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The aim of the present study was to examine the effect of scintillator material properties on the signal

difference to noise ratio (SdNR) under X-ray imaging conditions. To this aim, SdNR was modelled in

terms of scintillator material properties such as the quantum detection efficiency (QDE), the intrinsic

energy conversion efficiency (ICE) and the light transmission efficiency (LTE). Scintillators were

assumed to be in the form of scintillator layers (phosphor screens) with various thicknesses ranging

from 70 to 110 mg/cm2. Data on the X-ray absorption and optical properties of the scintillators were

either calculated from tabulated data, i.e. X-ray attenuation coefficients for QDE estimation, or were

obtained from previous experimental studies. It was found that in a wide range of X-ray tube voltages

the Gd2O2S:Tb scintillator produced higher SdNR values, while the CsI:Tl scintillator was better at lower

voltages (below 65 kVp). It was additionally verified that, in the range of X-ray diagnostic energies,

SdNR increases with the thickness of the scintillator layer screen. In conclusion, SdNR may be critically

affected by scintillator properties and, hence, it may be significantly improved by appropriately

selecting the type and thickness of the phosphor screen to be integrated into an imaging system.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Most radiation detectors used in X-ray imaging consist of an
X-ray to light converter, i.e. scintillator/phosphor layer, coupled to
an optical detector (photographic emulsion, photocathode, photo-
diode, etc.) [1–4]. The principal material properties to take into
account in evaluating scintillators for X-ray radiographic detec-
tors are: the X-ray quantum detection efficiency (QDE), the
intrinsic radiation to light conversion efficiency (ICE), i.e.
absorbed X-ray energy converted into light, and the light
transmission efficiency (LTE) [5–7], expressing the fraction of
light passing through the scintillator material. However, addi-
tional parameters, related to an image creation, such as noise,
contrast and resolution have to be estimated when scintillators
are to be incorporated into an imaging detector.

The aim of the present study was to investigate theoretically
the effect of scintillator response on the signal difference to noise
ratio (SdNR), often employed as an image quality metric in
medical imaging [8,9]. An SdNR was expressed in terms of
scintillator material properties such as QDE, ICE, LTE as well as
in terms of the X-ray transmission properties of simple
one-dimensional software phantoms, simulating parts of the
human body and lesions of varying dimensions. The investigation
ll rights reserved.
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was performed for various X-ray scintillators, including two of the
most commonly used materials, namely Gd2O2S and CsI.

To our knowledge the effects of scintillator properties on X-ray
imaging SdNR, in the energy range, used in general radiography
and fluoroscopy, have not been previously systematically studied.
2. Materials and methods

2.1. Model for output signal

The output signal of a scintillating screen was expressed by the
emitted light photon fluence—FL(light photons per unit of area)
[11]

FLðE0Þ ¼

Z E0

0
f0ðEÞZQ ðEÞmlðEÞgLðE,s0,t0ÞdE ð1Þ

where f0(E) is the incident X-ray photon fluence spectral
distribution (photon fluence per energy interval) [12,13]. E is
the X-ray photon energy and E0 is the maximum energy of the
X-ray spectrum. ZQ(E) is the quantum detection efficiency (QDE),
being the fraction of the total number of incident X-ray quanta
interacting in the scintillator. ml(E) is the intrinsic quantum
conversion gain, i.e. the number of light quanta generated within
the scintillator per X-ray absorbed. gL is the light transmission
efficiency, expressing the fraction of light escaping the scintillator.
This fraction may be described in terms of optical attenuation
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coefficients, s0 and t0 in (1), corresponding to optical absorption
and scattering [14,15]. The light photon fluence was modelled by
suitably modifying previously published theoretical models
[5,10,11,14]. Details on the specific expressions and calculations
of all the aforementioned quantities are given in Appendix and in
Refs. [5,7,14].

