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Abstract The aim of the present study was to measure the
imaging transfer characteristics and the luminescence effi-
ciency (XLE) of a Lu2SiO5:Ce (LSO:Ce) powder scintilla-
tor for use in X-ray mammography detectors. An LSO:Ce
powder scintillating screen, with a coating thickness of
25 mg/cm2, was prepared in our laboratory. The imaging
performance of the screen was assessed by experimental de-
termination of the modulation transfer function (MTF) and
the detective quantum efficiency (DQE) as well as single in-
dex image quality parameters such as noise equivalent pass
band (Ne) and informational efficiency (nI). A theoretical
model, describing radiation and light transfer, was fitted to
experimental MTF values in order to estimate optical prop-
erties of the scintillator. Screen irradiation was performed
under exposure conditions employed in mammographic ap-
plications (27 kVp, 63 mAs). MTF was determined by the
square wave response function (SWRF) method. Results
showed that LSO:Ce exhibits high MTF and DQE values,
which are comparable to those of the commercially used
Gd2O2S:Tb. Considering our image quality parameters and
luminescence efficiency results as well as the fast response
of the LSO:Ce scintillator screen (40 ns), this material can
be considered for use in X-ray mammographic detectors.
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1 Introduction

Cerium (Ce3+)-doped scintillators are of particular inter-
est for medical imaging applications due to their very fast
response [1]. This is attributed to a 5d → 4f electronic
transition in the Ce3+ ion [2, 3]. Lutetium oxyorthosilicate
Lu2SiO5:Ce (LSO) is a scintillator with a number of advan-
tages such as high light yield (26000 photons/MeV) and lu-
minescence efficiency, high density (7.4 g/cm3), fast decay
time (40 ns), high effective atomic number (66) and excel-
lent chemical stability [4–7]. Furthermore, LSO:Ce emits
light in the blue region, which renders it compatible with
a large number of optical sensors. In single-crystal form
LSO:Ce has already been used in several non-imaging ap-
plications such as gamma-ray detection in nuclear physics,
high-energy physics and environmental monitoring [4, 5].
LSO has also replaced Bi4Ge3O12 (BGO) scintillators in
some positron emission tomography (PET) scanners. How-
ever, to our knowledge LSO:Ce in powder form has not
yet been employed in medical imaging applications, i.e.
in medical radiographic detectors where powder scintil-
lating screens are very often used. In previous works we
have reported preliminary data on the performance of an
LSO screen [8–10]. In the present study a systematic ex-
perimental and theoretical investigation of the light emis-
sion efficiency and the imaging performance of an LSO:Ce
powder scintillating screen was performed under X-ray
mammography conditions. Various parameters, such as the
X-ray luminescence efficiency (XLE), the detector quantum
gain (DQG) and spatial frequency-dependent imaging pa-
rameters, such as the modulation transfer function (MTF),
the noise transfer function (NTF) and the detective quantum
efficiency (DQE), were assessed. In addition, single index
image quality parameters such as the noise equivalent pass
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band (Ne) and the informational efficiency (ηI) were also
evaluated.

2 Materials and methods

2.1 Theoretical interpretation

2.1.1 Output signal and signal transfer efficiency

The light emitted (output signal) by an irradiated scintil-
lating screen may be expressed by either the emitted light
energy fluence ΨΛ (light energy per unit of area) or the
emitted light photon fluence ΦΛ (light photons per unit of
area) [11–14]:

ΨΛ(E0,w) =
∫ E0

0
Ψ0(E)ηε(E,w)ηCgΛ(E,σ, τ,w)dE,

(1a)

ΦΛ(E0,w) =
∫ E0

0
Φ0(E)ηQ(E,w)mλgΛ(E,σ, τ,w)dE,

(1b)

where Ψ0(E) denotes the incident X-ray energy fluence
spectral distribution (energy fluence per energy interval) and
Φ0(E) denotes 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. ηε(E,w) is the energy absorption effi-
ciency (EAE), which is the fraction of incident X-ray energy
absorbed locally at the points of X-rays’ interaction within
the scintillator. ηQ(E,w) is the quantum detection efficiency
(QDE), being the fraction of the total number of incident
X-ray quanta interacting in the scintillator. ηC is the intrin-
sic X-ray to light conversion efficiency expressing the frac-
tion of absorbed X-ray energy converted into light energy
within the screen material [11–14]. mλ is the intrinsic quan-
tum conversion gain, i.e. the number of light quanta gener-
ated within the scintillator per absorbed X-ray of energy E.
gΛ is the light transmission efficiency [11–14], which repre-
sents the fraction of light escaping the scintillator. σ and τ

are optical attenuation coefficients [11–13] representing the
reciprocal light diffusion length and the inverse relaxation
length, respectively [11–14].

