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Abstract Scintillator materials are widely used in X-ray
medical imaging detector applications, coupled with avail-
able photoreceptors like radiographic film or photoreceptors
suitable for digital imaging like a-Si, charge-coupled de-
vises (CCD), complementary metal-oxide-semiconductors
(CMOS) and GaAs). In addition, scintillators can be utilized
in non-medical imaging detectors such as industrial detec-
tors for non-destructive testing (NDT) and detectors used
for security purposes (i.e. airport luggage control). Image
quality and dose burden in the above applications is associ-
ated with the amount of optical photons escaping the scin-
tillator as well as the amount of optical photons captured
by the photoreceptor. The former is characterized by the
scintillator efficiency and the latter by the spectral match-
ing between the emission spectrum of the scintillator and the
spectral response of the photoreceptor. Recently, a scintilla-
tor material, europium-activated lutetium oxide (Lu2O3:Eu),
has shown improved scintillating properties. Lu2O3:Eu sam-
ples of compact nanocrystalline non-agglomerated powder
were developed in our laboratory using homogeneous pre-
cipitation from a water-toluene solution in the presence of
polyvinyl alcohol as a surfactant. In order to test their light-
emission properties, experimental measurements under the
excitation of X-ray spectra with X-ray tube voltages be-
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tween 50 kVp and 140 kVp were performed. This range
of applied voltages is appropriate for X-ray radiology, NDT
and security applications. Lu2O3:Eu was evaluated with re-
spect to output yield and spectral compatibility of digital
imaging photoreceptors (CCD-based, CMOS-based, amor-
phous silicon a:Si flat panels, ES20 and GaAs). High light
yield and spectral compatibility increase the performance of
the medical detector and reduce the dose burden to the per-
sonnel involved. In addition a theoretical model was used to
determine the values for the Lu2O3:Eu optical photon light
propagation parameters. The inverse diffusion length was
found to be equal to 33 cm2/g. In addition Lu2O3:Eu was
found to match well with several photoreceptors capable of
digital imaging (i.e. GaAs).

1 Introduction

Granular phosphor screens are powder layers which com-
bine phosphor particles with a transparent binder material.
These layers are used in indirect X-ray medical imaging
detectors to transform the X-ray energy deposition to light
information carries [1–3]. The phosphor grains, due to the
high refractive index of phosphors compared with that of the
binder, are highly scattering particles causing light diffusion
within the screen, which in turn affects the final light out-
put signal [4–7]. The optical effects of the phosphor screens
in combination with the optical characteristics of the optical
sensor, used to detect the emitted light, can provide useful
medical information in terms of the sensitivity of the X-ray
imaging system and the medical image brightness [2]. Im-
age brightness can be estimated by evaluating the effective
luminescence efficiency of the detector arising from the lu-
minescence efficiency of the phosphor screen and its spec-
tral compatibility (or the so-called matching factor) with the
optical sensor [6, 7]. The former parameter expresses the
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Fig. 1 The TEM image of
Lu2O3:Eu nanoparticles. The
scale corresponds to 50 nm

ability of the screen to produce light and the latter parame-
ter expresses the ability of the optical sensor to capture the
specific light wavelength emitted by the phosphor.

In this paper, we investigate the luminescence efficiency
of Lu2O3:Eu. Lu2O3:Eu is a relatively new phosphor ma-
terial, which is quite promising due to the following phys-
ical properties [8–13]: (a) high effective atomic number
(Zeff = 63), (b) high value of bulk density (9.4 g/cm3),
(c) peak light emission at 610 nm (red emission due to the
Eu3+ activator) lying close to the maximum spectral sen-
sitivity of electronic optical sensors (i.e. CCDs, amorphous
silicon-a-Si:H sensors etc.) [14, 15]. Although this material
exhibits intrinsic conversion efficiency relatively lower than
that of Tb activated phosphors [12, 16, 17], a good spec-
tral compatibility with suitable optical sensors could over-
come this drawback. Thus, an investigation regarding the ef-
ficiency of Lu2O3:Eu under X-ray excitation combined with
various optical sensors may be of interest for X-ray imaging
applications. In addition a theoretical model [7, 18] was fit-
ted to the experimental data in order to estimate the inverse
diffusion length, which describes the optical photon losses
as light propagates through the phosphor material.