2.2. SdNR model

To model SdNR, we have considered typical X-ray exposure
situations as shown in Fig. 1. A parallel X-ray photon flux F0(E) is
incident on a phantom. The latter contains two different regions
with different thicknesses (Fig. 1(a)) or different attenuation
coefficients m1 and m2 (Fig. 1(b) and (c)). Once the X-ray flux exits
the phantom region, it enters the scintillator (phosphor screen).
The latter converts absorbed X-rays into light, and thus the final
optical signal (F1, F2 in Fig. 1) is created and emitted. Under these
conditions, the signal difference to noise ratio (SdNR) can be
defined as follows

SdNR¼
DFffiffiffiffiffiffiffi
s2ð

p
DFÞ

where F denotes emitted light flux, s is the standard deviation in
light flux (F) values and the mean signal difference DF is written
as

DF¼F1�F2

Fi, i¼1,2 is the light flux emitted by the scintillator, corre-
sponding to the two areas of the irradiated phantom projected on
the scintillator screen surface (see Fig. 1(a)–(c)). The variance
(standard deviation squared) of the signal difference is written as

s2ðDFÞ ¼ s2ðF1Þþs2ðF2Þ
Fig. 1. (a) Perspex phantom of two steps: the thickness of the second step (L0) was assu

(b) Phantom consisting of two parts of different materials (BEP: Bone Equivalent Phant

constant thickness containing a nodule.
Finally, SdNR is expressed by the ratio

SdNR¼
F1�F2

ðs2ðF1Þþs2ðF2ÞÞ
1=2

ð2Þ

Noise can then be expressed by the corresponding variances
s(F1) and s(F2) in the denominator. The two signal levels, F1 and
F2, exiting the corresponding two regions of the detector, where
the incident X-rays are projected, may be written as follows

F1ðE0Þ ¼

Z E0

0
f0ðE,T1ðEÞÞZQ ðEÞmlðEÞgLðE,s0,t0ÞdE ð3aÞ

F2ðE0Þ ¼

Z E0

0
f0ðE,T2ðEÞÞZQ ðEÞmlðEÞgLðE,s0,t0ÞdE ð3bÞ

where f0(E,Ti(E)) indicates the X-ray photon fluence exiting the
two regions of the phantom, Ti(E),i¼1,2 being the X-ray
transmission functions expressing the attenuation of the X-ray
beam transmitted through the two phantom regions.

T1ðEÞ ¼ exp½�m1ðEÞL� ð4aÞ

T2ðEÞ ¼ exp �
X

i

miðEÞLi

" #
ð4bÞ

where L is the total thickness of the phantom, particularly the
thickness of the first region (left part), consisting of a homo-
geneous material of constant thickness (see Fig. 1). m1 is the
attenuation coefficient of this material. Eq. (4b) describes the
attenuation of the X-ray beam through the second part of
the phantom. This region of the phantom may consist of
(i).
med to

om, TE
a thinner layer (step) of the same material (Fig. 1(a)), whereX
i

miLi ¼ m1L0, L0rL ð4cÞ
vary corresponding to various depths (4–14 cm) from the phantom surface.

P: Tissue Equivalent Phantom) and equal thickness. (c) Perspex phantom of
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a layer of equal thickness, however consisting of different
(ii).

material (Fig. 1(b)), whereX

i

miLi ¼ m2L ð4dÞ

m2 being the attenuation coefficient of the material in the
right region of the phantom in Fig. 1(b).
(iii).
 five superimposed layers as shown in Fig. 1(c), whereX
i

miLi ¼ mltLlt1þðmstLst1þmcaLcaþmstLst2ÞþmltLlt2 ð4eÞ
where the index lt stands for lung tissue, st stands for soft tissue

and ca stands for calcium tissue.

The corresponding variances can be written as [16,17]

s2ðF1Þ ¼

Z E0

0
f0ðE,T1ðEÞÞZQ ðEÞ mlðEÞgLðE,s0,t0Þð Þ

2 dE ð5aÞ

s2ðF2Þ ¼

Z E0

0
f0ðE,T2ðEÞÞZQ ðEÞðmlðEÞgLðE,s0,t0ÞÞ

2 dE ð5bÞ

These equations have been previously derived [16,17] by
considering that the quantities f, m, Z, gL, are stochastic
variables independent of each other. f0 and ml follow Poisson
statistical distributions, while ZQ and gL are expressed by
binomial distributions.

