, based on the spatial distribution of

photon packets calculated by these methods is shown in figure 3.3.

3.5 Simulation of the scattering process

Scattering of the laser and PSL light is caused by variations in the refractive

index of the imaging plate; in practice by the granular nature of a ceramic or

the crystalline content of a glass ceramic. To simulate this the photon packet
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Figure 3.4: Scattering of photon packets within the plate.

travels a randomly determined distance ξ, is scattered, and then travels in a

different direction as illustrated in figure 3.4. In order to determine this dis-

tance, the overall form of the scattering is assumed to follow the Beer-Lambert

law, equation 3.9 whereNscat is the number of scattered photons from an initial

number Npht after travelling a distance ξ.

Nscat = Npht

(
1− exp

(
− ξ
µ

))
(3.9)

The probability distribution function for a packet to be scattered in the range 0

to ξ comes directly from equation 3.9.

P (ξ) = 1− exp

(
−λ
ξ

)
(3.10)

The length ξ can then be determined by generating a random number Rξ to

replace P (ξ) and then rearranging for ξ.

ξ = −µ ln(1−Rξ) (3.11)

After travelling distance ξ, the packet is scattered by a scattering centre and de-

viates by angles θ and φ from the previous direction of travel. The azimuthal

angle, φ, is evenly distributed between 0 and 2π because of rotational symme-

try, and the distribution of θ between 0 and π depends on the anisotropy of the
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scattering particles.

The Henyey-Greenstein phase function (equation 3.12) is a good approxima-

tion for anisotropic scattering from particles as explained in section 2.2.3.

Φ(θ) =
1− g2

4π(1 + g2 − 2g cos θ)
3
2

(3.12)

Values for the anisotropy coefficient g are chosen to correspond to particles

with radii ranging from 10 nm to 1 µm. The probability distribution for θ can

be found by integrating Φ(θ) over a sphere.

P (θ) =

∫ 2π

0

∫ π

θ

Φ(θ) sin θdθdφ =
1− g2

2g

[
1√

1 + g2 − 2g cos θ
− 1

g + 1

]
(3.13)

Introducing random numbersRθ for P (θ) andRφ gives equations 3.14 and 3.15

for θ and φ respectively.

θ = cos−1

(
1 + g2 − [(1− g2)/(1− g + 2gRθ)]

2

2g

)
(3.14)

φ = 2πRφ (3.15)

The new positions of the packet after being scattered are found in terms of the

previous angles θ1 and φ1, and the change in direction given by angles θ and

φ. There are three different sets of coordinate systems that are used – the base

(x, y, z) system, the previous direction (x1, y1, z1) system and the new (x2, y2, z2)

system. The new packet position needs to be specified in terms of the (x, y, z)

coordinate system.

Firstly, the change in the (x1, y1, z1) system due to scattering angles θ and φ is

determined. A rotation about y1 by θ and then rotating anticlockwise about

z1 by φ gives equation 3.16, which is the new position vector in terms of the

(x1, y1, z1) coordinate system.

(− sin θ cosφ,− sin θ sinφ, cos θ) (3.16)
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Figure 3.5: Euler angle geometry - the xyz (fixed) system is shown in blue, the
XYZ (rotated) system is shown in red. The line of nodes, labeled N, is shown
in green. [25]

To change this into the (x, y, z) system an inverse Euler transformation is used,

with transformation matrix given by equation 3.17. The Euler angles are illus-

trated in figure 3.5 where α = 90◦, β = θ1 and γ = φ1 + 90 in relation to this

system.

A−1 =


− cos θ1 cosφ1 sin θ1 sin θ1 cosφ1

− cos θ1 sinφ1 − cosφ1 sin θ1 sinφ1

sin θ1 0 cos θ1

 (3.17)

Multiplying the Euler matrix by the new position vector gives the positions

after being scattered in the (x, y, z) system (equation 3.18).

x2 = sin θ2 cosφ2 = (u cos θ1 + w sin θ1) cosφ1 − v sinφ1

y2 = sin θ2 sinφ2 = (u cos θ1 + w sin θ1) sinφ1 + v cosφ1

z2 = cos θ2 = w cos θ1 − u sin θ1 (3.18)

where

u = sin θ cosφ

v = sin θ sinφ

w = cos θ (3.19)
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3.6 Absorption of photons

The packet is followed as it advances through the plate in small steps of ∆ρ

µm in the direction of travel. In each step the number of photons in the packet

decreases due to absorption by the material for example by storage centres and

is given by equation 3.20 where γ is the optical absorption coefficient.

Ni = Ni−1 exp(−γ∆ρ) (3.20)

3.7 Reflection from surfaces

After travelling through the plate the packet reaches either the front or rear

surface, where reflection at that surface occurs. Reflection is included in the

simulation with the use of Fresnel’s reflection equation for unpolarised light

(equation 3.21), where n1 is the refractive index of the medium, n2 the refrac-

tive index of the surroundings, θi the angle of incidence and θt the angle of

transmission or refraction. θt is given by Snell’s law, n1 sin θi = n2 sin θt.

R =
1

2

[(
n1 cos θi − n2 cos θt

n1 cos θi + n2 cos θt

)2

+

(
n2 cos θi − n1 cos θt

n2 cos θi + n1 cos θt

)2
]

(3.21)

When the photon packet is incident on a surface the number of photons which

are reflected is calculated, and then the packet continues through the plate with

this number of photons. This continues until only a small number of photons

remain.

3.8 Intensity distribution profiles

Intensity distribution profiles are generated to show the nature of the scatter-

ing of laser photons through the plate. After each packet has travelled through

the plate, the section of the imaging plate required is split into a number of vol-
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(a) 10 packets (b) 100 packets

(c) 10000 packets (d) 1000000 packets

Figure 3.6: Scattering profiles of the incident read-out laser with w = 20 µm
after following a set number of packets (as shown) through the plate.

ume units (voxels) and the trace created by the packet is mapped onto the grid

of voxels. The corresponding laser photon density due to the single trace is

added to each voxel and this continues until all packets have travelled through

the plate. Due to the cylindrical symmetry of the laser beam, the volume units

can be converted to area units using r and z coordinates. The intensity profiles

of the scattered laser light within the plate are then formed by creating a matrix

I(r, z), where each entry is the photon density within the range of correspond-

ing points (ri− ri−1, zi− zi−1). Figure 3.8 shows the intensity distribution after

following a set number of packets through the plate. By increasing the number

of packets more accurate results are achieved.

3.9 Probability of escape

When the laser light is incident on a storage centre, photostimulated lumines-

cence (PSL) photons can be emitted. These PSL photons are emitted at a rate

proportional to the density of laser photons in the plate, as given by equation

3.22 where nem is the emitted-photon density, nsc is the density of storage cen-

tres, σ is the optical cross-section for photostimulation and Iexc is the intensity

of the laser photons (equivalent to the density of laser photons nexc multiplied
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by the speed of light c).

dnem(r)

dt
= nsc(r)σIexc(r) (3.22)

Once the PSL photons have been emitted they will undergo the same random

scattering events in the imaging plate as the laser photons, and are again fol-

lowed until they are absorbed or leave from the front or rear surface. In this

case the mean scattering length, µ, anisotropy coefficient, g, and the optical ab-

sorption coefficient, γ, can have different values because of the different wave-

lengths for the laser (∼630 nm) and PSL photons (∼390 nm).

For PSL light the probability that a packet will leave the plate is important

since this is what is detected. The probability of escape is found by assuming

a set number of PSL photon packets are emitted from a certain depth in the

plate. The photon packets which are emitted are followed until they leave the

plate and the surface they leave from is recorded. The initial angular direction,

θ, of the packet is assumed to be isotropic with the use of a normalised phase

function p(θ) = 1
4π

. Following the Monte Carlo technique described previously

the probability distribution function P (θ) is found by integrating p(θ) over a

sphere.

P (θ) =
1

2
(1− cos θ) (3.23)

Replacing P (θ) with a random number Rθ and rearraging for θ leads to the

initial angular direction being randomly generated by equation 3.24.

θ = cos−1(1− 2Rθ) (3.24)

Reflection of the PSL photons at surfaces is again taken into account using

Fresnel’s reflection equation (equation 3.21). Photons which are transmitted at

the interface are recorded and added to the total number of photons leaving

the plate from each surface. The number of photons transmitted is given by

T = 1−R.
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The probability of escape is then the number of photons leaving a surface di-

vided by the total number of photons emitted. This is calculated for all z so

that a probability versus depth in the plate, P (z), can be determined.

3.10 Line spread and modulation transfer functions

As stated in section 2.4 the modulation transfer function is an important mea-

sure of the spatial resolution. This is determined computationally by simulat-

ing the line spread function and then Fourier transforming to find the MTF.

Figure 3.7 shows graphically how the LSF is determined.

A simulation of the LSF can be determined by applying equation 3.22, for

which the density profiles of the laser photons (as discussed in section 3.8)

and storage centres must be known. The concentration of storage centres nsc,

in the z direction depends on the x-ray attenuation coefficient η, as shown in

equation 3.25.

nsc(x, y, z) = nsc(x, y, 0) exp(−ηz). (3.25)

As with the intensity distributions (section 3.8), the imaging plate is split up

into a number of voxels each of which contains a set laser photon density. Ad-

ditionally, a matrix of storage centre densities is created with the use of equa-

tion 3.25, the dimension of the matrix reflects the thickness of the plate and

Figure 3.7: Conceptual picture showing how the LSF is determined.
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the length of the line. To simplify the simulation it was assumed that the laser

was fixed and the line of irradiated centres was scanned across it. After scan-

ning an amount ∆x, the number of storage centres in the line (and the storage

centre density matrix) will have decreased due to recombination and the con-

sequent emission of PSL photons. The new storage centre density n′sc is given

by equation 3.26 where Iexc is the intensity of the laser photons, σ the opti-

cal cross-section for photostimulation, and t = ∆x
vscan

is the time the laser was

applied at each position.

nsc(x, y, z)′ = nsc(x, y, z) exp(−Iexctσ) (3.26)

The LSF is determined by equation 3.27 which calculates the response of the

plate for a narrow line (width of 2 µm) containing a certain initial storage centre

density, nsc, laser photon density, nexc, and probability of escape, P (z).

