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Abstract

Phosphor materials are employed in intensifying screens of both digital and conventional X-ray imaging detectors. High packing
density powder screens have been developed (e.g. screens in ceramic form) exhibiting high-resolution and light emission properties, and
thus contributing to improved image transfer characteristics and higher radiation to light conversion efficiency. For the present study, a
custom Monte Carlo simulation program was used in order to examine the performance of ceramic powder screens, under various
radiographic conditions. The model was developed using Mie scattering theory for the description of light interactions, based on the
physical characteristics (e.g. complex refractive index, light wavelength) of the phosphor material. Monte Carlo simulations were carried
out assuming: (a) X-ray photon energy ranging from 18 up to 49keV, (b) Gd,0,S:Tb phosphor material with packing density of 70%
and grain size of 7pum and (c) phosphor thickness ranging between 30 and 70 mg/cm?. The variation of the Modulation Transfer
Function (MTF) and the Luminescence Efficiency (LE) with respect to the X-ray energy and the phosphor thickness was evaluated. Both
aforementioned imaging characteristics were shown to take high values at 49 keV X-ray energy and 70 mg/cm?® phosphor thickness.

It was found that high packing density screens may be appropriate for use in medical radiographic systems.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Radiation detectors employed in imaging systems consist
of a scintillator coupled to an optical sensor (film,
photodiode, photocathode, etc). Scintillator performance
is of crucial importance in the design of medical imaging
systems. Brightness, spatial resolution and signal-to-noise
(S/N) ratio, are imaging characteristics often employed to
estimate the quality of a medical image [1,2]. These
characteristics are associated to the scintillator’s efficiency,
which is determined by its radiation absorption and light
emission properties [3]. The amount of the emitted light as
well as its spatial distribution depend on the type of
scintillator (phosphor) material. In ordinary X-ray imaging
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detectors, this material is embedded within the detector in
the form of a granular phosphor screen, i.e., a thin layer
consisting of closely packed scintillating grains [4].

Currently screens of ceramic form have been prepared
with grain packing density higher than conventional
screens (e.g. phosphor packing density of approximately
50%) [5,6]. High packing density affects the light propaga-
tion within the phosphor mass as well as the overall optical
properties of the scintillator, i.e., increased amount of light
scattering.

Spatial resolution and, in some cases light collection,
are found improved in high packing density screens [7].
In the present study, the performance of high packing
density (e.g. packing density 70%) Gd,0,S:Tb phosphor
screens was examined by Monte Carlo methods.
The Modulation Transfer Function (MTF) as well as the
Luminescence Efficiency (LE) were evaluated under X-ray
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mammographic and radiographic conditions (X-ray energy
range: 18-49keV; phosphor thickness: 30-70 mg/cm?).
A self-developed Monte Carlo model [7] based on Mie
scattering theory [8—10], was employed in the present work.
The Monte Carlo code has been previously validated
against published data [7].

2. Materials and methods

The Monte Carlo simulation code [7] was based on: (a)
the description of the principal X-ray interactions within
the phosphor mass (photoelectric effect, inelastic scattering
and elastic scattering) [11-13] (b) the emission of either
K-characteristic radiation or Auger electron [14] and (c)
the light diffusion assuming local light deposition in the
light photon interaction depth. The free path length as well
as the probability of light absorption in each light
interaction event with a phosphor grain was decided
through the Mie scattering algorithm [8-10]. The light
scattering angles were sampled according to the Henyey—
Greenstein distribution [15]. The model was suitably
developed so that only physical (complex refractive
index, light wavelength) and structural (grain size, packing
density) characteristics of the phosphor are required
as input data to estimate the imaging properties of a
screen. [7].

When X-ray energy deposition takes place, light photons
are intrinsically created following an isotropic distribution.
During their propagation within the screen material, light
photons interact with the phosphor suffering attenuation
by the phosphor grains. At each light interaction site, the
interaction type is decided according to the relative
probabilities of light absorption and light scattering effects,
as follows:

Maps = VdA Qabs

where m,ps, My are the light absorption and light scattering
coefficients, respectively. Each coefficient depends on the
volume density of the phosphor screen Vg4, on the
geometrical cross-section A of the grain, as well as on the
corresponding absorption Q,,s and scattering Qg effi-
ciency factors [8-10].

When light scattering occurs, the azimuthal angle ¢ of
the scattered photon is sampled randomly in the interval
[0,2r]. The polar angle 6 is sampled from the Henyey—
Greenstein [15,16] distribution as follows:
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when g#0, where the free parameter g is the anisotropy
factor [8,15], which implies isotropic distribution of light
for g = 0 and sharply forward direction of light for g = 1.

