
Journal of Luminescence 144 (2013) 45–52
Contents lists available at SciVerse ScienceDirect
Journal of Luminescence
0022-23
http://d

n Corr
E-m
journal homepage: www.elsevier.com/locate/jlumin
On the response of GdAlO3:Ce powder scintillators

C. Michail a,n, N. Kalyvas a, I. Valais a, S. David a, I. Seferis b, A. Toutountzis a, A. Karabotsos c,
P. Liaparinos a, G. Fountos a, I. Kandarakis a

a Department of Medical Instruments Technology, Technological Educational Institute of Athens, 122 10 Athens, Greece
b Department of Medical Physics, Medical School, University of Patras, 265 00 Patras, Greece
c Department of Conservation of Antiquities and Works of Art, Technological Educational Institute of Athens, 122 10 Athens, Greece
a r t i c l e i n f o

Article history:
Received 7 February 2013
Received in revised form
18 June 2013
Accepted 27 June 2013
Available online 4 July 2013

Keywords:
Inorganic scintillators
Radiation detectors
GdAlO3:Ce
13/$ - see front matter & 2013 Elsevier B.V. A
x.doi.org/10.1016/j.jlumin.2013.06.041

esponding author. Tel.: +30 6973436513.
ail addresses: michail@upatras.gr, darkthvade
a b s t r a c t

The aim of the present study was to investigate the luminescence efficiency (XLE) of gadolinium
aluminum perovskite (GdAlO3:Ce) powder scintillator. This powder phosphor, also known as GAP:Ce
scintillator, is a non-hygroscopic material, emitting blue light with short decay time. For the purposes of
this study, five scintillating screens with coating thicknesses, 14.7, 31.0, 53.7, 67.2 and 121.1 mg/cm2, were
prepared in our laboratory from GdAlO3:Ce powder (Phosphor Technology, Ltd) by sedimentation on
silica substrates. The light emitted by the phosphors under investigation was evaluated by performing
measurements of the absolute luminescence efficiency (AE), X-ray luminescence efficiency and detector
quantum gain (DQG) under X-ray exposure conditions with tube voltages ranging from 50 to 140 kV. The
quantum detection efficiency (QDE) and energy absorption efficiency (EAE) were also evaluated. The
spectral compatibility of GdAlO3:Ce, with various existing optical detectors, was investigated after
emission spectra measurements. A theoretical model, describing radiation and light transfer, was used to
fit experimental AE data. This has allowed the estimation of optical attenuation coefficients of the
scintillator. GdAlO3:Ce exhibited higher QDE and EAE values, compared to aluminium perovskite (YAlO3:
Ce) but lower absolute efficiency values. Absolute efficiency was found to increase with increasing X-ray
tube voltage, although for values higher than 120 kVp a decrease was observed.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Most medical imaging detectors are based on scintillator–
optical detector (photodiodes, photocathodes, films etc.) combi-
nations. Cerium (Ce3+) doped scintillators or phosphors exhibit
the property of very fast response. The latter is dominated by
the very efficient 5d-4f electronic transitions in the Ce3+ ion
[1–4]. Previous studies have shown that yttrium aluminium
perovskite (YAlO3:Ce) also known as YAP:Ce has attractive
properties [5,6]. On the other hand gadolinium based scintilla-
tors (e.g. Gd2O2S:Tb) are widely used in X-ray imaging applica-
tions. Using gadolinium (Gd) which is heavier than yttrium (Y),
higher absorption efficiency is expected. In cerium doped
gadolinium aluminium perovskite (GdAlO3:Ce also known as
GAP) powder scintillator, yttrium has been replaced by gadoli-
nium [7–14]. GAP:Ce has been studied thoroughly in the past
[7–18], however, it has never been tested under X-ray radio-
graphy conditions. It has been used in electronics as a dielectric
layer for flash memory devices [19], as a light converting
material substrates for use in light emitting diode (LED) sub-
strates [20] and optical ceramic materials [21,22]. Initial
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luminescence results were published by our group in the past
[7]. In the present study, a systematic investigation of the
GdAlO3:Ce was performed. Absolute luminescence efficiency
measurements were performed for various X-ray tube voltages
(50–140 kVp). Parameters related to X-ray detection such as the
energy absorption efficiency (EAE) and the quantum detective
efficiency (QDE) were calculated. Emitted spectrum and spectral
compatibility to optical sensors were determined by performing
light emission spectra measurements and by taking into account
the spectral sensitivity of the optical detectors. Quality metrics
such as quantum gain (DQG) was estimated. An analytical model
was used to predict optical properties of the GdAlO3:Ce scintil-
lator [5,23].
2. Materials and methods

