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ABSTRACT In this study Y3Al5O12: Ce powder scintillator
was evaluated for use in X-ray imaging detectors. This phos-
phor, also known as YAG: Ce scintillator or P-46 phosphor, is
a non-hygroscopic, emitting green light with very short decay
time. These properties are very attractive for X-ray imag-
ing. Y3Al5O12: Ce powder was used to prepare various test
screens (33–166 mg/cm2). Absolute luminescence efficiency
measurements were performed for various X-ray tube volt-
ages (50–130 kVp). In addition parameters related to image
quality such as the modulation transfer function and the detec-
tive quantum efficiency were examined. A theoretical model,
describing radiation and light transfer, was employed to fit ex-
perimental data and to estimate values of optical parameters.
Absolute efficiency was found to decrease with X-ray tube
voltage. Highest efficiency was obtained for the 107 mg/cm2

screen. Light attenuation coefficients were close to those of
green emitting rare earth scintillators. At low spatial fre-
quencies the detective quantum efficiency was high for the
107–166 mg/cm2 screens. The light emission efficiency and
imaging performance of Y3Al5O12: Ce was not better than
currently employed scintillators. However due to its very fast
response and high spectral compatibility to optical sensors it
may be considered for use in digital imaging detectors.

PACS 07.85; 42.30; 42.80
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1 Introduction

Scintillators, or phosphors, coupled to optical
sensors (photodiodes, photocathodes, films etc) are employed
in most radiation detectors used in medical imaging systems
[1–3]. Cerium (Ce3+) doped scintillators are of particular
interest for medical imaging, because of their very fast
response. The latter is due to a 4 f − 5d electric dipole
transition in Ce ion [4, 5].

In this study Y3Al5O12: Ce (cerium doped yttrium alu-
minum oxide or yttrium aluminate) powder scintillator was
examined under exposure conditions employed in diagnostic
medical radiology. This material, also known as YAG: Ce
(yttrium–aluminum garnet) scintillator or P-46 phosphor, is
non-hygroscopic, emitting green light (530–550 nm) with
very short decay time (68 ns) [6–12]. These properties are
very attractive for X-ray imaging since: (i) green light shows
high spectral compatibility with a large number of existing
optical sensors (amorphous or crystalline silicon photodiodes,
charge coupled devices, photocathodes, ortho-chromatic
films), (ii) fast decay time is a prerequisite for dynamic
real-time imaging.

Y3Al5O12: Ce has been previously studied for various,
mainly non-imaging, radiation detection applications [8–13].
In most of these applications Y3Al5O12: Ce has been em-
ployed in single-crystal form or in the form of transparent
optical ceramic [8–12]. Powder Y3Al5O12: Ce phosphor has
also been studied for use in X-ray detectors employed in
hot plasma fusion facilities [14]. In a recent study of our
group [15], data on the Y3Al5O12: Ce scintillator were re-
ported mainly concerning intrinsic properties such as X-ray
absorption, intrinsic X-ray to light conversion, emitted spec-
trum and spectral compatibility to optical sensors.

In the present study the imaging properties of Y3Al5O12:
Ce scintillator, were systematically investigated. This was
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accomplished by experimental and theoretical evaluation of
various parameters related to image brightness, image reso-
lution and signal to noise ratio. The scintillator was used in
the form of screens (layers) of various thickness and the pa-
rameters investigated were the absolute efficiency (AE), the
X-ray luminescence efficiency (XLE), the modulation trans-
fer function (MTF), the noise power spectrum (NPS) and the
detective quantum efficiency (DQE) [14–25].

2 Materials and methods

2.1 Output signal and signal transfer efficiency

The output signal of a scintillating screen may be
expressed by either the emitted light energy fluence-�� (light
energy per unit of area) or the emitted light photon fluence-��

(light photons per unit of area) [19–21]:

��(E0) =
∫ E0

0
ψ0(E)ηε(E)ηCg�(E, σ, τ ) dE (1)

