
Introduction

In most X-ray imaging modalities X-rays are converted
into light that darkens a radiographic film or generates
photoelectrons either in the photocathode of a fluoro-
scopic image intensifier or in the silicon (Si) photodiode
of a digital imaging system. Terbium-activated phos-

phors Gd2O2S:Tb, La2O2S:Tb and Y2O2S:Tb have been
considered to be the most efficient X-ray-to-light con-
verters [1±4] employed in radiography. However, in dig-
ital imaging systems the emitted light is not efficiently
detected by the Si photodiodes, because the latter are
not adequately sensitive at these wavelengths (500±550
nm); only 45±55 % of the light produced by Gd2O2S:Tb
or Y2O2S:Tb is registered by the Si photodiode [3]. On
the other hand, europium-activated phosphors emit at
wavelengths towards the red region of the light spec-
trum which is closer to the maximum sensitivity of the
Si photodiode. These red emitting phosphors should ex-
hibit adequate matching with some films exhibiting high
sensitivity to red light such as those used in laser imag-
ers.

In this study three europium-activated yttrium based
phosphors, Y2O2S:Eu, Y2O3:Eu and YVO4:Eu, were ex-
amined for use in radiographic cassettes and in detec-
tors of digital X-ray imaging systems. The detector of a
digital system is considered to consist of a phosphor
screen connected to photodiode arrays via fiber optics
[3].

The combined efficiency of each phosphor material
coupled either to a film or a photodiode array was eval-
uated considering the following parameters:

1. The intensity of the light emitted per incident X-ray
or light emission efficiency
2. The spectrum of the light and its compatibility to red
sensitive films and to Si photodiodes
3. The light detector conversion efficiency, which de-
scribes the capability of the light detector (film or pho-
todiode) to convert light photons into useful signal, i. e.
developed silver halide film grains or electrons in the
photodiode output

Results were compared with data obtained under simi-
lar conditions on terbium activated phosphors.
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Abstract. Three europium-activated phosphors
Y2O2S:Eu, Y2O3:Eu, and YVO4:Eu emitting red light
were studied to investigate their suitability for radio-
graphic cassettes or digital imaging systems. Screens
were prepared from phosphor powders with various
coating thicknesses by sedimentation. To assess phos-
phor light producing efficiency in relation to patient
dose, each screen was X-rayed using 40±120 kVp
and the number of light photons emitted per X-ray
incident was experimentally and theoretically evalu-
ated. Additionally, the capability of the emitted light
to sensitize films or to generate electrons in silicon
photodiodes used in digital imaging systems was ex-
amined. Y2O2S:Eu screens were most efficient in
light emission, and when combined with either red
sensitive films or Si photodiodes, they were found su-
perior to Y2O3:Eu or YVO4:Eu screens in film grain
or electron signal generation. In many cases they
were also found superior to terbium-activated phos-
phors. Provided that several problems related to in-
dustrial production (special dyes, reflective backing,
crossover effects) are dealt with, those europium-ac-
tivated screens could be employed in low-tube-volt-
age radiographic applications.
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Materials and methods

Phosphors were supplied in powder form by Lumilux.
From each phosphor material seven screens of thick-
nesses ranging from 20 to 160 mg/cm2 were prepared by
sedimentation. Screens were irradiated by a Siemens
Stabilipan machine with X-ray tube voltages ranging
from 40 to 120 kVp with screens positioned at 70 cm
from the focal spot of the X-ray tube. The fluorescent
light flux emitted during irradiation was recorded by an
EMI 9558 QB photomultiplier connected to a Cary 401
electrometer. The emitted light flux was measured at
both sides of the screen, the irradiated front side and
the non-irradiated rear side, in order to simulate light
emission from both screens included in a radiographic
cassette [2]. For determining the phosphor's light emis-
sion efficiency, X-ray exposure measurements were per-
formed employing an appropriate for the X-ray energies
used (40±120 kVp) PTW dosimeter (ionization chamber
type no. 23333, test certificate no 890802, PTW, Frei-
burg, Germany) positioned at 70 cm from the tube's fo-
cal spot and being in this work. The X-ray exposure
rate was converted to energy fluence rate using an ap-
propriate conversion factor [5]. Details of the experi-
mental setup are given elsewhere [2, 4, 6].

The light emission efficiency NF may be defined as
the number of light photons emitted by the phosphor
screen per X-ray incident and is expressed by (see Ap-
pendix):

NF =
YL

YX

E

hc

-
l (1)

where YL is the light photon energy flux, YX is the X-
ray photon energy flux, E is the energy of the incident
X-ray photon, h is Planck's constant, c is the light veloc-
ity, and

-
l is the mean wavelength of the emitted light

photons. YL was measured by means of the photomulti-
plier, YX was determined by measuring the X-ray expo-
sure rate by the dosimeter and converting it into energy
flux [2, 5].