Details for calculations and experimental methods are de-
scribed in Appendix and in Refs. [5,7,18,19].
3. Results and discussion

The model of SdNR was used to test various scintillator
materials, such as Gd2O2S:Tb, Gd2O2S:Eu, CsI:Tl, La2O2S:Tb and
LSO:Ce (Lu2SiO5:Ce). Fig. 2 shows the variation of SdNR with X-ray
tube voltage considering a 100 mg/cm2 Gd2O2S:Tb screen and a
two step phantom of 20 mm total Perspex thickness (as depicted
in Fig. 1(a)). This thickness is within values often used in
simulations of X-ray beam attenuation by an average human
body [20]. The thickness of the second step was assumed to vary
corresponding to various depths from the phantom surface. The
depth of the second step (i.e. L–L0 in Fig. 1(a)) varies from 4 to
14 cm. An SdNR increases with increasing step depth since the
Fig. 2. Variation of an SdNR with kV, for different step depths of the phan
difference (F1�F2), in the numerator of Eq. (2), becomes larger
due to the corresponding decreasing X-ray attenuation in the
second step (see Eqs. (4b) and (4c) for T2). As it can also be seen an
SdNR increases slightly with increasing X-ray tube voltage, up to
80 kVp, and decreases at higher voltages, from 90 to 140 kVp.
This type of variation may be attributed to a combination of
effects related to the intrinsic properties of the particular
phosphor (Gd2O2S) as well as to the inherent absorption and
contrast properties of the phantom material. The simple
SNR curve, calculated for a 20 cm Perspex glass without step
(i.e. considering F2¼0 in Eq. (2)), is shown between curves
corresponding to 4 and 6 cm depths. SNR is not necessarily always
higher than an SdNR, since the value of SNR is highly dependent
on the thickness of the absorber (i.e. the thickness of the perspex
glass). For instance, a very thick glass will absorb most of the
X-rays incident on its surface and, thus, will result in a very small
value of an SNR. However, this thick absorber next to a thinner
one (i.e. in the shape of the step glass phantom assumed in this
study) will most likely provide a high SdNR value. This is due to
the high difference between the numbers of photons exiting the
two absorbers.

To demonstrate the influence of the phosphor material
properties, OQG (optical quantum gain: number of emitted
light photons per incident X-ray) was taken into consideration.
Fig. 3 shows the variation of OQG with tube voltage for several
scintillator materials. OQG was calculated as F/N, where N is the
integral of the X-ray spectrum and F¼F1 (see Fig. 1). The gain of
all scintillators increases with increasing tube voltage. However,
each material shows slightly different response; e.g. one may note
that above about 95 kVp, the Gd2O2S:Tb phosphor shows higher
quantum gain values than the rest of the scintillator materials. In
the range of lower voltages, CsI:Tl is better. Gd2O2S:Eu shows a
similar response, but somewhat lower than that of Gd2O2S:Tb.
To examine the effects of the inherent X-ray absorption properties
of the phantom (or tissue) material, the corresponding output
contrast was estimated (see Fig. 4). The latter was calculated as
((F1�F2)/F1) [20]. Contrast decreases continuously with tube
voltage, since it is principally affected by the inherent X-ray
transmission properties of the phantom material. These
properties are strongly affected by the X-ray attenuation
coefficients, which decrease with the photon energy. A variation
similar to that shown in Fig. 2, is observed in Fig. 5. This figure
tom, for a Gd2O2S:Tb phosphor screen of 100 mg/cm2 coating weight.



Fig. 3. Variation of optical quantum gain with X-ray tube voltage for various scintillators.

