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Abstract
The aim of this thesis is to present a simple model for the radiation to light conversion
processes in fluorescent layers as an aid in future developments and applications.
Optimisation between sensitivity and spatial resolution for fluorescent layers in digital
radiology is a delicate task where the extrinsic efficiency for various phosphors needs to be
established for varying parameters. The extrinsic efficiency of a fluorescent layer can be
expressed as the ratio of the light energy per unit area at the screen surface to the incident xray energy fluence. Particle size is a critical factor in determining the value of the extrinsic
efficiency, but in most models it is not treated as an independent variable. Based on the
definition of a light extinction factor (ξ), a model is proposed such that, knowing the intrinsic
efficiency η, the particle size and the thickness of a certain make of screen, the extrinsic
efficiency can be calculated for an extended range of particle sizes and / or screen thicknesses.
The light extinction factor ξ is an optical parameter determined from experimental data on
extrinsic efficiency. The proposed model is compared to established methods. Further
experiments have confirmed the validity of the model. Monte-Carlo simulations have been
utilised to refine the calculations of energy imparted to the phosphor by taking into account
the escape of scattered and K-radiation generated in the screen and interface effects at the
surfaces. The luminance was measured for a set of in-house manufactured screens of varying
thicknesses and particle sizes. Utilising the proposed model, the corresponding calculated
values deviated ± 14 %.within the studied range.
Keywords: extrinsic efficiency, extinction factor, radioluminescence, modelling, Monte
Carlo, optical attenuation, optimisation, particle size, phosphor, scintillator
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Radioluminescence: a simple model for fluorescent layers

1. Introduction
This thesis will focus on a special case within the vast area of radioluminescence and x-ray
imaging by modelling a powderbased (polycrystalline) phosphor layer utilised in – for
example – intensifying screens or Flat Panel Detectors (FPD) found in Digital Radiology
(DR). The process of optimising the particle size and thickness of the phosphor layer is
crucial for the subsequent image quality and patient dose. The hitherto available models
demand input parameters produced by relatively complex measuring equipment and the
model output results are normally valid for a single case only, i.e. not easily extended to
variations in particle size. Therefore, the aim has been to develop a model supporting the
process of optimisation by treating the particle size as an independent variable thus
facilitating model results covering an ensemble of varying thicknesses and size. The
suggested model is using input data obtained from measurements utilising standard equipment
normally found in a medical physics department. Experiments have given results supporting
the proposed model.
The process of optimising phosphor layers for medical x-ray imaging involves the choice of
phosphor type, screen thickness and phosphor particle size. High extrinsic (absolute)
efficiency is only one feature of an optimised intensifying screen and must be considered
together with properties such as noise and resolution. The thesis, however, is limited to the
question of the so called extrinsic efficiency (see section on Definitions and Terminology), its
dependence on particle size and, to some extent, screen thickness.
FPDs as an example of a device that is a subject to the described optimisation issue. FPDs can
be divided into two types: (i) Direct X-ray conversion type that utilises a photoconductor and
(ii) Indirect X-ray conversion type with a scintillator/ phosphor screen.
The phosphor/scintillator converts the incident X-ray into visible light, and the photodiode
array converts the visible light into electric charge. The converted visible light in the
conventional scintillator scatters light in all directions (isotropically), thereby degrading
spatial resolution. Several methods have been developed to suppress spreading of the
converted visible light, including columnar-structured cesium iodide (CsI:Tl) (Nagarkar et al,
1998), pixel-structured CsI:Tl (Badel et al. 2002, Simon et al 2008) and pixel-structured
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gadolinium oxysulphide (Gd2O2S:Tb) (Wowk et al 1993, Zhou et al 2002, Sawant et al 2005,
Jung et al 2009)
Conflicting demands appear from the strive for high spatial resolution (thin screen) and high
x-ray attenuation (thick screen). The trade-off is illustrated below. (See figure 1.)

Ionising radiation
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Phosphor

Radioluminescence

d
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Phosphor
Radioluminescence

Photodetector

A

Photodetector

Thinner phosphor/scintillator:
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Thicker phosphor / scintillator:
• lower resolution
• higher sensitivity

Figure 1. Illustration of trade-off between resolution and sensitivity of phosphor based detector
system when varying thickness.
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Figure 2 Illustration of trade-off between resolution and sensitivity of phosphor based detector
system when particle size is varying
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We have chosen Gd2O2S:Tb, (referred to as GOS or sometimes GaDOX) as a subject for our
modelling, a common phosphor with well-known properties where, for instance, an
assumption of spherical crystals in a model is reasonable. (There are several other phosphors
were the crystals may have very irregular shapes). GOS is also chosen because of its
reasonable matching of the emission spectrum to the sensitivity spectrum of available
photodetectors in the FPDs. It has also a comparably low cost and is mechanically stable,
preferably used in mobile equipment.
Modelling phosphors and scintillators is nothing new and there is an extensive body of
scientific literature on the subject. Most parameters have been attended to but surprisingly
little focus has been on establishing expressions including particle size as an independent
parameter even though there is a known influence on image quality and extrinsic efficiency.
Indirectly, the particle size was accounted for through optical parameters of the phosphor.
This meant that these parameters had to be renewed whenever the particle size changed. This
in turn, meant new measurements using equipment not readily available. (See section on
description on integrating sphere technique). In an article by Liaparinos and Kandarakis
(2009), the thickness and particle size influence on spatial resolution were investigated.
Utilising Monte-Carlo techniques and varying the particle size (4-13 μm) for fixed incident xray energy (49 keV) and coating thickness (60 mgcm-2) of the phosphor screen, they were
able to show a corresponding variation in the resolution of 11.9 to 13.4 (mm-1) for the
reflection mode.
It has been stated by some authors that particle sizes in the range from 5 to 10 μm give an
optimised compromise between resolution and extrinsic efficiency (Arnold 1979, Gurwich,
1995). It should be remembered that this statement is based on the classical film-screen
combination. Not necessarily right out translatable to the conditions of a FPD.
In order to be available to experiment with different outcomes for different particle sizes the
ideal physical model should produce a formula where the particle size is included as an
independent variable, and preferably not represented indirectly by difficult-to-measure optical
parameters. Treating the crystals as discrete objects in the phosphor layers seemed to be a
reasonable approach and a quest for a discrete model was started. Extensive literature studies
3
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produced some clues. In an article from 1973, Kuboniwa et al pointed out that "it is not
advantageous to make a microscopic consideration on such particle layers” i.e. it is not
fruitful to describe a scintillator in discrete terms. This remark intrigued the author of this
thesis since no justification was given. However, a paper by Giakoumakis et al (1991) was
close to fulfilling the demands, i.e. the crystals were treated as discernable square objects but
were utilised to compute the total coating weight of the screen. Thus, it was still an indirect
approach. A decision was made to develop a model from scratch and a literature study on the
subject of luminescence was started.
When the author penetrated the mass of scientific articles in various fields of luminescence,
the result was overwhelming confusion. The variation in terminology, sometimes expressing
exactly the same physical processes, made comparisons between different articles difficult.
During these literature studies, the author encountered at least 10 different terms denoting the
identical process of converting light energy from imparted x-ray energy. In the study of
phosphors/scintillators, it is therefore important to clearly define the terms and parameters
used.
To describe the propagation of light in phosphors, most models make use of the optical
parameters absorption and scattering. Together usually denoted as optical attenuation. These
parameters are unique to the material studied and will show the indirect influence of particle
size. The disadvantage being that it is not trivial to measure these parameters (see section on
Hamaker-Ludwig model and Integrating sphere).
We have developed a model without the traditional optical parameters and introduced the
particle size as an independent parameter in the expressions. The input parameters can be
obtained through measurements with standard equipment most probably available in a clinical
Medical Physics Department. The model can be used to calculate the extrinsic efficiency to
simulate different thicknesses and particle sizes to find the optimal trade-offs. The model
shows that a discrete approach can be fruitful, depending on the context.
The present study focuses on polycrystalline phosphor screens, and results are given for the
traditional Gd2O2S:Tb phosphor material. The radiation interaction physics used in the
corresponding evaluations were improved by using the Monte Carlo code PENELOPE (Baro
4
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et al. 1995). This code simulates the principal x-ray interactions (photoelectric absorption,
elastic and inelastic scattering, K-fluorescence x-ray emission). PENELOPE can be obtained
from the Nuclear Energy Agency at http://www.oecd-nea.org. The input x-ray spectrum
needed was obtained from the SpekCalc programme (Poludniowski et al. 2009) which can be
downloaded free from ICR (The Institute of Cancer Research, London, UK) at the webpage:
http://www.icr.ac.uk.
Descriptions of the interactions of ionising radiation with matter are kept at a minimum in this
thesis while the target reading group is thought to already have a suitable background to grasp
the radiation physics problems as is. Instead more emphasis is put on the optical processes,
both theory and measurements.
The history section describes the developments within radioluminescence until today. It is
interesting to note how radiation physics and luminescence research have been tightly
connected since the very beginning.
The theory and materials/method parts are sometimes extensive but necessary to understand
the underlining physics in the various approaches during the optimising process. They are also
necessary to understand the advantages of the proposed model even though it produces an
over simplistic presentation of the processes involved.
It is the opinion of the author that the proposed model has an intuitive appeal to it, making it
easy to construct future thought experiments such as modelling noise due to particle size
variations.

