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Abstract. Recent technologies, such as nanotechnology, provide new opportunities for next generation scintillation
devices and instruments. New nanophosphor-based materials seem to be promising for further improvements in
optical diffusion studies. In medical imaging, detector technology has found widespread use, offering improved
signal capabilities. However, in spite of many spectacular innovations and the significant research in chemical
synthesis on the detective material, improvement in signal quality is still an issue requiring further progress.
Here, a sophisticated analysis is shown within the framework of Mie scattering theory and Monte Carlo simulation
which demonstrates the optimum structural and optical properties of nanophosphors that are significantly promis-
ing in manufacture for further signal modulation improvement. A variety of structural and optical properties were
examined: (1) phosphors of grain size (1 to T000 nm), (2) packing density (50% to 99%), (3) light wavelength (400 to
700 nm), and (4) refractive index of nanophosphor (real part: 1.4-2.0, imaginary part: 107%). Results showed that for
a specific thickness of nanophosphor layer, the compromise between spatial resolution and sensitivity can be
achieved by optimizing the structural (200 nm < grain diameter < 800 nm) and optical properties of the nanopho-
sphor (1.7 < refractiveindex < 2.0). Finally, high optical modulation was accomplished employing grains of high
refractive index and size above 200 nm. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.12

.126013]
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1 Introduction

Medical imaging is indicated for human pathological (anatomi-
cal and physiological) investigations and its effectiveness is
attributed to the differences in tissue of radiation attenuation
and to the capability of the detective optical system to transform
radiation to visible signals, to create an image, and finally to
proceed to a specific diagnostic task.! The structural and optical
properties of phosphor materials, used as radiation-to-light con-
verters, affect the optical signal transferred out of the detector
and play a critical role in the quality of the image and thus in
diagnosis validity.

For several decades, micro powder phosphors have been
employed in many commercial medical imaging modalities.”
However, synthesis of nanophosphors (i.e., granular phosphor
screens with grain sizes in nanoscale) has become ubiquitous
over the past decade since they could replace existing phosphors
for next generation, high-performance displays and devices and
become a new realm of opportunity for scintillation technolo-
gies.> On the other hand, although broad-based nanoscience
research is currently being aggressively pursued and exciting
new results are rapidly emerging, nanophosphors still can be
thought of as a Pandora’s Box, since sophisticated quantitative
and qualitative understanding is lacking.* In particular, the quan-
tum confined atoms (QCA), apart from their tremendous poten-
tial for applications,”” have yielded advantages as radiation
detectors that could provide possibilities on the reduction in
the dosage limit in medical diagnostic examinations and also
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result in images of high diagnostic quality due to the increased
efficiency of light conversion and confinement.®'° Neverthe-
less, the overall impact of nanophosphor material on signal
modulation requires specialized treatment in order to determine
the apparent quantum realm for high definition images and early
detection of pathological features. For this reason the present
study assumed the term “nanophosphor” within the size region
1 to 1000 nm (i.e., 1 to 100 nm nano-region and 100 to 1000 nm
submicron-region) so as to not consider a priori the upper size
where optimum phenomena can be made use of in medical
imaging detectors.

Powder phosphor performance has been previously modeled
within the framework of cascaded linear systems analysis!'! and
historical background information in several methodologies on
optical diffusion has been provided.'? Although analytical meth-
ods based on photon diffusion equations have been preferen-
tially employed to investigate optical diffusion, Monte Carlo
simulation models can overcome cumbersome analytical mod-
elling, inconvenience and fussiness. Monte Carlo techniques
provide a significant advantage of computer science to perform
experiments that would be otherwise impossible,'® enhance
research curiosity behind scientific discovery,'* describe more
accurately light propagation in anisotropic random media than
anisotropic diffusion equations,'> and can ultimately enlighten
the research on improved luminescence materials.”> Over
the last 50 years, general purpose Monte Carlo radiation
transport packages have been employed in medical physics'®
and recently Monte Carlo models'>'"'® have been developed
to examine optical transport of phosphor materials employed
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in commercial detective systems.'® In addition, Mie theory®®*!

gives a complete analytical solution for the scattering of
optical photons by spherical particles and provides a plausible
approach to combining Monte Carlo methods with granular
structures.

This paper presents the results of a comprehensive study
through Mie scattering theory that aimed to: (1) analyze the
physical (light wavelength, refractive index) and structural
(grain size, packing density) properties of nanophosphor-
based materials, (2) examine the effect of these properties on
their optical parameters (the light extinction coefficient m;,
the anisotropy factor g and the light absorption probability
p), and (3) provide optimum optical parameters of improved
optical diffusion capabilities of luminescent nanomaterials.
Data obtained from this study were used to feed Monte
Carlo simulation of nanophosphor layers so as to examine
their signal modulation in medical imaging applications. Signif-
icant signal modulation improvement was obtained using nano-
grains of high refractive index with size above 100 nm (grain
radius) extending the upper limit of significance?? in nanopho-
sphor-based medical imaging instrumentation technology. The
excellent features of this particular region and the level of
magnitude on signal improvement tender them very promising
in the manufacturing of display systems and enhance research
activities in the field of medical imaging detector design and
evaluation.