2.1. Calculations

2.1.1. Attenuation coefficients for compounds
Attenuation coefficients for compounds (materials comprised

of ≥2 elements) can be determined as the weighted average
(by mass) of the individual mass attenuation coefficients of the
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compound's constituent elements, as

μ

ρ

� �
compound

¼ ∑
N

i ¼ 1
mi

μ

ρ

� �
i

ð2:1Þ

where mi is the mass fraction (fraction of the element's mass
contribution to the total mass) and (μ=ρ)i is the mass attenuation
coefficient of element i in the compound. This is important for
estimating attenuation probabilities of compounds and materials
that cannot be easily measured and particularly for computer
simulations [24,25].

2.1.2. Quantum detection and energy absorption
efficiency (QDE & EAE)

The efficiency of a scintillator to detect photons is convention-
ally described by the quantum detection efficiency (QDE), which is
defined as the fraction of incident photons interacting with the
scintillator mass [1]. However accurate X-ray detection may be
determined by considering only those X-ray photons that deposit
an amount of energy in the phosphor mass. This is because only
these X-rays can generate light signals (scintillations) which can
may be detected by the optical sensor and contribute to image
formation. The fraction of energy depositing photons is expressed
through the energy absorption efficiency (EAE). QDE as well as EAE
were evaluated analytically [1] as described in previous studies
[26]. The required values for the total attenuation and the total
energy absorption coefficients of GdAlO3:Ce scintillator were
calculated from tabulated data of energy absorption and attenua-
tion coefficients of gadolinium, aluminum and oxygen [27,28].

2.2. Experiments

GdAlO3:Ce was purchased in powder form (Phosphor Technol-
ogy Ltd, England, code: UM58#9438) with a mean grain size
(estimated by ultrasonic dispersion with a coulter counter having
100 μm aperture) of approximately 8.9 μm at the 95% of the
volume and quartile deviation of 0.32 (Phosphor Technology Ltd.,
datasheet). GdAlO3:Ce has Zef f ¼ 56:2, refractive index¼2.02 [21]
and a very fast decay time of the order of a few ns [29].
The forbidden energy band-gap between the valence and the
conduction energy bands of the GdAlO3:Ce scintillator material is
Eg¼5 eV [2,3,30,31].

Particle size and morphology parameters of the GdAlO3:Ce
powder phosphor were verified via scanning electron microscope
(SEM) micrographs using the Jeol JSM 5310 scanning electron
Fig. 1. Experimental set-up for the measurement of the emitted light energy flux co
microscope (SEM) collaborating with the INCA software. Gold was
used to obtain a figure from a site of interest of the GdAlO3:Ce
specimen. For the elementary particle analysis carbon thread
evaporation process was used. Carbon was flash evaporated under
vacuum conditions to produce a film suited for the GdAlO3:Ce SEM
specimen in a BAL-TEC CED 030 carbon evaporator (∼10�2 mbar).
The phosphor was used in the form of thin layers to simulate the
intensifying screens employed in X-ray imaging. Five screens from
14.7 to 121.1 mg/cm2 thick were prepared by sedimentation of
GdAlO3:Ce powder on fused silica substrates (spectrosil B). The
screen coating thicknesses correspond to thicknesses calculated
thicknesses of 39.2, 82.67, 143.2, 179.2 and 322.9 μm assuming a
density of 7.5 g/cm3 and a packing density of 50% [5,17]. Sodium
orthosilicate (Na2SiO3) was used as binding material between the
powder grains [26].

