Modeling granular phosphor screens by Monte Carlo methods
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The intrinsic phosphor properties are of significant importance for the performance of phosphor
screens used in medical imaging systems. In previous analytical-theoretical and Monte Carlo stud-
ies on granular phosphor materials, values of optical properties, and light interaction cross sections
were found by fitting to experimental data. These values were then employed for the assessment of
phosphor screen imaging performance. However, it was found that, depending on the experimental
technique and fitting methodology, the optical parameters of a specific phosphor material varied
within a wide range of values, i.e., variations of light scattering with respect to light absorption
coefficients were often observed for the same phosphor material. In this study, x-ray and light
transport within granular phosphor materials was studied by developing a computational model
using Monte Carlo methods. The model was based on the intrinsic physical characteristics of the
phosphor. Input values required to feed the model can be easily obtained from tabulated data. The
complex refractive index was introduced and microscopic probabilities for light interactions were
produced, using Mie scattering theory. Model validation was carried out by comparing model
results on x-ray and light parameters (x-ray absorption, statistical fluctuations in the x-ray to light
conversion process, number of emitted light photons, output light spatial distribution) with previous
published experimental data on Gd,0,S:Tb phosphor material (Kodak Min-R screen). Results
showed the dependence of the modulation transfer function (MTF) on phosphor grain size and
material packing density. It was predicted that granular Gd,O,S : Tb screens of high packing density
and small grain size may exhibit considerably better resolution and light emission properties than
the conventional Gd,0,S:Tb screens, under similar conditions (x-ray incident energy, screen
thickness). © 2006 American Association of Physicists in Medicine. [DOI: 10.1118/1.2372217]
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I. INTRODUCTION

Luminescent materials are employed as radiation to light
converters in detectors of medical imaging systems.]_3 In
X-ray projection imaging, a large number of such materials
have been employed in the form of granular screens,” often
referred to as phosphor screens, consisting of a large number
of grains embedded within a binding material. The x-ray
detection and imaging performance of phosphor screens are
affected by intrinsic physical properties, related to x-ray and
light photon transport through the material. These properties
have been previously investigated by experimental,sf11
theoretical,”_15 and Monte Carlo methods,lﬁ_22 and have
been taken into account in the design of commercial imaging
systems.mf25

Phosphor screens have been previously
elled as a series of superimposed x-ray absorbing, light cre-
ating, and light attenuating elementary thin layers within the
framework of cascaded linear systems analysis. Analytical
methods, based on photon diffusion equations or on one-
dimensional light transport considerations,"*'>*** have
been preferably employed to investigate phosphor intrinsic
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properties. Analytical and recursive methods have also been
used to model phosphor screens as an ensemble of grains of
specific size.’"*? On the other hand, most Monte Carlo
studies””*"** have focused on the simulation of X-ray in-
teractions within the phosphor’s mass, mainly using avail-
able Monte Carlo simulation packages.”f35 Only a few
Monte Carlo studies have investigated or have taken into
consideration the effects of phosphor screen light transport
properties. Morlotti*® has employed Monte Carlo methods to
evaluate the emission efficiency and the modulation transfer
function of phosphor screens by taking into consideration
light propagation effects. Radcliffe et al*” and Kausch
et al.”® have studied light transport in phosphor screens for
portal imaging applications. They have used a Monte Carlo
code, based on Fresnell reflection at phosphor grain bound-
aries. Most recently, Badano et al.*® have used light attenu-
ation (scattering and absorption) coefficients to study, via the
DETECT II Monte Carlo simulation code, the signal and
noise transfer and the so-called Lubberts effect in columnar
and granular screens. In all these studies, light propagation
has been examined using optical parameters determined ei-
ther by empirical methods or by fitting to experimental
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data. This may be inconvenient, since for predict-

ing the performance of a phosphor material one has to pre-
pare screens and perform measurements or, otherwise, to use
experimental data obtained by others on already prepared
screens.

In currently employed granular screens, phosphor grains
are glued together by a binding material in a close-packed
spatial distribution. This distribution is described by the
screen packing density, expressing the active phosphor vol-
ume over the total screen volume, which in conventional
screens is of the order of 50%. However, in the last decade,
new performance boosting phosphor screen preparation tech-
niques have been introduced, such as sintering techniques,
for preparing ceramic plates that in effect increase the den-
sification (packing density) in luminescent materials.**’ To
our knowledge, the influence of that higher packing density
on the imaging performance of phosphor screens has not yet
been investigated systematically.

In the present study, phosphor screen performance was
investigated under diagnostic radiology conditions utilizing a
custom Monte Carlo simulation code developed in MAT-
LAB. The latter only requires, as input data, standard refer-
ence tabulated data of the phosphor material’s intrinsic pa-
rameters (x-ray interaction parameters, x-ray to light
conversion efficiency, light wavelength, complex refractive
index) and structural parameters (grain size and packing den-
sity). In particular, the simulation code was developed by
performing a detailed account of the following: (i) The en-
ergy deposition, and the corresponding contribution to light
generation, from the x-ray photon interactions within the di-
agnostic energy range. This account comprised the elastic
and inelastic scattering effects as well as the photoelectric
effect including the emission of K x rays or Auger electron
for energies above the K-absorption edge. (ii) The light gen-
eration and the interactions of light photons with the phos-
phor grains, based on the scattering theory of Mie.*'** The
model takes into account the contribution of the complex
refractive index of the phosphor material in light propaga-
tion. This index is closely related to the microscopic light
interaction probabilities, which in turn are functions of par-
ticle (phosphor grain) size and light wavelength. The model
can predict phosphor performance solely by Monte Carlo
simulation, without having to prepare screens and perform
measurements or use experimental data obtained by others.