2. History of radioluminescence
Perhaps not well-known among medical physicists, it was the studies of fluorescent and
phosphorescent materials that led to the discovery of radiation. In 1895 a barium platinocyanide screen started to glow when Wilhelm Conrad Röntgen switched on his discharge tube
and discovered a new invisible and penetrating radiation that later was named “x-ray”.
Although Röntgen used photographic emulsions to permanently record his findings, it was
quickly realized that photographic emulsions had low x-ray absorption but that sensitivity was
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increased by applying a thin phosphor sheet on the emulsion itself. Michael Pupin had already
suggested CaWO4 (Calcium Tungstate) for this purpose in 1896. CaWO4 (was further
exploited by Thomas Edison (1896) and is the longest in use phosphor for x-rays together
with ZnS (Zinc Sulphide).
Later, in the sixties, Buchanan, Tecotzky and Wickersheim (patent, 1973) discovered that rare
earth phosphors, such as La2O2S:Tb and Gd2O2S:Tb, were more optimised scintillators for
intensifying screens in radiology.
In another branch of radioluminescence, in 1897, Karl Ferdinand Braun finished the
development of his cathode ray tube (CRT). In this tube, the energy of an accelerated electron
beam is converted into visible light (a process hence called cathodoluminescence) by a ZnSphosphor. He won the Nobel Prize in Physics in 1909 for his contributions. The ZnS-screen
and cathodoluminescence is a still widely used technique (as an output screen) in imageintensifiers of today. In yet another emerging branch of radioluminescence Henri Becquerel
was studying the phosphorescence of Uranium salts. He had observed that the crystals glowed in

the dark after an exposure of light. Later, through the fogging of a sealed film, he concluded
that it was a property of the Uranium atom. Becquerel (1896) had discovered radioactivity.

Between 1913 and 1950 Radium-228 and Radium-226 were used to activate ZnS:Ag that
gave a greenish glowing luminescent paint for dials of watches and instruments (radium
dials).
The first device utilising a scintillator was built in 1903 by Sir William Crookes and inhibited
a ZnS screen - the so called Spinthariscope. Essentially a microscope connected to a screen
where scintillations were observed with the naked eye. In 1903, he became the first to
describe the scintillations when he brought Radium close to the screen. In 1908, Erich
Regener used the method to record alpha particles of Polonium. It was further utilised by
Rutherford in his experiments with alpha-decay where he tried to model the atomic nucleus.
In 1944, Curran and Baker replaced the naked eye measurement with the novel photo
multiplier tube (PMT). The first modern scintillation detector was born
The development of more bulky scintillator materials was propelled by the demand to be able
to monitor high energy x- or γ –rays. In the end of the 40´s single crystals of Tl-doped NaI
and CsI, were the first materials produced for this purpose and have been widely used – and
still are - due to their high extrinsic efficiency. They have been replaced in certain areas (PET
6
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and CT) by ceramic scintillators initially developed in the 90’s and based on powder
phosphors.

3. Definitions and Terminology
This section introduces the fundamental physics of luminescence, later specialising into the
luminescence in phosphors. Definitions needed for later discussions of the models are given
as well. The section will start early with a Jablonski diagram which theoretically explains
luminescence in general (Figure 3).
Luminescence
Is defined as any emission of light that is not connected to the temperature of the emitting
body. (Example: hot, glowing Iron is not Luminescence but rather the process of
Incandescence) Luminescence is further divided into the processes of Fluorescence and
Phosphorescence, which will be further described below.
Physics of Luminescence
The scintillation process in inorganic materials is due to the electronic band structure found in
crystals. Ionising radiation can excite an electron from the valence band to either the
conduction band or the exciton band (located just below the conduction band and separated
from the valence band by an energy gap; (see figure 3). This leaves an associated hole behind,
in the valence band. Impurities (also denoted activator or dopant) create electronic levels in
the forbidden gap.
For any particular inorganic crystal, several electronic states exist. There are a combination of
different available orbits (singlet states – S0, S1, S2, ) and spin orientations (triplet/intermediate
states – T1, T2), represented by thick lines, that are further divided into a number of
vibrational and rotational energy levels, represented by the thinner lines in figure 3.
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Singlet state

Sn
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states

S2

Internal conversion

S1

Intersystem crossing

Excitation
Internal conversion
x-rays

Fluorescence

Triplet state

T2
T1

Phosphorescence

S0
Electronic Ground State
Figure 3. A Jablonski diagram showing an overview of the processes involved in
radioluminescence

Fluorescence
In the case when an inorganic scintillator crystal is struck by ionising radiation it may leave
its lowest ground state (S0) to arrive at an excited vibrational level – a so called singlet state
(S1). From this level, a number of processes may occur; one is to return to the ground state by
photon emission. This process is defined as ﬂuorescence. The lifetime of an excited singlet
−9