The effect of the fused silica substrates (spectrosil B) on the
emitted light of the GdAlO3:Ce powder phosphors was also
investigated by transmission and absorption measurements. The
purpose of these measurements was to confirm that the emission
wavelength of the phosphors does not influence drastically the
absorption and scattering properties of the substrate. The trans-
mission measurement was carried out with a Perkin-Elmer
Lambda 15 UV/vis spectrophotometer.

The phosphor screens were exposed to X-rays on a Philips
Optimus radiographic unit, with a dual-focus rotating tungsten
anode, employing X-ray tube voltages ranging from 50 to 140 kVp.
Tube filtration was 2.5 mm Al. An additional 20 mm filtration was
introduced in the beam to simulate beam quality alternation by a
human body [32].

2.2.1. Absolute efficiency (AE)
The light emission efficiency of a phosphor may be experimen-

tally estimated under X-ray imaging conditions, by determining
the absolute luminescence efficiency (AE) defined by Eq. (2.2):

ηΑ ¼ _Ψλ= _X ð2:2Þ
where _Ψλ is the emitted light energy flux (energy of light per unit
of area and time), _X is the incident exposure rate that excites the
phosphor to luminescence. AE, is traditionally expressed, in units
of μW �m�2=ðmR� s�1Þ thereafter referred to as efficiency units
(E.U.). The S.I. equivalent of this unit is given in μW �m�2=

ðmGy� s�1Þ, where mGy stands for the corresponding air Kerma.
The light flux measurements were performed using an experi-
mental set up comprising a light integration sphere (Oriel 70451)
coupled to a photomultiplier (PMT) (EMI 9798B) which was
mprising the integrating sphere, the PMT and the vibrating reed electrometer.
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connected to a Cary 401 vibrating reed electrometer. The photo-
multiplier was coupled to the output port of the integrating sphere
in order to reduce experimental errors due to illumination no
uniformities. The screen was positioned at the input port of the
integrating sphere whereas the photomultiplier was adapted at
the output port (Fig. 1). The photocathode of the photomultiplier
(extended S-20) was directly connected to a Cary 401 vibrating
reed electrometer by bypassing all dynodes. In this manner,
photocurrent instability and electronic noise amplification due to
photomultiplier's dynode high voltage were avoided [33].

The light flux of the screens was finally determined after
corrections on the experimental data according to the following
formula [34]:

_ΨΛ ¼
Ielec

τ0ðsPCasÞ
� 1

Asc
ð2:3Þ

Ielec is the current at the output of the electrometer (in pA), sPC
is the peak photosensitivity of the photocathode (in pA/W), which
was used as a factor converting the output photocathode current
into light energy flux. as is the spectral matching factor of the
screen's emission spectrum to the spectral sensitivity of the
photocathode (extended S-20) used to correct for the spectral
mismatches between the emitted light and the spectral sensitivity
of the photocathode (extended S-20) of the photomultiplier (see
Section 2.2.2). Asc is the irradiated area of the screen.τ0 denotes the
throughput of the integration sphere, which is expressed by the
ratio (Oriel 70451 integrating sphere data sheet) [35,36]:

τ0 ¼
Ψ e

Ψ i
¼ ρoAe=Asc

ð1�ρoð1�Ap=AscÞÞ
ð2:4Þ

Ψ e is the total light flux at the exit (output) port of the integrating
sphere, Ψ i is the total flux at the input port, Ae is the area of the
exit port, Ap is the sum of all port areas and ρo denotes the
reflectance of the internal sphere wall. Using the setup of Fig. 1
and prototype light emitting diodes (LED, Kingbright Company),
the total throughput of the apparatus was calculated, by taking
also into account specific data (on Ae; ASC ; Ap,ρo) given by the
manufacturer's datasheet. The calculated throughput value was
then τ0 ¼ 15:6 [34].