2 Materials and methods

In the present article, the luminescence efficiency of eu-
ropium activated lutetium oxide Lu2O3:Eu nanophosphor,
developed in the form of compact powdered pills under X-
ray excitation is investigated. Lu2O3:Eu samples of com-
pact nanocrystalline non-agglomerated powder were devel-
oped precipitating lutetia hydroxides with urea from water-
toluene solution heated up to about 80◦C in the presence of
polyvinyl alcohol (PVA) surfactant and some Li2SO4. After
separation and washing the raw powder a thermal treatment

Table 1 Physical and scintillating properties of Lu2O3:Eu

Density (g/cm3) 9.4

Output yield 35000 photons/MeV

Effective atomic number 63

Emission peak (nm) 610

Index of refraction 2.1

at 1300◦C for 5 hours was applied. A detailed description
of the procedure is given in [E. Zych, J. Trojan-Piegza,
and L. Kępiński, Homogeneously Precipitated Lu2O3:Eu
Nanocrystalline Phosphor for X-ray Detection, Sensor. Ac-
tuat. B-Chem 109, 112–118 (2005)] [19]. The reduced
agglomeration, despite a high-temperature treatment, was
achieved by synthetizing in a water solution with addition
of SO2−

4 ions, which enter the product as a small impurity
hindering the ability of the grains to growth and agglomer-
ate. The percentage of Eu in the final solution was 5% [9].
In Fig. 1 the TEM image of Lu2O3:Eu grains is demon-
strated. The luminescence efficiency plays a crucial role to
detector sensitivity performance, which in turn is directly
related to the principal physical properties of the phosphor
material. The physical properties of Lu2O3:Eu are given in
Table 1 [9, 11–13]. The luminescent efficiency of a scin-
tillator (phosphor) based detector might be determined by
two factors. First the X-ray absolute efficiency, which is the
fraction of the emitted light photon power from the scintilla-
tor, per incident X-ray exposure. Second the spectral match-
ing factor, which describes the fraction of emitted optical
photon spectrum, which is detected by the photoreceptor.
A high value of these two parameters can adequately reduce
the radiation burden and increase the signal-to-noise ratio of
the final image. The Lu2O3:Eu phosphor was investigated
in the form of compact powder pills with surface densities
of 222 mg/cm2 and 468 mg/cm2. As far as we know it is
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the first time this kind of investigation was performed on
ceramic nanophosphors in the form of compact powdered
pills.

Absolute Luminescence Efficiency (AE)

The efficiency of the phosphor light output is affected by
the intrinsic physical processes that take place within the
screen. The contribution of these intrinsic processes can be
expressed by the following relation [7, 18]:

AE = nQ(E,T )nCGl(σ,β,ρ,T ) (1)

where nQ(E,T ) is the fraction of the incident X-ray energy
which is deposited in the phosphor material, nC , is the in-
trinsic X-ray to light conversion efficiency giving the frac-
tion of deposited X-ray energy transformed into light pho-
ton energy and Gl(σ,β,ρ,T ) is the light transmission ef-
ficiency, expressing the fraction of the light produced that
reaches the screen output. σ , β and ρ are optical param-
eters related to light absorption, light scattering and light
reflectivity in the phosphor material [5, 7, 18]. Assuming
one-dimensional radiation transfer, AE can be described by
a one-dimensional model for X-ray and light propagation in
a phosphor screen [7, 18]:

AE = nCγ (E)trμ(E)(1 + ρ)e−μ(E)T

2(μ(E)2 − σ 2)

× (μ(E) − σ)(1 − β)e−σT

(1 + β)(ρ + β)eσT − (1 − β)(ρ − β)e−σT

+ 2(σ + μ(E)β)eμ(E)T − (μ(E) + σ)(1 + β)eσT

(1 + β)(ρ + β)eσT − (1 − β)(ρ − β)e−σT
(2)

where μ(E) is the X-ray energy mass absorption coefficient
for X-ray energy E, γ (E) 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
surface density of the scintillator. If the energy spectrum of
X-rays, f (E), is to be taken into account, then AE can be
calculated by summing over this spectrum, up to the peak
energy (kVp) of the X-ray spectrum:

AEkVp =
∑

E f (E)AE
∑

E f (E)
(3)

where kVp denotes the high voltage (kilovolt peak) applied
to the X-ray tube. This voltage is equal to the maximum en-
ergy of the X-ray spectrum.