-
l was determined by measuring the light

emission spectrum using an Oriel 7240 grating mono-
chromator. NF was determined at tube voltages be-
tween 40 and 120 kVp, mostly employed in radiogra-
phy.

The light emission efficiency NF was also mathemati-
cally modeled (see Appendix) as a function of light scat-
tering (s), light absorption (a) and intrinsic X-ray-to-
light conversion efficiency (hC); the latter gives the per-
centage of absorbed X-ray energy that is converted
into light within the phosphor material. Values for pa-
rameters a, s and hC were determined by fitting the ex-
perimental data with the mathematical model employ-
ing the Levenberg-Marquard method [7]. Thus, all coef-
ficients related to light generation and light propagation
phenomena inside the screen material were estimated.

Light spectra emitted by each phosphor material
were measured by the Oriel monochromator and were
compared with the spectral sensitivity of the Si photodi-
ode and with the sensitivity of two well-known photo-
graphic emulsions (Agfa Scopix LT 2B film and Fuji

LI-HM). Thus, the suitability of the three phosphors to
be combined with those light detectors was investigated.
Precise spectral compatibility was accurately calculated
by determining the spectral matching factor (see Ap-
pendix) [8, 9]. The values of the spectral matching factor
range between 0 and 1 providing a quantitative descrip-
tion of how well the phosphor's light spectrum matches
the sensitivity of films, photodiodes or other light detec-
tors. Matching factor 1 indicates perfect light detection
and 0 signifies that no light is detected.

The net effect of using a phosphor in combination
with a specific light detector, such as a film or a photodi-
ode, can be described by the combined efficiency
(Ncmb). The latter may be defined as the product of (a)
the number of light photons (NF) emitted per X-ray in-
cident on the phosphor, (b) the spectral matching factor
(aS) of the combination and (c) the light detector con-
version efficiency (hLC):

Ncmb = NFaS hLC (2)

hLC gives the number of developed silver halide grains
on the radiographic film or the number of electrons pro-
duced in the Si photodiode per absorbed light photon.
In the case of digital systems hLC is given by the product
of the light collection efficiency of the intervening opti-
cal fiber and the quantum conversion efficiency of the
photodiodes. Values for hLC were obtained from the lit-
erature [1, 3, 10]. Ncmb was determined for all the
screens as a function of X-ray tube voltage.

Results and discussion

Figure 1 shows the variation of light emission efficiency
with X-ray tube voltage for the Y2O2S:Eu, Y2O3:Eu
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Fig.1. Variation of the light emission efficiency (light photons
emitted per incident X-ray) with X-ray tube voltage (kVp) for
Y2O2S:Eu, Y2O3:Eu and YVO4:Eu of 80 mg/cm2. Solid lines corre-
spond to curves fitted through experimental data from the non-ir-
radiated rear side of the screen. Dotted line corresponds to light
emission from the irradiated front side of screen of Y2O2S:Eu.
Points represent experimental data. Curves below 40 kVp corre-
spond to calculated data



and YVO4:Eu 80 mg/cm2 screens. For each phosphor
screen rear-side light emission measurements are pre-
sented. Additionally, front-side measurements for the
Y2O2S:Eu screen are shown. Curves concern best fit-
tings through the experimental measurements, using
formulas (B1) of the Appendix in the Levenberg-Mar-
quard method. Light emission efficiency decreases slow-
ly with tube voltage after approximately 40 kVp due to a
corresponding decrease in the phosphor's efficiency to
absorb X-rays (hQ) with increasing X-ray energy. The
Y2O2S:Eu screen was found to be the most efficient of
the three in the whole range of X-ray tube voltages,
whereas the performance of the Y2O3:Eu screen was in-
termediate. Similar performance of the three phosphors
was also observed for screens at different coating thick-
nesses. This is due to the fact that among the three phos-
phors Y2O2S:Eu screens display the highest intrinsic X-
ray-to-light conversion efficiency (hc) and the lower
light attenuation coefficients (a, s) followed by those of
Y2O3:Eu (Table 1). Light emission from the irradiated
front side of the Y2O2S:Eu screen was found higher
than the corresponding emission from the non-irradiat-
ed rear side. This is expected since X-rays are mainly ab-
sorbed at depths close to the surface of the irradiated
side. Thus, light photons generated within the phosphor
material are easier transmitted towards the irradiated
surface.