The proposed Monte Carlo model was applied to simulate
the performance of the well-known commercial, Gd,0,S: Tb
based, Kodak Min-R screen. For this screen, the variation of
the x-ray absorption and the light emission properties with
x-ray energy were found. Data related to the contribution of
each physical process to the emitted light were also derived.
The modulation transfer function (MTF) of the screen was
predicted and the effect of grain size and phosphor packing
density on MTF was studied. Results were validated with
respect to previous experimental measurements, under simi-
lar conditions.”'* In addition, the noise associated with the
x-ray to light conversion process, quantified in the Swank
8-1029 was taken into account and the corresponding
detective quantum efficiency (DQE) was estimated. Finally,
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FiG. 1. (a) Image of Gd,0,S phosphor grains, obtained by electronic micro-
scope. (b) Schematic diagram illustrating a phosphor screen in contact with
an optical detector, an x-ray photon interaction (black dot), and generated
light photon trajectories (black lines).

a suitable combination of grain size and packing density is
proposed, for which the resolution and light emission prop-
erties of granular phosphor screens (e.g., Gd,0,S:Tb) be-
come higher, under similar conditions.

Il. MONTE CARLO SIMULATION METHOD
A. Geometry of the simulation model

The geometry of the simulation model is illustrated in Fig.
1. The phosphor screen was modeled as a three-dimensional
layer consisting of uniformly distributed grains. All grains
were of the same size, which was assumed to be equal to the
mean size of the grains contained in a commercial screen.”!
The simulation code was suitably developed in order to al-
low changes of the following parameters: phosphor screen
(layer) thickness, screen area (surface dimensions), screen
packing density, and phosphor grain diameter. X-ray photons
with energy either given from a monoenergetic beam or
sampled from an x-ray spectral distribution were assumed to
impinge on the screen surface according to predefined beam
geometries, i.e., narrow beam or parallel beam. In addition,
the role of the substrate material, between the phosphor
screen and the optical detector, was taken into consideration
in the validation procedure.
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B. Required input data to the Monte Carlo program

The input physical data, required for the Monte Carlo
simulation program, included the phosphor material’s chemi-
cal composition, the x-ray photon’s spectral distribution, and
the numerical values of various physical parameters and co-
efficients relevant to x-ray interactions and to optical prop-
erties of the material. All values were taken from validated
tabulated data and libraries. In particular, the parameters and
coefficients employed were the following: data relevant to
the x-ray spectlrum,43 4 the mass attenuation coefficients of
the material,**™*® the mass partial interaction coefficients of
the material,%f48 the mass partial interaction coefficients of
each element of the chemical compound and their fractional
weight,%’48 the incoherent scattering functions,49 the atomic
form factors,*’ the probability of the K- or L-shell contribu-
tion to the photoelectric effect,47’48’5 O the K-fluorescent
yield51 for the production of characteristic radiation or the
probability of Auger electron production, the K- or L-shell
binding energies,50 the transition probabilities of atom
relaxation,” the refractive index of the phosphor material®"?
and of the medium,” the phosphor’s intrinsic conversion
efﬁciency,3 and the wavelength of the emitted light.3

C. X-ray photon history

An x-ray photon history was considered to start when a
photon, with energy obtained from the x-ray energy spectrum
distribution (or from a monoenergetic beam), impinged on
the phosphor screen surface. The x-ray photon was consid-
ered to penetrate the screen, and its transport through the
phosphor slab was described in terms of the photon free path
length (fpl),21 taking into account the packing density of the
phosphor screen. The interaction site coordinates were deter-
mined by the fpl and the initial direction of the x-ray photon.
The type of interaction was selected according to the relative
probabilities of occurrence of each process. Once the type of
interaction is selected, the interaction occurs at the corre-
sponding chemical element of the phosphor material.'?

If the x-ray photon undergoes photoelectric absorption, a
sequence of processes may occur depending on its energy E.
When the photon energy is larger than the K-shell binding
energy Uy, photoelectric absorption may occur either in the
K-shell or in the L-shell. In the case of interaction in the
K-shell, the emission of K-characteristic radiation or the pro-
duction of Auger electrons may arise according to the
K-fluorescent yield wg. If K-characteristic radiation is emit-
ted, the trajectory of the new photon within the phosphor is
examined separately. Otherwise, an Auger electron is emit-
ted, which is assumed to be locally absorbed. In this study,
the following K-fluorescence emission processes were con-
sidered: K-L2, K-L3, K-L-M2, K-M3, K-N2, K-N3, and K
-X radiative transitions and the K-L-X Auger tramsitions,54
where X denotes a shell with negligible binding energy. The
initial x-ray photon was assumed to be locally absorbed
when (a) the x-ray photon energy was higher than the K-shell
binding energy Uy and at the same time the photoelectric
effect occurred in the L-shell, (b) the x-ray photon energy
was higher than the average L-shell binding energy U, (Ref.
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FIG. 2. Comparison of Monte Carlo samples (dots) and the theoretical dis-
tribution of a 30 kVp Mo x-ray spectrum filtered by 0.051 mm Mo.

54) and lower than the K-shell binding energy Uy, and (c)
the x-ray photon energy was lower than 5 keV (cutoff
energy'®).

If the x-ray photon undergoes a scattering process, the
direction of the scattered photon is derived by sampling the
corresponding polar angle # and azimuthal angle ¢ of the
scattering process. The polar angle € is sampled randomly
from the differential cross section using the sampling algo-
rithm, described by Chan and Doi*' and Brusa et al.,”” for
coherent and incoherent scattering, respectively. In both
aforementioned types of scatter, the azimuthal angle ¢ of the
scattered photon is sampled randomly in the interval [0,277).
When an incoherent scattering event takes place, the energy
difference between the incident and the scattered photon
goes to the loosely bound atomic electron (recoil electron) as
kinetic energy, considering that the electron had negligible
binding energy. In this study, the recoil electron was assumed
to be locally absorbed.