��(E0) =
∫ E0

0
φ0(E)ηQ(E)mλ(E)g�(E, σ, τ ) dE (2)

where ψ0(E) is the incident X-ray energy fluence spectral dis-
tribution (energy fluence per energy interval) and φ0(E) is the
incident X-ray photon fluence spectral distribution (photon
fluence per energy interval). E is the X-ray photon energy
and E0 is the maximum energy of the X-ray spectrum. ηs(E)
is the energy absorption efficiency (EAE), which is the frac-
tion of incident X-ray energy absorbed by the scintillator.
ηQ(E) is the quantum detection efficiency (QDE), being the
fraction of the total number of incident X-ray quanta interact-
ing in the scintillator. ηC is the intrinsic X-ray to light con-
version efficiency expressing the fraction of absorbed X-ray
energy converted into light energy within the screen mate-
rial. mλ(E) is the intrinsic quantum conversion gain, i.e., the
number of light quanta generated within the scintillator per
X-ray absorbed. g� is the light transmission efficiency, ex-
pressing the fraction of light escaping the scintillator. This
fraction may be described in terms of the optical attenua-
tion coefficients σ , τ [15–18]. The light energy fluence and
the light photon fluence were modeled by suitably modify-
ing previously published theoretical models [17, 18, 20]. De-
tails on the specific expressions and calculations of all the
aforementioned quantities are given in the appendix and in
Refs. [14, 16–18, 20].

The efficiency of a scintillating screen to transfer the sig-
nal from the input to the output is expressed by the X-ray
luminescence efficiency -XLE, (ηψ ). X L E is defined as the
ratio of the emitted light energy fluence over the incident X-
ray energy fluence: (η� = ��/�0) [16, 17, 20]. For mono-
energetic radiation ηψ may be determined by the product
ηε(E)ηCg�(E, σ, τ ). To be consistent with experimental con-
ditions the X-ray luminescence efficiency is often expressed
through the ratio of emitted light energy fluence, ��, over the
incident exposure X. This ratio has been previously referred
to as the absolute efficiency-AE, (ηA) [14, 16]:

ηA = ��(E0)/X (3)

In most cases it is of interest to examine the efficiency
of a scintillating screen with respect to its combination with
a certain optical sensor (photodiode, photocathode, film etc).
In such cases the effective luminescence efficiency-EE (ηeff)
is used. EE was defined by the relation: ηeff = η�cs, where
cs is the spectral compatibility factor expressing the com-
patibility of the scintillator’s emission spectrum to the spec-
tral sensitivity of the optical sensor (see relation (12) in
Sect. 2.4)

To describe the imaging properties and contrast and spa-
tial resolution of a scintillating screen, the signal transfer effi-
ciency is often expressed by the modulation transfer function
(MTF)-M [18–22, 24, 25]. MTF is used in the evaluation of
imaging systems in the Fourier domain, assuming that sys-
tems considered are linear. It is widely accepted, however,
that scintillating screens are compatible with linear systems
theory assumptions [26].

MTF has been defined as the spatial frequency-dependent
output signal (photon fluence) normalized to zero frequency,
as follows:

M(E0, ν) = ��(E0, ν)/��(E0, ν = 0) (4)

where ν denotes spatial frequency. Hence the output signal
may be expressed in the spatial frequency domain in terms of
MTF:

��(E0, ν)

= M(E0, ν)

[∫ E0

0
φ0(E)ηQ(E)mλ(E)g�(E, σ, τ ) dE

]

(5)

2.2 Output noise and noise transfer

The output noise of a scintillating screen is ex-
pressed by the variance in the emitted light photon fluence
(number of photons per unit of area) over the screen emitting
area. In the spatial frequency domain noise is expressed by
the noise power spectrum (NPS)-W [19–23]. The latter may
be obtained by the Fourier transform of data obtained after
uniform irradiation of the screens [19, 22, 23]. NPS has been
also expressed in terms of ηQ, mλ, g� [23].

2.3 Signal to noise ratio and detective
quantum efficiency

The detective quantum efficiency (ηD(ν)) of a
scintillating screen has been defined by the relation ηD =
SNR2

out/SNR2
in [22]. In this relation SNRout is the output sig-

nal to noise ratio of a scintillating screen whereas SNRin is the
input signal to noise ratio. In the spatial frequency domain the
square of the output signal may be obtained using relations
(4) and (2). The square of the output noise is given by the
noise power spectrum W(E0, ν) [22, 23]. Hence DQE may be
written as follows:

ηD(ν) = (��(E0)M(E0, ν))2

W (E0, ν) SNR2
in

(6)
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The emitted light photon fluence, ��(E0) may be ex-
pressed in terms of experimentally measurable quantities (ab-
solute efficiency, exposure, mean light wavelength) using the
relation:

�λ = (ηA X )/hcλ̄−1 (7)