2.2.2. Effective efficiency (ηef f )
Since scintillators and phosphor screens are always used in

combination with photodetectors (radiographic films, photo-
diodes, photocathodes etc.), an estimation of the emitted light
spectrum compatibility with the spectral sensitivity of photode-
tectors is required. This compatibility is often expressed by the
spectral matching factor αs, which can be calculated as:

αs¼
Z

ϕλðλÞSDðλÞdλ=
Z

ϕλðλÞdλ ð2:5Þ

where ϕλðλÞ is the emitted light spectrum of the phosphor and
SDðλÞ is the normalized spectral sensitivity distribution of the
photodetector used with the phosphor. The spectral matching
factor, expresses the spectral compatibility of the phosphor's
spectrum with respect to the photodetector [37].

The effective efficiency (ηef f ) has been defined [32] by Eq. (2.6):

nef f ¼ ηΑ � αs ð2:6Þ
The mean light photon energy Ελ and the spectral matching

factor αs, were determined from the emitted light spectrum of the
GdAlO3:Ce powder phosphors. The spectral sensitivities of the
optical detectors were obtained from manufacturers’ data.

2.2.3. X-ray luminescence efficiency (XLE)
The efficiency of a scintillating screen to transfer the signal from

the input to the output is expressed by the X-ray luminescence
efficiency (XLE). XLE is defined as the ratio of the emitted
light energy fluence over the incident X-ray energy fluence:
(ηψ ¼ ΨΛ=Ψ0).

The X-ray luminescence efficiency ηψ was determined by
performing X-ray exposure and emitted light energy flux mea-
surements. ΨΛ measurements were performed using the experi-
mental setup described in Section 2.2.1 [32]. For the calculation of
XLE, the X-ray energy flux, Ψ 0 in Eq. (2.4), was determined by
converting X-ray exposure data X [32] as follows: Ψ0 ¼ XΨ̂ where
Ψ̂ is a function defined as the X-ray energy flux per exposure rate,
which may be estimated as follows:

Ψ̂ ¼
Z

Ψ 0ðEÞdE=ð
Z

Ψ 0ðEÞ X=Ψ0ðEÞ
� �

dEÞ ð2:7Þ

where

X=Ψ0ðEÞ ¼ ðμenðEÞ=ρÞair � ðWA=eÞ�1 ð2:8Þ
is the factor converting energy flux into exposure rate, ðμen=ρÞair is
the X-ray mass energy absorption coefficient of air at energy E, and
ðWA=eÞ is the average energy per unit of charge required to
produce an electron-ion pair in air. The values of ðWA=eÞ and
ðμen=ρÞair were obtained from the literature [27].

2.2.4. Detector quantum optical gain (DQG)
Detector quantum optical gain (DQG) was determined accord-

ing to the ratio ΦΛ=ΦX , where the ΦX is the X-ray photon flux. The
emitted light photon fluence, may be expressed in terms of
experimentally measurable quantities (absolute efficiency, expo-
sure, mean light wavelength) by using Eq. (2.9):

ΦΛ ¼ΨΛ=hcλ
�1 ð2:9Þ

where hc=λ is the average energy of emitted light photons
(Ελ ¼ hc=λ), λ being the mean light wavelength determined from
emission spectra measurements [26] as follows:

hcλ
�1 ¼ hc

Z
ϕΛðλÞλdλ=

Z
ϕΛðλÞdλ

� ��1

ð2:10Þ

where ϕΛðλÞ is the measured scintillator emission spectrum
[26].ΦX was determined by using Eqs. (2.7) and (2.8) and replacing
Ψ0 by Φ0 and dividing Eq. (2.8) by the X-ray energy [32]:

2.3. Analytical modeling

2.3.1. Absolute luminescence efficiency (AE)
The efficiency of the phosphor light output is affected by the

intrinsic physical processes that occur within the screen. The
contribution of these intrinsic processes can be expressed by the
Absolute Luminescence Efficiency in which the light propagation
within a phosphor screen can be described by a one-dimensional
radiation transfer model [5]:

AE¼ nCγðEÞtrμðEÞð1þ ρÞe�μðEÞT

2ðμðEÞ2�s2Þ
ðμðEÞ�sÞð1�βÞe�sT þ 2ðsþ μðEÞβÞeμðEÞT�ðμðEÞ þ sÞð1þ βÞesT

ð1þ βÞðρþ βÞesT�ð1�βÞðρ�βÞe�sT

ð2:11Þ
where,μðEÞis the X-ray energy mass absorption coefficient for
X-ray energy E, γðEÞ is a conversion factor converting energy
fluence (W/m2) into exposure rate (mR/s), tr is the transparency
of the phosphor screen substrate and T is the thickness (surface
density) of the scintillator and s; β and ρ are optical parameters
related to light absorption, light scattering and light reflectivity in
the phosphor material [38].

If the energy spectrum of X-rays,f ðEÞ, is to be taken into
account, then AE can be calculated by summing over this spec-
trum, up to the peak energy (kVp) of the X-ray spectrum:

AEkVp ¼∑Ef ðEÞAE=∑Ef ðEÞ ð2:12Þ
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where kVp denotes the high voltage (kilovolt peak) applied to the
X-ray tube. This voltage is equal to the maximum energy of the
X-ray spectrum, expressed in KeV.

In order to theoretically investigate the response of GdAlO3:Ce
and determine the parameters related to optical photon propaga-
tion to the output, Eqs. (2.11) and (2.12) was used to fit the
experimental data. The fitting was performed by first selecting
values for the parameters, ρ and β (ρ¼0.90 and β¼0.03) from our
previous studies [38]. The value of tr was set equal to 0.807,
(calculated from the Fresnel equations) assuming normal light
incidence, where the index of refraction of the optical silica
substrate was taken equal to 1.48, at approximately 342 nm [39].
s and nC were fitted to the experimental data for an X-ray
spectrum of 70 kVp, filtered by 20 mm Al. The X-ray spectrum
that was used for the AE calculation with Eq. (2.12) was obtained
from direct X-ray spectra measurement with a portable cadmium
telluride (CdTe) detector [23,40].
3. Results and discussion

Fig. 2 shows the calculated mass energy absorption and attenua-
tion coefficients for the GdAlO3:Ce and YAlO3:Ce phosphors. The
values of the energy absorption coefficients were calculated from
tabulated data on absorption coefficients.

Figs. 3 and 4 illustrate the variation of calculated QDE and EAE
with X-ray tube voltage for the screens, with coating thicknesses
of 14.7, 31.0, 53.7, 67.2 and 121.1 mg/cm2. As it can be seen the
quantum detection efficiency values are higher than the energy
absorption efficiency ones. This can be explained by the fact that
EAE does not include the effect of scattered, K or L-fluorescence,
and bremsstrahlung radiations while QDE expresses all the
mechanisms of X-ray quanta interaction within the phosphor.
Energy absorption efficiency value at 80 kVp for GdAlO3:Ce for
121.1 mg/cm2 screen was found at 0.275. For comparison purposes
similar calculations were performed for a 67.2 mg/cm2 coating
thickness YAlO3:Ce screen. For energies higher than 60 kVp QDE of
the GdAlO3:Ce screen is clearly higher than the corresponding
values of YAlO3:Ce with the same screen thickness (Fig. 3a).
Furthermore the 67.2 mg/cm2 GdAlO3:Ce exhibits higher EAE
values than the corresponding YAlO3:Ce across the X-ray tube
voltage range (Fig. 4a). This can be explained by the presence of
gadolinium which is heavier than yttrium.
Fig. 2. Calculated X-ray mass energy absorption and attenuation coefficients of the
GdAlO3:Ce and YAlO3:Ce phosphors calculated with the XMuDat photon attenua-
tion data version 1.0.1 software, data source J H Hubbell, S M Seltzer, NISTIR 5632,
1995 [27].
Qualitatively the particle sizes of GdAlO3:Ce phosphor has a
mean grain size of 8.9 μm (obtained from Phosphor Technology
Ltd, England, code: UM58#9438 data sheet). A fragment image of
GdAlO3:Ce powder phosphor is presented in Fig. 5. It was shown
by energy dispersive X-ray (EDX) that the powder is really GdAlO3:
Ce with no admixtures. Normalized stoichiometric results,
obtained by the SEM on the region of interest (ROI) of Fig. 5,
showed the following % weights of the elements in the mixture:
Gadolinium (Gd) 71.07%, oxygen (O) 19.25%, aluminum (Al) 8.61%
and cerium (Ce) 1.06%.