LSF (x) = σc

∫ d

z=0

dzP (z) exp(−ηz)

∫ ∞
y=−∞

dynexc(x, y, z)nsc(x, y, z)′ (3.27)

The integrals are over the thickness of the plate, z = 0 to d and length of the

irradiated line y = −∞ to ∞. Since the simulations are discrete in nature,

equation 3.27 is changed from a continuous to a discrete equation by changing

the integrals to sums and limiting the range of y to between − lgth
2

and lgth
2

,

where lgth is the (discrete) length of the line.

LSF (x) = σc
d∑
z=0

∆zP (z) exp(−ηz)

lgth
2∑

y=− lgth
2

∆ynexc(x, y, z)nsc(x, y, z)′ (3.28)

To determine the MTF, a fast Fourier transform is applied to the results of equa-

tion 3.28 using MATLAB’s fft function, and is then normalised at a spatial fre-

quency of ν = 0.

The resolution is defined, following the industry norm, as the value at which
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the MTF falls to 0.2 and the sensitivity (S) can be found using equation 3.29.

S =

∫∞
−∞ LSF (x)dx

nsc(x, y, 0)
(3.29)





Chapter 4

Scattering Simulation Results

4.1 Introduction

This chapter shows simulation results obtained by varying different imaging

plate properties. In simulating the read-out of an imaging plate there are many

different parameters involved and a very large number of calculations could

be done. To examine the trends, just a limited subset have been selected whilst

keeping the remainder fixed at values which are representative of real XRSP

materials and were determined with guidance from the literature [17] [18]. The

simulation parameters which are held constant are shown in table 4.1. In all

simulations the x and y plate dimensions (typically 3 mm to 20 mm) are as-

sumed to be much larger than the thickness of the plate, meaning all photons

exit from either the front or rear surface of the plate. It was also assumed, un-

less otherwise stated, that the absorption coefficient and scattering length are

the same for both laser and PSL photons although the programming makes

allowance for these to be different. This could be important for small parti-

cles, where a Rayleigh-like dependence of scattering coefficient on wavelength

could introduce a difference of (λlaser/λPSL)4 between the two.
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Parameter Description Value

σ Optical cross-section for photostimulation 8.85× 10−20 m2

nsc Initial density of storage centres 1.0× 1021 m−3

vscan Laser scanning speed 1.0× 107 µms−1

∆x Laser step size 5.0 µm
Ephoton Energy of laser photons 3.142× 10−19 J

∆ρ Packet step size 1.0 µm
Npkt Number of packets 1000000
n1 Refractive index of medium 1.498
n2 Refractive index of surroundings 1.0
Z Plate thickness 200.0 µm

Table 4.1: Simulation parameters held constant in all simulations.

4.2 Dependence on scattering length

The scattering length was varied from a large scattering length (20000 µm) cor-

responding to a relatively transparent material to a small scattering length (2

µm) corresoponding to a highly opaque material. Parameters for these simu-

lations can be seen in table 4.2. A g of 0.5003 refers to particles with a radius of

approximately 100 nm which is appropriate for fluorozirconate glass but sig-

nificantly smaller than found in BaFBr imaging plates.

Intensity distribution profiles of these simulations can be seen in figure 4.1.

In decreasing the scattering length (decreasing the transparency) the spread

of the laser photons increases until the scattering length is smaller than the

plate thickness where the spread decreases. For large scattering lengths, fig-

ure 4.1(a), (b), most of the laser photons pass straight through the plate with

Parameter Description Value

µ Mean scattering length 2− 20000 µm
γ Absorption coefficient 0.001 µm−1

g1 Anisotropy coefficient for laser light 0.5003
g2 Anisotropy coefficient for PSL light 0.7602
P Laser power 0.1 mW
w Laser variance 20 µm
η X-ray attenuation coefficient 0.016 µm−1

Table 4.2: Parameters for simulations with varying scattering lengths.
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(a) µ = 20000 µm (b) µ = 2000 µm

(c) µ = 200 µm (d) µ = 20 µm

(e) µ = 2 µm (f) key

Figure 4.1: (a–e) Intensity distributions profiles for large particles with varying
scattering lengths as shown. (f) Logarithmic scale of the photon densities.

only a small number of packets being scattered. The initial increase in spread

as the scattering length decreases is due to a larger number of packets being

scattered. At very small scattering lengths, figure 4.1(e), the spread decreases

due to packets being scattered more often and are not able to travel as far in

the plate before exiting or being absorbed.

The probability of escape of PSL photons generated at a depth z from the front

surface of the plate is shown in figure 4.2. For small scattering lengths and

shallow depth, there is a high probability that photon packets which set off in

the direction of the rear face will be back-scattered and eventually leave from

the front surface of the plate. Increasing the scattering length causes the prob-
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Figure 4.2: Probability of escape from the front surface of PSL photons gener-
ated at a depth z in the plate. The various scattering lengths are as shown.

ability of escape to decrease from shallow depths. At large scattering lengths

it becomes equally probable for a photon generated at the rear of the plate to

escape from the front surface as a photon generated at the front of the plate.

The flattening of the probability of escape is caused by the packets travelling

greater distances in the plate – packets can bounce back and forth several times

through the thickness of the plate before escaping or being absorbed.

Figure 4.3 shows the LSF and MTF for photons escaping from the front surface

of the plate. The height of the LSF decreases with increasing scattering length

(a) (b)

Figure 4.3: (a) LSF’s and (b) MTF’s for photons escaping from the front surface
with varying scattering lengths as shown.
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which is caused by both the decrease in probability of escape and the laser pho-

tons travelling shorter distances in the plate. For large scattering lengths the

LSF’s show a bimodal nature with the narrow central peak being in essence the

laser beam profile whilst the long tails are caused by scattering. These extend

out to large lateral distances for scattering lengths of 2000 and 20000 microme-

tres (approximately 15 mm for µ = 2000 µm and 20 mm for µ = 20000 µm)

which cannot be seen on the graph. The bimodal nature is clearly seen in fig-

ure 4.3(b) for a scattering length of 200 µm. For small scattering lengths the

LSF curves show no scattering tails, instead they show a scattering-induced

broadening of the Gaussian distribution of the laser beam which can also be

seen in figure 4.1(e).

Taking the ”resolution” to be at a MTF equal to 0.2 following industry practice,

the curves show that by decreasing the scattering length the resolution at first

decreases from ∼ 15 lp/mm to a minimum of ∼ 6 lp/mm and then increases

again for very short scattering lengths, but not to the same value as for large

scattering lengths. Large scattering lengths also correspond to a bimodal na-

ture for the MTF. The narrow component peak at low frequencies is caused by

the extended scattering tails and the broader component curve at higher fre-

(a) (b)

Figure 4.4: (a) Sensitivity and (b) Resolution plots for photons escaping from
the front surface with varying scattering lengths. The lines are guides for the
eye.
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quencies is due to the laser beam width.

Figure 4.4 shows the sensitivity and resolution plots that are derived from the

LSF’s and MTF’s as explained in section 3.10. Increasing the scattering length

decreases the sensitivity as there more photons passing straight through the

plate which are unable to stimulate the irradiated centres. The resolution is

determined for an MTF of both 0.2 (red dots on figure 4.4(b)) and 0.5 (blue

dots), as the shape of the MTF changes. The highest resolution comes from

a transparent material with a large scattering length and the minimum reso-

lution occurs at 20 µm for an MTF of 0.2 and 200 µm for an MTF of 0.5. An

increase in resolution comes at a cost of a decrease in sensitivity.

In most commercial applications only the photons leaving from the front sur-

face of the plate are recorded. However, photons can also leave from the rear

surface of the plate and the effect rear face imaging has on the resolution and

sensitivity has been investigated.

The probability of escape for photons exiting from the rear surface of the plate

(figure 4.5) again shows that the probability decreases with increasing scat-

tering length. The graph shows the same trends as for escape from the front

surface but in the opposite direction.

Graphs of the LSF and MTF for photons escaping from the rear of the plate are

Figure 4.5: Probability of escape from the rear surface of PSL photons gener-
ated at a depth z in the plate. The various scattering lengths are as shown.
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(a) (b)

Figure 4.6: (a) LSF’s and (b) MTF’s for photons escaping from the rear surface
with varying scattering lengths as shown.

shown in figure 4.6. LSF curves for large scattering lengths are similar to those

for photons escaping from the front surface which is because the main laser

beam passes straight through the plate and the probability for escape from

the rear surface is the same as for the front. At very small scattering lengths

(red curve on figure 4.6(a)) the height of the LSF is greatly reduced due to the

probability of photons leaving from the rear of the plate being much smaller

compared to those leaving from the front. This implies that for plates with a

(a) (b)

Figure 4.7: (a) Sensitivity and (b) Resolution plots for photons escaping from
the rear surface with varying scattering lengths. The lines are guides for the
eye.
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small scattering length rear face imaging is not a viable option.

Resolution and sensitivity plots are shown in figure 4.7. These show the same

trends as for photons emitted from the front surface of the plate with the sen-

sitivity being reduced for small scattering lengths. The resolution is minimum

at µ = 20 µm for an MTF equal to 0.2 and at µ = 200 µm for an MTF equal to

0.5 and the sensitivity is at a maximum for a scattering length of 20 µm.

4.3 Variations in absorption coefficient

The absorption coefficient for both stimulating and PSL light was varied from

no absorption (γ = 0.0 µm−1) to strong absorption (γ = 0.05 µm−1; a half

length of approximately 14 µm). The half length is the length at which half of

the initial intensity has been absorbed. Parameters for these simulations are

presented in table 4.3.