All sampling procedures were verified by comparing re-
sults obtained by the Monte Carlo simulation against results
derived analytically using the theoretical probability density
functions. The average relative difference between the Monte
Carlo simulation and the theoretically obtained values was
found to be (a) 1.8% for the sampling of the x-ray spectrum
(Fig. 2), (b) 0.6% for the sampling of the fpl (Fig. 3), (c)
2.4% for sampling the polar angle 6 in coherent scattering
(Fig. 4), and (d) 2.1% for sampling the polar angle @ in
incoherent scattering (Fig. 5).

D. Light production

After an x-ray interaction event, contributing to energy
deposition within the phosphor material, light photons are
created following an isotropic distribution. The number G of
these light photons is given as follows:"*
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FiG. 3. Comparison of 10® Monte Carlo samples (dots) and the theoretical
curve of free path length for a 60 keV monochromatic x-ray beam in
Gd,0,S: Tb phosphor screen.

G(E) = net, (1)

E\

where E is the absorbed energy of the x-ray photon, 7, is the
intrinsic x-ray to light conversion efﬁciency56 of the phos-
phor, and E, is the mean energy of the light photons created
within the phosphor mass. Mean energy was employed in
relation (1) instead of the whole light spectrum. We used the
value E\=2.4X 1073 keV, which corresponds to the mean
light photon energy of the Gd,O,S:Tb phosphor.14 The
simulation of the light spectrum is quite complicated because
of the statistical uncertainties arising from (a) the electron
transition probabilities in the low energy atomic levels™ and
(b) the effects of the activator on these levels.” " It has been
previously shown that the statistical fluctuations of the x-ray
to light conversion process follow a probability distribution,
which has not been expressed analytically. However, it may
be approximated using experimental data.”® The excess of
this distribution function over a Poisson distribution has been
expressed58 by the Poisson excess noise (&) given as follows:
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chromatic x-ray beam in Gd element.
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G(E)

where G(E) is the average number of light photons produced
per absorbed x-ray photon and 0'%;(5) is the variance of the
probability distribution. In the present study, the Swank
factor”® as well as the DQE values were predicted by sam-
pling the number of produced light photons, using the par-
ticular probability distribution, and by determining the cor-
responding statistical moments (m;) of the light distribution
detected by the optical detector, as described in previous
studies.®™"°

E. Light transport

Just after their creation, light photons are transmitted
through the screen material towards the screen surfaces. Dur-
ing transmission, light suffers attenuation mainly caused by
the presence of the phosphor grains. Since the geometry of
our model implies a homogeneous distribution of phosphor
grains, Mie theory42 can be applied to describe adequately
the light extinction within a phosphor screen (see Appendix
A). At the site of light photon interaction, the type of inter-
action may be determined by the relative probabilities of
light absorption and light scattering effects. The probability
of light absorption P, is defined as follows:

Pubs = mubs/(mabs + mscr) ’ (3)

where m,,, m,., correspond to light absorption and light scat-
tering coefficients, respectively. The azimuthal angle ¢ of the
scattered photon was sampled randomly in [0, 24r). The polar
angle 6 was sampled from the Henyey—Greensteinéo’61 (see
Appendix B) probability density function, which is a good
approximation of the phase function for light photons scat-
tered according to Mie theory. The sampling procedure can
be verified by comparing results obtained by Monte Carlo
simulation with the theoretical polar angular distribution, as
shown in Fig. 6. Assuming grain diameter equal to 7 um for



4506 Liaparinos et al.: Modeling granular phosphor screens by Monte Carlo methods 4506
u.oe T o T T are the corresponding z coordinates of the front and rear side
boundaries of phosphor screen, the trajectory of light photon
_ Doer may be indicated according to the following procedure:
E : (1) The distance d; between the last light photon interac-
» D0.04 Thearetical 1 . . .
2 +  Maonte Carlo tion site and the boundary is calculated:
[&7
% 0.03f _ 4 (z=2zp)/(=cos ), forcos <0, A
% "7 (zy = 2)/cos 6, for cos >0, “
% peEr i (i)  The angle of incidence @ is evaluated and, with the
E help of Snell’s law, the angle of transmission w is
©oootr i calculated as a function of 6, of the relative complex
I refractive index of the phosphor screen m; (phosphor
D5 o8& 04 o2 0 02 04 0B 08 1 material), and of the refractive index of the transmit-
Cosine of polar angle ting medium m, (air, film, or photosensitive material),
FIG. 6. Comparison of 10° Monte Carlo samples (dots) and the Henyey- as follows:
Greenstein theoretical ~distribution of polar angle distribution for m.
Gd,0,S: Tb phosphor screen with grain size 7 wm. f=cos !(lcos §) and w= Sin_l(—’ sin 9) . (3)
m;
Gd,0,S: Tb phosphor material (anisotropy factor g=0.494, (ili) The probability of the average light photon specule’lr
see Appendix B), the average relative difference between reﬂectangtla& can b? calculated  from Fr.esnel S
Monte Carlo and theoretical values was found 1.2%. formulas™™ multiplied by a factor S¢ cqrrectmg for
As described above, light propagation was simulated via the roughness of the screen’s surface, given by the
. YoVe, IENt propag . . followin tion:***
Mie theory. Applying Mie calculations, light absorption and otlowing equa
light scattering coefficients, m,,,m, are related to the ab- 2\57-”, 5\?
sorption, Q. and the scattering, Q,, efficiency Sc=exp| - N ’ (6)
factors*"**%? and to the complex elements, S,(6) and S,(6),
of the scattering matrix.*"**** These quantities were cor- where & is the root mean square (rms) roughness ex-
rectly simulated according to the validation that is shown in pressing surface irregularities, N is the light wave-
Table I (see Appendix A). The comparison was carried out length, and n is the real part of the refractive index of
for data relative to the numerical values, which correspond to the transmitting medium. Values of Sc near to unity
the complex refractive index of phosphor materials (complex imply interfaces of high surface smoothness. For ex-
refractive index of Gd,0,S:Tb: 2.3-107%, where 2.3 and ample, assuming 6=3 mm, n=1.5, and A=545 nm,
1076 represent the real and the imaginary parts, respectively). Eq. (6) results in a factor S¢ equal to 0.988, imply-
For the Gd,0,S : Tb phosphor material, Moy™* has reported a ing a slight reduction in specular reflectance.
refractive index value of higher than 2. Radcliffe et al.’’ Therefore, surface irregularities may cause (a) a
have used a value of 2.4 in combination with a value of 1.4 slight reduction in specular reflectance and (b) the
for the refractive index of the binder, both of which gave a presence of diffuse reflectance. In the latter case,
reasonable fit to experimental data. In the present study, the light photons are reflected in random directions. In
real part of the complex refractive index of Gd,0,S: Tb was the present study, light specular reflectance was
taken equal to 2.3 using binder’s refractive index™> equal to simulated assuming smooth boundary surface and,
1.353. Following previous studies,”®*! the imaginary part thus, the effect of diffuse reflectance was not taken
was assumed to be of the order of 107, for wavelengths into consideration.
within the visible region. (iv)  The light photon is internally reflected, otherwise it