In the present work the light energy fluence and the light
photon fluence were modeled according to previously pub-
lished theoretical models [12, 13]. If (1a) and (1b) are di-
vided by the corresponding X-ray energy and X-ray photon
fluence, two parameters expressing the light emission effi-
ciency of scintillating screens may be defined. These two
parameters are (a) the X-ray luminescence efficiency XLE
(ηψ), defined as the ratio of the emitted light energy fluence
over the incident X-ray energy fluence Ψ0 : (ηΨ = ΨΛ/Ψ0)

and (b) the quantum detector gain QDG defined as the ratio

of the emitted light photon fluence over the incident X-ray
photon fluence: (ηG = ΦΛ/Φ0) [12–14].

Relations (1a) and (1b) may be expressed in the spa-
tial frequency domain. Within this framework the detector
quantum gain may be expressed by a gain transfer function
(GTF), defined as follows:

GTF(E0, ν,w) = ΦΛ(E0, ν,w)/Φ0, (2)

where ν denotes spatial frequency and ΦΛ(E0, ν,w) is the
spatial frequency-dependent emitted light photon fluence.

To express strictly the imaging properties of a scintillat-
ing screen, independently of the emission efficiency, they
are often expressed through the modulation transfer function
(MTF) [12–17] defined by the spatial frequency-dependent
light photon fluence normalized to zero frequency, as fol-
lows:

MTF(E0, ν,w) = ΦΛ(E0, ν,w)/ΦΛ(E0, ν = 0,w). (3)

If ΦΛ(E0, ν,w) = MTF(E0, ν,w) · ΦΛ(E0) is divided
by the incident X-ray photon flux Φ0 the gain transfer func-
tion may be expressed as follows:

GTF(ν,w) = MTF(ν,w)ηG, (4)

where ηG is the quantum detector gain. In medical imaging,
where fluorescent screens are used in combination with opti-
cal detectors (films, photocathodes, photodiodes), the spec-
tral matching between the emitted phosphor light and the op-
tical detector sensitivity must be taken into account. This is
because the degree of spectral matching affects the amount
of light utilized to form the final image. Thus, (4) is reduced
by a factor aS, expressing the fraction of emitted light that
can be detected by the optical detector, which exhibits a spe-
cific spectral distribution of sensitivity. aS can be calculated
by (5):

αS =
∫

SP(λ)SD(λ)dλ∫
SP(λ)dλ

, (5)

where SP(λ) is the spectrum of the light emitted by the phos-
phor and SD(λ) is the spectral sensitivity of the optical de-
tector coupled to the phosphor [21]. Spectral matching fac-
tor values for LSO:Ce are shown in Table 1 [13, 18]. By tak-
ing into account aS , we may define the effective gain transfer
function as follows:

eGTF(ν,w) = DQG · MTF(ν,w) · αS. (6)

2.1.2 Signal to noise ratio and detective quantum efficiency

The output noise of a scintillating screen is expressed by the
variance in the emitted light photon fluence over the screen
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Table 1 Spectral matching factors of the LSO:Ce screen

Optical detector Lu2SiO5:Ce

GaAs photocathode 0.92

a-Si 0.62

AmorSi 0.58

MAMORAY 0.87

E/S 20 0.96

AgfaGS 0.96

KodakGR 0.96

FujiUM 0.90

aSi108H 0.58

CCD S100AB SITe® 0.87

PSPMT Hamamatsu 8500 0.85

emitting area. In the spatial frequency domain noise is ex-
pressed by the noise power spectrum (NPS) [14–16, 19].
The NPS associated with the emitted optical photons gen-
erated at depth w and escaping to the output may be written
as follows [19]:

NPS(ν,w) =
∫

ΦΛmλgλ(w,σ, τ )MTF2(ν,w)dE

+ ΦΛ(E0). (7)

The noise transfer function (NTF) is expressed as

NTF(E0, ν,w) =
[

NPS(E0, ν,w)

NPS(E0,0,w)

]1/2

, (8)

where NPS(E0, u,w) is the spatial frequency-dependent
noise power spectrum and NPS(E0,0,w) is the zero-
frequency noise power spectrum. The square of the mod-
ulation transfer function over the noise transfer function,
Rc(v), is a measure of the different behavior in the transfer
efficiency of the signal and the noise as they pass through
the screen.

The detective quantum efficiency of a scintillating screen
has been defined by the relation DQE = SNR2

out/SNR2
in [15].

In this relation, SNRout and SNRin are the output and input
signal to noise ratios, respectively. In the spatial frequency
domain DQE may be written as follows:

DQE(ν,w) = (ΦΛ(E0,w)MTF(E0, ν,w))2

NPS(E0, ν,w)SNR2
in

. (9)

The input signal to noise ratio has been previously ex-
pressed, for an X-ray imaging detector, by (10)

SNR2
in =

(∫ E0

0
Φ0(E)E dE

)2 / ∫ E0

0
Φ0(E)E2 dE,

(10)

where the numerator is equal to the square of the first statis-
tical moment of the distribution of X-ray photons. This dis-
tribution is expressed by the X-ray spectral distribution of
Φ0(E) [15]. This is also equal to the square of the total in-
cident X-ray energy fluence (input signal). The denominator
is equal to the second moment of the aforementioned distri-
bution. This second moment has been considered to express
the input quantum noise.

2.2 Experiments and calculations

LSO:Ce was purchased in powder form (Phosphor Tech-
nology Ltd, England, code: ZBK58/N-S1) with mean grain
size of approximately 8 µm and a density of 7.4 g/cm3.
Particle size and morphology parameters of the LSO:Ce
powder phosphor were verified via scanning electron micro-
scope (SEM) micrographs using a Jeol JSM 5310 scanning
electron microscope collaborating with the INCA software.
Gold was used to obtain a figure from a site of interest of
the LSO:Ce specimen. For the elementary particle analy-
sis a carbon thread evaporation process was used. Carbon
was flash evaporated under vacuum conditions to produce a
film suited for the LSO:Ce SEM specimen in a BAL-TEC
CED 030 carbon evaporator (∼10−2 mbar). The phosphor
was used in the form of a thin layer (test screen) to simu-
late the intensifying screens employed in X-ray mammog-
raphy. For the purposes of the present study, a 25 mg/cm2

thick scintillating screen was prepared by sedimentation of
LSO:Ce powder on a fused-silica substrate (Spectrosil B).
During the sedimentation process, sodium orthosilicate
(Na2SiO3) was used as binding material between the powder
grains [19, 22].

Experiments were performed on a General Electric
Senographe DMR Plus X-ray mammographic unit with
molybdenum anode target and molybdenum filter. For the
determination of the XLE, X-ray tube voltages ranging from
22 to 40 kVp with molybdenum anode target and molybde-
num filter were used. The filter changed automatically from
molybdenum (Mo) to rhodium (Rh) and aluminum (Al) as
tube voltage increased, at 35 and 42 kVp, respectively. Tube
voltage and incident exposure rate were checked using a
Victoreen dosimeter (model 4000 M+).