2 Materials and Methods

2.1 Nanophosphors: Structural and Optical
Properties

Nanophosphors are a new class of advanced materials exhibiting
unique structural, optical and electrical properties compared to
those of their bulk materials. Advanced optical properties of
nanoparticles could be achieved, owing to quantum size and sur-
face effects originating from enlarging the band gap and widen-
ing the surface area with respect to volume of the bulk particles,
respectively.® The ability of a nanophosphor layer (as illustrated
in Fig. 1) to convert the ionizing radiation to light photons
affects the amount of light produced per x-ray energy deposi-
tion. Three different processes are distinguished:* the absorp-
tion of the ionizing radiation, the transfer of the absorbed energy
to the luminescent centres and the light emission process. The
lattice contains several sites, not only the intentionally added
luminescent centers but also impurities defect sites, from
where light photons are emitted at various light wavelengths.
The activator (type and concentration) affects light efficiency
as well as light wavelength. The intrinsic mechanism of photo-
emission requires detailed information on the band structure as
well as on the electron transference at energies above Fermi
energy, and since nanomaterials exhibit different crystal struc-
tures, the concentration of activator may vary and a larger Stokes
shift will reduce self-absorption. As physical size is reduced to
the nanoscale regime quantum effects, surface properties and
interfacial interactions become dominant and the fundamental
mechanisms that usually describe the nanophosphors must be
modified.”

The influence of the composite mixture composition on
nanophosphor structural characteristics and optical properties
is investigated for the definition of some of the optimal param-
eters for the synthesis of powders utilisable in manufacturing
radiation-to-light converters. Well-defined morphology (round

Journal of Biomedical Optics

126013-2

b m o —» X-ray source

1
1
1
1
1
| — > Xerays
1
1
1

1 L

PSF

LSF

Fig. 1 A schematic illustration of x-ray medical imaging performance.
Figure uses different parts of the imaging chain (some parts were taken
from Refs. 25 and 26 and thereafter were suitably modified) and is used
only to educate the reader. This figure depicts the evaluation of signal
modulation of a nanophosphor-based indirect medical imaging system
under radiation excitation. Radiation is produced from an x-ray source
(e.g., an x-ray tube composed of different anodeffilter combination),
x-rays impinge human body, a fraction passes and is detected by the
nanophosphor, x-rays are transformed to light quanta, light quanta
are emitted from the surface and provide a signal which thereafter pro-
duces an image. A two-dimensional PSF is obtained by the optical
photon distribution emitted by the x-ray converter which arises from
the light quanta interactions with the nanograins. The line spread func-
tion (LSF) of the system is determined and, then, a fast Fourier transform
(FFT) is employed so as to assess the signal transfer properties of the
nanophosphor given by the MTF which shows the information carried
through the modulation of the signal.

particles are preferred for their high close-packing ability)
and dimension of particle can be main requirements in nanopho-
sphor development.?’ In recent years, with the development of
science and technology in the field of materials, a number of
physical or chemical synthesis methods have been developed
and successfully used for the preparation of nano-sized pow-
ders.> The aforementioned procedures have been considered
important for researchers working on nanophosphor materials
where the size of the nanograin has to be restricted to 3 to
5 nm, (i.e., twice as small as that of the Bohr radii of exciton
as quantum confinement regime is limited in size) and lumines-
cence efficiency considerably increases.” Although lumines-
cence efficiency plays a crucial role in the system’s
sensitivity (a significant advantage in detecting the pathological
features in nuclear medical imaging systems),”® morphological
features are accentuated by the spatial distribution of light.

December 2012 « Vol. 17(12)



Liaparinos: Optical diffusion performance of nanophosphor-based materials for use in medical...

The structural and optical properties of nanophosphors, regu-
lated during the synthesis stage, play a critical role in the diffu-
sion of light (amount and distribution). The main structural
properties are the grain size as well as the packing density of
the phosphor and describe the way that grains are compacted
within the layer (i.e., the concentration of grains with corre-
sponding size per unit length). The main optical properties
are the light wavelength and the complex refractive index. The
real part of the complex refractive index is related to light scat-
tering and the imaginary part indicates the amount of absorption
loss when the light propagates through the material. Both coef-
ficients are dependent on light wavelength and can be coupled
together properly by the frequency dependent dielectric constant
using embedded Maxwell’s equations where the dielectric func-
tion can then sometimes be spilt into bound (Lorenz) and free
(Drude) contributions and interpreted in terms of the fundamen-
tal electronic band structure of the material.”> A high index of
refraction of phosphor nanograins causes the path of the optical
photons to bend sharply, as the photons emerge from the phos-
phor into the adjacent void between particles. The result is that
the nanophosphor is strongly scattering and light photons travel
over a nearly diffusive distance in the layer. On the other hand,
optical photons in a transparent layer have considerably long
mean free paths.*