In Fig. 2 the measured light emission spectra of the
three phosphors are presented together with the spec-
tral sensitivity distributions of the Si photodiode and
of two red sensitive films. Values for spectral matching
factors corresponding to various combinations of the
three phosphors with the light detectors are given in
Table 2. The best combination was that of the
YVO4:Eu phosphor with the Agfa Scopix LT 2B film.
The compatibility of Y2O3:Eu or YVO4:Eu with the Si
photodiode was better than that of Y2O2S:Eu and well
above the compatibility of the terbium-activated phos-

phor Gd2O2S:Tb. Y2O2S:Eu shows lower values of
matching factors with the red sensitive light detectors
due to its spectral components at lower wavelengths
towards the yellow region of the optical spectrum
(Fig.2). In the same table the matching factor of the
Gd2O2S:Tb, which is the phosphor mostly employed in
radiography, with some green sensitive radiographic
films and the Si photodiode, are also given for compar-
ison. In most cases the matching factors of the red
emitting europium-activated phosphors were higher
than those of Y2O2S:Tb and Gd2O2S:Tb usually em-
ployed in radiography. This suggests that europium-ac-
tivated phosphors give better combinations with light-
sensitive detectors used in digital and conventional ra-
diography.

Y2O2S:Eu screens coupled to red sensitive films or
to photodiode arrays gave best combined efficiency
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Table 1. Light generation (nc) and light propagation (a,s) properties of phosphors

Phosphors Intrinsic efficiency
(hc)

Optical scattering
(s)

Optical absorption
(a)

Y2O2S:Eu 0.110 249.76 0.45
Y2O3:Eu 0.095 416.29 0.75
YVO4:Eu 0.070 582.81 1.05
Y2O2S:Tb 0.180 499.55 0.90
Gd2O2S:Tb 0.200 499.55 0.90

Table 2. Spectral matching factors

Phosphors Optical detectors

Si photodiode Agfa LT 2B Fuji LH Agfa Curix Ortho GS Fuji UM-MH

Y2O2S:Eu 0.653 0.861 0.777 ± ±
Y2O3:Eu 0.663 0.924 0.848 ± ±
YVO4:Eu 0.664 0.957 0.872 ± ±
Gd2O2S:Tb 0.543 ± ± 0.692 0.698
Y2O2S:Tb 0.411 ± ± 0.827 0.802

±: non desirable combination

Fig.2. Measured spectra of light emitted by the three phosphors
with spectral sensitivities of the Agfa Scopix LT 2B film, Fuji LH
film and Si photodiode



(Ncmb) results as compared with the other two phos-
phors (Figs. 3±6). These figures present results ob-
tained for the 30- and 100-mg/cm2 screens of
Y2O2S:Eu, Y2O3:Eu and YVO4:Eu considering light
emission from the non-irradiated rear side of the
screen. Thicknesses of 30 and 100 mg/cm2 were select-
ed to simulate mammographic and general X-ray im-
aging conditions, respectively. Results on Gd2O2S:Tb
and Y2O2S:Tb laboratory-prepared phosphor screens
in combination with green sensitive films (Agfa Curix
Ortho GS, Fuji UM-MH) or with the Si photodiode
are also presented for comparison. In the case of films,

an average value of 0.01 was employed for the light
detector conversion efficiency (hLC) [1], meaning that
one developed film silver halide grain corresponds to
100 light photons. For the fiber optics±photodiode sys-
tem hLC = 0.04. At 30 mg/cm2, the Y2O2S:Eu screen
combined with either a red sensitive film or the Si
photodiode was found less efficient than the
Gd2O2S:Tb screen combined either with a green sensi-
tive film or with the Si photodiode (Figs. 3, 4). On the
other hand, when the 100-mg/cm2

Y2O2S:Eu screen was
combined either with a film or with the Si photodiode,
it was more efficient than the corresponding
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Fig.3. Variation of the number of developed silver halide grains
(combined efficiency) per incident X-ray with tube voltage for
Y2O2S:Eu, Y2O3:Eu and YVO4:Eu screens in combination with
Agfa Scopix LT 2B film and for Gd2O2S:Tb and Y2O2S:Tb screens
in combination with Agfa Curix Ortho GS film. All screens had
coating thickness of 30 mg/cm2. Curves below 40 kVp correspond
to calculated data

Fig.4. Variation of the number of electrons in digital detector out-
put (combined efficiency) per incident X-ray with tube voltage for
Y2O2S:Eu, Y2O3:Eu, YVO4:Eu, Gd2O2S:Tb and Y2O2S:Tb screens
in combination with the Si photodiode. All screens had coating
thickness of 30 mg/cm2. Curves below 40 kVp correspond to calcu-
lated data