The X-ray luminescence efficiency ηψ was determined
by performing X-ray exposure and emitted light energy
flux measurements. ΨΛ measurements were performed us-
ing an experimental setup comprising a light-integration
sphere (Oriel 70451) coupled to a photomultiplier (EMI
9798B) connected to a Cary 401 vibrating reed electrom-
eter [23]. For the calculation of XLE, the X-ray energy flux,
Ψ0 in (1a), was determined by converting X-ray exposure
data X [24] as follows: Ψ0 = XΨ̂ , where Ψ̂ is a function
defined as the X-ray energy flux per exposure rate, which
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may be estimated as follows:

Ψ̂ =
∫

Ψ0(E)dE/

(∫
Ψ0(E)[X/Ψ0(E)]dE

)
, (11)

where

X/Ψ0(E) = (
μen(E)/ρ

)
air · (WA/e)−1 (12)

is the factor converting energy flux into exposure rate,
(μen/ρ)air is the X-ray mass energy absorption coefficient
of air at energy E and WA/e is the average energy per unit
of charge required to produce an electron–ion pair in air.
The values of WA/e and (μen/ρ)air were obtained from the
literature [25].

Detector quantum optical gain (DQG) was determined
according to the ratio ΦΛ/ΦX . The emitted light photon
fluence may be expressed in terms of experimentally mea-
surable quantities (absolute efficiency, exposure, mean light
wavelength) by using (13):

ΦΛ = ΨΛ/hcλ̄−1, (13)

where the numerator is equal to the light energy fluence and
the denominator is equal to the mean energy Eλ of the emit-
ted light photons (Eλ = hc/λ̄), λ̄ being the mean light wave-
length determined from emission spectra measurements [8]
as follows:

hcλ̄−1 = hc

{∫
φΛ(λ)λdλ

/ ∫
φΛ(λ)dλ

}−1

, (14)

where φΛ(λ) is the measured scintillator’s emission spec-
trum [8]. ΦX was determined by using (11) and (12), replac-
ing Ψ0 by Φ0 and dividing (12) by the X-ray energy [23].

MTF was experimentally determined by the square wave
response function (SWRF) method [26]. A Nuclear Asso-
ciates resolution test pattern (type 53, Nuclear Associates)
containing Pb lines of various widths corresponding to var-
ious spatial frequencies (from 0.25 to 10 lp mm−1) was
used to obtain pattern images. The screen was brought in
close contact with a radiographic film (Kodak T-Mat) en-
closed in a light-tight cassette. The film–screen combina-
tion was irradiated by X-rays on the mammographic unit.
The exposure conditions employed for the MTF measure-
ments were 27 kVp and 63 mAs. Two modes for the mea-
surement of the MTF were followed: (1) reflection mode,
where light emitted by the irradiated screen side was mea-
sured (the film was placed behind the test pattern and in
front of the screen); (2) transmission mode, where the non-
irradiated screen side’s light was measured (the film was
placed behind the screen). Reflection mode represents the
conventional mammography intensifying screens and the
rear screens of an ordinary radiographic cassette. Transmis-
sion mode simulates the detector configuration in all the
other X-ray-imaging modalities.

After irradiation, films were developed in an Agfa Scopix
LR 5200 film processor, operated at 36◦C and at 90-s
processing time. Pattern images, obtained on the films, were
digitized in an Agfa Duoscan scanner with scanning para-
meters 1000 dpi and 8 bits. Prior to digitization it was veri-
fied that the film optical density values were within the lin-
ear part of the characteristic curve between exposure and
film density (Hurter & Driffield or H&D curve). MTFs were
finally calculated from the digitized image optical density
variations (digital SWRFs). The latter were obtained across
directions vertical with respect to the test-pattern lines, em-
ploying Coltman’s formula [26, 27], which gives the MTF
as a function of SWRF. The MTF data, obtained in this way,
were corrected by dividing by the MTF of the scanner and
the MTF of the film, both measured in a previous study [9].
The gain transfer function was estimated from MTF and
QDG values by using (4).

The noise transfer function (NTF) was obtained through
the noise power spectrum (NPS). The NPS was estimated
through the measurement of ΨΛ according to a method de-
scribed in [28]. The noise transfer function is then obtained
according to (8).

The detective quantum efficiency DQE was estimated by
MTF, NTF, ΦX and ΨΛ . Finally, the DQE may be expressed
in terms of quantities that can be experimentally determined:

DQE(ν,w) = [ΨΛ]2

(hc/λ̄)2

1

SNR2
in · NPS(E0,0,w)

[Rc(ν)].

(15)

Since the spatial frequency sampling steps of MTF and
NPS are generally not the same, NPS was linearly inter-
polated at the frequency sampling points of MTF and then
DQE was calculated at these points. Detective quantum ef-
ficiency was calculated for both reflection and transmission
modes.