Fig. 4. Variation of contrast, for the Perspex phantom of two steps, with X-ray tube voltage.
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depicts SdNR curves for various screen coating thickness, from 70
to 110 mg/cm2, showing that thick screens produce higher SdNR

values, apparently due to the higher X-ray absorption efficiency
and higher quantum gain of thick screens, which produce higher
amounts of light photons (F). However it is worth to note that, as
it has been shown in previous studies [5,10,11], for a given
powder scintillator material, light spreading, and hence image
resolution is degraded with an increasing screen thickness
[5,10,11].

All data shown in the figures are produced under the
assumption of normalized X-ray spectra. Such spectra were
determined according to a method described by Boone et al.
[12] and are shown in Fig. 6. The X-ray tube voltage (and the
corresponding maximum photon energy) increases up to
140 kVp; however, the total area under the spectral curve is
equal for all spectral shapes.

Figs. 7 and 8 show SdNR curves for five different scintillator-
phosphor materials, namely Gd2O2S:Tb, Gd2O2S:Eu, La2O2S:Tb,
CsI:Tl and LSO:Ce (Lu2SiO5:Ce), considering variation of the SdNR

with X-ray tube voltage for phosphors of 120 mg/cm2 screen
thickness (see Fig. 7) and variation of the SdNR with screen
coating thickness at 100 kV X-ray tube voltage (see Fig. 8). As it
can be observed from Fig. 7, for X-ray tube voltages higher than
65 kVp, the Gd2O2S phosphor was found to produce clearly higher
SdNR values, particularly in the range of X-ray voltages above
90 kVp, Gd2O2S:Tb was more than 30% higher than CsI:Tl. For
lower voltages, which also are employed in many radiographic
techniques, the CsI:Tl phosphor seems to give better SdNR values.
However, it is of interest to note that relatively high SdNR values
are shown at very low voltages (e.g. 40 kVp) for the LSO:Ce
phosphor. To go deeper into the effects of scintillators behaviour,
we can comment on the following intrinsic properties of the
scintillator materials:
(i).
 QDE: Gd2O2S shows high X-ray absorption efficiency within
a wide spectrum of X-ray energies and particularly in the
energy range above 50 keV, i.e. the energy of the
K-absorption edge of Gd. In this range, the efficiency of
the Gd2O2S phosphor increases with X-ray tube voltage,



Fig. 5. SdNR curves for various screen coating thickness, from 70 to 110 mg/cm2.

Fig. 6. Normalized X-ray spectra for various X-ray tube voltages.
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since the fraction of the X-ray photon spectrum, exceeding
the energy of 50 keV, becomes gradually larger at voltages
higher than 50 kVp. In addition, Gd2O2S is a dense phosphor
with high effective atomic number, which increases the
probability of photoelectric absorption in the whole range of
the diagnostic X-ray energies. On the other hand, CsI shows
higher absorption at lower energies probably, due to its
lower K-absorption edge energy (36 and 33.2 keV for Cs and
I, respectively). Similar considerations may explain the lower
absorption of La2O2S:Tb. Table 1 shows absorbed fractions of
X-rays for each scintillator at an intermediate energy, e.g.
80 kVp. The smallest and largest scintillator thicknesses,
converted to micrometers are also shown as well as the
corresponding phosphor packing density, which is 50% of the
nominal volume density for granular scintillators and 75%
for CsI.
(ii).
 ICE: Gd2O2S:Tb shows higher intrinsic energy conversion
efficiency than the other materials under consideration. This
is mainly due to the small band-gap between the conduction
and the valence bands of this material (EG¼2.4 eV, see
Eq. (A3) in Appendix). Thus the amount of energy required
to raise electrons from the lower to the higher band, and
produce scintillations is smaller in the case of Gd than in
other materials (e.g. for LSO:Ce, EG¼6.4 eV). This band-gap is
also adequately small for the La2O2S:Tb scintillator. By fitting
Eq. (1) to experimental quantum gain data, it was found that
the intrinsic energy conversion efficiency of Gd2O2S and
La2O2S:Tb was equal and approximately 0.18, while for the
CsI phosphor it was of the order of 0.10.
(iii).
 LTE (attenuation of light within the scintillator): this
property is significant in most X-ray scintillators, which are
used in the form of grains embedded within a binding
material to form the phosphor screen. Optical scattering on
these grains, which plays an important role in light
attenuation, is probably more significant within the LSO:Ce
scintillator, due to the higher frequency (blue wavelength
region) of this material’s emission spectrum.
Fig. 9 shows the variation of SdNR for a phantom consisting of
two different parts: one of tissue equivalent material (TEP) and one



Fig. 7. Variation of SdNR with X-ray tube voltage for different phosphor materials considering 10 cm step depth.