F. Reflection at the boundaries

During a light photon trajectory, when the light photon
hits one of the phosphor screen boundaries, it may either
escape or internally be reflected. If we consider that z; and z,

escapes the phosphor screen. In case of reflection, the
light photon transportation is described as follows:*

(a) A new direction is calculated by transforming the
direction cosines to (a,b,c)
=(sin 6 cos ¢,sin Osin ¢,—cos 6).

TaBLE 1. Comparison of Quy, Qccar S1(0), S,(0), S;(7), and S,(7) between Hong Du’s®? 2004 calculations and

those obtained from our study.

M X Oext Osca 51(0)=52(0) 51(77)=—Sz(77)
Present study 1.33-107% 100 2.101 32 2.096 59 5253-24.319i —56.5921+484.2511
Hong Du® 1.33-107% 100 2.101 32 2.096 59 5253-24.319i —56.5921+484.251i
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(b) The light photon propagates within phosphor mate-
rial having a new free path length equal to fpl—d,.

G. Output parameters

Employing the previously described simulation, numeri-
cal evaluations concerning the x-ray and light photon absorp-
tion or escape events were carried out. Additionally, for ev-
ery x-ray interaction and absorption event, information on
the deposited amount of the x-ray energy, as well informa-
tion on the spatial distribution of the emitted light, was ob-
tained. These evaluations and the corresponding information
were used in the evaluation of the following phosphor screen
parameters and imaging characteristics:

(1) The quantum detection efficiency (QDE) correspond-
ing to the number of absorbed x-ray photons with re-
spect to the incident x-ray photons.

(i)  The energy absorption efficiency (EAE) correspond-
ing to the absorbed energy of primary radiation with
respect to the incident x-ray energy.

(iii) The number of emitted light photons per incident
x-ray photon.

(iv)  The point spread function (PSF): the two-dimensional
spatial position of light photons along screen length.

(v)  The modulation transfer function (MTF): the discrete
Fourier transform (DFT) of the line-spread function
(LSF), which was obtained by integrating the PSF
over one axis.

(vi)  The detective quantum efficiency (DQE) expressed by
the Swank factor (SF) multiplied by the quantum de-
tection efficiency (QDE). The Swank factor was ob-
tained by evaluating the corresponding statistical mo-
ments (m;) of the light distribution detected by the
optical detector.

Applying 10* monoenergetic x-ray photons of 18 keV
(9 X 10° light photon histories) for Gd,0,S:Tb phosphor
material (thickness: 31.7 mg/cm?, grain size: 7 wm, packing
density: 50%), approximately 14 h of computation time are
required using a single-processor P4 with 3.00 GHz and
512 Mbyte access memory.

lll. RESULTS

The quantum detection efficiency of Gd,O,S:Tb phos-
phor with respect to the incident x-ray energy is shown in
Fig. 7. In this figure Monte Carlo results are compared with
experimental data obtained by Dick and Motz,” for energies
ranging from 18 to 69 keV. The curves correspond to
31.7 mg/cm? screen coating weight, 7 wm mean grain size,
and 50% packing de:nsity.4’14 QDE was evaluated by consid-
ering parallel, 3 mm thick, monoenergetic x-ray beams. In
this evaluation, the number of reabsorbed K x-ray photons
for energies above the K-edge of the Gd element was also
taken into account. All curves correspond to data obtained
behind the non-irradiated screen surface. This configuration
is often referred to as front screen configuration or transmis-
sion mode and corresponds to the screen-optical detector

Medical Physics, Vol. 33, No. 12, December 2006
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FiG. 7. The variation of QDE and EAE as a function of the incident x-ray
energy. Comparison between Monte Carlo values (dots) and experimental
(QDE) measurements’ for Gd,0,S:Tb phosphor material (thickness:
31.7 mg/cm?, packing density: 50%, grain size: 7 um).

combination incorporated in digital imaging detectors. Re-
sults for the energy absorption efficiency (EAE), obtained
under similar conditions, are also given in the same graph.
Both QDE and EAE were estimated with a statistical error
less than 0.1%.

QDE and EAE were found almost identical in the energy
range from 18 to 25 keV. Above 25 keV, the values of EAE
were found slightly higher than QDE. This difference was
due to the increasing number of scattering events (inelastic
scattering) occurring for energies higher than 25 keV. Even
if scattered photons escape the screen, and are thus not ac-
counted for in the calculation of QDE, a small fraction of
energy is still deposited within the phosphor. This small frac-
tion increases slightly the values of EAE with respect to
those of QDE. Above 50.2 keV, a K-fluorescence photon is
generated that may escape the phosphor screen, even though
the incident x-ray photon is totally absorbed. The energy
conveyed by the K-fluorescence photon is considerably
higher than the energy locally deposited by the incident pho-
ton. As a result, QDE values, expressing the fraction of ab-
sorbed incident x-ray photons, are significantly higher than
those of EAE, expressing the fraction of locally absorbed
energy.