The present manuscript provides a sophisticated research on
the transmission properties of light using Mie scattering theory.
The optical parameters used to describe the stochastic phenom-
ena were based on the following structural and optical properties
of the phosphor material: (1) layer composed of grains with a
diameter of 1 to 1000 nm (i.e., 1 to 100 nm nano-region and 100
to 1000 nm submicron-region), (2) packing density (50% to
99%), (3) light wavelength (400 to 700 nm), which is the portion
of the electromagnetic spectrum visible to the human eye, and
(4) refractive index of the nanophosphor (real part: 1.4-2.0, ima-
ginary part: 107%) where the surrounding medium was assumed
to have refractive index equal to 1.35). The structural and optical
parameters of nanophosphors considered in the present study are
briefly given in Table 1. Evaluations were used to predict opti-
mum optical parameters (i.e., light extinction coefficient my;,
anisotropy factor g, light absorption probability p). The optical
parameters were determined by employing 1.4 x 10° simulation
runs of different cases as a whole.

Table 1 Structural and optical properties of nanophosphor-based
materials examined in the present study: (1) Structural properties:
grain size and packing density, (2) Optical properties: complex refrac-
tive index and light wavelength.

Nanomaterials—structural properties

Packing density (%) Grain size (nm)

50-99 1-1000

Nanomaterials—optical properties

Refractive index

Real part Imaginary part Light wavelength (nm)

1.4-2.0 10°¢ 400-700
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2.2 Light Interactions with Nanograins: Optical
Parameters

After light generation, light quanta are emitted following isotro-
pic distribution. Within the material structure, nanograin can be
thought of as a partially light absorbing center also changing the
orientation of transmitted light. Light attenuation is directly
affected by the structural and optical properties of nanograins
and could be provided by the following procedures (see Appen-
dix A): (1) light extinction until interaction which is described
by the light extinction coefficient m.,;, (2) decision of either
light scattering or light absorption in the site of interaction
which is described by the probability of light absorption p
and (3) determination of the new direction of the scattered
light photon (in case of light scattering) which is described
by the anisotropy factor g.

The effect of mg, on the first stage (i.e., light extinction)
can be shown in Fig. 2(a) where high values of m.,, increase
light interactions with nanograins and cause light photons to
follow shorter trajectories until reaching the output of the
nanophosphor layer surfaces. When light suffers higher attenua-
tion, lateral light spread is reduced and sharper point spread
function (PSF) is obtained on the layer output side improving
the signal transfer properties of the nanophosphor (Fig. 1).
Light absorption is also affected by the probability p at
each site of light interaction (second stage) where either light
absorption or light scattering take place in nanograins, as
shown in Fig. 2[b(i)] and 2[b(ii)], respectively. The effect of
g on the third stage (i.e., light scattering) can be shown in
Fig. 2(c) where high values of g correspond to light scattering
at small angles and therefore maintain their initial direction. As
light production process follows an isotropic distribution, if light
photons maintain their initial direction (i.e., g =1, sharply
forward direction), the PSF of light emitted quanta keeps its
initial spread. In the other case, (i.e., g < 1) light distribution
is characterized by a more sharply forward direction of light
quanta. This may provide an advantage of nanophosphor
with low anisotropy factor values where light diffusion is limited
to lower solid angles within this layer and implies a more sharp
angular distribution of light spread toward layer output
surface.’!

Although all optical parameters affect light transmission and
optical signal modulation changes according to their values, sig-
nificant improvement is accomplished mainly through light
absorption (i.e., m., and p) which reduces lateral spread. For
example, traditional or recent techniques for resolution improve-
ment, such as grains incorporated with absorbing dyes or
sintering methods,* are based on changing either the optical
properties of nanophoshors (i.e., the refractive index) and there-
fore the absorption of each light photon in case of interaction
(i.e., p) or the structural properties of nanophoshors (i.e., the
packing density), thus the key parameter for nanophosphors
of different grain porosity is the m,.