Where the numerator is equal to the light energy fluence
(�� = ηA X ) and the denominator is equal to the mean en-
ergy (Eλ) of the emitted light photons (Eλ = hc/λ̄), λ̄ being
the mean light wavelength determined from emission spectra
measurements as follows:

hcλ̄−1 = hc

{∫
φλ(λ)λ dλ/

∫
φλ(λ) dλ

}−1

(8)

where φ(λ) is the scintillator’s emission spectrum.
The input signal to noise ratio (SNRin) has been previously

expressed, for an X-ray imaging detector, by the relation [24,
25]:

SNR2
in =

(∫ E0

0
φ0(E)E dE

)2 / ∫ E0

0
φ0(E)E2dE (9)

where the numerator is equal to the square of the first statistical
moment of the distribution of X-ray photons. This distribu-
tion is expressed by the X-ray spectral distribution of φ0(E)
[27–29]. This is also equal to the square of the total incident
X-ray energy fluence (input signal). The denominator is equal
to the second moment of the aforementioned distribution.
This second moment has been considered to express the input
quantum noise. Relation (9) is used for energy integrating de-
tectors, i.e., the detector’s output signal is proportional to the
X-ray energy fluence [26–28]. φ0(E) in relation (7) was deter-
mined using a tungsten anode X-ray spectrum model [28, 29],
the incident X-ray exposure measurements and the exposure
to photon fluence conversion formula (see relation (A2) in
appendix) [27, 28].

Finally DQE may be expressed in terms of quantities that
can be experimentally determined:

ηD(ν) = [ηA X ]2

(hc/λ̄)2

1

W (E0, 0)

[
M2(E0, ν)

N 2(E0, ν)

][[∫
φ0(E)E dE

]2

∫
φ0(E)E2dE

]−1

(10)

where W(E0, 0) is the zero frequency noise power or the
limit of the noise power spectrum as frequency tends to zero,
N(E0, ν) is the noise transfer function (NTF) defined as the
ratio N 2(E0, ν) = W (E0, ν)/W (E0, 0).

2.4 Experiments

The absolute efficiency and imaging parameters
were determined as follows:

1. Preparation of scintillating screens: The scintillating
screens were prepared in our laboratory by sedimentation
of the phosphor powder (code: QMK58/N-C1, Phosphor
Technology Ltd. or P-56 phosphor) on fused silica sub-
strates (spectrosil B). The density of this material was
4.15 g ml−1 and mean particle size 6.6 µm and quartile
deviation of 0.28 (Phosphor Technology Ltd., datasheet).

Na2SiO3 was used as binding material between the pow-
der particles. The coating thickness of the screens was
12.6 mg cm−2, 33 mg cm−2, 42 mg cm−2, 62.97 mg cm−2,
107.44 mg cm−2 and 166.47 mg cm−2.

2. Measurement of absolute efficiency: The scintillating
screens were irradiated by X-rays at various tube voltages
(from 50 to 130 kV) employing a Philips Optimus X-ray
radiographic unit. Tube filtration was 2.5 mm Al. An addi-
tional 20-mm Al filtration was introduced in the beam to
simulate beam quality (X-ray spectrum shape) alteration
by an average human body.

Absolute efficiency was determined by measuring the light
energy fluence emitted by the irradiated screen and dividing by
the incident exposure rate measured at screen position. The
experimental set-up for light energy fluence measurements
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 ampli-
fied and fed to a vibrating reed (Cary 400) electrometer op-
erated in current mode. An analogue to digital converter was
employed to digitise electrometer’s output, which was then
stored on a computer. Two modes of absolute efficiency mea-
surements were followed: (a) The transmission mode, where
light emitted from the rear, not irradiated, screen side was
measured and (b) The reflection mode, where light fluence
emitted from the front, irradiated, side was measured. Reflec-
tion mode simulates the back screen of ordinary conventional
radiographic cassettes and the conventional mammographic
cassettes. Transmission mode simulates all the other types of
X-ray radiographic, fluoroscopic and computed tomography
detectors.

Incident exposure rate measurements were performed us-
ing a Radcal 2026C ionization chamber dosimeter (Radcal
Corp. USA). Exposure rate values ranged from 4.06 mR s at
50 kV up to some decades of mR s at tube voltages higher
than 100 kV.