Table II shows the number of light photons emitted by the
non-irradiated screen surface (transmission mode or front
screen configuration) per absorbed x-ray photon for various
x-ray photon energies from 18 to 69 keV. Monte Carlo re-
sults are compared with experimental data from the work by
Dick and Motz.” These data were obtained under experimen-
tal irradiation conditions similar to those simulated in our
method. In the evaluation of light photons per absorbed x-ray
photon, the light reflection at the screen-substrate™® interface
was also taken into account (see Sec. Il F). The average
value of light reflectance R(6), for all possible incident
angles at the screen-substrate interface, was found approxi-
mately equal to 0.30 (fraction of escaped light photons 70%).
This value was obtained using the following data for the
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TaBLE II. Comparison of the number of emitted light photons per absorbed x ray between Dick and Motz;s’
1981 experimental measurements and those obtained in our study for various incident x-ray energies.

4508

Gd,0,S: Tb (thickness 31.7 mg/cm?)

Incident energy

49 51 58 69

No. of emitted light photons per absorbed x-ray

(keV) 18 22 32
Dick and Motz’ 365+73 470+94  645+129
Present study 356+3 463+4 695+12

945+189
1089+43

700+ 140
710£8

785+157
924+25

890178
1282+37

relative complex refractive index: m,ueriai=Ngrain! Mmedium
=2.3/1.353=1.7 and m,=1.52, where m,,  ;,,iy 1 the relative
complex refractive index of the phosphor screen [m; in Eq.
(5)], Mgyuin is the reflective index of the phosphor material
(Gd,0,S:Tb), n,uum is the reflective index of the binder
material (NazSiO3),53 and m, is the refractive index of the
transmitting medium m, (glass).

Apart from the data obtained at 69 keV, our Monte Carlo
simulation results are in adequate agreement with the results
from experimental measurements. Deviations from full coin-
cidence may be reasonable if we consider (a) the estimated
uncertainty in experimental data,® which is of the order of
20%, (b) the possible count loss during experimental
measurements,8 which is 3%, (c) the error, in our model,
arising from the assumption of monochromatic light
photons,14 (d) the statistical error in coefficients taken from
data bases,””* (e) the systematic error arising from our as-
sumption of 50% packing density, 7 wm grain size, and 0.15
intrinsic efficiency, and (f) the statistical error that arise from
Monte Carlo simulations.

Table III shows data obtained by the Monte Carlo model
corresponding to the fraction of emitted light (in transmis-
sion mode) with respect to the light produced within the
phosphor, as well as with respect to the contribution of vari-
ous energy deposition processes to the emitted light. The

energy deposition processes considered were the following:
(a) x-ray photons absorption without undergoing any scatter
event, (b) x-ray photons absorption, after, at least, one scatter
event, (c) K-characteristic photons absorption, (d) energy
deposition by Auger electrons produced in the K-shell, and
(e) energy deposition by electrons released during inelastic
scattering. All data provided correspond to Gd,0,S:Tb
phosphor (thickness: 31 mg/cm?, grain size: 7 um, packing
density: 50%), in the energy range from 18 keV up to
69 keV.

Figure 8 illustrates a comparison between an experimen-
tally determined'* and a Monte Carlo simulated modulation
transfer function (MTF) of a Gd,0,S:Tb screen (thickness:
31.7 mg/cm?, grain size: 7 um, packing density: 50%). Both
curves correspond to similar irradiation conditions: 30 kVp
poly-energetic molybdenum x-ray spectrum, filtered by
0.051 mm of molybdenum and 4.2 cm of Lucite to simulate
beam hardening by an average breast. Additionally, narrow
beam geometry at the centre of phosphor screen surface was
assumed.'* As it can be observed in Fig. 8, there is a high
degree of coincidence between the experimental and the
Monte Carlo predicted MTF values. In fact, it was calculated
that the absolute value of the average relative difference be-
tween the two curves at all spatial frequencies was 1%. The
latter resulted from the slightly higher Monte Carlo simu-

TaBLE III. Light emitted per light produced of Gd,0,S:Tb (thickness 31.7 mg/cm?) for various incident x-ray
energies. Contribution of each physical process to the emitted light (transmission mode).

Gd,0,S: Tb (thickness 31.7 mg/cm?)

Incident energy (keV) 18
Light emitted per 42.4120.16
light produced %

(Front screen)

48.64+0.69

49 51 69
47.35+0.29 47.94+0.43

Contribution to light emitted (Front screen configuration)

Local deposition of the 97.46+0.19
initial photon %

(without scatter event)

Local deposition of the 2.53+0.19
initial photon %

(with scatter event)

K-characteristic
radiation %
K-auger electrons %

Compton electrons % 0.0057+0.0022

97.82+0.5 62.82+1.01 78.26+0.62
1.83+0.48 0.81+0.23 0.78+0.16
25.96+0.46 1491+1.02
10.26+0.74 5.67+0.64
0.34+0.08 0.15+0.02 0.36+0.05
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FiG. 8. The variation of MTF as a function of spatial frequency. Comparison
between Monte Carlo values (dots) and experimental measurements'* for
Gd,0,S:Tb phosphor material (thickness: 31.7 mg/cm?, packing density:
50%, grain size: 7 um, x-ray tube voltage: 30 kVp, filter: 0.0051 mm Mo,
4.2 ¢cm Lucite).