The intensity distributions for these simulations are shown in figure 4.8. In-

creasing the absorption coefficient decreases the spread of the photons because

more photons are absorbed over a given distance and so the photon cloud is

unable to spread as far into the plate. For absorption coefficients for 0.005 µm−1

and above the main beam of the laser does not pass all the way through the

plate, instead is attenuated before it reaches the rear surface.

Figure 4.9 shows the probability of escape of PSL photons from the front sur-

face of the plate. The probability of escape decreases with increasing absorp-

Parameter Description Value

µ Mean scattering length 200 µm
γ Absorption coefficient 0.0− 0.05 µm−1

g1 Anisotropy coefficient for laser light 0.5003
g2 Anisotropy coefficient for PSL light 0.7602
P Laser power 0.1 mW
w Laser variance 20 µm
η X-ray attenuation coefficient 0.016 µm−1

Table 4.3: Parameters for simulations with varying absorption coefficients.
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(a) γ = 0.0 µm−1 (b) γ = 0.001 µm−1

(c) γ = 0.005 µm−1 (d) γ = 0.01 µm−1

(e) γ = 0.05 µm−1 (f) key

Figure 4.8: (a–e) Intensity distribution profiles for varying absorption coeffi-
cients as shown. (f) Logarithmic scale of the photon densities.

tion because more photons are being absorbed and less are escaping from the

plate. For small absorption coefficients the probability of escape of a photon

generated at the rear of the plate is approximately the same as for a photon

generated at the front. As the absorption coefficient increases it becomes less

likely for a photon generated at the rear of the plate to escape from the front

surface than it is for a photon generated at the front.

The LSF and MTF for varying absorption coefficients can be seen in figure 4.10.

Increasing the absorption decreases the LSF amplitude as there are fewer non-

absorbed stimulating photons in the plate and fewer PSL photons escape from

the plate. The scattering tails clearly seen on the red curve in figure 4.10(a)
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Figure 4.9: Probability of escape from the front surface of PSL photons gener-
ated at a depth z in the plate. The various absorption coefficients are as shown.

(a) (b)

Figure 4.10: (a) LSF’s and (b) MTF’s for photons escaping from the front surface
with varying absorption coefficients as shown.

decrease with increasing absorption. The width of the MTF increases with in-

creasing absorption as the spread caused by scattering is decreased and the

bimodal nature seen at low absorption coefficients disappears due to the re-

duction in scattering tails.

Figure 4.11 shows the sensitivity and resolution plots for varying the absorp-

tion coefficient. The sensitivity decreases sharply with increasing absorption

coefficient which is caused by photons being increasingly absorbed in the vol-

ume of the plate and fewer escaping. The resolution increases with increasing
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(a) (b)

Figure 4.11: (a) Sensitivity and (b) Resolution plots for photons escaping from
the front surface with varying absorption coefficients. The lines are guides for
the eye.

absorption coefficient as the spread of the laser photons is decreased.

4.4 Adding selective absorption of the stimulating

light

By doping the glass ceramic with various additives the absorption proper-

ties can be selectively changed. One such material is cobalt fluoride which

increases the absorption coefficient for red laser photons but has little effect on

the absorption of blue–UV PSL photons [26]. To investigate this effect, simu-

lations were run with absorption coefficients varying between 0.001 µm−1 and

0.05 µm−1 for red laser photons and a fixed absorption coefficient of 0.001 µm−1

for PSL photons. The parameters for these simulations can be found in table

4.4.

Intensity distributions of the laser photons are the same as those shown in

figure 4.8 as the PSL photons have no influence on the scattering of the laser

photons.

The probability of escape of PSL photons is not shown as it does not change



52 SCATTERING SIMULATION RESULTS

Parameter Description Value

µ Mean scattering length 200 µm
γ1 Absorption coefficient laser photons 0.001− 0.05 µm−1

γ2 Absorption coefficient PSL photons 0.001 µm−1

g1 Anisotropy coefficient for laser light 0.5003
g2 Anisotropy coefficient for PSL light 0.7602
P Laser power 0.1 mW
w Laser variance 20 µm
η X-ray attenuation coefficient 0.016 µm−1

Table 4.4: Parameters for simulations with added absorption.

(a) (b)

Figure 4.12: (a) LSF’s and (b) MTF’s for photons escaping from the front surface
with various laser photon absorption coefficients as shown.

with variations in the absorption coefficient of laser photons.

Figure 4.12 shows the LSF and MTF for the various absorption coefficients. In-

creasing the absorption coefficient again decreases the amplitude of the LSF

and increases the MTF width as seen in section 4.3. In varying the absorption

coefficients for laser photons, the changes in the LSF’s are compared to the

results shown previously for increasing both absorption coefficients, and are

reproduced here as figure 4.13 excluding the case of γ1 = 0.0 µm−1. The am-

plitude of the LSF curves for each absorption coefficient increases for the case

of added absorption of laser photons, except for γ1 = 0.001 µm−1 which has

the same parameters for both cases. The increase in height of the LSF curves

(figure 4.12(a)) is because the probability of escape of PSL photons stays the
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(a) (b)

Figure 4.13: Reproduced (a) LSF’s and (b) MTF’s for photons escaping from
the front surface with varying both absorption coefficients as shown. The LSF
and MTF for an absorption coefficient of γ = 0.0 µm−1 has been omitted.

same, so more PSL photons are escaping from the plate and being detected for

a given laser photon absorption coefficient as compared to the previous results

(figure 4.13(a)). The width of the MTF curves for added laser photon absorp-

tion decreases above γ = 0.001 µm as compared to previous results. This leads

to a slightly lower resolution (approximately 2 lp/mm) in the case of selective

absorption.

(a) (b)

Figure 4.14: (a) Sensitivity and (b) Resolution plots for photons escaping from
the front surface with varying laser photon absorption coefficients. The lines
are guides for the eye.
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Figure 4.14 shows the resolution and sensitivity plots for adding absorption.

Increasing the added absorption decreases the sensitivity and increases the res-

olution as was seen previously. When compared to the results in figure 4.11

the sensitivity is increased and resolution decreased for absorption coefficients

above 0.001 µm−1 .

4.5 Effect of particle size

The effect particle size has on the resolution and sensitivity has been investi-

gated. Generally, a variation in particle size will also affect the bulk scattering

length for an actual sample, but for these simulations the scattering length

describing the probable length between scattering events was assumed to be

fixed. The parameters for these simulations are shown in table 4.5. Strictly

what is being tested here is the dependence on the angular variation of the

scattering, but the results should be indicative of the effect of particle size.

In the simulations, a change in the particle size affects the anisotropy coeffi-

Parameter Description Value

µ Mean scattering length 200 µm
γ Absorption coefficient 0.001 µm−1

g1 Anisotropy coefficient for laser light 0.0048− 0.9614
g2 Anisotropy coefficient for PSL light 0.0126− 0.9207
P Laser power 0.1 mW
w Laser variance 20 µm
η X-ray attenuation coefficient 0.016 µm−1

Table 4.5: Parameters for simulations with various particle sizes.

Particle size (nm) g1 x1 g2 x2

10 0.0048 0.1489 0.0126 0.2417
100 0.5003 1.489 0.7602 2.417
200 0.7838 2.918 0.8975 4.833
1000 0.9614 14.89 0.9207 24.17

Table 4.6: Anisotropy coefficients (g) and size parameters (x) for various parti-
cle radii (a).
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cient, g, and is different for laser and PSL photons due to their different wave-

lengths (633 nm and 390 nm respectively). The particle radius was varied from

10 nm to 1 µm which corresponds to a variation in g for the laser photons of

0.0048 − 0.9614 and 0.0126 − 0.9207 for PSL photons. Table 4.6 shows the dif-

ferent particles sizes and their corresponding anisotropy coefficients and size

parameters for both laser (g1, x1) and PSL (g2, x2) photons. The values of g were

determined by calculating the average cosine of the Mie phase function for a

given particle size, as described in section 2.2.3.

Intensity distributions for the various particle sizes are shown in figure 4.19.

(a) a = 10 nm (b) a = 100 nm

(c) a = 200 nm (d) a = 1000 nm

(e) key

Figure 4.15: (a–d) Intensity distribution profiles for various particle sizes as
shown. (e) Logarithmic scale of the photon densities.
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Figure 4.16: Probability of escape from the front surface of PSL photons gener-
ated at a depth z in the plate. The various particle sizes are as shown.

Increasing the particle size decreases the lateral spread of the scattered laser

photons as they are predominately scattered in the forwards direction and do

not travel as far in the plate before escaping or being absorbed as for small

particles. In the latter case of near isotropic scattering, the scattered photon

density follows a near cylindrical symmetry. Increasing the particle size does

not significantly change the spread of the main laser beam.

The front face escape probability of PSL photons for various particle sizes can

be seen in figure 4.16. Increasing the particle size leads to a decrease in the

(a) (b)

Figure 4.17: (a) LSF’s and (b) MTF’s for photons escaping from the front surface
of the plate with various particle sizes.
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(a) (b)

Figure 4.18: (a) Sensitivity and (b) Resolution plots for photons escaping from
the front of the plate with various particles sizes. The lines are guides for the
eye.

probability of escape.

Figure 4.17 shows the LSF and MTF curves for various particle sizes. Increas-

ing the particle size increases the degree of forward scatter which results in

both a decreasing LSF height, as photons have a shorter, more direct path to

exit and an increasingly narrow tail as the lateral spread is reduced. The MTF

reflects the LSF dependencies – a greater MTF width is achieved with larger

particles due to the increased forwards scattering.

Sensitivity and resolution plots for the various particle sizes are presented in

figure 4.18. The sensitivity decreases and resolution increases with increasing

particle size.