2.3  Geometry of the Monte Carlo Simulation Model

A nanophosphor-based material, composed of phosphor nano-
grains, was modeled as a three-dimensional layer. The converter
was considered a cascade linear system of discrete stages. A cas-
caded linear systems model has been shown to accurately
describe the signal of imaging systems considering that the sys-
tem has a linear and shift-invariant signal response. Further-
more, the system was assumed ergodic and stationary, so that
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Fig. 2 Figure illustrates the intrinsic mechanisms of light diffusion within the nanophosphor: light extinction until interaction which is described by the
light extinction coefficient me,, decision of either light scattering or light absorption in the site of interaction which is described by the probability of
light absorption p and determination of the new direction of the scattered light photon (in case of light scattering) which is described by the anisotropy
factor g. Figure includes: (a) The variation of free path length (fp/) of the light photons as a function of layer depth (from the site of interaction) for
various values of light extinction coefficient mq, (3, 6, 9 um™"), (b) Light interaction with phosphor grain: (i) Light absorption and (ii) Light scattering,
(c) The variation of the normalized number of scattered light photons as a function of the scattered polar angle (cosine) for various values of anisotropy
factor g (0.4, 0.55, 0.7), (d) The variation of light extinction factor mey as a function of grain diameter (0.01-5 um), (e) The variation of light absorption
probability p as a function of grain size (logarithmic scale) as a function of grain diameter (0.01-5 um) and (f) The variation of anisotropy factor g as a
function of grain radius (0.01-5 um). Optical parameters were predicted assuming packing density 50%, refractive index (real part: 2.0, imaginary part:
107°) and light wavelength in the visible region: violet: (400-450 nm), blue: (450-490 nm), cyan: (490-520 nm), green (520-570 nm), yellow (570

590 nm), orange (590-620 nm), red (620-700 nm).

the individual pixel noise may be determined from a single pixel
measured repeatedly. The cascaded systems approach represents
the imaging system as a series of discrete stages, where each
stage represents either a quantum gain or spatial spreading (blur-
ring) process.'! In x-ray medical imaging, radiation impinges
the layer and thereafter interacts with the converting material
producing optical photons. The emitted optical photons are par-
tially attenuated within the converter through light interactions
with the nanograins (see Appendix B) and thereafter exit the
surface of the layer contributing to the measured signal. In
this study, radiation impinges on the nanophosphor following
depth of interaction equal to the half of nanophosphor thickness
for each case. The reasons to proceed to this selection certain to
the following considerations: (a) It is not necessary to provide
physical properties (e.g., chemical composition and density) of
the nanophospor, which affect the radiation attenuation proper-
ties of the material from which fluctuations on the final signal
are observed.*® This consideration is very important for the pre-
sent study so as to focus only on the optical diffusion capabil-
ities of the nanomaterial. For similar purposes, the x-ray
scattering effects on light characteristics were excluded as
well fluorescence x-rays and Auger electrons. X-ray photons
followed only photoelectric absorption and the x-ray energy
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was absorbed locally in the interaction site, (b) Light emission
and transmission follows a symmetry distribution on both sides
of the layer output independently of the depth of the x-ray inter-
action,* thus the effect on optical blurring and light modulation
is due only to the structural and optical properties of the nano-
phosphor. The PSF of light quanta of each case of nanophosphor
is obtained from an average encountered number of light quanta
taken from 10 simulation runs. 103 light photons were produced
for each simulation. As long as this amount of light is large, the
present Monte Carlo calculations describe the optical perfor-
mance of nanophosphors adequately, independent of optical
quantum noise effects on light characteristics due to their inter-
action with phosphor nanograins. Light quanta were encoun-
tered on the surface of the layer (with common thickness
value 200 um) divided in a matrix of pixels (pixel size:
78.125 um). However, the optical performance of the nanoma-
terial was independent from the effect of pixel size [see Eq. (27)
in Appendix C].

2.4 Signal Modulation Performance

The signal modulation typically contains information trans-
mitted from the nanophosphor layer, under radiation excitation,
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during the blurring processes of the spatial distributed light
quanta'' (i.e., stochastic processes of light interactions with
the nanograins). Of greater utility is the shape of the response
of the system to a delta function. This response is called the PSF.
It contains all of the deterministic spatial-transfer information of
the system. The signal transfer properties describe the capability
of the nanophosphor layer to distinguish several shapes of
objects.! That is, adjacent pixels evince shades of gray in
response to patterns of varying spatial frequency, and hence
the actual capability to show fine detail, whether with full or
reduced contrast. The improved signal modulation of some
materials can enhance the validity of diagnosis and thereafter
lead to the early detection of pathological features within an
organ as well as to the early detection of tumors. Signal
modulation can be evaluated by the modulation transfer function
(MTF), which is the equivalent of frequency response of the
nanophosphor layer. The spatial distribution of light quanta
varies mainly due the stochastic processes of optical diffusion.
The signal transfer characteristics of a phosphor-based x-ray
converter can be expressed by the MTF (see Appendix C).