Fig. 6 shows that in the 330 to 354 nm wavelength range
(GdAlO3:Ce emission wavelength) the transparency of the sub-
strate is 92.35%. This finding reveals that the emission wavelength
would not be influenced drastically by the reflection and scatter
properties of the substrate.

Fig. 7 shows the variation of absolute luminescence efficiency
of the GdAlO3:Ce screen with X-ray tube voltage in the range from
50 to 140 kVp. Points represent experimental data. AE was found
to increase for all screens continuously with increasing X-ray tube
voltage up to 100 kVp. For higher X-ray tube voltages AE showed a
tendency to saturate (110 to 120 kVp) and decrease thereafter. An
important observation is that absolute efficiency maintains high
values within a range of X-ray tube voltages from 100 to 120 kVp.
However these values are lower than the corresponding values of
YAlO3:Ce screens that were measured in a previous study of our
group [5]. The low absolute efficiency values of the GdAlO3:Ce can
be attributed to a second absorption band in the ultraviolet, next
to the 4f-5d absorption of Ce3+ which occurs up to the Ce3+

emission transition and this absorption will therefore restrict the
efficiency of the Ce3+ emission, independent of the excitation
source [14]. The highest absolute efficiency values were observed
for the 67.2 mg/cm2 screen. This finding shows that adequate
efficiency can be also achieved with lower coating thickness.

Fig. 8 shows the emitted optical spectrum of GdAlO3:Ce
normalized to unity and the normalized spectral sensitivity dis-
tribution functions of various commonly employed optical photon
detectors; the actual sensitivity distributions of optical detectors
cover a much wider wavelength region than the small portion of
interest shown.

In the GdAlO3:Ce spectrum, the typical 5d-4f Ce3+

½2F5=2 ; 2F7=2 � doublet emission can be observed, which consists
roughly of two Gaussian bands with maxima at 330 and 354 nm,
lying in the blue region of the optical spectrum [11]. The spectrum
of GdAlO3:Ce is narrow enough to assure very good spectral
compatibility with the spectral sensitivities of many optical
detectors.

Table 1 shows the values of the spectral matching factors of the
GdAlO3:Ce, calculated according to relation Eq. (2.2). The optical
detectors listed are frequently used in various digital imaging
applications, namely: (i) amorphous hydrogenated silicon photo-
diode (a-Si:H), employed in photodiodes and thin film transistors
of modern active matrix flat panel radiographic and fluoroscopic
detectors, (ii) GaAs and E/S 20 photocathodes incorporated in
various types of fluoroscopic image intensifiers and in photomul-
tipliers, (iii) crystalline silicon (Si) employed in photodiodes, (iv)
CCD sensor arrays used in digital radiography and digital mammo-
graphy systems, (v) avalanche photodiodes (APD) and films used
in conventional radiography and mammography (Fuzi UM and
Agfa Mammoray). GdAlO3:Ce exhibits excellent compatibility with
the Fuzi UM film (1.00) and very good compatibility with photo-
cathodes, such as the GaAs (0.90), the extended S20 (0.82) and the
S-9 (0.72). Also it has good compatibility with CCD S100AB (0.89)
and the Agfa Mammoray film (0.65). It exhibits moderate compat-
ibility with wavelength selective photodiode, such as the WS-7 A1
(0.45), avalanche photodiodes such as the Hamamatsu S5343
with a gain of 50 (0.31) and amorphous hydrogenated silicon



Fig. 3. Variation of the calculated QDE for GdAlO3:Ce powder screens (a) with X-ray tube voltage and comparison with YAlO3:Ce powder screens (b) with screen coating
thickness of the GdAlO3:Ce powder screens.