4.6 Effect of surface reflection

In some commercial systems the imaging plate has additional layers which

prevent reflection of the laser light back into the plate from the rear face. Sim-

ulations have been run for two different scattering lengths to investigate the

effect including or not including reflection has on the resolution and sensitiv-

ity of the imaging plate. Two different scattering lengths were chosen to reflect
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Parameter Description Value

µ Mean scattering length 20, 2000 µm
γ Absorption coefficient 0.001 µm−1

g1 Anisotropy coefficient for laser light 0.5003
g2 Anisotropy coefficient for PSL light 0.7602
P Laser power 0.1 mW
w Laser variance 20 µm
η X-ray attenuation coefficient 0.016 µm−1

Table 4.7: Parameters for simulations for the cases of reflection or no reflection
from surfaces.

(a) No reflection. µ = 20 µm (b) Reflection. µ = 20 µm

(c) No reflection. µ = 2000 µm (d) Reflection. µ = 2000 µm

(e) key

Figure 4.19: (a–d) Intensity distribution profiles for µ = 20 µm and µ = 2000
µm including and not including reflection from surfaces as shown. (f) Loga-
rithmic scale of the photon densities.
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the different forms the spread of laser photons can take. In these simulations

the case of no reflection from any surface (as done by Fasbender et al [18]) is

compared with the case of reflection from both surfaces. Parameters used in

these simulations are presented in table 4.7.

Intensity distributions for scattering lengths of 20 µm and 2000 µm for both re-

flection cases are shown in figure 4.19. When there is no reflection off any sur-

face (figure 4.19 (a) and (c)) the spread of laser photons is significantly reduced

compared to when reflection is included (figure 4.19 (b) and (d)) because the

packets only travel once through the plate and their total path length is much

shorter.

The probability of escape from the front surface for the cases of reflection and

no reflection can be seen in figure 4.20. For a scattering length of 20 µm the

front face escape probability for photons generated near the front of the plate

with no reflection from any face (red curve) increases as compared to reflection

from both faces (blue curve) due to the shorter path length photons travel be-

fore escaping. The front face probability of escape for photons generated near

the back of the plate decreases when reflection is not included, simply because

of the greater path length required to exit from the front face. For a scattering

length of 2000 µm (green and black curves on figure 4.20) the front face escape

Figure 4.20: Probability of escape from the front surface of PSL photons gen-
erated at a depth in the plate for µ = 20 µm and µ = 2000 µm for the case of
reflection or no reflection from surfaces.
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probability for the case of no reflection (green curve) increases as compared to

the case of reflection from both faces (black curve) and is caused by the packets

only travelling once through the plate.

The LSF’s and MTF’s for scattering lengths of 20 µm and 2000 µm for both

reflection cases are shown in figure 4.21. When reflection from any surface is

not included (red and green curves) the amplitude of the LSF increases and

the scattering tails are reduced for both scattering lengths when compared to

reflection from both faces (blue and black curves). This is caused by a reduc-

tion in the spread of scattered laser photons. For both scattering lengths the

width of the MTF increases for the case of no reflection as compared to includ-

ing reflection, again due to the reduction in spread of the laser photons. The

bimodal nature seen for µ = 2000 µm with reflection off both faces (black curve

on figure 4.21(b)) is reduced when reflection is not included (green curve).

These results show that when reflection from surfaces is not included the res-

olution and sensitivity are increased.

(a) (b)

Figure 4.21: (a) LSF’s and (b) MTF’s for photons escaping from the front surface
for µ = 20 µm and µ = 2000 µm including or not including reflection from
surfaces.
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4.7 Variations in laser power

Varying the laser power changes the number of photons which are incident on

the plate and hence the fraction of centres which are bleached during a scan.

Strong bleaching is expected to adversely affect the resolution. In these simu-

lations the laser power was varied from 0.1 mW to 10 mW. The parameters are

presented in table 4.8.

Intensity distributions for the various laser powers are not shown as they are

simply scale models of each other. The initial distribution with a laser power

of 0.1 mW can be found in section 4.2 as figure 4.1(c). Variations in laser power

have no effect on the probability of escape of PSL photons and have not been

included.

Figure 4.22 shows the LSF and MTF for the varying laser powers. The LSF

curves are obtained by scanning the laser from positive to negative distances

with the irradiated line sitting at a distance equal to 0. Increasing the laser

power increases the LSF amplitude as there are more photons in the plate to

stimulate the line. At high laser powers the peak of the LSF curve reaches a

maximum before the line due to the line of irradiated storage centres being

partially bleached before the centre of the laser beam reaches it. This bleaching

effect also causes the LSF curves for high laser powers to have an asymmet-

rical shape and broaden. By decreasing the laser power the LSF peak moves

towards zero and the curves become symmetrical as less of the line is bleached

Parameter Description Value

µ Mean scattering length 200 µm
γ Absorption coefficient 0.001 µm−1

g1 Anisotropy coefficient for laser light 0.5003
g2 Anisotropy coefficient for PSL light 0.7602
P Laser power 0.1− 10 mW
w Laser variance 20 µm
η X-ray attenuation coefficient 0.016 µm−1

Table 4.8: Parameters for simulations with varying laser powers.
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(a) (b)

Figure 4.22: (a) LSF’s, (b) MTF’s for photons escaping from the front surface
with varying laser powers as shown.

Figure 4.23: Variations in storage centre density with different laser powers.

with each step. At high and very low spatial frequencies the MTF is the same

for each laser power. At intermediate spatial frequencies the MTF’s diverge

with the lowest laser power extending to higher values which is caused by the

broadening of the LSF’s.

In figure 4.23 the effect laser powers of 0.1, 1 and 10 mW has on the density

of storage centres has been investigated. The graph shows the storage centre

density plotted as a function of distance in the y direction after the laser has

scanned past the line. At high laser powers more storage centres are read-out

and the width of the “hole” created by the laser increases.
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(a) (b)

Figure 4.24: (a) Sensitivity and (b) Resolution plots for photons escaping from
the front surface with varying laser powers. The lines are guides for the eye.

The resolution and sensitivity plots for the varying laser powers can be seen

in figure 4.24. Increasing the laser power decreases the resolution as the LSF’s

are broadened and increases the sensitivity as more photons are incident on

the plate. Note that all other calculations reported here have been for a power

level of 0.1 mW which avoids power-induced broadening.

4.8 Effect of laser beam variance

The width of the focussed laser spot incident on the plate can be changed for

example by using an aperture to narrow the laser beam. Usually the diameter

of the laser is taken to be equal to 2w, wherew is the laser variance. Simulations

Parameter Description Value

µ Mean scattering length 200 µm
γ Absorption coefficient 0.001 µm−1

g1 Anisotropy coefficient for laser light 0.5003
g2 Anisotropy coefficient for PSL light 0.7602
P Laser power 0.1 mW
w Laser variance 5− 20 µm
η X-ray attenuation coefficient 0.016 µm−1

Table 4.9: Parameters for simulations with varying laser variances.
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(a) w = 5 µm (b) w = 10 µm

(c) w = 20 µm (d) key

Figure 4.25: (a–c) Intensity distribution profiles for varying the laser variance
as shown. (d) Logarithmic scale of the photon densities.

were run with the parameters given in table 4.9.

Decreasing the laser variance decreases the width of the main laser beam as

can be seen in the intensity distributions in figure 4.25, but the spread far away

from the main beam due to scattering of laser photons does not change signif-

icantly for the different variances.

The probability of escape of PSL photons does not change with varying laser

variance and has not been shown.

LSF’s and MTF’s for the different laser variances can be seen in figure 4.26.

Decreasing the variance decreases the width of the LSF, reflecting the narrow-

ing of the laser beam, and increases the height due to the same laser power

being compressed into a smaller area. The scattering tails on the LSF are not

changed with varying laser variance which reflects the small change seen in

the intensity distributions. The resolution at a MTF equal to 0.2 increases with

decreasing variance as expected. At low frequencies the MTF curves are the

same due to the scattering tails not changing and at high frequencies the dif-

ferent widths of the laser beams are reflected directly in the different MTF’s.
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(a) (b)

Figure 4.26: (a) LSF’s and (b) MTF’s for photons escaping from the front surface
with various laser variances.

For the lowest laser variance the MTF extends to much higher spatial frequen-

cies and the plate is able to distinguish finer detail in images.

Figure 4.27 shows the resolution and sensitivity plots for varying the laser vari-

ance. Both the resolution and sensitivity increase with decreasing laser vari-

ance, with the resolution increasing significantly for small laser variances. The

sensitivity was not expected to change with variations in laser variance as the

power is held fixed, and only a slight deviation is seen.

(a) (b)

Figure 4.27: (a) Sensitivity and (b) Resolution plots for photons escaping from
the front surface with various laser variances. The lines are guides for the eye.
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4.9 Dependence on x-ray attenuation coefficient

The x-ray attenuation coefficient determines the distribution of storage centres

through the depth of the plate, with the concentration of centres decreasing ex-

ponentially with increasing depth. Equation 3.25 in section 3.10 describes the

relationship between x-ray attenuation coefficient and the number of storage

centres. The attenuation coefficient is strongly dependent on the composition

of the plate and the energy of the incident x-rays. Generally, a lower x-ray

energy corresponds to a higher attenuation coefficient and the x-rays do not

penetrate as far into the plate. Simulations were run to investigate the effect of

varying the x-ray attenuation coefficient for both strong and weak scattering.

Parameters for these simulations are presented in table 4.10.

The attenuation coefficients chosen are appropriate to a basic fluorozirconate

glass ceramic. Table 4.11 shows how these attenuation coefficients vary with

Parameter Description Value

µ Mean scattering length 20, 2000 µm
γ Absorption coefficient 0.001 µm−1

g1 Anisotropy coefficient for laser light 0.5003
g2 Anisotropy coefficient for PSL light 0.7602
P Laser power 0.1 mW
w Laser variance 20 µm
η X-ray attenuation coefficient 0.00013− 0.016 µm−1

Table 4.10: Parameters for simulations with varying x-ray attenuation coeffi-
cients.