3 Results and Discussion

The variation of the optical parameters (i.e., the light extinction
coefficient m.,, the light absorption probability p and the
anisotropy factor g) as a function of grain size is illustrated
in Fig. 2(d)-2(f) for various cases. According to the variability
of optical parameters, we can define three regions as a function
of grain size: (1) region of nanograins, (2) region of limiting
micrograins, and (3) region of micrograins. It is very important
to note that improved optical parameters can be obtained in all
regions according to the structural and optical properties of the
material. A key parameter for shifting the optimum parameters
on nanoscale is the refractive index of the phosphor. In addition,
although an increase in the refractive index causes a shift in
lower grain sizes, the optical parameters change considerably
in magnitude.

For example, optimum optical parameters are obtained in:
(a) nanoscale for high values of refractive index (e.g., 2.0)
and (b) micro-scale for low values of refractive index (e.g.,
1.4). However, as refractive index increases from 1.4 to 2.0,
optical parameters change their values considerably (e.g., My
changes approximately from 0.23 ym~! up to 8.9 ym™!).
Furthermore, optimum parameters for a specific light wave-
length (e.g., 400 nm) are restricted within a small range of
grain size distribution (200 to 500 nm) for high refractive
index (2.0). This range could be considered nanophosphor
grains of higher diameter (300 to 700 nm) by reducing the
refractive index. Regarding light wavelength, shifts to higher
wavelengths (from violet to red) increase the capability to
develop nanophosphors composed of larger phosphor nano-
grains (800 to 1000 nm). According to the aforementioned
considerations, Table 2 summarizes the optimum Mie optical
parameters based on the structural and optical properties of
nanophosphors described in Table 1. We should note that strain
effects™ on the reduction of the complex refractive index
(see Appendix D) have been taken into account for quantum
dots (size in the range 3 to 5 nm). Four main categories were
encountered for further examination through Monte Carlo mod-
eling: (1) nanophosphor (case 1) composed of nanograins sized
in the range of 3 to 5 nm (quantum dots): 1, (0.00205 ym™"),
9(0.00215), p%(96.61), (2) nanophosphor (case 2) composed
of nanograins sized in the range 800 to 1000 nm (refractive
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index around 1.4), mg, (0.1 um™), ¢(0.94), p%(0.012),
(3) nanophosphor (case 3) composed of nanograins sized 600
to 800 nm (refractive index around 1.7), mq (3 gm~"), g(0.88),
p%(6 x 107*), (4) nanophosphor (case 4) composed of nano-
grains sized 200 to 600 nm (refractive index around 2.0),
Meye(6 um™"), g(0.70), p% (4.5 x 1074).

Figure 3(a)-3(d) shows the ground sides of PSF for the afore-
mentioned categories. It was found that optical diffusion is sig-
nificantly improved using nanophosphor materials with high
light attenuation properties (mainly obtained by high values of
Mey), shifting the grain diameter from 1000 nm down to 200 nm
and by increasing the refractive index of the nanophosphor.
Figure 3(e) depicts the MTF curves of all cases considered
(cases 1-4). As derived and shown in Fig. 3(e), comparing
the signal modulation of nanophosphors above 200 nm (i.e.,
cases 2, 3, and 4) with that of nanophosphor (case 1) where opti-
cal properties have been considered more attractive due to strain
effects and high luminescence efficiency, the percentage signal
modulation was found significantly improved. Signal modula-
tion improvement was found to increase rapidly at low frequen-
cies, reaching a maximum and thereafter presents a slight drop at
higher frequencies. In particular, signal modulation improve-
ment was maximized approximately by 125.42% at 17 cycles/
cm (case 2), 252.98% at 19 cycles/cm (case 3), and 327.44% at
26 cycles/cm (case 4). Signal modulation was predicted in all
spatial frequencies with maximum relative standard deviation
(RSD): 0.74% for case 2, 0.82% for case 3 and 1.20% for
case 4.

As signal modulation improvement occurs at lower grains
sizes by increasing the refractive index of the material, research-
ers could consider a further increase of the refractive index so as
to predict higher light attenuation probabilities even in the range
3 to 5 nm. However, this fact could lead to lower amount of light
emitted. The present investigation also found that nanophosphor
(case 3) exhibited approximately 44.90% (RSD: 0.44%) of the
produced light while nanophosphor (case 4) approximately
25.85% (RSD: 2.53%). Thus, for a specific thickness of nano-
phosphor layer the compromise between spatial resolution and
sensitivity can be achieved by optimizing the structural
(200 nm < grain diameter < 800 nm) and optical properties
of the nanophosphor (1.7 < refractiveindex < 2.0). A point
worth commenting is that quantum dots (case 1) showed con-
siderably high light self-absorption due to the high value of p
(96.61% for 3 nm nanoparticle) emitting approximately 30.28%
(RSD: 2.25%) of the light produced. Taking also into account
their degrading spatial distribution of light, this may provide a
disadvantage for their use in the synthesis of nanophosphor-
based x-ray detective materials.’