−7

state is approximately 10 to 10 s and consequently the decay time of ﬂ uorescence is of the
same order of magnitude. The quantum eﬃciency of ﬂuorescence is deﬁned as the fraction of
crystals that will ﬂuoresce. The quantum of radiation emitted in ﬂuorescence will be lower in
energy on the average than the quantum absorbed by the crystal, due to so called vibrational
relaxation (see figure 3,). The change in photon energy always causes a shift of the
ﬂuorescence spectrum to longer wavelengths (lower energy), relative to the absorption
spectrum, this is referred to as the Stokes Shift.
Delayed Florescence - This occur when there is an intersystem transition back to S1. I.e. the
entire process of relaxation back to the ground state starts again. If fluorescence take place
after this (from S1 to S0), this is known as delayed fluorescence. Delayed fluorescence has the
emission spectrum of fluorescence but the elapsing time of phosphorescence.
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Phosphorescence Unlike fluorescence a phosphorescent material does not immediately
re-emit the energy it absorbs. Emission between a triplet (T1) excited state and a singlet
ground state (S0), or between any two energy levels that differ in their respective so called
spin states, is called phosphorescence. Because the average lifetime for phosphorescence
ranges from 10-4 up to about 104 s, phosphorescence may continue for a long time after
removing the excitation source.
Phosphor is a material that exhibits the phenomenon of luminescence. This includes both
phosphorescent materials showing a slow decay in brightness and fluorescent materials,
where the emission decay can be tens of nanoseconds. Phosphors are (inorganic) transition
metal compounds or rare earth compounds of various types.
Scintillator is a material that scintillates - the property of luminescence when exposed to
ionising radiation. Luminescent materials, when struck by impinging ionising radiation,
energy is imparted and the material scintillate, i.e. reemit (a fraction of) the imparted energy
in the form of light.
Phosphor vs. scintillator
Luminescent materials can be divided into two detection modes: i.e. photon detection
integrating steady-state, (such as the classical film cassette system) and photon detection
counting (gamma cameras etc.). The materials utilised in the integrating mode are often
denoted phosphor and are usually of polycrystalline origin. The term scintillator is used for
the photon counting applications and is applied on single-crystal materials. Today, the
separation between phosphor (polycrystalline) and scintillator (slab) materials, is vague since
some of the materials are used in both detection modes. In various texts one makes no
difference between the two material or application categories. This also apply to this thesis. It
all depends on the context and the terms may by used as synonyms without any lack of
information. However, slab materials are not referred to as phosphors and this includes the
recently developed ceramic materials based on polycrystalline phosphors. On the other hand,
polycrystalline screens are known to often be called scintillators in the literature (Cavouras et
al. 1996)
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Phosphorus, the chemical element P, emits light under certain conditions. This is due to so
called chemiluminescence, not phosphorescence.

Efficiency definitions of a phosphor
Extrinsic efficiency
The extrinsic (absolute) efficiency, N, of a phosphor screen is defined as the ratio of the
surface luminance, Λ (cd m-2), to the impinging energy fluence rate Ψ0 (W m-2) of normally
incident photons.

N = Λ Ψ0

(cd W-1)

(1)

Intrinsic efficiency
The intrinsic efficiency, η, is defined as the efficiency of the process of conversion to light
energy from the imparted energy of ionising radiation of the luminescent material. For a
single crystal scintillator it can be described as the light production in a unit cell – in this
context, the smallest available partial volume maintaining the x-ray to light conversion
process. It is assumed that the unit cell equals the average particle size in a polycrystalline
material. I.e. if it was possible to dissect a particle from a polycrystalline screen, the intrinsic
efficiency of the particle would be equivalent to the extrinsic one. The deviation of the two
efficiencies for phosphor screens is due to inherent absorption of the emitted light in the
particles themselves (as well as optical losses between the particles). This is one of the
reasons why ZnS:Ag, with the highest known available intrinsic efficiency of η = 0.2, is not
widely used in various applications (apart for its relatively low Z).
Many tabulated values of η are based on the so-called cathodoluminescent power efficiency
(Alig and Bloom 1977). This can be expressed as

ηc

(2)

= S ⋅ E ph W
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where W is the average energy imparted to the phosphor per electron-hole pair created, Eph is
the energy of the emitted light photons and S the probability that a photon is emitted when an
electron-hole pair recombines. The term “cathodoluminescent“ means that the exciting
particles are electrons. Their relatively low penetrability and complete stopping in the
phosphor produces an extrinsic efficiency that is approximately equal to the intrinsic
efficiency for a thin sample where optical losses can be neglected. This approximation has
been utilised to produce tabulated values of η for most radioluminescent materials.

4. Phosphors & scintillators
Material characteristics
Typical properties studied for phosphors/scintillators in imaging are the following:
(1) extrinsic efficiency,
(2) attenuation coefficient (and stopping power when impinging radiation is electrons)
(3) luminescence decay time and afterglow (sometimes denoted persistence),
(4) effective efficiency: phosphor emission spectrum and photo-detector sensitivity matching,
(5) hygroscopicity and material stability,
(6) linearity of light response with imparted energy and rate
(7) spatial resolution of an imaging screen
The extrinsic efficiency of x-ray-to-light conversion in phosphors is connected to several
intrinsic and extrinsic material properties. The x-ray attenuation coefficient of a given
thickness of a material depends on its density ρ and atomic number Z. In commercial
databases and from measurements in the literature sometimes decay times are denoted. These
are defined as the time passed for the luminance to decrease to 1/e or 1/10 of its initial
luminance subsequent to an excitation. Afterglow, however, is not equivalent to decay time.
To detect fast changes in energy fluence of transmitted X-ray beams, as e.g. in CTs,
scintillators are required to have low afterglow. Afterglow is defined as the fraction of
scintillation light still present for a certain time after the X-ray excitation stop. It may vary
from nanoseconds to several hours depending on phosphor/scintillator type. Matching
between the phosphor/scintillator emission spectrum and the photodetector spectral sensitivity
dependence is an important necessity and UV–blue is the optimal for a photomultiplier
detector and the green–red, for a photodiode. The match is denoted as effective efficiency and
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is given in percent (%) (Cavouras et al. 1998). The hygroscopicity, limits, in some cases the
long-time operation in open air (NaI:Tl, CsI:Na, LaBr3:Ce). Stability of materials regards
mainly the changes and performance instabilities due to the imparted energy and the
consequent colour centre creation. It is critical primarily in large scintillators, see e.g.
Lampicki et al (2002). Linearity of light response with incident x-ray energy fluence and
energy imparted required in phosphors differs from the demand on the linearity of light
response with incident x-ray energy in single crystal scintillators. Spatial resolution in
imaging applications - is influenced mainly by the geometry and morphology of the phosphor
layer itself, i.e. thickness, particle size, contaminants, properties of the binder material,
reflective backing etc.