Beyond the spatial frequency-dependent parameters de-
scribed before, image quality can be expressed by single in-
dex parameters. The following two parameters, called noise
equivalent pass band (Ne) and informational efficiency (ηI ),
provide such indices which may be the value at zero spa-
tial frequency or the integral over the useful range of ex-
posures. Calculation of these parameters was based on the
experimentally measured values of the modulation transfer
function. The noise equivalent pass band, expressing image
sharpness by a single number, has been defined [29] by (16):

Ne = 2
∫ ∞

0
MTF2(ν,w)dν. (16)

Relation (16) describes Ne as a quantity proportional to
the area under the curve of MTF squared.

Informational efficiency (ηI) compares the imaging per-
formance of real imaging systems to the performance of



Imaging performance and light emission efficiency of Lu2 SiO5:Ce (LSO:Ce) powder scintillator 135

perfect (ideal) systems [14] by a single index. The informa-
tional efficiency has been defined [14] as

ηI(E,w) = DQE(0)Re(E,w)∫ ∞
0 ν dν

, (17)

where Re corresponds to an ideal imaging system.

3 Results and discussion

Qualitatively the particles of LSO:Ce phosphor have a mean
grain size of 8 µm (obtained from Phosphor Technology Ltd,

Fig. 1 Scanning electron microscope (SEM) image from a site of in-
terest of the LSO:Ce phosphor

Fig. 2 Grain-size distribution obtained from SEM images of the
LSO:Ce phosphor

England, code: ZBK58/N-S1 data sheet). Figure 2 shows
the grain-size distribution of the LSO:Ce phosphor, esti-
mated from scanning electron microscope (SEM) images.
The mean grain size was found to be 8.63 µm. A fragment
image of LSO:Ce powder phosphor is presented in Fig. 1. It
was shown by energy dispersive X-ray (EDX) analysis that
the powder is really Lu2SiO5:Ce with no admixtures.

The X-ray characteristic curve (signal versus exposure) is
plotted in Fig. 3 and shows a linear dependence between out-
put signal and exposure rate in the 4.8–114 mR/s range. The
linear no-threshold fit gave a reduced R2 of 0.9928, which is
very close to the most likely reduced R2 value and indicates
a satisfactory fit.

Figure 4 shows the X-ray luminescence efficiency for
the 25 mg/cm2 phosphor screen for various tube voltages.
To provide a more detailed insight into the conversion and
emission properties of LSO:Ce scintillator, a comparison be-
tween the X-ray luminescence efficiency and the absorbed
X-ray to emitted light conversion efficiency (ECE) is plot-
ted in the same figure. ECE expresses the fraction of ab-

Fig. 3 Characteristic curve of the LSO:Ce phosphor screen in the
mammographic range of exposures. The triangles are the measured
values and the solid line is a linear no-threshold fit to the data

Fig. 4 Variation of XLE and ECE with X-ray tube voltage
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Fig. 5 DQG of the LSO:Ce phosphor screen at various mammo-
graphic X-ray energies

sorbed X-ray energy that is converted into light emitted
by the screen surface. ECE was calculated by the product
ECE = nc ·GΛ(E, σ, τ, ρ) [23]. A first point to make is that,
neglecting the XLE values in the 22 to 25 kVp X-ray tube
voltage range, a tendency of the XLE to decrease with in-
creasing tube voltage is clearly shown. The main reason gov-
erning this behavior should be attributed to the energy ab-
sorption properties of the phosphor [8]. 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 pho-
tons are created closer to the screen output. Light is thus
more easily transmitted through the phosphor 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 absorp-
tion) within the scintillator mass. This effect may explain
the decreased XLE values obtained at 22 kVp. It is of in-
terest to note that XLE (i.e. emitted light energy per inci-
dent X-ray energy) and ECE (i.e. emitted light energy per
absorbed X-ray energy) have clearly different shapes. The
ECE curve continuously increases with increasing tube volt-
age, i.e. from 0.0079 at 22 kVp to 0.0159 at 42 kVp while
XLE has a peak value at 25 kVp. This is because the shape
of the ECE curve is determined solely by light attenuation
effects while the XLE is affected by both X-ray absorption
and light attenuation. Light attenuation is of lower impor-
tance at high voltages since X-ray penetration is deeper and
light has to travel shorter distances through the remaining
screen mass. This is favorable for light emission in trans-
mission mode and explains the increased slope of the ECE
curve.