Lu2O3:Eu phosphor—optical sensors combinations

Spectral compatibility expresses the ability of the optical
sensor to capture the specific light wavelength emitted by
the phosphor screen, and is often estimated by the spectral
matching factor as , which is defined as follows [20, 21]:

as =
∫ λ2
λ1

SP (λ)SD(λ)dλ
∫ λ2
λ1

SP (λ)dλ
(4)

where Sp(λ) is the spectrum of the emitted light, SD(λ)

is the spectral sensitivity of the optical photon detector
and λ denotes light wavelength. The spectral compatibil-
ity of Lu2O3:Eu phosphor was assessed with various opti-
cal detectors that could be utilized in digital X-ray imag-
ing applications, as given by: (a) charge-coupled device
(CCD) with: (i) broadband AR coating, (ii) IR AR coating,
(iii) traditional polygates, (iv) ITO gates, (v) ITO gates with
micro-lenses, (vi) traditional polygates LOD, (vii) no poly-
gates LOD, (b) complementary metal-oxide-semiconductor
(CMOS) such as: (i) monolithic CMOS 0.25 µ, (ii) hy-
brid CMOS with NIR AR coating, (iii) hybrid CMOS with
Blue AR coating, (iv) photogate array (0.5 µm PGATE),
(c) Si-based photodiodes, such as: c-Si and Si photodiode
S1227BR and (d) GaAs and ES20 photocathodes. The sen-
sitivity curves of the optical sensors were taken from the
literature [14, 21].

2.1 The experimental method

The scintillating screens were irradiated by X-rays at various
tube voltages (from 50 to 140 kV) employing a Del Medi-
cal Eureka X-ray radiographic unit with 1.5 mm Al inherent
tube filtration. Tube voltage and incident exposure rate mea-
surements were performed using a Victoreen 4000M ion-
ization chamber. An additional 20 mm Al filtration was in-
troduced in the beam to simulate an average human body.
Absolute efficiency was determined by measuring the light
energy flux 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 S20 photocathode and enclosed within a bronze
light tight chamber [6, 7, 18]. The output current was am-
plified and finally measured by a vibrating reed (Cary 400)
electrometer operated in current mode. An analogue to dig-
ital converter was employed to digitize electrometer’s out-
put, which was then stored on a computer. The absolute ef-
ficiency was then computed from electrometer’s output cur-
rent and dosimeter data by performing conversions and cor-
rections according to the formula [6, 7, 18]

AE = ielec(pA)

Snpascg

1

X
(5)

where ielec is the electrometer’s output current in pA, S is the
area of the irradiated screen and np is the photocathode’s
peak photosensitivity expressed in mA/W. as is the spec-
tral compatibility factor expressing the compatibility of the
scintillator’s emission spectrum to the spectral sensitivity of
the photocathode (extended S20). as was determined by (4).
The spectral sensitivity of the photodetector (photocathode),
was obtained from the manufacturers datasheet. cg is the ge-
ometric light collection efficiency of the experimental set-
up, expressing the fraction of screen’s emitted light incident
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Fig. 2 Emitted light spectrum of Lu2O3:Eu phosphors

on the photocathode. This fraction has been determined by
taking into consideration: (a) the angular distribution of the
light emitted by the screen, which was obtained from liter-
ature and (b) the distance between the screen and the pho-
tocathode. Finally X, in (5), is the measured incident X-ray
exposure rate.

In order to measure the optical spectral distribution,
Sp(λ)of Lu2O3:Eu, the scintillator was excited with a UV
source. Sp(λ) was obtained by means of an Oriel 7240 grat-
ing monochromator. These data were corrected for the op-
tical response of the monochromator, the UV energy and
the background, in order to diminish any systematic errors
in Sp(λ) calculations. The measured emitted optical spec-
trum of Lu2O3:Eu is demonstrated in Fig. 2, with a peak
value at 610 nm, in accordance with other published results
[9, 11, 13].

3 Results and discussion

Figures 3a and 3b show the variation of experimental abso-
lute luminescence efficiency of Lu2O3:Eu scintillator with
increasing X-ray tube peak voltage. The experimental AE
values were determined by means of (5) and they are ex-
pressed in efficiency units (EU, 1 EU = 1 µW m−2/mR). It
can be observed that increasing tube voltage raise the ab-
solute efficiency for tube voltages up to 90 kVp and up to
120 kVp for the 222 mg/cm2 and the 468 mg/cm2 phos-
phors, respectively. At higher X-ray energies AE is almost
constant. This occurs because at higher energies the depth
of X-ray interaction increases and the optical photons are
created closer to the phosphor’s emitting surface. There-
fore the fraction of escaping optical photons is larger. On
the other hand the number of optical photons produced at
lower kVp is larger, due to the higher X-ray absorption at
lower energies. Thus the shape of the absolute efficiency
curve is affected by the combined effect of X-ray absorption
in the phosphor and the optical photon escape to the out-
put. The AE values of Lu2O3:Eu are lower than commer-
cially available Tb activated phosphors (i.e. Gd2O2S:Tb)