Phosphor under study
Gadolinium oxysulphide (Gd2O2S), also called gadolinium-sulfoxylate, GOS, or GaDOX, is
an inorganic compound, a mixed oxide-sulphide of gadolinium. Terbium-activated
gadolinium oxysulphide is frequently used as a scintillator for x-ray imaging. It emits
wavelengths between 382-622 nm, though the primary emission peak is at 545 nm (see figure
4). It is also used as a green phosphor in projection CRTs, though its drawback is a drop in
intrinsic efficiency with increasing temperatures.(Ajiro et al 1986, Nakamura 1995). It has a
reported temperature dependence from – 0.3 % /K to - 0.6 % /K. It should be noted that the
position and relative sizes of the peaks in a emission spectrum does not normally vary with
the energy of the excitons. (In our case, the impinging X-ray energy fluence). There are
exceptions, but Gd2O2S is not one of them.
Figure 4. Luminescence of Gd2O2S:Tb scintillator material according to the wavelength of
visible light (Birowosuto et al 2005)
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Variants of this phosphor are using Praseodymium (Pr) instead of Terbium or a mixture of
Dysprosium (Dy) and Terbium (Tb) for doping. A version utilising Europium (Eu), have an
emission spectrum skewed towards the red region (> 600 nm).
Optical ceramics
Optical ceramics are scintillators created by merging polycrystalline grains into a dense solid.
Ceramic scintillators do not only allow production costs to be substantially reduced, but
permit the production of compositions of materials unobtainable with other production
methods. Furthermore, activator concentration and their uniformity can be considerably
increased over single crystal versions. Development of such materials comes from the
increased requirements in computer tomography (CT). (van Eijk 2001). Lu2O3 (Eu3+ or Tb3+
doped) is a new optical ceramics proposed for CT applications
Polycrystalline (powder) phosphors
Summary of characteristics of common phosphor materials is given in Table 1. Data are
summarised from Nikl (2006).
Table 1. Summary of some important properties of selected phosphor materials
Phosphor
ZnS:Ag
CaWO4
Gd2O2S:Tb

Gd2O2S:Pr,
Ce,F
LaOBr:Tb

Density
3

(g/cm )

Decay

Intrinsic

time (ns)

efficiency (%)

3.9

∼1000

6.1

3

6×10

17-20
5

Emis. max.(nm)
450

Very high

420

Very low
Very low

5

13-16

540

7.3

4000

8-10

490

6.3

∼10

19-20

425

7.3

6×10

6

Afterglow

Very low

Low

YTaO4:Nb

7.5

∼2000

11

410

Low

Lu2O3:Eu

9.4

∼10

∼8

611

Medium

SrHfO3:Ce

7.7

6

40

2-4

13

390

?
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Imaging properties of phosphors – a short review
The spatial resolution properties of x-ray imaging detectors are often estimated in the spatial
frequency domain through the modulation transfer function (MTF) curve of the system. The
overall performance of x-ray imaging detectors can be described by their signal-to-noise
transfer properties, which also be expressed through the detective quantum efficiency (DQE)
as well as by the corresponding so called Swank factor (SF).
Energy conversion and light energy transport processes affect significantly the imaging
characteristics of a phosphor screen. The deviations in the number of light quanta produced
depend on the intrinsic mechanisms of the x-ray-to-light conversion process. Beutel et al
(1993) described these statistical fluctuations by a probability distribution function. Blasse
and Gambier (1994) showed the dependence of the x-ray extrinsic efficiency on the x-ray
photon energy as well as on the composition of the phosphor material (e.g. activator
concentration). On the same track it was shown by, Morlotti (1975) and Popovici et al (2004),
that the intrinsic efficiency is also affected by the material synthesis method of the phosphor
and other manufacturing conditions influencing the material qualities (e.g. grain morphology
and size as well as the mixing of the activator).
Giakoumakis et al (1991) investigated the variation of the extrinsic efficiency with different
light-absorption coefficients taking indirectly account of the polycrystalline structure of the
phosphor screen. Ludwig and Prener (1972) provided comparisons between experimental and
calculated extrinsic efficiency data concluding that difficulties in obtaining accurate values
may be due to various parameters related to the x-rays (e.g. x-ray spectrum, x-ray absorption,
etc) or the phosphor screen itself (e.g. particle size, boundary conditions), Furthermore,
Nishikawa and Yaffe (1990) developed a model describing the relation between the light
energy at the screen surface (i.e. both luminance and the spatial distribution) and the depth of
interaction. The interaction depth was shown to have a significant influence on the imaging
parameters.

5. A radioluminescence application: the flat panel detector
(FPD)
The main radioluminescence applications are medical imaging, material inspection and radio
astronomy. The Gd2O2S:Tb intensifying screen/film combination is still in extensive use in
many clinical settings around the world. However, the classical film-cassette is now gradually
14
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being replaced by flat panel detectors (FPD) where the Gd2O2S:Tb phosphor screen is still in
use in some versions.
FPD can be divided into two types depending on the method and material used for the
conversion of x-rays into electrical signals: (i) Direct X-ray conversion type utilising a
photoconductor and (ii) Indirect X-ray conversion type with a scintillator/ phosphor screen.
We will take a closer look at the indirect conversion FPD.
Indirect conversion FPD
Thin film transistor (TFT) arrays of amorphous silicon (a-Si) are used. A silicon
semiconductor sheet is etched on a glass substrate with square detector elements, 70-200 µm
wide. Each element has a capacitor and a switching transistor. So called gait and drain lines
are connected to each transistor and capacitor, enabling separate and active readout of charges
from each detector element.
Light

Phosphor (CsI

X-ray

or Gd2O2S)

Source

TFT Gate
Drain

SGD

Photodiode

Charge

Storage
Capacitor

Figure. 5. Cross-section of an indirect TFT detector inhibiting a phosphor. Illustrated is the conversion of X-rays into
light, travelling through the phosphor to a photodiode etched on the TFT array, and the creation of a proportional charge
stored in the local capacitor

CsI-based flat-panel detectors are vulnerable to mechanical load because of their fine
structure, these systems are not common outside fixed installations and therefore do not have
the same mobility as other systems. Many portable flat-panel detector systems make instead
use of Gd2O2S-based scintillators, which have a better resistance to mechanical stress.

6. The Hamaker-Ludwig (H-L) model
In general, light transport in matter can be described through the so called Beer-Lambert law.
(Note the striking similarity with expressions describing interactions of ionising radiation
15
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with matter). Assume a collimated light beam with intensity I0 traversing an infinitesimal path
dl through a homogeneous medium. Assume further that the optical processes taking place
within the medium are limited to absorption and scattering (there is also polarisation etc.).
Let the probability per unit path length for these processes be denoted by the absorption and
the scattering coefficients, a and s respectively. Assume further that these can be summarised
to the total optical attenuation coefficient, μ(λ) such as

µ (λ ) = a + s

(3)

where λ indicates the wavelength dependence of the attenuation coefficient (mm-1) . We then
have
∂I = − µ (λ ) I 0 dl

(4)

where δI is the differential change of the intensity I . Integration over thickness dl yields

I = I 0e − µ ( λ ) L

(5)

where L is the total thickness of the slab. Equation 5 is denoted the Beer-Lambert law. Note
that there are no boundary conditions involved and surface interfaces, such as reflective
backing in a phosphor layer, cannot be described using this law. We need a more
comprehensive model for the optical transport. Schuster (1905) was the first to investigate
light propagation through matter theoretically. Kubelka and Munk (1931) set up and solved an
equation system describing a two-flux model assuming diffuse (isotropic) light propagating
through a homogenous slab of infinite area. Hamaker and Ludwig developed this general
model by merely adding isotropic light sources within the slab, i.e. luminescence induced by
X-rays in a fluorescent phosphor layer sandwiched between two substrates. We will now
describe the Hamaker-Ludwig model (H-L) in more detail, adopted from a version of
Cavouras et al. (1996):
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Phosphor layer

Substrate

Substrate
X-rays

Emitted light

Emitted light

Backward
Reflection mode
Front surface, F

Forward
Transmission mode
Back surface, B

Depth/Thickness: l=0
Reflectivity index, n:

dl

l=L
n=1

n=0

Figure. 6. the basics of the Hamaker-Ludwig model.