Finally, it would be of significance to note that the findings of
the present study could be extended to uses in other instrumen-
tations which incorporate material structures composed of nano-
grains with demands of high spatial resolution imaging, such as:
detecting tools of biological structures,”’ storage phosphor ima-
ging,*® and phosphor-based white light emitting diode applica-
tions* and optical probes taking into account issues relative to
sensor manufacturing.*’ The performance of the optical model-
ing and optimization could enhance research on particle char-
acterization methods, microscopy techniques*! homeland
security as well as national defense applications** and finally
could have an impact on other scientific fields including chemi-
cal, energy, optoelectronic and space industries.**
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Fig. 3 The ground side PSF of the four nanophosphor categories: [(a) case 1, (b) case 2, (c) case 3, and (d) case 4] and the corresponding MTF (e) of all
cases. signal modulation improvement (v) considering comparisons between cases (2), (3), (4) with case (1) Figures refer to a nanophosphor layer of
common thickness (200 micrometers). The PSF is illustrated considering pixel size 78.125 um. The MTF percentage (%) signal modulation improve-
ment is depicted as a function of spatial frequency (cycles/cm): Case (a)—blue, Case (b)—green, Case (c)—red and Case (d)—black.
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4 Conclusion

Nanophosphors are a new class of advanced materials exhibiting
unique structural and optical properties compared to those of
their bulk materials. The present study aimed: (1) to analyze
the optical transport within luminescent nanomaterials, (2) to
examine nanophosphor-based materials of various properties,
(3) to enhance research activities in the field of medical imaging
detectors design and evaluation. Optimum optical parameters
were predicted indicating the corresponding structural and opti-
cal properties of nanophosphors significantly promising in man-
ufacture for further signal modulation improvement. Results
showed that high optical diffusion performance of nanopho-
sphors is accomplished with grains of high refractive index
and size above 100 nm (grain radius).

Appendix A: Mie Scattering Optical Parameters

Mie theory provides a complete analytical solution of optical
photon interactions with spherical phosphor grains.”® Analysis
of the Mie scattering algorithm requires three optical para-
meters: (a) the light extinction coefficient, m.,, and (b) the ani-
sotropy scattering factor, g and (c) the light absorption
probability p.

A.1 Evaluation of Light Extinction Coefficient
Mext

In the framework of Mie scattering theory light attenuation is
expressed through the light extinction coefficient m,,,, which
is expressed as follows: '

Mexg = VA Qe (D

where V, is the volume density of the phosphor material, A is
the geometrical cross-section of the grain and Q.,, is the extinc-
tion efficiency factors. The volume density V, of the phosphor
screen as well as the geometrical cross-section of the grain A can
be determined as follows:

Pa
zd®

V,= and A = nd*/4, )

1
6

where p, is the packing density of the granular phosphor and d
is the diameter of the phosphor grain. The corresponding extinc-
tion Q. is given by the following expressions:

2 o0
sz—zZz;H )Re(a, + b,). A3)

where a, and b, are the so-called Mie coefficients, expressed

aSIZO

_ Wa(mx)y, (x) — my, (mx)y, (x)
) (

n= ll/r/lgmx)Cn(x —my,(mx)¢{)(x) @
b — my, (mx)y, (x) =y, (mx)y, (x)
" )8 x) =y () ()

where m is the relative complex refractive index and equal to the
ration Ngin / Mmedium» WHETe Mgryin is the complex refractive index
[n(w) + i(k(w)] of the phosphor grains and 1, egium 1 the refrac-
tive index of the of the medium. x is the size parameter of Mie
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theory x = zwdneqium/4 Where A is the wavelength of light
and w,(x) and ¢,(x) are the Riccati-Bessel functions. The
calculation of Riccati-Bessel functions can be carried out by
the following recurrences, taking into account their correspond-
ing properties:

Va1 (X) = (2n 4+ Dy (x) /x = w1 (%)
Cnr1(x) = 2n+ 1), (x) /x = §i (%)
Wa(X) = Y1 (x) = nyr, (x)/x
£(8) = o (x) = () /x
yo1(x) = cos(x),
wo(x) = sin(x)
¢_1(x) = cos(x) — i sin(x)
Co(x) = sin(x) + i cos(x). (5)

The infinite summations in Eq. (5) for the extinction effi-
ciency factors calculations converge after a certain number
Niax = X+ cx'/? + b, where ¢ =4 and b = 2 depending on
x. Usually the recursion formulas are used up to N, th order.

A.2 Evaluation of Anisotropy Scattering Factor g

Light attenuation is described through absorption and scattering
expressed by the corresponding coefficients mg,, mg as given
below:

Maps = V 4AQ b and my; = V4AQq, (6)

where Qs and Qg are the corresponding absorption and scat-
tering efficiency factors, which are given below:!?