lated values. This systematic error may probably have arisen
from our assumption of constant grain size [equal to the al-
leged by the manufacturer (7 wm)]. If this is not the case,
then a deviation from the experimental MTF may be ex-
pected, due to variations in packing density (or grain spatial
distribution) and in grain size. In the present study, the MTF
of the film was taken to be unity.sg’66

To investigate the effect of grain size and packing density
on MTF, Monte Carlo results, shown in Figs. 9 and 10, were
obtained. As it can be observed, both grain size and packing
density affect significantly MTF values. Higher MTF corre-
sponds to small grain size (Fig. 9) and high packing density
(Fig. 10). The effect of grain size and packing density may
be explained by considering that the increased number of
grains, either in a small sized grain distribution or in a denser
distribution, increases the number of light scattering events.
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F1G. 9. The variation of MTF as a function of spatial frequency for three
different values of grain size (4, 7, and 10 um) for Gd,0,S:Tb phosphor
material (thickness: 31.7 mg/cm?, packing density: 50%, x-ray tube voltage:
30 kVp, filter: 0.0051 mm Mo, 4.2 cm Lucite).
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Spatial Frequency (cycles/mm)

FiG. 10. The variation of MTF as a function of spatial frequency for three
different values of packing density (50%, 67%, 85%) for Gd,0,S: Tb phos-
phor material (thickness: 31.7 mg/cm?, grain size: 7 um, x-ray tube volt-
age: 30 kVp, filter: 0.0051 mm Mo, 4.2 cm Lucite).

In that case, laterally directed light photons, which follow
large distances to escape the screen, undergo a larger number
of interactions. Therefore, the probability of lateral photon
extinction increases. Thus, the total amount of light propa-
gates to the screen output following a spatial distribution of
higher forward directivity, resulting in better MTF values.™

Table IV gives the DQE values with respect to x-ray en-
ergy. Monte Carlo values are compared with experimental
data, obtained by Dick and Motz’ for energies ranging from
18 to 69 keV. Up to the energy of K-absorption edge, DQE
values were estimated assuming a Poisson distribution. [i.e.,
£=0, see Eq. (2)]. For x-ray energies above the K-edge, DQE
values were predicted by (a) taking into account the QDE
values obtained by the detected incident x-ray photonsgflo
and (b) evaluating the Swank factor, assuming a Poisson dis-
tribution at 51 and 58 keV, and a non-Poisson distribution at

69 keV, considering /G(E)=0.3 [see Eq. (2)]. DQE values
were found to be in excellent agreement with the experimen-
tal data.

IV. DISCUSSION

The light interactions within phosphor materials has been
previously described in terms of optical parameters incorpo-
rated in analytical models published by Hamaker, Ludwig,
and Swank.”*’ These models have been developed either
by assuming one-dimensional light propagation or by using
suitable approximations to the photon diffusion equation.
The values of the optical parameters have been obtained by
fitting model equations to experimental data. However, it has
been observed that these values were, more or less, affected
by the thickness of the phosphor. This was attributed to the
limitations of the aforementioned models to accurately ex-
press phosphor inhomogeneities arising from the granular
structure of the screens. The optical coefficients related to
these models have been also used in Monte Carlo studies™ to
simulate light interactions within phosphor screens. Badano
et al.”’ developed a model using the DETECT II simulation
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TaBLE IV. Comparison of DQE values between Dick and Motz’s’ 1981 experimental measurements and those
obtained in our study for various incident x-ray energies.

4510

Gd,0,S:Tb Phosphor thickness: 31.7 mg/cm?

Incident energy (keV) 18 22 32 49 51 58 69
Detective quantum efficiency (DQE)

Dick and Motz* 0.58 0.44 0.19 0.07 0.18 0.14 0.07

Present study 0.57 0.43 0.20 0.07 0.16 0.14 0.07

code and provided a better fit to experimental data. In the
present study, the material’s complex refractive index was
used as an input optical parameter. Following previous
studies, ***%%% it was considered that in a phosphor material
the real part of the refractive index indicates light scattering,
and the imaginary part indicates light absorption. It was also
assumed that the imaginary part of the material’s complex
refractive index is not negligible. Using refractive index data
and applying Mie scattering theory in our calculations, mi-
croscopic probabilities were used to simulate light transport
within the phosphor material. Based on such considerations,
we have developed our model in such a way that, apart from
the complex refractive index, the only optical data required
to express screen properties and their effect on image char-
acteristics were the values of the intrinsic conversion effi-
ciency and the light wavelength. Within this treatment, the
relative probability of light absorption, with respect to light
scattering, depends on the size of phosphor grains and on the
wavelength of the transmitted light. At the phosphor screen
output, the fraction of escaping light photons was related to
the number of light interaction events taking place within the
phosphor material. For a given grain size and packing den-
sity, this number was also associated to the corresponding
phosphor screen thickness. It has been previously estimated
that analytical models, based on diffusion equation, cannot
accurately describe the performance of thin screens and cor-
responding results are of limited accuracy.32 The present
study attempts to overcome these limitations. The light spa-
tial distribution at screen output can be predicted and infor-
mation of phosphor screen performance for different virtual
experimental setups can be extracted. As it may be observed
from Fig. 7, the values predicted for the QDE show slight
deviations with respect to experimental data. These devia-
tions appear more clearly at energies above the K-edge. At
these energies, both experimental data and our Monte Carlo
results are affected by the presence of the K-characteristic
radiation. In order to investigate this effect, the simulation of
K-characteristic radiation was examined by comparing the
fraction of escaped K-photons, as predicted by our code, with
previous calculations.'' As it is shown in Table V, both data
were found to be in excellent agreement. Hence, the devia-
tions may be probably due either to experimental uncertain-
ties or to uncertainties in the attenuation coefficients values
above the K-edge of published data.*® In addition, attenua-
tion coefficient uncertainties, which have been also discussed
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by Chan and Doi,”! may also be responsible for deviations in
the prediction of emitted light photons per absorbed x ray,
especially at 69 keV (see Table II).