Fig. 8. Variation of SdNR with screen coating thickness for 14 cm step depth for different phosphor materials at 100 kV.

Table 1
Absorbed fractions, packing densities and scintillator corresponding to the smallest and largest coating thicknesses (40 and 140 mg/cm2) at 80 kV X-ray tube voltage.

Scintillator Scintillator packing

density (g/cm3)

Thickness for 40 mg/cm2

coating weight (mm)

Thickness for 140 mg/cm2

coating weight (mm)

QDE for screen of 40 mg/cm2

coating weight

QDE for screen of 140 mg/cm2

coating weight

Gd2O2S 3.67 108.99 381.47 0.35 0.73

La2O2S 2.81 142.35 498.22 0.18 0.49

CsI 3.82 104.58 366.01 0.22 0.56

Lu2SiO5 3.70 108.11 378.38 0.17 0.43
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of bone equivalent material (BEP), of equal thickness (see Fig. 1(b)).
A 100 mg/cm2 Gd2O2S:Tb scintillator screen was assumed. SdNR

varies as a function of X-ray tube voltage and as a function of
phantom material thickness. Attenuation coefficients for these
two materials were obtained from tabulated data [17,18]. SdNR
decreases with increasing phantom thickness, since thick phantom
(or human body) parts are penetrated by smaller number of X-ray
photons, producing lower light flux at the detector. It is also of
interest to note that, apparently due to X-ray beam hardening
effects, the maximum SdNR shifts towards higher X-ray voltages as



Fig. 9. Variation of SdNR with kV for Gd2O2S:Tb phosphor with 100 mg/cm2 coating thickness and for various TEP/BEP phantom thicknesses (seeFig. 1(b)).

Fig. 10. Comparison between scintillator materials under the same irradiation conditions (20 cm TEP/BEP phantom thickness).
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phantom thickness increases. A comparison between scintillator
materials under the same irradiation conditions (20 cm TEP/BEP
phantom thickness) is shown in Fig. 10. Gd2O2S:Tb (and Gd2O2S:Eu)
shows again higher SdNR values in the voltage range after 65 kVp,
while CsI is better at lower voltages. The rest of the scintillators were
found with clearly lower SdNR values.

Figs. 11 and 12 show the SdNR data for a phantom, shown in
Fig. 1(c), consisting of 20 cm of lung tissue containing a nodule of
mixed tissue (2/8 calcium and 6/8 soft tissue). Nodule dimensions
increase gradually from 1.1 to 5.1 cm. A shift of maximum SdNR

towards higher voltages with increasing nodule dimensions is
clearly shown. This is also explained by considering beam
hardening effects. As shown in Fig. 12, Gd2O2S:Tb is always higher
than the other materials in the range of voltages after 65 kVp. It is of
interest to note that, in all cases, relatively high SdNR values were
found at very low voltages (e.g. 40 kVp) for the LSO:Ce phosphor.
4. Summary and conclusion

In the present study, the effect of scintillator material’s intrinsic
properties on the performance of X-ray imaging systems was
investigated by examining the signal difference to noise ratio. SdNR

was modelled in terms of QDE, ICE and LTE using calculations based
on data derived from light emission efficiency measurements. The
X-ray absorption properties were estimated by calculations based on
X-ray spectra and attenuation coefficients obtained from tabulated
data. It was found that SdNR is clearly affected by the quantum gain
of the scintillators, which in turn depends on QDE, ICE and LTE. The
thickness of the phantom is also of concern, since its absorption
properties affect the X-rays incident on the phantom and, hence, the
scintillators’ performance. The Gd2O2S:Tb phosphor gave highest
SdNR values in a wide range of X-ray voltages, while CsI:Tl was
better in the lower range of X-ray tube voltages below 65 kVp.