Absolute efficiency was then computed from electrome-
ter’s output current and dosimeter data by performing conver-
sions and corrections according to the formula:

ηA = ielec(p A)

Snpcscg

(
1

X

)
(11)

where: ielec is the electrometer’s output current in pA. S is
the area of the irradiated screen. np is the photocathode’s
peak photosensitivity 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 compat-
ibility factor expressing the compatibility of the scintillator’s
emission spectrum to the spectral sensitivity of the photocath-
ode (extended S-20) [15]. cs was determined by the relation:

cS =
∫

φ(λ)s(λ) dλ/

∫
s(λ) dλ (12)

where φ(λ) is the scintillator’s emission spectrum and s(λ)
is the spectral sensitivity of the photocathode (known from
manufacturer’s datasheet). This sensitivity was also veri-
fied 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
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X-ray irradiation by an Ocean Optics S2000 grating spec-
trometer (Ocean Optics Inc) [15]. cg is the geometric light
collection efficiency of the experimental set-up expressing the
fraction of 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 dis-
tance between the screen and the photocathode. X is the mea-
sured incident X-ray exposure rate. According to formula (9)
AE was finally expressed in units of µW m−1/mR s−1, where
µW m−2 corresponds to the light flux ( _��) and mR s−1 to
exposure rate. For simplicity the notation efficiency unit (EU)
was used (1 EU = µW m−1/mR s−1) [16].

MTF and NPS: The modulation transfer function and the
noise power spectrum were determined by the following tech-
niques, which have been explicitly described in previous stud-
ies [19–21, 23]. For MTF determination the screens were used
in combination with the Agfa Ortho CP-G plus radiographic
film and an MTF lead test pattern (typ-53 of Nuclear As-
sociates). The images of the MTF test pattern obtained on
the film, after X-ray excitation of the screens, were digitised
and processed [20]. Prior to digitisation it was verified that
the film optical density values were within the linear part
of the H&D characteristic curve. For the determination of
the noise power spectrum, the screen-film systems were uni-
formly irradiated by X-rays; however, no test pattern was
used. The noise power spectrum may be experimentally ob-
tained by Fourier transforming the auto-correlation function
expressing the importance of the optical density fluctuations
obtained on the film after uniform screen irradiation [19, 23].
For both MTF and NPS determination the X-ray exposure was
13.03 mR.

3 Results and discussion

Figure 1 shows the variation of absolute efficiency
of YAG: Ce screens with X-ray tube voltage in the range
from 50 to 130 kVp. Data presented in this figure were ob-
tained in transmission mode of measurements. Transmission
mode data will be preferably shown in the next figures, since
they are more appropriate to simulate modern digital detec-
tors configuration [1–3]. Depending on X-ray tube voltage
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Y3Al5O12: Ce 

107 mg/cm2
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FIGURE 1 Variation of absolute efficiency of
Y3Al5O12: Ce powder scintillating screens with increas-
ing X-ray tube voltage. AE is expressed in absolute effi-
ciency units (EU, 1 EU = µW m−1/mR s)

and screen coating thickness reflection mode values were 20–
30% higher than the corresponding transmission ones. The
difference between reflection and transmission mode values
was found maximum (34%) at 50 kVp for the 107 mg cm−2.
In both transmission and reflection modes the absolute ef-
ficiency of thick screens (107 and 166 mg cm−2) was found
to decrease continuously with increasing tube voltage. Thin-
ner screens (13–63 mg cm−2) showed a very slow variation
with increasing voltage. The highest absolute efficiency val-
ues were observed for the 107 mg cm−2 screen. The screen
of 166 mg cm−2 was also found with high efficiency; how-
ever, it was slightly lower than that of the 107 mg/cm2 screen.
The shape of the absolute efficiency curves is significantly
affected by the corresponding X-ray energy absorption effi-
ciency, shown in Fig. 2. This efficiency expresses strictly the
fraction of incident radiation energy that is locally deposited
at the point of primary photon interaction (see appendix). All
other types of secondary radiation, e.g., scattered, K or L-
fluorescence and bremsstrahlung, are excluded from the cal-
culations by definition [30, 31]. Hence only the useful energy
for image formation is taken into account. The curve was cal-
culated by assuming exponential X-ray absorption, governed
by the screen thickness and the X-ray mass energy absorp-
tion coefficient, as shown in the appendix (relation (A3)).
The values of the energy absorption coefficient of YAG: Ce
scintillator were calculated from tabulated data on absorption
coefficients of yttrium, aluminum and oxygen [30, 31]. At
low X-ray tube voltages thick screens (107 mg/cm2) absorb
relatively large fractions of incident X-ray energy (e.g., 0.29
at 50 kVp in Fig. 2), which is converted into light energy, and
thus absolute efficiency increases. At higher voltages X-ray
photons are more penetrating and X-ray energy absorption
is lower (e.g., 0.17 at 80 kVp and 0.13 at 100 kVp for the
107 mg/cm2 screen (Fig. 2)). As a result lower light yield
and lower absolute efficiency values were obtained. Concern-
ing thin screens, the corresponding absolute efficiency curves
showed very slight variation, due to their low X-ray energy
absorption even at low voltages.