The detector quantum gain of the LSO:Ce screen is
shown in Fig. 5. The curve shows a similar shape to the XLE

Fig. 6 Comparison of the experimentally determined MTFs of the
LSO:Ce powder phosphor screen with the MTF produced by the theo-
retical model in reflection and transmission modes

curve. In the present case the shape of the DQG curve may
be explained by considering the combined effects of energy
losses, expressed by XLE, and of signal amplification, ex-
pressed by the ratio EX/Eλ (X-ray over light photon mean
energy, see (10)) which changes rather slowly with X-ray en-
ergy. This is because in the mammography range the mean
energy of X-ray photons shows a slight increase with tube
voltage. This is due to the strong influence of the Mo spectral
lines at 17.5 and 19.5 keV in the mean X-ray photon energy.
DQC values found in this study for the 25 mg/cm2 LSO:Ce
phosphor screen at 20 keV are comparable to the corre-
sponding values of the widely used 31 mg/cm2 Gd2O2S:Tb
(GDOS:Tb) Kodak Min-R screen published by others [20].

Figure 6 shows experimentally obtained MTF curves of
the LSO:Ce screen measured at 27 kVp in reflection and
transmission modes compared with the theoretical model
predictions. Points represent experimental data while the
line represents the theoretical model fitted curve to the ex-
perimental data. The values of the inverse relaxation length
and the light attenuation coefficient estimated by this fit-
ting were τ = 2333.3 cm2 g−1 and σ = 70 cm2 g−1, respec-
tively. The value of ηC was found to be 0.08 according to
a previous publication [8]. Experimental MTF results were
found higher in reflection than in transmission mode. In re-
flection mode, the theoretical model simulation shows better
agreement with the experimental MTF values than in trans-
mission. In transmission mode a slight overestimation was
found in the low and medium frequency ranges.

MTFs calculated by the theoretical model are shown in
Fig. 7. In this figure the MTF curves of seven LSO:Ce
screens with coating thicknesses of 19, 25, 31, 45, 57, 63
and 80 mg/cm2 are shown. Calculations were performed
by using (3) and the optical values determined by the fit-
ting. Curves were calculated by using a Mo X-ray spec-
trum to simulate mammographic conditions at 27 kVp. It
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Fig. 7 MTFs of the LSO:Ce powder phosphor for various screen coat-
ing thicknesses obtained by the theoretical model in reflection mode

Fig. 8 Calculated MTF comparison between LSO:Ce and GDOS:Tb,
in mammographic conditions for 35 mg/cm2 screens at 27 kVp

can be observed that the MTF curves do not change sig-
nificantly for screens thicker than 63 mg/cm2. As the coat-
ing thickness increases, MTF decreases. This may be phys-
ically explained by the increased light spread into the phos-
phor mass. Figure 8 shows a comparison between theoret-
ically calculated MTFs of LSO:Ce and the commercially
used GDOS:Tb phosphor, using a 27 kVp Mo spectrum with
35 mg/cm2 screen thickness for mammographic conditions.
These findings indicate that the spatial resolution and sharp-
ness of LSO:Ce may be better than GDOS:Tb. This may
be attributed to deviations in light output, i.e. the blue light
emitted by the LSO:Ce screen shows higher optical attenua-
tion within the phosphor mass. Thus, laterally directed pho-
tons (traveling longer distances to reach the screen surface)
are strongly attenuated, resulting in reduced light spreading.