Simulations were performed for the widely used and
commercially available Gd>O,S:Tb phosphor material by

taking into account the phosphor grain size and the
packing density equal to 7 um and 70%, respectively. Data
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were obtained by considering monoenergetic beams with
energy ranging from 18 up to 49keV and for phosphor
coating thickness varying from 30 up to 70 mg/cm?. That
was done in order to investigate the performance of the
high packing density screens under mammographic (thick-
ness: 30 mg/cm?; mean X-ray energy: 18 keV) and general
radiographic (thickness: 70 mg/cm?, mean X-ray energy:
49 keV) conditions. Light reflection between screen’s sur-
face and the optical detector (e.g. photocathode and film)
was not taken into account in the obtained results by the
Monte Carlo evaluation.

3. Results and discussion

The LE of high packing density Gd,O,S:Tb phosphor
material (packing density: 70%), within the X-ray energy
range from 18 up to 49keV, is shown in Table 1. Data are
provided for phosphor coating weight ranging from 30 up
to 70 mg/cm?. LE values were obtained by the light emitted
from the non-irradiated screen surface (transmission
mode).

Above 20keV, LE was found to increase as phosphor
thickness increases. The highest amount of the gained light
of specific X-ray energy with respect to phosphor thickness
was observed at 49 keV. It was found that at 32 and 49 keV,
the light emitted by the 70 mg/cm?® screen was approxi-
mately two times higher than that of the 30 mg/cm? screen.
This is because, at relatively higher energies, a large portion
of incident X-rays is absorbed deeply within the phosphor
mass. Light photons, created at the sites of primary X-ray
interaction, suffer low attenuation, since they travel short
distances to escape the rear side of the screen. On the other
hand, below 20keV, X-ray photon energy is deposited
mainly within phosphor layers close to the irradiated
surface. Therefore, light photons interact with a large
number of grains before they escape the non-irradiated
surface of the screen. This increases light attenuation
resulting in lower LE values.

The MTF curve of two different values of phosphor
thickness, 30 and 70 mg/cm?, is illustrated in Figs. 1 and 2,
respectively. MTF data are provided in the corres-
ponding thickness for X-ray energies 18 and 49keV for
comparison reasons.

Table 1
Variation of luminescence efficiency with respect to phosphor thickness
(30-70 mg/cm?) for X-ray energy ranging from 18 up to 49 keV

Thickness (mg/cm?)  Luminescence efficiency (arbitrary units)

X-ray energy (keV)

18 22 32 49
30 0.65 0.64 0.49 0.26
50 0.66 0.81 0.71 0.40
70 0.57 0.82 0.87 0.55

Data concern Gd,0,S:Tb phosphor material of packing density 70%.
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Fig. 1. The variation of MTF as a function of spatial frequency. MTF
data are given for phosphor thickness 70 mg/cm?, at two different X-ray
energies: 18 and 49keV.
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Fig. 2. The variation of MTF as a function of spatial frequency. MTF
data are given for phosphor thickness 30 mg/cm?, at two different X-ray
energies: 18 and 49keV.

According to the MTF results shown in Figs. 1 and 2, for
higher X-ray energy photons, the phosphor screen was
found to exhibit higher resolution properties in both cases.
This is due to the following reason: light photons created
by those X-ray photons, were generated within the
phosphor screen closer to the mode of interest (transmis-
sion mode). Therefore, they give a narrower point spread
function (PSF) curve because of the light spread in a

restricted area. This sharper PSF, after Fourier transform
contributes to a higher MTF curve. For example, for
phosphor thickness equal to 70 mg/cm?, the resolution (the
frequency for which MTF = 0.1) corresponds approxi-
mately to 7 lines/mm and 11 lines/mm at 18 and 49 keV,
respectively.

A 70 mg/cm? screen exhibits better resolution properties
at higher X-ray energies (e.g. 49 keV). Taking into account
its high light output, under the same conditions, we come
to the conclusion that the performance of a high packing
density screen becomes better as phosphor thickness and
X-ray energy increases. This property may be an advantage
for radiographic applications.

4. Conclusion

It has been shown that high packing density X-ray
powder screens provide in some cases better luminescent as
well as resolution properties under similar conditions. In
the present study, the performance of high packing density
granular Gd,0,S:Tb was investigated for use in medical
imaging diagnostic systems. It was found that high packing
density screens appear their useful advantages for applica-
tions in X-ray radiology.
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