Figure 3 is a plot of absolute efficiency variation with
screen coating thickness. Maximum absolute efficiency values
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FIGURE 4 Energy absorption efficiency of Y3Al5O12:
Ce powder scintillating screens as a function of screen
coating thickness at 50 kV

were obtained for the 107 mg cm−2 screen for all X-ray tube
voltages. For higher thicknesses, absolute efficiency shows a
tendency to decrease. This may be assessed by taking into ac-
count that the values corresponding to the 166 mg cm−2 screen
are always lower than those of the 107 mg cm−2 screen. The
shape of these curves resulted from the combined effects of
X-ray absorption and light attenuation within the phosphor
mass. X-ray energy absorption increased approximately expo-

nentially with increasing coating thickness (Fig. 4). However
only a small fraction (ηC) of this energy is converted into light.
In addition, due multiple scattering effects on phosphor grains
and increased light absorption due to the elongation of photon
trajectories within thick screens, this light is highly attenuated.
These effects are responsible for the slightly lower efficiency
of the 166 mg/cm2 with respect to that of the 107 mg/cm2

screen.
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FIGURE 5 Absolute efficiency curve derived by fitting
of the theoretical model equation to experimental effi-
ciency data. Experimental values are shown as points in
the figure. Fitting was obtained for specific values of
the optical attenuation parameters (σ = 27.5 cm2 g−1, τ =
916.7 cm2 g−1)

Figure 5 shows a calculated absolute efficiency curve
fitted to experimental data. This curve was derived by a
theoretical model based on the Hamaker-Ludwig and Swank
theories [17, 18] (see appendix). This model was formulated
using the relation ηA = ��/X , where the emitted light energy
fluence, ��, was expressed by Eq. (1) in combination with
Eqs. (A1)–(A7) (in appendix). These equations give the X-ray
absorption efficiency, the intrinsic conversion efficiency and
the light transmission efficiency. The incident X-ray fluence,
�0(E) in Eq. (1), was expressed via X-ray spectral distri-
bution data, which were obtained using the tungsten anode
X-ray spectrum model [28, 29] also used for SNRin deter-
mination (relation (9)). The final theoretical model equation
was fitted to experimental data, shown as points in the same
figure. Fitting was achieved employing the Trust–Region fit-
ting algorithm incorporated in Matlab 6.5 software package
[MathWorks Inc, MA, USA]. The optical attenuation coef-
ficients σ and τ , (see relation (1) and (A7) in appendix),
were employed as fitting parameters. Final values of σ ranged
from 27.1 to 28.3 cm2/g and corresponding values of τ were
903.33–943.33 cm2/g for various X-ray tube voltages. Best fit-
ting was obtained at 110 kVp shown in Fig. 5. The values of σ

were close to similar values found in previous studies [14, 15],
which were based on different experimental techniques. The
final values of σ were slightly lower than those previously [20]
found for rare earth scintillators (σ = 30 cm2/g for Gd2O2S:
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FIGURE 6 Variation of X-ray luminescence efficiency
(XLE) and X-ray to emitted light conversion efficiency
(ECE) with X-ray tube voltage

Tb and La2O2S: Tb) often used in ordinary radiographic de-
tectors [1–3]. This may be explained by considering that a
small fraction of the YAG: Ce emission spectrum penetrates
into the higher wavelength red spectral region [15]. Since
light attenuation is inversely proportional to light wavelength,
the red light portion of the spectrum may affect the average
value of the light attenuation coefficient. The intrinsic con-
version efficiency was previously found to be approximately
equal to ηC = 0.050 [15]. Using the aforementioned values
of σ , τ and ηC, as input data to theoretical model calcula-
tions, we estimated that the absolute efficiency of YAG: Ce
scintillator becomes highest for screen coating thicknesses of
110–120 mg cm−2. In addition, theoretical calculations pre-
dicted that, for screens thicker than 50 mg/cm2 and assuming
tungsten anode X-ray spectrum, absolute efficiency peaks at
30–40 kVp.