The aim in this case is to calculate the Extrinsic Efficiency of a phosphor layer enclosed
between two substrates. We assume a slab of infinite area and a phosphor thickness L.
Assuming a normally incident, parallel x-ray beam, the intensity or fluence, ∂Φ (l ) (see figure
6) in a thin sub-layer dl at depth l is:

∂Φ l (l ) = −(

µ
µ
)Φ ∂l exp(− l )
ρc 0
ρc

(6)

µ
ρ

Where ( ) c is the mass attenuation coefficient of the phosphor compound c and Φ 0 the
impinging x-ray energy fluence at depth l = 0.
The luminance ∂Λ (l ) emitted within the sublayer can then be described:
∂Λ (l ) = η∂Φ l (l )

(7)

Where ηc is the intrinsic x ray to light energy conversion efficiency of the phosphor material.
Since we are assuming isotropic emission of light in a infinitely wide slab we may consider
only the backward and forward directions, the luminance ∂Λ (l ) is then described by the two
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fluxes ∂Λ F and ∂Λ B (forward and backward light propagation). The equation 7 may then be
written as:
∂Λ F (t ) = 12 η c Φ 0 (

µ
µ
)dl exp(− l )
ρc
ρc

∂Λ B (t ) = − 12 ηc Φ 0 (

µ
µ
)dl exp(− l )
ρc
ρc

(8)
(9)

Introducing optical losses during the light energy transport through the screen material, (8)
and (9) are developed into:
∂Λ F (t ) = 12 ηc Φ 0 (

µ
µ
)dl exp(− l ) − αΛ F (l )dl − sΛ F (l )dl + sΛ B (l )dl
ρc
ρc

∂Λ B (t ) = − 12 η c Φ 0 (

µ
µ
)dl exp(−
l ) + αΛ B (l )dl + sΛ B (l )dl − sΛ F (l )dl
ρc
ρc

(10)
(11)

The first term of both equations describe the x-ray energy imparted and the intrinsic energy
conversion efficiency ( ηc ) of the phosphor material. The second and the third terms describe
the optical losses due to scattering, s and absorption, α, and the fourth term describes the
optical photons scattered in the opposite direction. The second, third and fourth terms defines
the optical transparency of the material.
The solution to (10) and (11) is obtained through setting boundary conditions:
A: at the front surface l = 0,

Λ F (0) = r0 Λ B (0)

(12)

Where r0 is the reflectivity (sometimes denoted albedo) of the substrate-front screen interface.
B: at the back screen surface l = L

Λ B ( L) = rL Λ F ( L)

(13)

rL is the reflectivity of the phosphor-back screen interface, L is the total thickness of the
phosphor layer.
NT =

LrT Λ F ( L)
Φ0

(14)
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NR =

LrR Λ B (0)
Φ0

(15)

Where LrT, LrR are the light transparencies of the two substrates and NT and NR are the
extrinsic efficiencies in (T) transmission and (R) reflection mode respectively. By solving the
differential equations (10) and (11), further utilising (14) and (15), we obtain
µ

NT =

ηcTr

µ
L
L
µ
µ
(1 + ρ1 )e´− ρ [( − σ )(1 − β )e −σL + 2(σ + µβ )e ρ − ( µ + σ )(1 + β )eσL ]
ρc
ρc
µ 2
2(( ) − σ 2 )[(1 + β )( ρ1 + β )eσL − (1 − β )( ρi − β )e −σL ]
ρc
c

c

(16)

for transmission mode and
µ

NR =

ηc

µ
−
L
L
µ
µ
(1 + ρ1 )e´− ρ [( − σ )( ρ1 + β )eσL + 2(σρ1 − µβ )e ρ − ( µ + σ )( ρ1 − β )e −σL ]
ρc
ρc
(17)
µ 2
(( ) − σ 2 )[(1 + β )( ρ1 + β )eσL − (1 − β )( ρi − β )e −σL ]
ρc
c

c

for reflective mode.

ηc is the intrinsic efficiency of the phosphor,

µ
is the average mass attenuation coefficient of
ρc

the phosphor compound for the mean energy of the impinging x-ray fluence Φo. Tr is the
transparency of the screen’s substrate, L is the total coating thickness of the phosphor, ρ1 is
calculated from ρ1 = (1 − r1 ) /(1 + r1 ) , where r1 is the reflectivity at the phosphor-(back)
substrate interface. σ and β are coefficients connected to the optical absorption (α) and
scattering (s) by σ = (a(a + 2s ))½ and β = (a /(a + 2 s ))½ (see below, eq. 19) where σ is the
light attenuation coefficient of the phosphor (Hamaker 1947, Ludwig 1971), also defined as
the reciprocal of the light photon diffusion length (Swank 1973).
ρ0, ρ1 are dimensionless light reflectivity parameters specifying the reflection of light at the
front and back phosphor surfaces denoted as

ρ n = (1 − rn ) /(1 + rn ) , n = 0, 1

(18)
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where rn denotes the optical reflection coefficients at the front (0) and back (1) screen
surfaces.
β is also a light reflectivity parameter, but corresponds to an infinitesimal thick phosphor
screen consequently with no light transmission. In practice, an approximation using a “thick”
screen is sufficient to obtain valid results. β has been also expressed as a function of optical
absorption and optical scattering coefficients (Hamaker 1947, Ludwig 1971)

β = (a /(a + 2 s ))½

(19)

Absolute efficiency is then calculated as follows: ρn is obtained from various studies
(example: ρ0=1 and ρ1=0.89 from Ludwig (1971)). The intrinsic efficiency η can be obtained
from tabulated values. The parameter σ is then varied in order to fit eq. (16 and 17) to
experimentally obtained extrinsic efficiency curves. β is obtained through reflectance
measurements using a integrating sphere. (See next section). One can also obtain σ from
transmittance measurements using the same technique.
In the figure 7, below, an illustration of results of extrinsic efficiency measurements is given.
There are numerous articles on the subject. One of the more thorough is Giakoumakis et al
(1991). It is interesting to note the difference between the reflection and transmission mode.
One can see that there is an optimum thickness for the transmission mode whereas the
extrinsic efficiency of the reflection mode will still increase, albeit at a decreasing rate,
beyond a certain point.
Extrinsic efficiency
Reflection mode

Transmission mode

Transmission mode
optimum

Phosphor layer thickness

Figure 7. Illustration of typical extrinsic (absolute) efficiency measurements of phosphor layers
in Reflection and Transmission mode. Variation with screen thickness (coating).is shown.