Energy (keV) η (µm−1) Half length (µm)

15 0.0093 75
20 0.016 43
40 0.0038 180
60 0.0013 530
100 0.00034 2000
150 0.00013 5300

Table 4.11: Relationship between x-ray energy, attenuation coefficient and half
length for a fluorozirconate glass. The half length is the depth at which the
x-ray intensity reduces to half its initial value.
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(a) (b)

Figure 4.28: Intensity distribution profiles for scattering lengths of (a) 20 µm
and (b) 2000 µm. The colour key is the same as for previous intensity distribu-
tions.

x-ray energy. The half length decreases at first due to an edge in the x-ray

attenuation characteristic caused by core level transitions in the atoms which

make up the fluorozirconate glass. From this point onwards the variation will

be stated in terms of x-ray energy and not attenuation coefficient.

For the purposes of discussion, stimulating light intensity distributions from

section 4.2 are replicated in figure 4.28 for scattering lengths of 20 µm and 2000

µm. The intensity distributions and probability of escape of PSL photons do

not change with variations in x-ray energy.

The LSF and MTF for simulations for varying x-ray energies with a scatter-

ing length of 20 µm can be seen in figure 4.29. The LSF’s had to be scaled by

the attenuation coefficient η, as the simulations did not take into account the

dependence of the initial density of storage centres on the x-ray energy. The

corrected dependence of the distribution of storage centres through the plate

on x-ray energy is given in equation 4.1.

n′sc = η nsc exp(−ηz) (4.1)

The principal effect of varying the x-ray energy is that for small (15 − 20 keV)

energies a high density of storage centres is concentrated near the surface,

whilst for high energies (100−150 keV) less energy is absorbed and so the stor-

age centres have a lower density but which is uniformly distributed through
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(a) (b)

(c)

Figure 4.29: (a)LSF’s and (b) MTF’s for photons escaping from the front surface
with various x-ray energies and a scattering length of 20 µm. (c) Expanded
MTF for spatial frequencies between 4 and 7 lp/mm.

the thickness.

Increasing the x-ray energy from 15 to 20 keV causes the LSF amplitude to in-

crease as more storage centres are generated in the plate because of the higher

attenuation coefficient for 20 keV. Increasing the x-ray energy further, the height

of the LSF decreases as more x-rays pass straight through the plate and fewer

storage centres are generated. At high x-ray energies there is a slight broad-

ening of the LSF which is caused by a more uniform distribution of centres

through the plate. The combination of a shallow and dense concentration of

storage centres for low x-ray energies and the density of stimulating photons
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(a) (b)

Figure 4.30: (a) Sensitivity and (b) Resolution plots for photons escaping from
the front surface with various x-ray energies and scattering lengths of 20 µm
(red dots) and 2000 µm (blue dots). The lines are guides for the eye.

near the surface leads to a sharper LSF than for high energies. The sharpen-

ing of the LSF is reflected as a broadening of the MTF. To better examine the

trends, figure 4.29(c) shows the MTF expanded for spatial frequencies of 4 to 7

lp/mm. Increasing the x-ray energy from 15 to 20 keV increases the width of

the MTF in this range, and any further increase in energy decreases the width

of the MTF.

Resolution and sensitivity plots for the varying x-ray energies with a scatter-

ing length of 20 µm are shown as the red dots in figure 4.30. The sensitivity

increases at low energies due to the largest attenuation coefficient occurring

at 20 keV, and then decreases at higher energies. For high energies, very little

energy is deposited in the plate and so the density of storage centres is small.

The resolution also increases for an energy of 20 keV which is caused by the

broadening of the LSF’s for all other energies.

Simulations of the LSF and MTF for various x-ray energies with a scattering

length of 2000 µm are shown in figure 4.31. The trends for both the LSF and

MTF are similar to those shown for µ = 20 µm, but there is no significant

broadening of the LSF at high energies as was seen previously, which results

in the MTF’s being the same for each energy.
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(a) (b)

Figure 4.31: (a) LSF’s and (b) MTF’s for photons escaping from the front surface
with various x-ray energies and a scattering length of 2000 µm.

Again the resolution and sensitivity for a scattering length of 2000 µm (blue

dots in figure 4.30) show similar trends but the different density distribution

for the stimulating light (figure 4.28(b)) leads to a lower sensitivity but higher

resolution.



Chapter 5

Experimental Techniques

5.1 Glass ceramic sample preparation

A typical glass ceramic sample is composed of 52 ZrF4, 10.3 BaF2, 10 BaCl2, 20

NaCl, 4 LaF3, 3.5 AlF3 and 0.2 EuF2 in mole percent.

The dry materials are first weighed and mixed into a pre-cleaned dry Pt-Rh

lidded crucible in an inert gas glove box of low water vapour and oxygen con-

tent. The crucible is then transferred to a horizontal tube furnace at a temper-

ature of ∼ 750 ◦C and then held at this temperature until all components have

dissolved into the melt, approximately 90 minutes. When there are no visual

signs of undissolved material in the melt, it is poured onto a pair of pre-heated,

temperature-controlled, copper quenching plates held at a temperature of 190

◦C. The resultant glass is sandwiched between the plates and held at ∼ 190 ◦C

for approximately two hours before being slow cooled to room temperature at

20 ◦C/hr. The glass is then lapped and oil polished before being annealed.

The physical appearance of the as-made glass was clear with a small quantity

of sub-millimetre sized bubbles. Differential scanning calorimetry (DSC) mea-

surements using a Shimadzu DSC-600 of this particular glass ceramic showed

a glass transition onset at 205 ◦C and a crystallisation peak at 243 ◦C (figure

5.1); this data was used to guide the choice of quench block temperature.

The samples are then annealed in air by ramping up the temperature of the
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Figure 5.1: DSC measurements of a typical glass ceramic sample.

quenching block to above the crystallisation peak (∼ 270 ◦C) and holding at

this temperature for around 30 minutes. The appearance of the glasses after

annealing is typically near-transparent, yellow in transmitted light and blue in

scattered light.

5.2 Absorption and scattering

A Shimadzu UV-Vis 2100 spectrophotometer was used to determine the ex-

tinction coefficient of various materials. Extinction includes attenuation of the

beam by both absorption and scattering processes. The spectrophotometer

uses a dual beam system where the incident light source is split into a sam-

ple and reference beam to measure the differences in light intensity. An optical

schematic is shown in figure 5.2.

Light is emitted from either the deuterium or halogen lamp and is reflected by

mirrors onto the monochromator. The light source is switched automatically

at λ ∼ 370 nm depending on the wavelength of light which is required and the

positions of the light sources are adjusted to obtain the maximum intensity.

A monochromator is a device which selects a narrow band of wavelengths of

light from a much wider band. The design of the monochromator in the UV-
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Figure 5.2: Optical schematic of Shimadzu UV-Vis 2100 spectrophotometer.

Figure 5.3: Czerny-Turner monochromator design. [27]

2100 is a Czerny-Turner monochromator (figure 5.3) which uses a diffraction

grating to separate the wavelengths.

The broad spectrum of light from the source (A) passes through the entrance

slit (B) and is incident on a curved mirror (C). The slit is placed at the focus

point of the curved mirror so that the light reflected from the mirror is focussed

at infinity and the light is collimated. The collimated light is then diffracted by

the diffraction grating (D) and collected by another curved mirror (E) which

refocusses the dispersed light onto the exit slit. Rotating the grating causes

different wavelengths to exit through the slit. The slit width determines both



74 EXPERIMENTAL TECHNIQUES

the throughput of the spectrophotometer and the resolution. Both the entrance

and exit slit are adjusted together to give an instrumental resolution of 0.1 nm

to 5 nm.

To measure extinction coefficients of a material the spectrophotometer is used

in absorbance mode where the absorbance of light by the sample is measured

as a function of the wavelength of light.

When light is passed through a sample the light intensity decreases due to ab-

sorption and scattering within the material, in accordance with equation 5.1

where I is the intensity of the light at wavelength λ which has passed through

a sample, I0 is the incident light intensity, d is the thickness of the sample and

αext is the extinction coefficient. The extinction coefficient includes both the

coefficients for absorbed (αa) and scattered light (αs).

I = I0 exp(−αextd) (5.1)

“Absorbance” refers to the mathematical quantity Abs(λ) = − log10(I/I0). Ab-

sorbance only calculates the ratio of transmitted light over incident light and

does not distinguish the mechanism by which the light intensity decreases.

The absorption coefficient and scattering length of a glass ceramic sample can

be separated as follows.

Before annealing measured “absorbance” is due to true absorption by the ma-

terial and interfacial reflection. Equation 5.2 shows how the absorption coeffi-

cient can be determined from the measured absorbance where R is the reflec-

tion coefficient.

αa =
Abs(λ) + log10(1−R)2

d log10(e)
(5.2)

After the glass has been annealed it is assumed that any additional contribu-

tion is due to scattering by the crystallites. The scattering length (µ) is deter-
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mined by the following process.

Absorbance before annealing : Absbefore(λ) = αad log10(e) + log10(1−R)2

Absorbance after annealing : Absafter(λ) = (αa + αs)d log10(e) + log10(1−R)2

Absafter(λ)− Absbefore(λ) = αsd log10(e)

µ =
1

αs

=
d log10(e)

Absafter(λ)− Absbefore(λ)
(5.3)

5.3 X-ray generator

The x-ray generator used to create images of the objects was a Hewlett-Packard

43855A Faxitron. The Faxitron was designed to give high resolution images of

any type of small to medium sized objects and is based on an x-ray tube with

a very small focal spot (50 µm).

Electrons are accelerated towards a tungsten anode of an angle of 20◦ to the

normal (figure 5.4). The x-ray tube is capable of a 0.3 mA maximum continuous

current and adjustable 10 − 55 kV output voltage. To achieve high voltages

the Faxitron must first be “warmed up” by running it at 0.3 mA and 30 kV for

around thirty minutes. The generated x-rays pass through a 38.1 mm diameter,

0.64 mm thick beryllium window and are incident on the object. The initial

spread of the beam is 30◦.