To provide a more detailed insight into the conversion and
emission properties of YAG: Ce scintillator, a comparison
between the X-ray luminescence efficiency (ratio ��/�0)
and the absorbed X-ray to emitted light conversion efficiency
(ECE) were plotted in Figs. 6 and 7. ECE expresses the frac-
tion of absorbed X-ray energy that is converted into light
emitted by the screen surface. ECE was defined by the product
(ECE = ηCg�(σ, τ, ρ)). XLE was estimated from experimen-
tal absolute efficiency values after converting the measured
exposure rate, (

.
X ) in relation (3), into X-ray energy fluence
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FIGURE 7 Variation of X-ray luminescence efficiency
(XLE) and X-ray to emitted light conversion efficiency
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(�0). This was achieved using the corresponding conver-
sion formula (A2) in appendix. ECE was estimated using
Eqs. (A4)–(A7) in appendix. In Fig. 6 calculated curves show-
ing XLE and ECE variation with X-ray tube voltage for the
107 mg/cm2 screen are plotted. It is of interest to note that XLE
(emitted light energy as a fraction of incident X-ray energy)
is three to ten times lower than ECE (emitted light energy
as a fraction of absorbed X-ray energy). XLE decreases from
η� = 0.00380, at 50 kVp, down to η� = 0.00104 at 140 kVp.
This curve is of similar shape with the corresponding abso-
lute efficiency and absorption efficiency curves (Figs. 1 and
2). On the other hand the ECE curve shows a very slight
tendency to increase with increasing tube voltage, i.e., from
0.0122 at 50 kVp to 0.0129 at 140 kVp. The shape of the ECE
curve is determined by the light attenuation effects while the
XLE curve shape is affected by both X-ray absorption and
light attenuation. Light attenuation is of lower importance at
high voltages since X-ray penetration is deeper and light has
to travel shorter distances through the remaining of screen
mass. This is favourable for light emission in transmission
mode. However at high voltages a relatively large number of
X-ray photons is transmitted through the screen. Thus no en-
ergy is deposited within the scintillator mass to create light.
These two effects explain the almost horizontal shape of the
ECE curve. Figure 7 shows the variation of XLE and ECE
with screen coating thickness at 60 kVp. XLE increases with
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FIGURE 8 Effective luminescence efficiency of
Y3Al5O12: Ce powder scintillating screens

thickness up to a maximum value of 0.003, which is obtained
in the range of 100–120 mg cm−2. ECE falls off rather fast due
to the prevalence of light attenuation effects in thick screens. It
should be also noted that all experimental and calculated data
concerning either the absolute or the luminescence efficiency
of YAG: Ce scintillator, show that the emission performance
of this material is comparable to that of other yttrium based
scintillators. However it was found significantly lower than
that of gadolinium-based scintillators and alkali halide (CsI)
scintillators [20, 21, 32]. This is to be expected since the
values of a number parameters affecting detection efficiency
and light generation in Y3Al5O12: Ce scintillator, i.e.: density
(ρ = 4.15 g cm−3), effective atomic number (Zeff = 23.8) and
energy band-gap (Eg = 7.01 eV) [10–16] are below those cor-
responding to these materials.

Figure 8 shows effective luminescence efficiency data for
various combinations of the YAG: Ce screens with optical
sensors used in medical imaging systems (i.e., amorphous
silicon photodiodes, crystalline silicon photodiodes, CCD ar-
rays etc). As it may be seen a YAG: Ce scintillator based
detector is of highest efficiency when YAG:Ce is combined
with amorphous silicon photodiodes or CCD arrays. On the
other hand YAG: Ce shows low compatibility when combined
with the orthochromatic film. These results are indicative that
YAG: Ce can be suitable for use in digital imaging detectors.



930 Applied Physics B – Lasers and Optics

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60 70 80 90 100

MTF 

Spatial frequency (cycles per cm)  