Fig. 11. SdNR data for a phantom consisting of 20 cm of lung tissue containing a nodule of 6/8 soft tissue and 2/8 calcium (see Fig. 1(c)).

Fig. 12. Variation of SdNR for various scintillators, considering a phantom consisting of 20 cm of lung tissue containing a 2/8 calcium, 6/8 soft tissue nodule

(see Fig. 3(c)).
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Appendix

A1 Calculations and measurements

The parameters related to the incident X-ray flux and the
intrinsic properties of the scintillators were estimated as follows:
1.
 The incident X-ray flux was determined as described in the
previous studies [12,13].
2.
 The quantum detection efficiency was calculated by consider-
ing an exponential attenuation according to the law.

ZQ ðEÞ ¼ 1�exp �msðEÞw
� �

ðA1Þ

where ms(E) is the X-ray attenuation coefficient of the
scintillator and w is the coating thickness of the scintillator
layer (screen).
3.
 The intrinsic quantum conversion gain was expressed as
follows:

mlðE,lÞ ¼ ZCðE=hnÞ ðA2Þ

where ZC is the intrinsic energy conversion efficiency of the
scintillator, expressing the fraction of absorbed X-ray energy
that is converted into light within the scintillator and hn is the
mean energy of the emitted light photons. The maximum value
of the intrinsic conversion efficiency was expressed as follows
[1–3]:

ZC ¼ ðhn=b0EGÞSQ ðA3Þ

where hn is the average energy of emitted light photons. b0EG

represents the average energy that must be transferred by a
fast electron (e.g. a photoelectron) to create an electron–hole
pair in the scintillator. EG is the forbidden energy band-gap



Fig. A1. Variation of the X-ray quantum detection efficiency with X-ray tube voltage, for the scintillators (100 mg/cm2) investigate in this study.

Fig. A2. Variation of the light transmission efficiency with screen coating thickness calculated for scintillators investigated in this study at 80 kVp.
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between the valence and the conduction energy bands of the
scintillator material [1–3]. b0 is a parameter related to energy
losses to lattice vibrations. S is the transfer efficiency with
which electrons are transferred from the point of their creation
to the luminescent centre (activator) and Q is the absorption
efficiency of electrons at the luminescent centre [1–4]. In the
present study, it was assumed SQ¼1, corresponding to the
maximum achievable value of the intrinsic conversion effi-
ciency.
4.
 The light transmission efficiency, gLðs0,t0,rÞ in relation (1), of
a scintillating screen may be expressed as follows:

gLðE,s0,t0,rÞ ¼
Z w0

0
jXðE,wÞglðs0,t0,r,wÞdwdE ðA4Þ

w0 is the total screen thickness. For the purposes of analysis, it has
been considered that the screen was divided into a large number
of superimposed elementary thin layers of thickness Dw. Here,
w denotes the depth of each thin layer from the screen surface.
The function fXðE,wÞ describes the relative probability of X-ray
absorption at a depth w from the screen surface by the relation

fXðE,wÞ ¼
mðEÞexp½�mðEÞw�dwRw0

0 mðEÞexp½�mðEÞw�dw
ðA5Þ

where m(E) is the X-ray absorption coefficient calculated using
tabulated data [18,19]. The numerator in Eq. (A5) gives the
probability of X-ray photon absorption at depth w. The denomi-
nator is equal to the total probability of absorption in a scintillator
of thickness w0.