Figure 5.4: Diagram of Faxitron x-ray tube.



76 EXPERIMENTAL TECHNIQUES

The Faxitron has two shelf positions allowing the source to object distance to

be 460 mm in the top position and 560 mm in the lowest position. This allows

for beam diameters of 246 mm and 300 mm respectively. If a higher dose is

required the distance between source and object can be decreased with the use

of a small scissor lift.

5.4 MTF measurements

In commercial x-ray storage phosphor imaging systems, the image is read-out

by raster scanning a focussed laser beam across the plate. The modulation

transfer function can be determined in a similar way, by recovering the image

of a test grid pattern or sharp edge object as a focussed laser beam is scanned

across the plate.

Figure 5.5 shows a schematic of the experimental image read-out system and

figure 5.6 is a photograph of the set up. In this case a 0.9 mW He-Ne laser is

fixed and the sample is moved through the laser by the use of a translation

stage. A beam expander is used to increase the width of the Gaussian profile

laser beam to permit sharper focussing of the beam onto the imaging plate.

Equation 5.4 [28] gives the relationship between the initial beam diameter (w0)

and the beam diameter (w) after focussing with a lens of focal length f .

w =
fλ

πw0

(5.4)

An aperture was initially used to limit the spread of the laser to the size of the

focussing lens. However, in practice it was found that decreasing the size of

the aperture further decreased the focussed laser spot size.

The laser is focussed onto the sample with a 2 mm focal length lens taken from

a Fujitsu CDA48FA CR-ROM drive. The resulting PSL light is deflected by a

partially reflecting gold mirror and then focussed onto a Brookhaven BI-DS

photomultiplier tube using a 30 mm focal length lens. The partially reflecting
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Figure 5.5: Schematic of experimental image read-out system.

gold mirror was made at Victoria University of Wellington (VUW) by deposit-

ing a 20 nm gold layer onto a microscope slide using a gold evaporator. Analy-

sis of the mirror shows the transmittance of the laser light to be approximately

30%. A 0.6 neutral density filter was placed on the rear of the gold mirror

to prevent a double spot caused by reflection in the mirror. A BG12 filter is

placed between the gold mirror and photomultiplier to ensure only the blue

PSL light is detected and scattered red laser light is blocked. All of the PSL

light is detected, not just that from the laser spot, making the system compara-

ble to commercial imaging systems.

The signal from the photomultiplier (Vin) is passed to a Stanford Research Sys-

tems SR510 lock-in amplifier, which coherently amplifies the signal based on

a reference signal (Vref) generated by the chopper. The output signal (Vout) is

maximised by setting the phase difference between the two input signals to

zero, so that when

Vin = V ◦in cosωt

and Vref = V ◦ref cos(ωt+ φ)

then Vout = AV ◦in cosφ (5.5)
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Figure 5.6: Experimental image read-out system.

The image is then stored on a computer by passing the signal from the lock-in

amplifier through an analogue to digital (A/D) converter.

5.4.1 XYZ translation stage

The translation stage, consisting of X, Y and Z linear positioning tables with

MD-2 dual stepper motor systems, was supplied by Arrick Robotics. Move-

ment along all three axes is obtained with the use of stepper motors.

A stepper motor is a device which converts electrical pulses into discrete me-

chanical movements. Each motor has four coils which create a magnetic field

when energised. The rotor is permanently magnetised and reacts with the field

so as to cause the motor to rotate. The sequence in which the coils are energised

determines the size and direction of the steps; the pattern of coil energisation

is referred to as a “phase”.

Changing from one phase pattern to another causes the motor to move one

step. If the coils are energised but the phase is fixed the motor will stay in the

same position. The motors are run in half step mode which corresponds to a

step size of 0.9◦. The phase pattern for the motors in this mode is given in table
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# 4 3 2 1

1 1 1 1 0
2 1 1 0 0
3 1 1 0 1
4 1 0 0 1
5 1 0 1 1
6 0 0 1 1
7 0 1 1 1
8 0 1 1 0

Table 5.1: Half step phase pattern.

5.1.

Rotational motion is converted to translational motion in two different ways

(Figure 5.7). For the X and Y direction a pulley and belt drive is used, the res-

olution (step size) is then a function of the diameter of the pulley. In the Z

direction a lead-screw drive is used which allows for a greater resolution than

a pulley and belt drive, but the motors have to be run at a slower speed. The

resolution of the lead-screw drive depends on the pitch of the lead screw. The

translation stage is capable of 127 µm steps in the X and Y directions and 2.5

µm in the Z direction in half step mode; the high resolution in the Z direction

was achieved through the use of a custom lead-screw cut in the VUW work-

shop.

(a) Pulley and Belt drive.

(b) Lead-screw drive.

Figure 5.7: Converting rotational motion into translational motion.
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Each stepping motor has a micro-switch which is used to find the “home” po-

sition. Home positioning works by stepping the motor in reverse until the

switch is pressed, then moving the motor forwards until the switch is first re-

leased. When the switch is pressed the input to the control unit is connected to

ground, otherwise it is at +5 V.

The translation stage is supplied with MD2 control units from Arrick Robotics,

each of which can control up to two motors. The MD2 control units supply

power to the motors, and the motors and switches can be controlled or moni-

tored with a computer via the parallel printer port on the rear of the box.

5.4.2 Computer interface

A SuperLogics ADC-1 analogue to digital converter is used to control the ex-

periment by a computer via an RS-232 port. The ADC-1 contains eight 12 bit

analogue acquisition lines and sixteen 16 bit digital lines, each of which can be

defined by the user. To send and receive data from the ADC-1 simple ASCII

commands are used, with numerical data being represented by hexadecimal

integers. Command examples are given in table 5.2.

Twelve of the digital lines are used as outputs from the ADC-1 to drive the

stepper motors and three are used as inputs from the translation stage to mon-

itor switches. The command for the digital lines has five parts; the first tells the

box what it is to do, the second monitors the switches and the last three control

motors 3 to 1 respectively. One analogue line is used to receive the signal from

the lock-in amplifier. The signal received from the analogue line is converted

Command Description

Txxxx Set digital direction
Gxxxx Get digital direction
Ixxxx Input digital direction
Oxxxx Output digital direction

Ux Unipolar analogue input

Table 5.2: Commands for SuperLogics ADC-1, x is a hexadecimal integer.
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Figure 5.8: Circuit diagram of cables for SuperLogics ADC-1 box. For the digi-
tal cables the right D25 connector is connected to the digital port of the ADC-1
and the middle centronics are connected to the motors. The two sets of num-
bers represent the wiring of the cables, for example D1 A2 refers to line 1 of the
D25 being connected to line 2 of Motors 1 and 2 centronics pin. One analogue
line is connected to a coaxial cable.

to a voltage an the basis of equation 5.6 where Vref is the maximum voltage for

the ADC-1. Figure 5.8 shows the circuit diagram of the cables connecting the

computer interface to the translation stage and lock-in amplifier.

V olts = Sample ∗ Vref

4096
(5.6)

The ADC-1 is controlled by a LabVIEW program which drives the stepper mo-

tors and records the signal from the lock-in amplifier as a function of distance

across the sample, as described below.

5.4.3 LabVIEW program

LabVIEW is a development environment and platform for a visual program-

ming language known as “G” developed by National Instruments. LabVIEW

can be used for applications such as data acquisition and instrument control.
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“G” is a dataflow programming language where the execution of the program

is determined by the structure of a graphical diagram on which the different

functions are connected together with wires. LabVIEW programs and subpro-

grams are known as VI’s (“virtual instruments”).

Figure 5.9 and 5.10 show the block diagram of the LabVIEW program used to

control the experiment. At the top of figure 5.9 is code to control stepping of

the motors. Each motor can be moved a given number of steps in either for-

wards or reverse direction with a set delay time between each step. This works

by reading the phase position the motor is at through the ADC-1, then deter-

mining the next phase pattern and sending it to the motor via the ADC-1. This

is repeated until the given number of steps have been reached. The bottom of

this figure shows the code to control the home positioning of each direction

of the translation stage. First the motor is stepped backwards until the switch

is pushed using the same code described before. The program decides if the

switch is pushed by monitoring the string and stopping when the string read

matches the string corresponding to a switch being pressed. Once the switch

has been pushed the motor then steps forward until the switch is no longer

pressed.

Figure 5.10 is the code to control the scanning program, where the motor is

stepped in a given direction and the signal is read from the lock-in amplifier.

First the timer is initialised, otherwise the first steps are at a faster rate than

that desired. The motor is stepped through a number of steps before a reading

from the lock-in is taken. The number of steps per measurement is normally

set at one. To read the signal from the lock-in, a command is sent to the ADC-1

which responds with the given voltage in hexadecimal form. The hexadeci-

mal integer is converted to the equivalent voltage using equation 5.6. This is

repeated until the total number of steps have been reached. For each measure-

ment the position of the motor and the intensity from the lock-in is plotted on

a graph and saved to a file.
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Figure 5.9: LabVIEW block diagram for controlling stepping of the motors and
the home switch.
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Figure 5.10: LabVIEW block diagram for controlling the scanning program.



Chapter 6

Experimental Results

6.1 Read-out laser

The beam diameter of the He-Ne laser incident on the plate was determined

by scanning the laser across a Gammex MA0647 gold test pattern and record-

ing the reflected red light. The gold grid consists of groups of gold-nickel alloy

lines mounted on an acrylic wafer where the spatial resolution of the groups

range from 5 lp/mm to 20 lp/mm. An example of a scan across part of the

gold grid can be seen in figure 6.1. The first step on the far left is caused by

a 2 mm wide band of gold and the subsequent blocks of 5 lines correspond to

spatial frequencies starting at 5 lp/mm and ranging to 20 lp/mm.