Y3Al5O12: Ce at 60 kV

13 mg/cm2

166 mg/cm2

107 mg/cm2

63 mg/cm2

42 mg/cm2

33 mg/cm2
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Figure 9, shows the modulation transfer function of YAG:
Ce screens determined at 60 kVp. MTF curves decreased with
increasing screen thickness indicating that MTF is not se-
riously affected by the X-ray absorption properties of the
scintillator. This is in accordance with the definition of MTF
(relations (2), (5)) where both numerator and denominator de-
pend on the quantum detection efficiency (ηQ) of the screen.
This is also the case for the light generation (ηC) scintillator
properties. MTF is principally affected by the directivity of
light generation and the light attenuation effects (scattering
and absorption), e.g., the fraction of laterally directed optical
photons that arrive at the screen’s emissive surface. These pho-
tons spread out on the screen surface and cause image quality
degradation. The amount of these photons depends on the
thickness of the screen and on the corresponding light atten-
uation (light absorption and light scattering) properties of the
scintillator material. Thick screens prepared from scintillators
of low light attenuation coefficients, although exhibiting high
absolute efficiency, cause MTF degradation due to significant
light spread effects. To clarify the effect of light attenuation
a comparison between MTF curves corresponding to yttrium
based scintillators (YAG: Ce, YOS: Tb, Y2O3: Eu) is shown
in Fig. 10. Y2O2S:Tb, corresponding to σ = 30 cm2/g, was
found with higher MTF than YAG: Ce (σ = 28 cm2/g), which
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FIGURE 10 Modulation transfer function of yttrium
based scintillators (YAG: Ce, YOS: Tb, Y2O3: Eu)

in turn was found with higher MTF than that of Y2O3: Eu
(σ = 25 cm2/g).

The zero-frequency normalized noise power spectrum or
noise transfer function (NTF) of the YAG: Ce screens is plot-
ted in Fig. 11. As it is observed thin screens show higher NTF
curves within the whole spatial frequency range. The shape
of curves is very similar to that of MTF curves.

Figure 12 is a plot of the frequency dependent DQE of
the YAG: Ce screens determined at 60 kVp. In the region
of low spatial frequencies, lower than 20 cm−1, the screens
of 107 mg cm−2 and 166 mg cm2 showed higher DQE than
thin screens. This is because the values of DQE at low fre-
quencies are mainly affected by the ratio of the output sig-
nal, i.e. the emitted light fluence incorporated in absolute
efficiency (ηA), over the zero-frequency noise power (corre-
sponding to the variance in light fluence fluctuations). This
may be seen from relation (10). Since absolute efficiency
is relatively high for thick screens (107–166 mg cm−2), this
explains the high DQE values of thick screens at low fre-
quencies. As frequency increases, the DQE of the 107 and
166 mg cm2 screens fall off faster than that of the other
screens. Thus in the range of medium and high frequen-
cies, thin screens showed slightly higher DQE values. This
is due to the very fast decrease of the MTF of thick screens
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within this frequency range (see Fig. 9). It has been also
found that the corresponding ratio M2(ν)/N 2(ν) (square of
the modulation transfer function over the noise transfer func-
tion) decreases very rapidly with spatial frequency for thick
screens (Fig. 13). These results are in accordance with the
well-established property of screens of finite thickness where
quantum noise is being passed more effectively than sig-
nal (X-ray and light fluence) through the superimposed thin

screen layers [33]. This has been previously [34] explained
by taking into account that the overall screen MTF is given
by the weighted sum of the separate MTFs of the elemen-
tary thin screen layers the screen is considered to consist of
(see appendix A5–A6). On the other hand, NPS has been
expressed as the weighted sum of the squared MTFs of the
thin layers. Considering that in the quotient (M2(ν)/N 2(ν))
the terms are very small in value, it can be easily shown
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that the MTF squared (M2(ν)) is always lower than
N 2(E0, ν) = W (E0, ν)/W (E0, 0).

4 Summary and conclusion

In the present study, the absolute luminescence
efficiency, the modulation transfer function and the detec-
tive quantum efficiency of Y3Al5O12:Ce powder scintillator
screens were investigated. The latter were prepared in our
laboratory with various thicknesses. Measurements were ob-
tained under conditions employed in diagnostic radiology.
Peak absolute efficiency was obtained for the 107 mg/cm2

layer at low X-ray tube voltages. The overall light emission
efficiency and imaging performance of YAG: Ce powder scin-
tillator, were found comparable to other yttrium based scin-
tillators and lower to currently employed rare earth and alkali
halide scintillator materials [35]. However, taking into ac-
count its spectral compatibility to optical sensors (effective
efficiency) and its very fast response, this scintillator could
be considered for applications in X-ray imaging. Specifically,
novel imaging techniques requiring low X-ray energies and
fast response times, such as digital mammography detectors
for use in computed tomography breast imaging [36] or low
energy synchrotron radiation imaging systems [37] could be
probable candidates.

Appendix

Incident X-ray radiation

The incident X-ray energy fluence �0 and the
incident X-ray photon fluence �0 may be determined
from exposure (X) measurements using the relations
[27, 28]:

�̄0 = X
∫ kV

0

(W̄/e)[ψ0(E)]

(µen(E)/ρ)air
dE/

∫ E0

0
ψ0(E) dE (A1)

�̄0 = X
∫ kV

0

(W̄/e)[φ0(E)]

E(µen(E)/ρ)air
dE/

∫ E0

0
φ0(E) dE (A2)

where φ0(E), ψ0(E) denote the X-ray photon fluence and X-
ray energy fluence spectral distributions respectively [27–29].
W̄ is the mean energy required to create an electron-ion pair
in air and (µen(E)/ρ)air is the total mass energy absorption
coefficient for air.