Fig. 4. Variation of the calculated EAE for GdAlO3:Ce powder screens (a) with X-ray tube voltage and comparison with YAlO3:Ce powder screens (b) with screen coating
thickness of the GdAlO3:Ce powder screens.

Fig. 5. Scanning electron microscope (SEM) images from a site of interest of the GdAlO3:Ce phosphor.
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photodiode (0.35). In addition, it was found incompatible with the
silicon (Si) photodiode detectors (0.09). The moderate spectral
sensitivity with digital sensors can be explained by the following.
In X-ray imaging applications, the converter screen can be directly
coupled to the photo detector [23] or indirectly coupled by an
optical relay (lens, fiber optic taper, etc.). The latter solution is
suffering of a very low transmission below 400 nm. In addition,
only few and expensive modern 2D imaging CCD or CMOS imaging
sensors, based on crystalline silicon (Si), are sensitive below 400 nm.
In this work however, the optical properties of the fused silica
substrates, used in the case of the test screens under investigation,
does not change in the wavelengths below 400 nm. Data of spectral



Fig. 6. (a) Optical transmission and (b) absorption measurements of the fused silica substrate (Spectrosil B).

Fig. 7. Absolute luminescence efficiency of the GAP:Ce powder phosphor with X-ray
tube voltage for various coating thicknesses. Points correspond to experimental values.
Efficiency units (E.U.S.I.): μW �m�2=ðmR� s�1Þ (μW� s=mGy�m2).

Fig. 8. Normalized emitted light spectrum of GdAlO3:Ce scintillator and spectral
sensitivity of various light detectors.

Table 1
Spectral matching factors.

Optical detectors GdAlO3:Ce

Mammoray film 0.65
Fuzi UM film 1.00
Extended S20 Photocathode 0.82
S-9 Photocathode 0.72
GaAs Photocathode 0.90
CCD S100AB SITe 0.86
APD Hamamatsu S5343 M¼50 0.31
Wavelength selective Photodiode WS-7 A1 0.45
a-Si Photodiode 0.35
Si Photodiode 0.09

Fig. 9. Effective efficiency of the 67.2 mg/cm2 GdAlO3:Ce scintillator combined with
various photodetectors.
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matching factors indicate that GdAlO3:Ce powder phosphor may be
adequate coupled to various practical types of digital and analogue
optical photon detectors, except crystalline silicon (Si) based photo-
diodes, which showed low matching factor (0.09).

Fig. 9 shows the effective luminescence efficiency of the
67.2 mg/cm2 GdAlO3:Ce phosphor scintillator with various analo-
gue and digital optical detectors. All effective efficiency values
spread from the absolute efficiency ones, due to the variety of the
spectral matching of the light emitted by the GdAlO3:Ce phosphor
to the various photodetectors. The best effective luminescence
efficiency was found for the Fuzi UM film (Matching Factor 1) and
the worst for the crystalline silicon (Si).

Fig. 10 shows the X-ray luminescence efficiency (XLE) for the
GdAlO3:Ce phosphor screens for various tube voltages. A first
point to make is that, neglecting the XLE values in the 50 to 70 kVp
X-ray tube voltage range, a tendency of the XLE to decrease with
increasing tube voltage is clearly shown. The main reason govern-
ing this behaviour should be attributed to the energy absorption
properties of the phosphor. However the shape of the XLE curves
should be additionally affected by the light transmission through
the screen. As X-rays penetrate deeper in the phosphor mass,
at higher voltages, light photons are created closer to the screen



Fig. 10. Variation of the X-ray luminescence efficiency (XLE) of GdAlO3:Ce
scintillators for radiography X-ray tube voltages, between 50 and 140 kVp.

Fig. 11. Variation of detector quantum gain (DQG) of GdAlO3:Ce scintillators for
radiography X-ray tube voltages, between 40 and 140 kVp.