Figure 6.1: Image of gold grid obtained by scanning laser across the grid and
recording the reflected red light.
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(a) (b)

Figure 6.2: (a) Image of sharpest edge of gold grid fitted with an error function.
(b) Profile of laser spot in one dimension.

To find the variance of the laser beam the sharpest edge was found and as-

suming the laser beam has a Gaussian form an error function (equation 6.1)

was fitted to the edge by least square fitting methods using Kaleidagraph.

erf

(
x√
2a

)
=

∫ x

0

exp

(
−t2

2a2

)
dt (6.1)

An error function is used to represent the edge to ensure that after differenti-

ating and/or Fourier transforming, a Gaussian form (required for the LSF and

MTF) is obtained. It is an empirical approximation which is justified by the

good fit.

The sharpest edge is chosen to determine the spot size because there are many

reasons which will cause a broadening of the edge (for example scattering) but

none except the profile of the laser which will lead to a sharpening of the edge.

The sharpest edge can be seen in figure 6.2(a), where curve fitting determined

the variance of the laser (parameter a) to be 3.0 µm. The profile of the laser in

one dimension is found by differentiating the error function with respect to x

(equation 6.2), and is shown in figure 6.2(b).

I(x) = exp

(
−x2

2a2

)
(6.2)
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Figure 6.3: Two consecutive scans of an edge stored on an Agfa MD30 imaging
plate.

To determine the power of the laser incident on the plate, the initial power

and intensity were measured using a power meter and photomultiplier re-

spectively, and these were compared to the intensity after travelling through

all the optical components. Assuming the relationship between laser power

and intensity is linear, the power incident on the plate can be determined with

the use of equation 6.3.
Pi

Ii

=
Pf

If

(6.3)

The power of the laser spot incident on the plate was determined to be 2 µW.

This laser power causes 30% of the image to be read-out in each scan, as can

be seen in figure 6.3 which shows two consecutive scans on an Agfa MD30

imaging plate irradiated through a lead foil to give an edge.

6.2 Agfa MD30 imaging plate

The Agfa MD30 imaging plate is an older generation commercial imaging

plate which consists of Ba1−xSrxFBr1−wIw:Eu crystals embedded in an organic

binder, with typical luminescence at 400 nm. These have been replaced by

new MD4.0 plates which have an additional adhesion layer, improved phos-

phor layer and a slightly higher resolution. An illustration of the MD4.0 plate
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Figure 6.4: Structure of the Agfa MD4.0 general plate [30].

structure can be seen in figure 6.4 with the only difference in the MD30 plate

is the absence of the adhesion layer. The anti-halo layer is a specially designed

Agfa-patented blue layer which absorbs the laser light but allows through the

stimulated light.

The scattering length of the imaging plate was found by the process explained

in section 5.2. Firstly the sample was prepared by removing the backing and

anti-halo layers, and then polishing both sides until the sample was at a thick-

ness of approximately 20 µm. Thinning the sample down allows some light to

be transmitted through the sample. It was assumed that no absorption occurs

in the sample and 6% of light was found to be reflected off the surfaces using

a refractive index of 1.65 [29] for BaFBr.

The graph produced by the spectrophotometer of absorbance versus wave-

length is transformed into one of scattering length versus wavelength with the

use of equation 6.4, which is a version of equation 5.3 assuming no absorption.

µ =
z log10(e)

Abs(λ) + log10(1−R)2
(6.4)

Figure 6.5 shows the graph of scattering length versus wavelength. At low

wavelengths the large fluctuations in scattering length are caused by fluctua-

tions in the intensity of the deuterium lamp. The scattering length is approxi-

mately 3 µm for both red laser light at 633 nm and PSL light at 390 nm.
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Figure 6.5: Scattering length versus wavelength for Agfa MD30.

Absorption by the material was assumed to be zero but some of the red laser

light is absorbed by storage centres in order for the electrons or holes to over-

come their traps. The optical cross-section for photostimulation (σ) and the

density of storage centres (nsc) are used to find the absorption coefficient for

red light with the use of equation 6.5. The values were taken to be σ = 8.85 ×

10−20 m2 and nsc = 1.0 × 1021 m−3 from the literature [17] which leads to an

absorption coefficient of γ = 8.85× 10−5 µm−1.

γ = nscσ (6.5)

A scanning electron microscope (SEM) was used to determine the size of the

BaCl2 particles in the Agfa MD30 imaging plate. The SEM creates an image of

the surface of the sample by scanning across the sample with a beam of high-

energy electrons. A cross-sectional area of the plate was imaged and can be

seen in figure 6.6. There is a wide dispersion of particle sizes; the average par-

ticle size was taken to be 8 µm by averaging over 20 particles.

The MTF was found using both the edge method and test pattern method.

Both objects were irradiated at 40 kV and 0.3 mA for 30 minutes at a source

to object distance of 460 mm in the Faxitron. After read-out of the image the



90 EXPERIMENTAL RESULTS

(a) (b)

Figure 6.6: SEM images of cross-section of Agfa MD30 imaging plate. The dark
bands in figure (a) are caused by electronic noise.

sample was bleached for 10 minutes.

A Cardinal Health 07-553 lead grid test pattern was used which ranges in spa-

tial frequencies from 0.25 lp/mm to 10 lp/mm with a lead thickness of 0.05

mm. The object had to be irradiated in two stages as its length was greater

than the travel distance of the positioning table.

The image of the lead grid with the varying spatial frequencies can be seen in

figure 6.7. To find the MTF, the image is split up into each spatial frequency

and least squares fitted with a sine wave in the form of equation 6.6, where x

is the distance and ν is the spatial frequency.

f(x) = A sin(2πνx) (6.6)

Figure 6.7: Image of lead grid read-out from Agfa MD30.
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The amplitude A, of the sine wave is then equal to the unnormalised MTF

value at that particular spatial frequency. A graph of spatial frequency versus

MTF is then normalised to 1 for a spatial frequency of zero. To image the full

range of spatial frequencies the lead grid object had to be irradiated twice as

the object was larger than the travel distance of the experimental equipment.

Irradiating the object twice meant the overlapping spatial frequencies had dif-

ferent amplitudes and the first image had to be normalised to the second with

respect to the overlapping spatial frequencies. The MTF found by using the

grid method can be seen as the red circles in figure 6.8(b). The resolution of the

plate using this method is 4.5 lp/mm at an MTF equal to 0.2.

The second method involves an image of a sharp edge which was created by

cutting a 150 µm thick lead foil with a guillotine. The image of this edge can

be seen in figure 6.8(a). Two error functions are least square fitted to the edge

in the form of equation 6.7, where the parameters a, b, A and B are found to be

45.1 µm, 88.9 µm, 0.224 µm and 0.463 µm respectively.

ESF (x) = A erf

(
x√
2a

)
+B erf

(
x√
2b

)
(6.7)

The ESF was fitted with two error functions to achieve the best fit and to allow

(a) (b)

Figure 6.8: (a) ESF and (b) MTF for Agfa MD30 imaging plate.
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for the possibility of a bimodal MTF.

The MTF curve for the edge method can be seen as the blue line in figure 6.8(b)

and is found by inserting a, b, A and B into equation 6.8, which is the result of

differentiating equation 6.7 and then taking the Fourier transform.

MTF (x) = A exp(−2π2a2x2) +B exp(−2π2b2x2) (6.8)

Again the resolution at a MTF equal to 0.2 is 4.5 lp/mm. There is quite rea-

sonable agreement between the two methods as can be seen from figure 6.8(b)

with the two methods showing slightly different MTF’s but both have an over-

all Gaussian nature which corresponds to a short scattering length as seen in

section 4.2. At very low frequencies the two curves are in very close agreement

and for spatial frequencies around 1.5 lp/mm to 4.5 lp/mm the MTF curve for

the grid method is lower than for the edge method. At high spatial frequen-

cies the grid method MTF is larger than for the edge method which reflects the

inability of the edge method to distinguish high spatial frequencies.

6.3 N05-02-50 glass ceramic

The N05-02-50 glass ceramic sample was provided by Dr P.J. Newman from the

Chemistry department at Monash University, Melbourne. The composition of

the glass is 53 ZrF4, 20 BaCl2, 20 NaF, 3 LaF3, 3 AlF3, 2 InF3 and 1 EuCl2 in mole

percent. The glass was prepared by melting the fluorides at 800 ◦C for 1 hour,

cooling to room temperature and then the chlorides are added and melted at

750 ◦C for 1 hour. The glass is then poured and annealed for 2 hours at 200 ◦C

before being cooled to room temperature over 16 hours. The crystallisation of

BaCl2 varied over the sample, as did the thickness of the sample.

The scattering length was again determined by the procedure explained in sec-

tion 5.2 and using equation 6.4. Absorption of the light by the sample was as-

sumed to be zero and the reflection off surfaces was calculated to be 4% using
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Figure 6.9: Scattering length versus wavelength for the various crystallisation
regions of N05-02-50 glass ceramic sample as shown.

a refractive index of 1.498 [31] for ZBLAN.

Due to variations in the crystallisation the scattering length was determined

in three separate locations, from near-transparent to very opaque and can be

seen in figure 6.9. The thickness of the sample also varied with a difference of

200 µm from the thinnest to thickest part. The average thickness of the sample

was taken to be 1230 µm.

The scattering length was found to range from 666 µm to 1205 µm for red laser

light and from 153 µm to 278 µm for PSL light, with the lower values coming

from the very opaque region.

Absorption of the laser light by storage centres is assumed to be the same as

for the Agfa plate (γ = 8.85× 10−5 µm−1), as the optical cross-section of photo-

stimulation and the density of centres are not readily available.

X-ray diffraction (XRD) patterns (figure 6.10) of the glass recorded on a Phillips

diffractometer using a Cu tube, show a predominantly hexagonal BaCl2 phase

with particle diameters of 16 nm. This estimate was based on the Scherrer re-

lationship [32] (equation 6.9 where β is the width of the line) and choosing the
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Figure 6.10: XRD pattern of the N05-02-50 glass ceramic sample.