X-ray absorption and detection efficiency

The X-ray energy absorption efficiency (ηε) is
given by the following relation

ηε =
∫ E0

0 ψ0(E)
(

µtot,en(E)/ρ
µtot,t(E)/ρ

)(
1 − e−(µtot,t(E)/ρ)w

)
dE

∫ E0

0 ψ0(E) dE
(A3)

µtot,en is the total mass energy absorption coefficient of
the scintillator, which includes all mechanisms of energy
deposition locally at the point of primary X-ray interac-
tion within scintillator’s mass. The effect of scattered, K
or L-fluorescence, and bremsstrahlung photon, are not in-

cluded [28, 30, 31]. (µtot,t (E)/ρ) is the total mass X-ray atten-
uation coefficient of the scintillator [28, 30, 31]. The quantum
detection efficiency (ηQ) may be obtained after replacing the
X-ray energy fluence (ψ0) by the X-ray photon fluence (φ0)
and the total mass energy absorption coefficient (µtot,en(E)/ρ)
by the total mass attenuation coefficient (µtot,t (E)/ρ) [30, 31].

The intrinsic conversion efficiency

The intrinsic conversion efficiency was calculated
by the Eq. [1, 4, 6, 15]:

ηC = (hc/λ̄)/βEg (A4)

where hc/λ̄ is the average energy of emitted light photons.
βEg 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 material. Eg is the forbidden en-
ergy band-gap between the valence and the conduction energy
bands of the scintillator material [1, 4, 5, 11]. β is a parameter
related to energy losses to lattice vibrations. For Y3Al5O12

scintillator, β = 5.6 and Eg = 7.01 eV [5, 6, 10].

The light transmission efficiency

The light transmission efficiency, ḡ�(σ, τ, ρ) in re-
lations (1) and (2), of a scintillating screen may be expressed
as follows:

g�(E, σ, τ, ρ) =
∫ w0

0
ϕ̄X(E, w)ḡλ(σ, τ, ρ,w) dw dE (A5)

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
�w. Here w denotes the depth of each thin layer from the
screen surface. The function ϕ̄X(E, w) describes the relative
probability of X-ray absorption at a depth w from the screen
surface by the relation:

ϕ̄X(E, w) = µ(E) exp[−µ(E)w]dw∫ w0

0 µ(E) exp[−µ(E)w]dw
(A6)

where µ(E) is the X-ray absorption coefficient calculated us-
ing tabulated data [30, 31]. The numerator in Eq. (A6) gives
the probability of X-ray photon absorption at depth w. The
denominator is equal to the total probability of absorption in
a scintillator of thickness w0.

The function ḡλ(σ, τ, ρ) has been defined as a solution to
the photon diffusion differential Eq. [17, 18] describing light
propagation through light scattering media:

ḡλ(σ, τ, ρ)

= τρ1[(σ + τρ0)eσw + (σ − τρ0)e−σw]

(σ + τρ0)(σ + τρ1)eσw0 − (σ − τρ0)(σ − τρ1)e−σw0

(A7)

where σ is the light attenuation coefficient of the scintillator,
which is equal to the reciprocal of the light photon diffusion
length [13, 17, 18], and it is given as a function of the optical
scattering coefficient (s), and the optical absorption coefficient
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(a), i.e., σ = [a(a + 2s)]1/2. In the spatial frequency domain,
σ is written as σ = σ 2

0 + 4πν2, where σ0 corresponds to
zero-frequency [18]. τ is the inverse relaxation length given
as τ = a + 2s.ρ0, ρ1 are optical parameters expressing the
reflection of light at the front and back scintillator surfaces:
ρn = (1 − rn)/(1 + rn), where rn denotes the optical reflec-
tion coefficients at the front (n = 0) and back (n = 1) screen
surfaces. In this study we have used ρ0 = 0.91, ρ0 = 0.87 (ob-
tained from previous studies [16, 18, 20, 23]) and the values
of σ and τ found by fitting (see text). Eq. (A7) corresponds to
transmission mode. To describe reflection mode emission the
coating thickness, w in Eq. (A7), was replaced by (w0 − w).
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