To further investigate this issue, e.g., the influence of the
x-ray coefficient uncertainties on the accurate determination
of the emitted light, we tried to show that light is attenuated
in the same manner independently from the input value of
the incident x-ray energy (e.g., 51, 58, and 69 keV). In this
case, we may expect equal portions of the generated light
photons to escape the phosphor (from the both sides: irradi-
ated and non-irradiated) for different values of incident x-ray
energy. This would imply that the total number of the emitted
light photons, or the total light energy fluence emitted by the
screen, is proportional to the number of light photons gener-
ated within the phosphor, which in turn is proportional to the
total amount of x-ray energy deposited. Hence, in order to
test the aforementioned consideration, the ratio of the total
light energy fluence emitted by both screen surfaces (both
the irradiated and the non-irradiated sides) over the total
amount of energy absorbed was examined. This ratio was
evaluated for various incident x-ray photon energies. More
specifically, by applying x-ray beams with corresponding en-
ergies 51, 58, and 69 keV, the above ratio was found equal to
0.1492. This invariable value of the ratio, which equals the
intrinsic efficiency (n,=0.15) minus the fraction of light en-
ergy flux absorbed in the phosphor, indicates that light losses
are similar for all x-ray energy values. Therefore, variations
in the amount of the emitted light in each phosphor screen
side are due to the absorbed energy depth distribution at the
corresponding incident x-ray energy. Taking into account that
for each 1 keV x-ray energy deposition, 62 light photons are
produced, small deviations in the energy depth of the ab-
sorbed x-rays could cause quite large deviations in the

TaBLE V. Comparison of the escaped K-photons fraction between
Venema’s'' 1979 calculations and these obtained from our study.

Gd,0,S: Tb (thickness 105 mg/cm?)

Incident energy (keV) 51 58 69

Fraction of escaped K-photons
Present study 60.45% +£0.24  60.52% +0.25
Venema'' 60%

60.21% +0.29
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FiG. 11. The variation of MTF as a function of spatial frequency. Compari-
son between the conventional Gd,0,S:Tb screen (packing density 50%,
grain size 7 um) and the high packing density, small grain size Gd,0,S:Tb
screen (packing density 85% and grain size 4 um) with coating weight
31.7 mg/cm?.

amount of light emitted by each screen surface. Actually,
according to Nishikawa and Yaffe’s model,"* for phosphor
screens of equal thickness, each variation on the amount of
light that escapes to the screen output is due to the depth of
each x-ray interaction and the corresponding amount of the
deposited energy on it.

According to MTF data shown in Figs. 9 and 10, the size
of the phosphor grains and their spatial distribution (packing
density) affect significantly the MTF values, which improve
with decreasing grain size and with increasing packing den-
sity. It has been previously shown that screen packing den-
sity may remain invariant when the size of the grains
varies.”’ However, Blasse and Grabmaier* suggested that
apart from obtaining the desired particle size, powder mate-
rials with a reduced porosity (higher packing density) can be
synthesized. This may be achieved using a sintering process
at elevated temperature to produce phosphor layers in ce-
ramic form. In such a case, the increased fraction of grains
within phosphor screen increases the number of light scatter-
ing events. Under Mie scattering conditions, this increases
the overall directivity of the light flux propagation within the
screen mass and may affect the spatial distribution of the
light at the screen emitting surface, resulting in a signifi-
cantly better MTF. The significance of this issue was verified
by comparing a conventional Gd,0,S:Tb screen (packing
density: 50%, grain size: 7 um) with a nonconventional
Gd,0,S : Tb screen (packing density:85%, grain size: 4 um)
of equal coating weight (31.7 mg/cm?). Comparison was
performed by applying a 30 kVp poly-energetic molybde-
num x-ray spectrum, filtered by 0.051 mm of molybdenum
and 4.2 cm of Lucite. As shown in Fig. 11, by selecting a
phosphor grain size of 4 um and a packing density of 85%,
a Gd,0,S:Tb screen may exhibit considerably higher MTF.

Similar results were observed by comparing MTF data,
assuming equal screen thickness (85 wm). In Fig. 12 are
shown MTF curves indicating the superiority of the high
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Fi1G. 12. The variation of MTF as a function of spatial frequency. Compari-
son between the conventional Gd,0,S:Tb screen (packing density 50%,
grain size 7 um) and the high packing density, small grain size Gd,0,S:Tb
screen (packing density 85% and grain size 4 um) with thickness 85 wm.

packing density, small grain size Gd,O,S screen over the
conventional Gd,0,S screens. In order to examine the light
emission efficiency under similar conditions, results of light
emitted photons per incident x ray are also shown in Table
VI. Results were obtained for the conventional Gd,0,S:Tb
screen (packing density: 50%, grain size: 7 um) as well as
for the high packing density, small grain Gd,O,S:Tb screen
(packing density: 85%, grain size: 4 wm). As it may be seen
(e.g., at 49 keV x-ray energy), in addition to better resolution
properties, the high packing density, small grain size
Gd,0,S:Tb screen also exhibits better light emission prop-
erties.

An 85 um thick Gd,0,S phosphor layer with 50% pack-
ing density corresponds to coating weight of 31.7 mg/cm?.
For 85% packing density, the corresponding coating weight
is 53 mg/cm?. This increases x-ray absorption and, there-
fore, the amount of light, initially created within the screen,
is higher. However, light attenuation, determined by the
number of light—phosphor grain interactions per unit of
length, increases with packing density. Thus, light absorbed
per light produced is higher, being approximately 5% in the
case of Gd,0,S:Tb (85%, 4 um) instead of 0.5% in the case
of Gd,0,S:Tb (50%, 7 wm). In conclusion, by increasing

TaBLE VI. Comparison of light emitted per incident x ray between the
conventional Gd,0,S:Tb screen (packing density 50%, grain size 7 um)
and the high packing density, small grain size Gd,0,S:Tb screen (packing
density 85% and grain size 4 um).