2 o0
Qscl:_zz 2l’l+ |an|2+|bb| ) )

Qabs = Qext - Qsct~

At the site of light photon interaction, the type of interaction
may be determined by the relative probabilities of light absorp-
tion and light scattering effects. The probability of light absorp-
tion p is defined as follows:

Maps
p=—"1"—. ®)
Mabs + Mgee

In case of light scattering, the new direction of light photon is
also affected by the size of phosphor grains, the light wavelength
and the refractive index of the phosphor. In the present study the
new light photon direction was expressed through the so-called
anisotropy factor g. In this case, the new polar angle of the light
photon is obtained according to Henyey-Greenstein distribution
and the anisotropy factor was calculated using the following
equation:

~ J§2xS,,(0) cos O sin 0dO
- [72x8,,(0)sin 0d0

€))

where Sy (0) is the first element of the so-called Mueller matrix,
which implies that light extinction is independent of the light
polarization state. Sy;(6) is associated to the complex elements
of scattering matrix S, (@) and S,(8) as follows:*!
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1 1
Su(0) = 51S1O)F +515:(0)P, (10)
where

5,(0) = g%[anﬂn(cos 0) + bz, (cos 0)], (1)

and

S,(0) = g%[lynnn(cos 0) + a,z,(cos 0)]. (12)

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

2n—-1
T, = " COos 971'”_1 - t TTp-2s (13)
1 n—1

and

7, =ncos On, — (n+ 1)m,_;, (14)

beginning with 7o = 0 and 7; = 1.

Appendix B: Modeling Optical Diffusion

A light photon history was considered to start within the phos-
phor layer with the coordinates of the initial position (at the half
of nanophosphor thickness, see Sec. 2.3) and the initial direction
angles (polar and azimuthal) determined by an isotropic distri-
bution. Setting different sequences of random numbers R, R,,
R;3 and Ry, the polar angle 8 and the azimuthal angle ¢ were
sampled according to the following relations:

X0 = 2R1 - 1,
yo, = 2R2 - 1,
x0, =2R3; —1, and
Yo, = 2R4 -1 (15)
sin (@) = (2x01y0,)/(x0% + yo?), (16)
cos (@) = (xof —yo7)/(xo7 + yoy), (17)
sin (0) = (2x0,y0,)/(x03 + y03), (18)
cos (0) = (x03 —yo3)/(x03 + yo3). (19)

Just after their creation, light photons are transmitted through the
screen material towards the screen surfaces according to the
following procedures:

1. Light photon attenuation: The light photon transport
through the material was described in terms of the mean
photon free path length f p/ and the co-ordinates of the
interaction site. The fpl was obtained as follows:

fpl=—— InRs, (20)

ext

where m,, is the light extinction coefficient and Rs is a
random number uniformly distributed in the interval (0,
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1]. The co-ordinates of the light photon interaction site
were calculated from the free path length and the direc-
tion of the light photon, as it is given bellow:

Xn+1 Xn a
yrH—l = Yn +fpl b ) (21)
Zn+1 n c

where (X, 1, Yne12ne1)> (X4, Yn.2,) are the coordi-
nates of two successive interaction sites and (a, b, ¢)
is a vector representing the direction cosines of the
x-ray photon trajectory, given by (a,b,c) =
(sin @ cos ¢,sin 0 sin ¢, cos §). 6 and ¢ are the
polar and azimuthal angles, respectively, which were
initially determined from the considered beam

geometry.

. Light photon interaction: At the site of light photon

interaction, the type of interaction may be determined
by the relative probabilities of light absorption and
light scattering effects. The probability of light absorp-
tion p is calculated by using the light absorption and
light scattering coefficients mgg, my, respectively.
In case of light scattering, light photons continue
attenuation (i.e., procedure 1) after the selection of
the coordinates of the scattered light photon. The
cosines of this new direction are transformed into a
global (laboratory) coordinate system, as follows:

a’ cos¢pcos@ —sing cos¢@sinf a

b' | = | singgcos® cosO singsind b,

¢’ —siné 0 cos c
(22)

where (a, b, ¢c) = (sin 6 cos ¢, sin 8 sin ¢, cos 0) are
the sampled direction cosines and 6, ¢ are the polar
and azimuthal angles of the x-ray photon trajectory
before scattering, i.e., a coordinate system with origin
at the interaction point and the z-axis along the initial
photon direction, and (a’,b’,c¢’) = (sin 6’ cos ¢’,
sin 8’ sin ¢', cos 0') are the direction cosines in the
global coordinate system (laboratory frame).