The function glðs0,t0,rÞ has been defined as a solution to the
photon diffusion differential equation [5,14], describing light
propagation through light scattering media:

glðs0,t0,r0Þ ¼
t0r1½ðs0þt0r0Þe

s0wþðs0�t0r0Þe
�s0w�

ðs0þt0r0Þðs0þt0r1Þe
s0w0�ðs0�t0r0Þðs0�t0r1Þe

�s0w0

ðA6Þ

where s0 is the light attenuation coefficient of the scintillator,
which is equal to the reciprocal of the light photon diffusion
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length [5,14], and it is given as a function of the optical scattering
coefficient(s), and the optical absorption coefficient (a), i.e.
s0¼[a(a+2s)]1/2. t0 is the inverse relaxation length given as
t0¼a+2s. r0, r1 are optical parameters expressing the reflection
of light at the front and back scintillator surfaces: rn¼(1�rn)/
(1+rn), where rn denotes the optical reflection coefficients at the
front (n¼0) and back (n¼1) screen surfaces. In this study, we
have used r0¼0.91, r1¼0.87 (obtained from previous studies
[5,10,11]) and the values of s0 and t0 were found by fitting
(see text). Eq. (A6) corresponds to the transmission mode. Plots
showing the variation of quantum detection efficiency with
X-ray tube voltage as well as the variation of the light
transmission efficiency, gLðs0,t0,rÞ in relation (1), with screen
thickness are shown in Figs. A1 and A2, respectively. The quantum
detection efficiency decreases with X-ray tube voltage, due to the
lower X-ray absorption and scattering at higher X-ray photon
energies. Curve corresponding to the Gd2O2S:Tb powder
scintillator shows an increasing part in the range 60–90 kVp,
which is attributed to the influence of the K-absorption edge
effect at 50 keV in the Gd atom of this material. The light
transmission efficiency decreases with screen coating thickness,
since light absorption and scattering effects become more
important in thick screens. Light transmission was higher for
the CsI:Tl scintillator and lower for LSO:Ce.

A2 Experiments

The scintillating screens were prepared in our laboratory by
sedimentation of various phosphor powders on fused silica
substrates (spectrosil B). Na2SiO3 was used as binding material
between the powder particles. The coating thickness of the
screens varied from approximately 70–110 mg/cm2. The scintil-
lating screens were irradiated by X-rays at various tube voltages
(from 50 to 140 kV) employing a Philips Optimus X-ray
radiographic unit. Tube filtration was 2.5 mm Al.

The experimental set-up for light energy fluence measure-
ments comprised a photomultiplier (EMI 9798 B) with an
extended sensitivity S-20 photocathode, and enclosed within a
bronze light tight chamber. The photomultiplier current was
amplified and fed to a vibrating reed (Cary 400) electrometer
operated in the current mode. An analogue to digital converter
was employed to digitise the electrometer’s output, which was
then stored on a computer.

The light flux was then computed from the electrometer’s
output current by performing conversions and corrections
according to the formula

ZA ¼
ielecðpAÞ

Snpcscg
ðA7Þ

where ielec is the electrometer’s output current in pA. S is the area
of an irradiated screen. np is the photocathode’s peak photo-
sensitivity expressed in mA/W. This was used as a factor for
converting the output photocathode current into light power
(light energy fluence). cs is the spectral compatibility factor
expressing the compatibility of the scintillator’s emission spec-
trum to the spectral sensitivity of the photocathode (extended
S-20) [15]. cs was determined by the relation

cS ¼

Z
fðlÞsðlÞdl=

Z
sðlÞdl ðA8Þ

where f(l) is the scintillator’s emission spectrum and s(l) is
the spectral sensitivity of the photocathode (known from the
manufacturer’s datasheet). This sensitivity was also verified in
our laboratory, using a series of prototype LED light sources
(Kingbright Co.) ranging from violet to red colour. The scintillator
optical emission spectrum was measured during X-ray irradiation
by an Ocean Optics S2000 grating spectrometer (Ocean Optics
Inc.). cg is the geometric light collection efficiency of the
experimental set-up, expressing the fraction of the screen’s light
incident on the photocathode. This fraction has been determined
by considering: (a) the angular distribution of light emitted by
the screen and (b) the distance between the screen and the
photocathode.
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