20

Radioluminescence: a simple model for fluorescent layers

7. Integrating Sphere setup
Measurements of the total and collimated transmittance as well as diffuse reflectance can be
done with an integrating sphere technique using a set up shown in Figure 8. This is the typical
instrumentation utilised in the literature. The set-up consists of two optical arrangements. The
integrating sphere has a diameter of 20 cm and is equipped with an inner surface covered by
highly reflecting barium sulphate, collecting the transmitted light from a sample when placed
at sample position A and the diffusely reflected light when placed at sample position B. The
scattering by the integrating sphere transfers the directed transmitted and reflected light to
diffuse lightfluxes being independent of the direction, and thus allows it to be collected by
optical fibres at one single position. The reflectance and transmittance can then be determined
and through the Kubelka-Munk equations the absorption and scattering coefficients can be
determined.

Integrating sphere
Fibre optics

A

Light source
B

Photodetector

Spectrometer

Figure. 8 typical generalised integrating sphere set-up. See text for explanation.

The integrating sphere can also be modified to measure the luminescence of a phosphor
sample when at the same time monitoring the x-ray energy fluence, thus obtaining the
extrinsic efficiency (see figure 9).
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X.rays
Phosphor sample

Integrating sphere

PM-tube

Figure. 9. Integrating sphere utilised for extrinsic efficiency measurements

8. The proposed discrete model – a comparison
The proposed model is described in extensive detail in paper I and II and therefore main
differences with the H-L and its parameters will instead be highlighted. From the figure it can
be seen that the approach is quite similar to the one of H-L.

X-rays

Emitted light

Emitted light

Reflection mode

Transmission mode

Depth/Thickness: i=0

i=n

ΔL
Discrete sublayer

Figure. 10. The proposed discrete model.
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A phosphor layer is assumed to be of a uniform medium of infinite area and of thickness L.
The phosphor is further subdivided into n layers, each of thickness ΔL = L / n corresponding
to the average particle size d by ΔL= x+d, where x is the average distance between
neighbouring particles. Assuming, a normally incident, parallel x-ray beam, the energy
imparted to the layer i per unit area is given by,
∆ε i = Ψ0 [exp( − ( µ ρ c )(i − 1) ∆Lρ ) − exp( − ( µ ρ c )i∆Lρ )] , i ∈[1, n]

(20)

where ρ (g cm-3) is the packing density of the phosphor and µ ρc (cm2 g-1) the average mass
attenuation coefficient of the phosphor compound for the mean energy of the fluence, Φ 0 , of
the impinging X-ray photons. d denotes the diameter of the particle, which is assumed to be a
perfect sphere. This step deviates from the H-L model, as does the next assumption;
knowing that the intrinsic efficiency is a fixed parameter of the phosphor material itself and
therefore independent of particle size, we then assume that the particles are completely
transparent to the light emitted with no absorption or scattering. This leads to the conclusion
that any dependence of the extrinsic efficiency on particle size must be from processes arising
outside the grains themselves, i.e. when the produced light propagates the interspaces between
the grains. All details of light interactions, i.e.¸ absorption and scattering processes, boundary
conditions etc. are, however, all ignored in the model and we are only considering the net
light photon fluence directed to the optical receiver plane (cf. figure 10). All light processes
between the grains are represented by introducing a single parameter ξ: the extinction factor.
This factor accounts for the effects of particle size and is defined as the fractional loss of light
energy when the light propagates from one sublayer to the next. The value of ξ, is unique for
the make of screen including the type of phosphor, binder material, protective coating and
reflectivity backing and thus has to be determined through measurements (as in the case of the
optical parameters of the H-L model). However, if the earlier given properties of a phosphor
screen are fixed, the extinction factor does not vary with varying screen thickness and/or
particle size. Clearly, a distinction from the optical parameters in the H-L model.
We will know utilise the extinction factor to eventually derive the extrinsic efficiency. Firstly,
the light energy Λi,s at the surface of the screen (reflection mode) from sublayer i is described
by

23

Radioluminescence: a simple model for fluorescent layers

Λ

i, s

=Λ

i

(1 − ξ ) i

(21)

and
(22)

ξ ≡ Λ i, i - 1 Λ i

where ξ is the light energy loss when the light passes from an arbitrary layer i to layer (i-1)
and Λi,i-1 is the light energy at layer (i-1) of the light originally emitted from layer i. The
extinction factor ξ is given in percent (%) throughout this thesis.
Finally, an expression for the extrinsic energy of a screen in reflection mode, derived from the
model is given below.
Nr =

n
Λ
µ L
µ
= η (exp((
) ρ ) − 1)∑ exp((− ) L ρ ⋅ i )(1 − ξ ) i , i ∈ [0, n]
n
Ψ0
ρc n
ρ
i =1
c

(23)

Where Nr is the extrinsic efficiency, Λ is the total light energy emitted at the surface of the
screen and Ψ0 is the energy fluence incident on the screen surface. η is the intrinsic efficiency
of the phosphor. The transmission mode can be described in a similar way.
The expression above is, essentially summarising the light energy contribution to the surface
from all sublayers in the phosphor. Comparing again to H-L there are no boundary conditions
or distinctions between the optical parameters. The possibility of varying screen thickness and
particle size is obvious from the expression whereas H-L is limited to one particle size at the
time meaning new efforts to obtain the optical parameters.

9. Theoretical connection between the discrete model and
the Hamaker-Ludwig model
Longini (1949) showed that the scattering coefficient is inversely proportional to particle size
while the absorption coefficient is independent of particle size. Further, utilising a work by
Morlotti (1975) we will show a theoretical connection between the extinction factor of the
discrete model and optical parameters in the Hamaker-Ludwig model (H-L). The extinction
factor, ξ is a central concept in the discrete model. The corresponding factors in H-L are the
(optical) absorption and scattering coefficients. (See any textbook on the subject). The total
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optical attenuation coefficient is denoted µ(λ), (cf. equation 3) where λ indicates its
dependence on the wavelength of the propagating light energy.
Morlotti describes Gd2O2S:Tb screens with a thickness of 80 µm and particle sizes 2,4 and 10
µm. He further describes the ratio of ”collisions” to the total number of optical photon
interactions: p(K) = K/(K+S). I.e. rather the probability for absorption “a”. The corresponding
coefficients are not directly given but we can conclude that “K” is much smaller than “S”.
Table 2. Probability of collisions according to Morlotti (1975). The phosphor layers under study
have all a thickness of 80 µm and are based on Gd2O2S:Tb. See text for explanation.
Particle size

Probability

(µm)

of collisions
p(K)

2

0.0017

4

0.0020

10

0.0030

The conclusion is that the optical absorption can be omitted. Hence,
K+S = a + s ≈ s

(24)

the only factor remaining, capable of any influence on s (the scattering coefficient) is the
diameter of the phosphor grains. This may be explained as follows: when the light photons
strike a convex surface, the probability will increase for an original path to change through
scattering the more bent a surface appears. The curvature of a sphere surface is inversely
proportional to the diameter d. The form factor is an optical concept (see textbook on optical
physics) describing the scattering characteristics of a volume element. The factor is based on
the ratio between the area and the volume. In some literature it is simple denoted as
luminescent loss. The form factor for a sphere is thus 6/d (A/V=(4πr2)/(4πr3/3)).
Utilising the particle sizes given by Morlotti we obtain for 2,4 and 10 µm:

ξ n = (Λ i −1 / Λ i ) n

=

exp(−( µ (λ ) n • .nl )) , n ∈ [2,4,10]

where l is the distance between to grains. From A1 we know that
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µ(λ) ≈ s ∼ A/d

(26)

where A is a constant. We also know that
l ∼ Bd

(27)

where B is a constant. We are stating that ξ2 = ξ4 = ξ10, and this has to be shown. Inserting (26)
and (27) in (25) we obtain
ξ = (Λi-1 /Λi)2 = exp(-((A/d)(Bd))

(28)

ξ = (Λi-1 /Λi)4 = exp(-((A/2d)(B2d))

(29)

ξ = (Λi-1 /Λi)10 = exp(-((A/5d)(B5d))

(30)

i.e. (28) = (29) = (30)
We have showed that there is a theoretical connection between the optical attenuation
coefficient , μ(λ), (normally found in light transport theory) and the extinction factor, ξ.