Fig. 12. Comparison between the experimental and theoretical absolute efficiency
values for various screen thicknesses of the GdAlO3:Ce powder screens.
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output. Light is thus more easily transmitted through the phos-
phor grains. On the other hand low energy X-rays do not penetrate
deeply within the scintillator mass. Hence light photons, which are
mainly created very close to the input screen surface, are forced to
travel long trajectories to escape the rear surface of the screen.
This increases light attenuation (self absorption) within
scintillator mass.

The DQG values of the GdAlO3:Ce phosphor screens are shown
in Fig. 11. The shape of the DQG curves may be explained by
considering the combined effects of: (1) The increasing number of
optical photons created per absorbed X-ray, which increases DQG
with X-ray energy and correspondingly affects the variation of
DQG. (2) The X-ray absorption which, decreases with increasing
tube voltages and affects DQG in a similar way. This is more
evident in the high energy part of the curve. In addition, it is
observed that DQG increases with increasing coating thickness. In
the 50 to 80 kVp X-ray tube voltage range, DQG values, increase up
to a maximum value and decrease thereafter.

The optimum theoretical fit to the experimental AE values was
found for s¼67 cm2/g and ηc equal to 0.0009. This s value is
considered high, although it is lower than the values reported for
other Ce doped phosphors (i.e. YAP:Ce having a s¼104 cm2/g).
However, it is higher than values reported for Eu or Tb activated
phosphors [5,38]. The corresponding ηc value is among the lowest
ever reported for any phosphor material and corresponds to a low
light yield. For the GdAlO3:Ce scintillator, light yield values,
ranging from 840 photons/MeV to 9000 photons/MeV, have been
reported under X-ray excitation, depending upon Ce concentration
in single crystal form scintillators [18]. These values correspond to
ηc in the range from 0.03 to 0.35, assuming that the optical photon
energy equals to 3.875 eV. The calculated ηc value of this work
corresponds to an approximate light yield of 232 optical photons
per MeV. However under consideration should be taken that the
232 optical photons per MeV correspond to the presented scintil-
lating screens prepared by granular phosphors and not to the
single crystal scintillators reported [18]. The rather high s value, in
conjunction with the low ηc is in agreement with the previous
discussion with regards to the small efficiency of the Ce3+ emis-
sion. Fig. 12 shows a comparison between the experimental and
theoretical absolute efficiency values for various screen thick-
nesses at the 70 kVp X-ray spectrum.

The difference between theoretical and experimental AE values
is below 0.01. This may be partially attributed to the experimental
error in the AE measurements, shown in Fig. 12, which was
calculated as 7% [41]. In addition the theoretical model presents
limited accuracy in thin screens (i.e. the 14.7 mg/cm2 GdAlO3:Ce
screen), where the points of X-ray interactions are close to the
phosphor output [23]. However the values of the optical para-
meters used in calculation of 2.11 and 2.12 have been chosen
considering the thin screen performance in an effort to demon-
strate the effect of screen thickness on the GdAlO3:Ce efficiency.
4. Conclusion

In the present study, the quantum detection efficiency (QDE),
the energy absorption efficiency (EAE), the X-ray luminescence
efficiency and the spectral compatibility of five GdAlO3:Ce powder
scintillator screens, were investigated under conditions usually
met in X-ray imaging conditions. Furthermore intrinsic parameters
of these screens were evaluated by using analytical modeling.
The X-ray quantum detection efficiency and energy absorption
efficiency were found higher than currently employed materials
(e.g. aluminum perovskite (YAlO3:Ce) also known as YAP:Ce) for
detection of X-rays. Peak absolute efficiency was obtained for the
67.2 mg/cm2 screen at X-ray tube voltages from 100 to 120 kVp.
However, absolute luminescence efficiency maintains low values,
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within the energy range under consideration compared to YAlO3:
Ce. The emission spectrum of GdAlO3:Ce screen showed good
spectral compatibility with currently used detectors (mainly
analogue).
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