Figures 9 and 10 show the variation of GTF and eGTF
with spatial frequency for the LSO:Ce phosphor screen mea-
sured at 27 kVp. The difference between this curve and the
corresponding MTF curves is due to the influence of X-ray
absorption and optical emission on GTF, which are more

Fig. 9 Variation of the GTF and eGTF with spatial frequency for the
LSO:Ce phosphor screen combined with the various film types

Fig. 10 Variation of the eGTF with spatial frequency for the LSO:Ce
phosphor screen combined with the various digital detectors

apparent at lower frequencies. As frequency increases, the
influence of MTF on GTF is more significant than the corre-
sponding influence of detector quantum gain causing a fur-
ther decrease in the GTF. Figure 9 shows the effective GTF
of the LSO:Ce screen with various films. The best film–
screen combination was obtained for the Kodak GR film
while the best combination with electronic detectors was ob-
tained for the GaAsP Hamamatsu photocathode. However,
it is of importance to note that very high eGTF values are
also obtained with the CCD detector, which is often used in
digital mammography detectors [30]. In addition, adequate
eGTF values were obtained with the a-Si detector, used in
modern flat-panel imagers.

Figure 11 shows the noise transfer function (NTF) of the
LSO:Ce phosphor screen. NTF decreases with spatial fre-
quency, although at a slower rate than MTF. This is because
noise is transferred more efficiently than signal in the higher
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Fig. 11 NTF of the LSO:Ce screen in reflection and transmission
modes

Fig. 12 Square of the MTF over the NTF ratio

spatial frequencies, as has been shown in a previous publi-
cation [20].

Figure 12 shows Rc(ν). The ratio MTF2(ν)/NTF2(ν)

decreases gradually with spatial frequency due to the high
MTF values and the gradual fall off of the NPS curve, show-
ing that noise passes more easily than the useful signal
through the screen.

Figure 13 shows the detective quantum efficiency DQE
of the 25 mg/cm2 LSO:Ce phosphor screen in reflection and
transmission modes. Reflection-mode DQE is superior than
transmission mode. Zero-frequency DQEs for both modes
are 0.54, which, however, are lower than the corresponding
detection efficiency, which is 0.73. DQE at zero and low
spatial frequencies is limited by the X-ray absorption effi-
ciency of the detector material. DQE can never exceed the
absorption efficiency (QDE) since DQE(0) ≤ QDE. DQE
decreases with increasing frequency, being principally af-
fected by Rc(ν). These DQE findings of our LSO:Ce screen
are compared to published data for GDOS:Tb in Fig. 14 (Ko-

Fig. 13 DQE of the 25 mg/cm2 LSO:Ce screen at 27 kVp, 63 mAs

Fig. 14 DQE comparison between LSO:Ce and GDOS:Tb

dak Min-R screen at 30 kVp, 31.7 mg/cm2) [20]. DQE of
LSO:Ce is better at lower and higher spatial frequencies.

Finally, the calculated values for the noise equivalent pass
band and informational efficiency ((16) and (17)) of LSO:Ce
were found to be 25.87 and 0.1843, respectively. These val-
ues are higher than those of the GDOS:Tb screen (23.42 and
0.1381, respectively).

4 Summary and conclusions

In the present study, an LSO:Ce powder scintillator screen
of 25 mg/cm2 coating thickness was prepared and exam-
ined under X-ray mammography conditions. The spatial
frequency-dependent (MTF and DQE) as well as the sin-
gle index image quality parameters examined in this study
reveal a promising material which can be an alternative to
the established phosphors used in mammographic detec-
tors. An LSO:Ce screen was found to have a slightly higher
MTF than the commercially used Kodak Min-R screen. The
superiority of reflection over transmission mode MTF val-
ues indicates the better resolution properties of conventional
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(reflection) over digital (transmission) mammography de-
tectors for identical phosphor material and equal phosphor
thickness. Reflection-mode DQE is also superior to trans-
mission mode. Detective quantum efficiency of LSO:Ce ap-
peared to be better than the commercially used Kodak Min-
R screen at lower and higher spatial frequencies. Further-
more, informational efficiency, as well as the noise equiv-
alent pass band of the LSO:Ce screen, have greater values
than those of GDOS:Tb. Taking into account that LSO:Ce
has (i) high absorption efficiency at low X-ray energies,
(ii) adequate image-quality properties (MTF and DQE) and
(iii) very fast response, it could be considered for applica-
tions in both digital and conventional X-ray mammography
detectors.
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