Fig. 3 The variation of experimental and theoretical absolute lumines-
cence efficiency of 222 mg/cm2 (a) and 468 mg/cm2 (b) Lu2O3:Eu
scintillator with increasing X-ray tube peak voltage

and lower or comparable with other Eu activated phos-
phors (i.e. Gd2O2S:Eu, Y2O3:Eu) [6, 22]. All the aforemen-
tioned phosphors, however, had common grain size (5 µm to
12 µm) and were constructed in thinner phosphor screens
(less than 150 mg/cm2) using different techniques, thus a
larger amount of optical photons created in the phosphor
mass could escape to the output. It could be of great interest
if the methodology for Lu2O3:Eu compact screens, used in
this work, could be used to construct screens of surface den-
sities smaller than 150 mg/cm2. In addition Lu2O3:Eu was
found better than Ce activated phosphors like YAP:Ce and
YAG:Ce [7–18].
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Table 2 Matching factors between Lu2O3:Eu phosphor material with
various optical sensors

Photoreceptor Matching factor

CMOS 0.5 µm Pgate 0.12

Hybrid CMOS with NIR AR Coating 0.81

Hybrid CMOS with BLUE AR Coating 0.81

Monolithic 0.25 µm CMOS-Image sensor 0.46

c-Si 0.56

Si photodiode S1227BR 0.81

GaAs 0.94

ES20 0.75

CCD FF-no LOD 0.26

CCD Ffwith LOD 0.17

CCD BI With Broadband AR coating 0.64

CCD BI With IR AR coating 0.65

CCD with ITO gates 0.41

CCD with poly gates 0.28

CCD with ITO gates&μlens 0.58

In order to theoretically investigate the response of
Lu2O3:Eu and determine the parameters related to opti-
cal photon propagation to the output, (2) and (3) was used
to fit the experimental data. The fitting was performed by
first selecting appropriate values for the parameters tr , ρ

and β obtained by our previous studies (tr = 1, ρ = 0.9
and β = 0.03). The value tr was chosen one since no opti-
cal substrate was present. The value of nC was taken equal
to 0.08 [12]. The value of σ was determined by fitting (2)
to the experimental data by trial and error method. Best fit
was found for σ equal to 33 cm2/g. The theoretical ab-
solute efficiency values are also demonstrated in Fig. 3a
and Fig. 3b. The value of σ found in this way is higher
than the values reported for other Eu activated phosphors
(i.e. YVO4:Eu and Y2O3:Eu with σ ranges between 20 and
26 cm2/g) and is closer to values reported for Tb activated
green emitting phosphors (i.e. Gd2O2S:Tb, La2O2S:Tb with
ranges between 30 cm2/g and 40 cm2/g) [22–25]. How-
ever, these phosphors were composed of grains well above
the nanoparticle range (some microns) and were examined
in the form of phosphors screens prepared with the sedi-
mentation technique. As far as we know it is the first time
this theoretical model was applied to nanophosphors inves-
tigated in the form of compact powdered pills. So the value
of σ = 33 cm2/g corresponds to the combined effect of the
grain size and the screen preparation technique. A high value
of σ is generally corresponding to macroscopically higher
scatter and absorption in the phosphor screen [7, 26].

In Table 2, the spectral compatibility between the opti-
cal spectra emitted by Lu2O3:Eu phosphor and the sensitiv-
ity of optical detectors that can be used in medical, NDT
or security applications are given. It can be observed that

Lu2O3:Eu can be used with various photoreceptors such as
Hybrid CMOS with NIR AR Coating, Hybrid CMOS with
BLUE AR Coating, Si photodiode S1227BR, and GaAs,
which demonstrate a matching factor above 0.8. It must be
noted that a high value of as reduces the radiation burden
(of the patient and the X-ray equipment operators in medi-
cal and other applications) and increases the signal-to-noise
ratio of the detector since the number of detected optical
photons per X-ray are increased.

4 Conclusion

The purpose of the present study was the evaluation of the
X-ray luminescence efficiency and optical related parame-
ters of Lu2O3:Eu nanophosphor material, constructed in the
form of compact pills, for use in X-ray digital detectors.
The X-ray luminescence efficiency was estimated by us-
ing experimental techniques for X-ray imaging applications.
Lu2O3:Eu phosphor exhibits lower light emission properties
than Tb activated phosphors, its response is, however, com-
parable or better than other Eu and Ce activated phosphors,
respectively. The inverse diffusion length of the phosphor
screens under consideration was calculated as 33 cm2/g.
In addition the present study showed that Lu2O3:Eu can
be combined with photoreceptors capable for digital imag-
ing such as GaAs, Hybrid CMOS with NIR AR Coating,
Hybrid CMOS with BLUE AR Coating and Si photodiode
S1227BR.
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