. Light scattering: The azimuthal angle ¢ of the scat-

tered photon was sampled randomly in [0,27).
The polar angle 8 was sampled from the Henyey-
Greenstein, as given below:'?

cos@—l{lﬁ-2 < 1—92 )2]
291 "7 T \1 =g+ 29Rs 23)

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. Rg is a
random number uniformly distributed in the inter-
val (0, 1].
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Appendix C: Modulation Transfer Function

The MTF metric is defined as the ratio of the modulation of the
output signal over the modulation of an input signal of the same
frequency, given by Refs. 1 and 11:

MTE(f) = %, (24)

~—

where the factor T(f) is called the characteristic function of the
system and MTF(f) has by definition a value of unity at f = 0.
To evaluate MTF, a two dimensional PSF is obtained by the
optical photon distribution emitted by the x-ray converter,
and, then, a fast Fourier transform (FFT) is employed to the
one-dimensional line spread function LSF normalizing its
value to unity at zero spatial frequency. The LSF describes
the response of the system in one direction when details of
the response in the orthogonal direction have been integrated
out. Therefore, the system response along a line in the perpen-
dicular direction is given by Ref. 31:

J2& PSF(x. y)dy

LSF(x) = 5% 2= PO y)dndy 25)

The MTF graph is used to obtain the relative image quality
degradation in the spatial frequency domain and to evaluate the
resolution of the screen. The MTF graph is used to obtain the
relative image quality degradation at spatial frequencies.
Assuming a square pixel geometry (having the size of d) to
count light photons at the output of the layer, the theoretical
MTF due to an aperture function can be expressed by the
“sinc” function, as follows:

i d
MTFpi (f) = W (26)

and then the MTF of the phosphor is given by the following
relation:

_ MTFOverall (f )

=——" 27
MTFpixel (f) @D

MTFPhosphor (f )

Appendix D: Strain Effects on Optical Parameters

In classical electrodynamic theory, the dielectric function of
material is independent of size.”” However, a large number of
studies have clearly demonstrated that as nanocluster size
decreases there is a dramatic increase in the Plasmon resonance
bandwidth which may be accompanied by shifts in the reso-
nance position. To account for these findings, the basic Mie the-
ory has been extended to include the fundamental assumption
that the dielectric function of nanoparticles is size dependent,
thus explaining the dependence of resonance bandwidth on par-
ticle radius.**** To this aim the dielectric function can be mod-
ified including the damping effects affecting also the optical
attenuation properties of the material expressed by the complex
refractive index. The complex refractive index can be expressed
as a function of the dielectric function according to relation
below:

[n(@) + ik(@)]* = epux(@). (28)

The bulk dielectric function is often expressed as a combina-
tion of two terms, a Drude-Sommerfeld model for the free or
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conduction electrons, and a core term representing the bound
electrons as given below:

gbulk(w) = Ecore (w) + efree(w) -1 (29)

Taking into account the free electron &g (@) term for semi-
conductors, Eq. (36) can be written as follows:

2

_71’7 30
»? +iyw (30)

w
Efree (w) = Ecore (w)

where y is the carrier damping constant and w,, is the plasma
frequency of the semiconductor as given below:*’

2
:N—e @31

) 3>
EoMefrd

2
p
where e is the electric charge, N /a? is the carrier density m. is
the effective mass of the electron, ¢ is the the free-space per-

mittivity (8.854 x 10712 F/m) and a is the deformed or strained
lattice constant and can be expressed as follows:

a = ag + [strain(%) X ag), (32)

where ay is the lattice constant of the semiconductor and strain
(%) is a factor that denotes the % strain of the lattice constant.
Furthermore any strain-induced strain in lattice constant also
impacts the Fermi velocity which in turn affects the carrier
damping constant y as follows:*

1%
y=y0+<ALF>, (33)
eff

where A is a dimensionless parameter, L is the reduced effec-
tive mean free path and V is given by the following analytic

expression:
2F
V=" (34)
m

where Ep is the Fermi energy expressed by the following

relation:

h2 [ 3\2/3

Er=-——(—) N3, (35)
2m \ 87

where A is Planck’s constant, m is the electron mass. Finally,
imposed mechanical strain also affects the dielectric function
of the ionic core, or bound electrons according to the following
formula:

gcore(w) +2+ 2I/[Ecore(w) - l]
5core(w) +2- I/[gcore(w) - 1] 7

(36)

€C01'C ((D) -

where v captures the strain-induced change in lattice constant
v = (%)3. As shown in Fig. 4, employing the above formulas
on ZnO single crystal, the refractive index decreases approxi-
mately 15.25% (real part) and 13.90% (imaginary part), respec-
tively for a given light wavelength, considering the following
parameters:**® (a) N/a® =1/10" cm®, (b) ay = 4.566A,
(©) €core = 3.705, (d) Mgy = 0.7 Mejeciron-
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Fig. 4 The variation of refractive index: (a) real part n and (b) imaginary
part k, as a function of the strain of lattice constant (%) of ZnO single
crystal. The refractive index decreases approximately 15.25% (real part)
and 13.90% (imaginary part), respectively for a given light wavelength,
considering the following parameters: (a) N/a*=1/10"8 cm?,
(b) ag = 4.566A, () eo = 3.705, (d) Mett = 0.7Matectron-
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