10. Screen preparation
Initially 10 screens were manufactured through a simple sedimentation technique.
Information is given in paper II. 10 glass sheets at 250 x 250 cm2 and 10 mm thick were
prepared with self-adhesive 10 mm rubber feet in each corner. Protective sheets of 120 x 120
mm2 and 0.1 mm thick transparent plastics were applied on the glass sheets (see figure 11).
Specially ordered self-adhesive PVC frames of 130 x 130 mm2 and all having a width of 10
mm were applied on top of the protective sheets. The thickness of the frames varied at
discrete values: 100, 200, 400 and 800 μm. Two phosphors of Gd2O2S:Tb were chosen, 7.5
μm and 25 μm size respectively. The choice of a large size-span is deliberate to make sure
that the dependence of the extrinsic efficiency on the particle size will be materialised. The
phosphor powder and an acrylic lacquer for wooden panels (Beckers™, panellack, halvblank)
are mixed thoroughly but gently to avoid mechanical destruction of the phosphor particles.
The lacquer has been chosen from several trial and error- tests. It dries slow enough to let
trapped air out of the mixture and it also has a viscosity maintaining its well-mixed properties
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throughout the drying process. Other lacquers, drying too quickly, can cause cracks in the
phosphor sheets or result in uneven mixtures. Once the phosphor/lacquer mixture has been
administered into the frames, the normal drying time is only a couple of hours. This drying
time is extended by stacking the glass-sheets on top of each other. The height of the rubber
feet determines the drying time period and 10 mm feet gives a period of about 3-4 days,
depending on temperature. To further increase the period, the stack is covered in plastics and
allowed to settle for a total of 10 days. Still, the yield is low and some 25 % of the phosphor
sheets were acceptable, considering thickness, surface qualities (no pits, bumps. cracks etc).

Self-adhesive PVC-frame

Dried phosphor sheet
Glass sheet
equipped with
rubber feet

Figure. 11 showing the stacking of the glass-plates inhibiting frames, rubber feet and phosphor-screen.
Transparent, thin, plastic protective layer is sandwiched between the glass sheet and PVC-frame.

Unfortunately, no screens of 100 μm thickness became available and only one screen
representing the 7.5 μm particle size, passed the quality tests.
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11. Measurements and results
Xray tube

KAPmeter

Photometer

Λ

Lead
collimator

Ψ

Screen
sample
Table top

Figure. 12 Showing the experimental set-up. The drawing is not on scale, details enhanced for clarity.

We wanted to monitor the luminance variation with particle size and thickness. An available
Photometer – (Hagner) – was mounted on a camera stand aiming at the sample screen surface
at an angle of 45 degrees (see fig. 12). The Photometer is calibrated in cd/m2 and is a rate
meter, without integration possibilities or electronic memory, thus not suitable for luminance
measurements limited by short x-ray exposures. Hence, the fluoroscopy mode of the x-ray
equipment was chosen and the luminance was monitored over a time period of approximately
10 seconds and the energy fluence rate dΨ0/dt was controlled for stability utilising a KAP(Kerma Area Product) meter. Every screen sample was measured 5 times and an average
luminance value was calculated for each screen. The focal-screen distance was set to 1.00 m
and no patient equivalent added filtration was used as the aim was to verify the relative
extrinsic efficiencies between thicknesses and particle size variations. Another reason for
omitting added filtration was to achieve sufficiently high energy fluence at the screen surface
to be able to measure the luminance at all. The luminance otherwise being too low and well
below the lowest measuring range of the Hagner Photometer.
Results
The total filtration of the X-ray tube was measured to be 3 mm Al using the established HVL
(Half Value Layer)-technique. The results of the measurements and the calculated values
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utilising the discrete model are given in table 3. The extinction factor, ξ, was calculated
utilising the ratio 2:1 (see Eq. 4 in Paper II) of two screens (C and D) thus obtaining the value
8.8 %.
Table 3. Measured and calculated values of the light energy, Λ, per unit area at the surface of Gd2O2S:Tb screens as
function of particle size and thickness. The energy fluence, Ψ0, of the incident x-rays is constant; tube potential 100 kV,
3 mm Al total filtration. Room temperature is 21O C. The extinction factor, ξ, is calculated to 8,8 %. Calculated
luminance values are normalised to measured luminance using screen D as reference. See text and Paper II for
explanation.

Measured

Calculated

Deviation,

Particle size

Number of

luminance, Λ

luminance, Λ

∆Λ

Screen (µm)

(µm)

Sublayers

(arbitrary units)

(arbitrary units)

(%)

A

400

7.5

53

1.5

1.3

-14

B

220

25

9

2.7

2.4

-12

C

420

25

18

3.1

3.1

0

D

830

25

33

3.4

3.4

Ref.

Thickness

12. Monte-Carlo simulations and results
The proposed model has a line of assumptions that are over simplistic. We know that, in
reality, the mean energy varies with depth as the ionising radiation propagates through matter.
We are also aware that ignoring dosimetric interface effects due to scattering may introduce
errors as well as completely omitting escaping K-radiation from the calculation of energy
imparted to a phosphor screen. However, we did not have knowledge of the magnitude of the
deviations introduced by these assumptions. Furthermore, we had no information on what the
influence would be on the final calculations of Luminescence. We decided to improve the
calculation of energy imparted by the means of Monte –Carlo simulations.
The Monte-Carlo code PENELOPE was available and preparations for simulation runs were
made. Firstly, we needed an X-ray spectrum, which was obtained utilising the free obtainable
software SpekCalc. This is an executable code for calculating the x-ray emission spectra from
tungsten anodes, The Graphical User Interface for SpekCalc is shown together with a typical
output X-ray spectrum in figure 13. We used the set-values of 100 kV (min 10 keV, max 100
keV, with an increment of 1 keV), added filtration of 3 mm Al + 1000 mm air, wolfram target
and 12̊ anode angle.

The SpekCalc model relies on deterministic equations for
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bremsstrahlung production, combined with numerically pre-calculated electron distributions
and has been described elsewhere (Poludniowski and Evans 2007, Poludniowski 2007).
Figure. 13 Showing the interface of the program SpekCalc. X-ray spectrum image is superimposed.