Gd,0,S: Tb Phosphor thickness: 85 um

Incident energy (keV) 18 49 51 69
Light emitted per incident x ray (Front screen)

Grain size: 7 um 275+2 101£5 192+3 173£5

Packing density: 50%

Grain size: 4 um 244+3 143+5 294+6 264+7

Packing density: 85%
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the packing density of a screen, the resolution (MTF) as well
as the light emission properties become better. This may pro-
vide an advantage over techniques based on absorbing dyes
incorporation for screen resolution improvement.

V. CONCLUSIONS

A new computational model, based on Monte Carlo meth-
ods, has been developed to simulate the x-ray and light in-
teraction mechanisms within granular phosphor screens. The
model was validated with published experimental data and
was used to perform the x-ray absorption and the light emis-
sion properties of powder screens in relation to x-ray energy.
The model, by using the physical characteristics (complex
refractive index, light wavelength) of the phosphor materials,
applied Mie theory in order to describe light propagation.
The effect of the material structure parameters (grain size,
packing density) on light spread, as well as on MTF, was
investigated. It was shown that these parameters were of cru-
cial importance and can affect the number of light interac-
tions, the angle of the scattered light (the anisotropy factor),
and therefore the spatial resolution performance of phosphor
screens. Granular screens of higher packing density and
lower grain size were found to present considerably better
light emission (approximately 1.5 times higher amount of
emitted light) and spatial resolution properties (approxi-
mately MTF=0.22 instead of MTF=0.16 at 10 cycles/mm)
in comparison with conventional screens, under similar con-
ditions (e.g., equal x-ray energy and phosphor thickness).
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APPENDIX A: MIE THEORY

Light absorption and scattering coefficients m,,,m,., are
given by the following equations:

Maps = VdAQabs and Mger = VdAQsch

where each coefficient depends on the volume density of
phosphor screen V,, the geometrical cross section A of the
grain, as well as on the corresponding absorption (Q,;,) and
scattering (Q,,) efficiency factors, which are given

36,42,62
below:

(A1)

[

2 < 2 <
Qm=;2@mnma%um,gm=;2@wn>
n=1 n=1

X (|a,|* +1b,]). (A2)

The geometrical cross section of the grain A is propor-
tional to the diameter of the grain d being equal to A
=md?/4. The extinction and scattering efficiency factors are
obtained from Mie calculations using the size parameter x
=7dn,,,qim! N of Mie theory and the relative complex refrac-
tive index m=ng, i,/ Npegivm» Where N is the wavelength of
light, ng,,;, is the complex refractive index of the phosphor
grains, and 7,,,4,, 18 the refractive index of the of the me-
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dium. Finally, a, and b, are the so-called Mie coefficients,
which are given by the following equations:42

)0 = mi ) )
" 04,0 = ) £

_ m'//;;(mx) ll/n(x) - lr//n(mx) '//;;(x)

T omi(mx) 4, (x) = g (mx) £ (x)
where #,(x) and ,(x) are the Riccati-Bessel functions. The
calculation of these functions can be carried out by the fol-

lowing recurrences, taking into account their corresponding
properties:

Yo () = 2+ D, (0)/x = i, (%),

(A3)

Lu1(0) = 2+ 1),(0)/x = £, (x),

W;(X) = ‘;bn—l(x) - nwn(x)/x,
(Ad)
g};(x) = gn—l(x) - ngn(x)/xv

Py (x) =cos(x),  py(x) =sin(x),

{_i(x) =cos(x) —isin(x), o(x)=sin(x) + i cos(x).

The infinite summations in relations (A2) for the extinction
and scattering efficiency factors calculations converge after a
certain number N, =x+cx'+b, where c=4 and b=2 de-
pending on x. Usually the recursion formulas are used up to
Naxth order.

APPENDIX B: HENYEY-GREENSTEIN
DISTRIBUTION

The probability density function of Henyey-Greenstein
distribution,® p(cos 6), is given below:

l—g2
2[1+ g*—2g cos(9) ]’

p(cos 6) = (B1)

where g is the anisotropy factor and corresponds to the mean
cosine of the scattering angle.60 Using the cumulative density
function,

cos 60
P(cos 6) =J
-1

the random numbers of cos @ are produced from the follow-
ing equation:()o

1 2
cos 0=—|1+g°—
2

1-g?
2[1 +g>—2g cos(6)]*?

dcos 0, (B2)

l—g2

2
—) when g # 0.
1-g+2gR

(B3)

The free parameter g is the anisotropy factor, which implies
isotropic distribution of light for g=0 and sharply forward
direction of light for g=1. The anisotropy factor was calcu-

lated using the following equation:“’60
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f 27S,,(O)cos Osin 6d 6O
0

g= p- . (B4)
f 27S,,(0)sin 6d6
0

where S,,(6) is the first element of the Mueller matrix,*

which implies that light extinction is independent of the light
polarization state. In numerical evaluation of the above ex-
pression for g, a large number of angles are required to be
calculated in order to obtain a high precision value of g.
S1,(6) is associated to the complex elements of scattering

matrix S,(6) and S,(6) as follows:*"%?
S1(0) =18,(0)] + (B5)
where
S,(0) = 2 [a a,(cos 6) + b,7,(cos 6)], (B6)
and
o o2n+1
S,(6) = E [b ar,(cos 6) + a,,(cos 6)]. (B7)

The angle-dependent functions 7, and 7, were computed by
upward recurrence from the following relations:

2n -1
T, = cos Om,_ — ——,_» (B8a)
n-1 n-1
and
T,=ncos Om,— (n+ 1)m,_,, (B8Db)

beginning with 7,=0 and m;=1.
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