(021) reflection for minimal overlap with other lines.

d =
0.9λ

β cos θ
(6.9)

Additional XRD lines to those expected for the hexagonal BaCl2phase are at-

tributed to a small fraction of the orthorhombic phase and some unidentified

surface phase.

The MTF was determined using the edge and grid method as explained in sec-

tion 5.4, with the same analysis as given in the previous section. The objects

were irradiated at 50 kV and 0.3 mA for 1 hour in the Faxitron with the distance

between object and source being between 50 and 100 mm. After the image was

read-out the samples were bleached for 10 minutes.

Figure 6.11: Image of gold grid produced by N05-02-50 glass ceramic.
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(a) (b)

Figure 6.12: (a) ESF and (b) MTF for N05-02-50 glass ceramic.

In addition to the lead grid, the gold grid was also used to extend the mea-

surements up to higher spatial frequencies. The pattern produced by the gold

grid is slightly different , seen in figure 6.11, as the lines have a lower intensity

than the background. From the manufacturers data sheet the gold grid ranges

in spatial frequencies from 5 lp/mm to 20 lp/mm but analysis showed that the

actual values are 4.5 lp/mm to 19.5 lp/mm.

Again, to determine the MTF using the grid method the sample and object had

to be irradiated several times (four for the lead grid and two for the gold grid)

because of the small size of the sample. Due to the small size it was not al-

Figure 6.13: MTF’s for both the glass ceramic sample and Agfa MD30 imaging
plate.
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ways possible to overlap the spatial frequencies; the joining of the images was

guided by the MTF found for the edge method.

The MTF for both methods and the edge are shown in figure 6.12. Fitting

two error functions to the edge give values of 26.6 µm, 152.2 µm, 0.156 µm

and 0.117 µm for the parameters a, b, A and B respectively. As with the Agfa

MD30 results, both MTF’s agree at very low spatial frequencies and differ at

high spatial frequencies with the grid method extending to much higher spa-

tial frequencies. The resolution at a MTF equal to 0.2 is 6.5 lp/mm for the grid

method and 8.5 lp/mm for the edge method. These curves show a bimodal

nature, which as explained in section 4.2 is caused by the narrow laser beam

and long scattering length for a semi-transparent (weakly scattering) material.

To compare the glass ceramic sample and Agfa imaging plate the MTF’s are

shown in figure 6.13. The glass ceramic sample shows a higher spatial resolu-

tion than the commercially available plates and is able to distinguish images

at even greater spatial resolutions due to the bimodal nature of the MTF.



Chapter 7

Discussion and Conclusions

This thesis has investigated the effect varying plate and experimental param-

eters has on the resolution and sensitivity of imaging plates with the use of

simulations. Experiments were performed to determine the resolution of a

glass ceramic and was compared to a current commercial imaging plate.

Simulations show that there are two scattering regimes where the resolution

is highest, occurring at very short and very long scattering lengths, with long

scattering lengths having the higher resolution. The reason behind two differ-

ent regimes is due to different mechanisms limiting the spread of laser pho-

tons. For very short scattering lengths the spread of photons is limited to a

small volume near the surface by strong scattering. At very long scattering

lengths most of the laser photons pass straight through the plate with only

a small amount being scattered and so the spatial resolution is determined by

the laser beam profile. The modulation transfer functions show different forms

for the two regimes which reflect the different scattering mechanisms. Large

scattering lengths show a bimodal nature which at low spatial frequencies is

caused by the weak scattering travelling long distances and at high spatial fre-

quencies is due to the laser beam profile. For short scattering lengths the curve

has a Gaussian-like shape which is caused by a uniform spreading of the laser

photons; essentially this is a diffusion problem.

Varying the absorption is useful to limit the spread of the laser photons caused
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by scattering. This can be achieved in two ways – increasing the absorption at

all wavelengths of light or by predominantly increasing the absorption of red

laser light. Increasing the absorption increases the resolution as the spread of

laser photons is decreased but comes at a cost of lower sensitivity. By increas-

ing the absorption coefficient for the laser photons and keeping the absorp-

tion for PSL photons fixed, the sensitivity is greatly increased as compared to

increasing the absorption for both, with similar resolution. Increasing the ab-

sorption above γ = 0.05 µm−1 does not significantly change the resolution but

decreases the sensitivity, as the spread of the laser photons reaches the limit set

by the profile of the laser beam.

Large particle sizes show a higher resolution and lower sensitivity than small

particles due to the increase in forwards scattering of the laser photons. Actual

sensitivities will be greater for large particles as they have been found to show

an increased PSL effect [33]. The simulation uses the Henyey-Greenstein func-

tion to model the effect particle size has on the scattering of photons which is

a good approximation for particles with radius ∼ 100 nm. For particle sizes

above this, the function overestimates the contribution from forward scatter-

ing which could have an effect on the results found for a particle radius of 1

µm.

Reflection from surfaces was found to be a substantive effect in the simula-

tions. Including reflection results in laser photons travelling greater distances

in the plate, decreasing the resolution. The sensitivity is increased because

photons travel more than once through the plate. To reduce the effect of reflec-

tion additional index-matching layers can be added to the surfaces of the plate

which will absorb the laser light and allow through the PSL light.

Glass ceramic materials typically have scattering lengths of around 1000 µm

for red laser light and 200 µm for PSL light, but these can be changed by dif-

ferent thermal treatments. This puts them into the weakly scattering regime

where most laser photons pass straight through and few are scattered. To
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design a high resolution glass ceramic imaging plate the material should be

highly transparent (long scattering lengths) and absorption should be added

to limit the range of the weak scattering tails in the LSF.

In addition to varying plate parameters, the resolution and sensitivity can be

changed by experimental means. These include changing the area and inten-

sity of the laser spot incident on the plate during read-out and changing the

energy of x-rays used to create the image.

A small laser diameter increases the resolution as it allows for the read-out of

finer details. Lowering the laser power decreases the bleaching effect, lead-

ing to a higher resolution at the cost of sensitivity. Varying the x-ray energy

has very little effect on the resolution, but greatly affects the sensitivity – an in-

crease in x-ray energy decreases the sensitivity. Low x-ray energies (high atten-

uation coefficients) are best used as more storage centres are generated in the

and a higher PSL signal is achieved. However, this may be incompatible with

the imaging target; usually thin aluminium (∼ 1 mm thick) is used in medical

imaging to eliminate soft x-rays which are completely absorbed by body tissue

and so do not contribute to the image but are harmful to the patient. The simu-

lation results for x-ray energy do not include the effects of Compton scattering

which will decrease the resolution especially at high energies.

The best resolution obtainable by varying experimental parameters is achieved

with a small laser diameter, low laser power and a low x-ray energy.

Experimental results show that the glass ceramic materials have a higher spa-

tial resolution than the commercial imaging plate. Two methods of obtaining

the MTF for the various materials were used and the curves show slightly dif-

ferent results, particularly at high spatial frequencies, where the MTF curve of

the grid method is higher than that for the edge method. This implies that the

edge method is unable to distinguish high spatial frequencies, possibly due

to the straight edge dominating over the width of the laser beam. The MTF

curves agree with predictions made by the simulations; for short scattering
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lengths (Agfa plate) the curve is Gaussian-like and at large scattering lengths

(glass ceramics) the curve has a bimodal nature.

The Agfa MD30 imaging plate was found to have a spatial resolution of 4.5

lp/mm at an MTF equal to 0.2, which is higher than the commonly accepted

value of 2.5 lp/mm and nearly as large as for x-ray film (5 lp/mm). No alu-

minium filter was used to eliminate soft x-rays, hence, only a surface image is

created on the plate which could cause the high resolution found.

The N05-02-50 glass ceramic sample was found to have a spatial resolution

of 6.5 lp/mm for the edge method and 8 lp/mm for the grid method. These

results are higher than for the Agfa MD30 sample but not as high as was ex-

pected, which is most likely due to the low transparency and variation in thick-

ness of the sample. The MTF shows a bimodal nature which suggests that the

sample is able to distinguish much higher resolution images than is indicated

by the spatial resolution.

The model used to simulate the scattering could be expanded to include other

features such as adding absorbing back layers to eliminate reflection, as is done

in the commercial BaFBr plates. A more realistic phase function, or even com-

plete Mie theory could be incorporated into the model to more accurately de-

scribe the angular dependece on scattering – especially for large particle sizes.

Additional simulations could be run to investigate the effect of other variables

not changed in this thesis and also to test different combinations of variables to

determine the most optimal plate. Currently work is being undertaken to im-

prove the quality of glass ceramic plates, in particular the removal of bubbles

and defects. Using these techniques, glass ceramic plates could be developed

with varying absorption and scattering properties to experimentally determine

the highest resolution glass ceramic imaging plate.

In conclusion, glass ceramic materials have the potential to become high reso-

lution x-ray imaging plates. Experimental and simulation results have shown

that the spatial resolution of a transparent material has the ability to be greater
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than that of the current commercial crystalline imaging plates.

Simulation was found to be a valuable guide to the optimisation of glass ce-

ramic x-ray storage phosphor imaging plates. Using the results found by sim-

ulations the “recipe” for an ideal glass ceramic imaging plate is:

• Large scattering length (highly transparent material),

• Increased absorption of laser photons in the form of Cobalt fluoride or

similar,

• Large particle sizes,

• Layers to reduce reflection from surfaces,

with optimum read-out conditions:

• Low laser power,

• Small laser diameter,

• High x-ray attenuation coefficient.





Appendix A

This compact disc (CD) contains scattering simulation code, Mie theory code

and the LabVIEW driver to run the experiment. To run the scattering simu-

lations a text editor and a Fortran 90 compiler is required. Mie theory code

can be run in MATLAB from the CD by placing the folder extension into the

current directory. The experimental system is run using the Main Control VI

and requires LabVIEW 8.2 as well as the included sub VI’s.
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