Figure. 14 Showing the experimental set-up. The drawing is not on scale, details enhanced for clarity

The Monte-Carlo input parameters are the i) geometry, i.e. the field size (and shape), focusdetector distance. ii) interacting material downstream the radiation path (including air), i.e.
chemical composition, density (if deviating from tabulated), thickness. All materials in the
screen were simulated i.e. acetate (protective layer), Gd2O2S:Tb (half density phosphor) and
polycarbonate backing. In total 107 histories were simulated with a total time of 3.8x105 s.
PENELOPE will then utilise the fluence spectrum delivered by SpekCalc by simulate the
interactions in the detector material photon by photon until every “bin” has gained enough
interactions – histories – to achieve a pre-set statistical uncertainty level. In our case the “bin”
– the depth of the phosphor – was set to 1 μm steps (the width of the “bin”). PENELOPE is
then calculating the energy imparted and denoting a value to each μm step. The total energy
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imparted to a sub-layer, defined by the particle diameter, was determined by summation of the
bin values, for the corresponding sub-layer. Finally, the total light energy contribution of the
sublayers to the screen surface (reflective mode) was calculated using equation 23. The total
light energy values from the MC-supported calculated values were then normalised using the
original total light energy value for screen “D” as a standard. I.e. the 830 μm screen values
were set to unity.
.
Table 4. Measured Λ and calculated values ΛMC of the light energy per unit area at the surface of Gd2O2S:Tb phosphor
using Monte Carlo simulations of the energy imparted to the phosphor layers. Measured values are the same as in table
3. Calculated luminance values are normalised to measured luminance using screen D as reference. (denoted “Ref”).
(From Paper II)

Measured

Calculated

Deviation,

luminance, Λ

luminance, ΛMC

∆Λ

Screen (arbitrary units)

(arbitrary units)

(%)

A

1.5

1.6

+7

B

2.7

2.8

+4

C

3.1

3.4

+10

D

3.4

3.4

Ref.

Table 5. Calculated Λ and calculated values ΛMC of the light energy per unit area at the surface of Gd2O2S:Tb phosphor
Calculated luminance MC values are normalised to calculated luminance using screen D as reference. (denoted “Ref”).

Calculated

Calculated

Deviation,

luminance, Λ

luminance, ΛMC

∆Λ

Screen (arbitrary units)

(arbitrary units)

(%)

A

1.3

1.6

+ 25

B

2.4

2.8

+ 17

C

3.1

3.4

+10

D

3.4

3.4 (normalised)

Ref.

Utilising the measured luminance and assuming that the proposed model is describing the
light transport in a correct manner, the results presented in table 4 and 5 indicate that there is
an underestimation of the calculated energy imparted. From the Monte-Carlo simulation, we
may conclude an overestimation. By comparing the energy imparted depth curves between
the calculation methods and assuming the total energy imparted to the screen to be equivalent
for either method, we may then study the shapes of the curves to identify any possible
differences. (See figure 14).
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Energy imparted, δε
(Arbitrary unit)

Energy imparted, Monte-Carlo simulation. Values
normalised to total energy imparted calculated
according to model
Energy imparted according to eq. 20

200

600

400

800

μm

Depth (phosphor layer)

Figure 14. A comparison between calculation modes of energy imparted displaying the shape of
the curves assuming equivalent total energy imparted.

The MC-curve has an emphasis on the first sub-layers whereas the deeper situated sub-layers
do not have the same level of contribution to the surface light energy as in the curve based on
the original calculations of energy imparted. There will be a luminance discrepancy between
the two methods increasing with decreasing thickness, where the MC-calculations are
producing the higher luminance values. Varying the particle size at a fixed thickness will
increase the deviation in luminance for a decreasing particle size. A decreasing particle size
means an increasing number of intercrossings for the same distance. I.e. the optical loss is
larger for the sub-layers producing light in the deeper layer. Consequently, the MCcalculations will produce the higher luminance results also in this case.

13. Discussion
The results given in paper I and II support the aim of the suggested model. The extinction
factor of the model can be interpreted physically and has a theoretical connection to its more
common siblings, the (optical) absorption and scattering coefficients. However, it is well
known that the assumptions made in Schuster-(Kubelka-Munk)-Hamaker-Ludwig models are
simplistic, for instance, the isotropic scattering. Therefore, attempts have been made, in these
models, to create a more realistic angle distribution of the optical scattering through the socalled Henyey-Greenstein function but also through Mie’s theory and the introduction of the
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complex refraction index. Nevertheless, we are still burdened with (measurements of) the
optical attenuation parameters, specific for the particle size.
We know that assuming a spherical particle shape works well for Gd2O2S:Tb, which has near
spherical crystals. For other phosphors this assumption may introduce a deviation of unknown
size because of their non-spherical shapes. The assumption of a Gaussian distribution of
particle size has been demonstrated to be wrong in several cases in the literature where the
distribution is shown to be more close to a Poisson type. It is also well known that the
assumption of isotropic light does not line up for thin phosphor sheets i.e. below about 100
μm.
The in-house manufactured screens were of good quality but too few in numbers. More
screens with varying particle sizes and thicknesses, would further test the model. One single
sample of 7,5 μm grain size is clearly a source of uncertainty and we had no way of verifying
the proposed model by measuring a range of thicknesses based on the 7,5 μm phosphor. We
can only assume that the only screen available was indeed representative.
Still, the proposed model, through its intuitive simplicity and readily obtainable input data,
can be a worthwhile alternative tool to check a suggested path of variations in phosphor
thickness and particle size before entering into more time-consuming and sophisticated
methods.

14. Conclusions
Trade off between screen thickness, particle size of a phosphor screen and image quality
parameters are known optimisation problems. Particularly the process of obtaining the optical
parameters of a screen can be complex and time consuming. It is also necessary to have
highly specialised measuring equipment.
A simple model for phosphor screens has been developed and evaluated. There are
assumptions that are known to be over simplistic; in spite of this, we have obtained reasonable
results. Introducing Monte-Carlo techniques for more precise calculations of the energy
imparted to the screen did not improve the overall deviation from measured values. Monte
Carlo could introduce further improvements for various parameters but the long processing
time (several hours) is clearly disadvantageous if the aim is to quickly estimate various
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alternative solutions. The proposed model has also the advantage of not demanding complex
equipment perhaps not normally found in a clinical medical physics department.

15. Future prospects
The model can be a valuable tool in parts of the optimisation process of various phosphor
layers. A device based on the phosphorescence of a phosphor layer in reflection mode has
already been developed. The thickness of the phosphor and the particle size was evaluated by
using the proposed model and the device will be presented in a future work The concept of a
matrix of spheres in the proposed model can be utilised to estimate the inherent noise of a
screen since the number of grains (and the energy imparted) can be estimated, thus making it
possible to estimate the overall noise. The matrix concept also supports a possibility to
calculate the theoretical resolution limit by simply activating a column by depth and calculate
the light distribution at the image surface from this column (cf. Nischikawa and Yaffe 1990).
From the superimposed distribution the FWHM (Full Width at Half Maximum) can then be
calculated. It may also be possible to obtain the MTF (Modulation Transfer Function) through
Fourier transformation of the distribution since it is essentially the PSF (Point Spread
Function) or LSF (Line Spread Function) of the phosphor screen. Finally yet importantly,
modelling of ceramic material scintillators could also be an interesting option in future work.
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