Fig.5. Variation of the number of developed silver halide grains
(combined efficiency) per incident X-ray with tube voltage for
Y2O2S:Eu, Y2O3:Eu and YVO4:Eu screens in combination with
Agfa Scopix LT 2B film and for Gd2O2S:Tb and Y2O2S:Tb screens
in combination with Agfa Curix Ortho GS film. All screens had
coating thickness of 100 mg/cm2. Curves below 40 kVp correspond
to calculated data

Fig.6. Variation of the number of electrons in digital detector out-
put (combined efficiency) per incident X-ray with tube voltage for
Y2O2S:Eu, Y2O3:Eu, YVO4:Eu, Gd2O2S:Tb and Y2O2S:Tb screens
in combination with the Si photodiode. All screens had coating
thickness of 100 mg/cm2. Curves below 40 kVp correspond to cal-
culated data



Gd2O2S:Tb combinations, for tube voltages lower than
56 kVp (Figs. 5, 6). Additionally, the 100-mg/cm2

Y2O2S:Eu screen performed better than the corre-
sponding Y2O2S:Tb screen for all combinations and
tube voltages. Finally, Y2O3:Eu was better than
Y2O2S:Tb when both phosphors were coupled to the
Si photodiode and for both 30- and 100-mg/cm2 coat-
ing thicknesses. Yttrium-based europium-activated
phosphors are adequately efficient in combination
with red sensitive films and Si photodiodes, because
although they have lower intrinsic conversion efficien-
cies, they exhibit low light attenuation and very good
to excellent spectral compatibility with light detectors.
Thus, they could be used in both digital and conven-
tional radiographic applications especially at low tube
voltages as in radiography of the hands, feet, vessels,
etc. However, since this work involves laboratory-pre-
pared test screens, it will be a long time before they
are manufactured for radiographic applications. Prob-
lems such as addition of special dyes or reflective
backing, and image blurring due to crossover effects,
will have to be addressed.

Appendix

Appendix A: Experimental light emission efficiency

The light emission efficiency is defined as follows:

NF =
NL

NX

(A1)

where NL is the number of emitted light photons gener-
ated by NX incident X-ray photons. NL and NX are ob-
tained from the measured X-ray energy flux YX and
the light energy flux YL as follows:

YX =
NXE

DaDt
(A2)

YL =
NLEL

DaDt
(A3)

where E is the energy of an incident X-ray photon, EL is
the energy of an emitted light photon given by hc/l, and
Da and Dt are units of area and time. From Eqs. A(1)±
A(3):

NF =
YL

YX

� EXl
hc

(A4)

For polyenergetic X-ray beams, NF is averaged over the
whole X-ray spectrum

NF =

Z
0

Emax
NF(E)SX(E)dEZ

0

Emax
SX(E)dE

(A5)

where SX is the X-ray spectrum [11] and NF (E) is the
light emission efficiency for monoenergetic X-rays.

Appendix B: Theoretical light emission efficiency

Light emission efficiency was theoretically evaluated
considering that it is the product of the following quanti-
ties [12, 13]:

NF = hQ hC GL(a, s)E/EL (B1)

where hQ is the X-ray quantum detection efficiency
(QDE), expressing the fraction of incident X-ray quanta
detected by the screen, which is approximately given by:

hQ = 1 - exp[-mT] (B2)

where m is the mass attenuation coefficient of the phos-
phor for X-rays calculated using published data [14,
15], and T is the screen coating thickness; hC is the in-
trinsic X-ray to light conversion efficiency, giving the
fraction of absorbed X-ray energy converted to light
within the phosphor material; GL(a,s) is the light trans-
mission efficiency, expressing the fraction of light pro-
duced that reaches the screen output [12], a and s being
the coefficients of light absorption and light scattering;
E and EL are defined in Eqs. (A2) and (A3).

Appendix C: Spectral matching factor

The spectral matching factor was calculated by the for-
mula [6, 9]

aS =

Z l2

l1

SP(l)SD(l)dl
Z l2

l1

�
SD(l)dl (C1)

where l1 and l2 are the lower and upper wavelength lim-
its of the spectrum, SP(l) is the normalized spectrum of
the phosphor screen, experimentally determined with
an Oriel 7240 grating monochromator, SD(l) is the nor-
malized spectral sensitivity distribution of the optical
detector, obtained from manufacturer's data (RS Opto-
Devices, data sheet 2135, 1981).
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Book review European
Radiology

Revel, D. and others: Imagerie ArteÂrielle Non-Invasive: ModaliteÂs
Techniques et Analyse Critique. Paris: Editions Masson 1996.
240 pp., (ISBN 2-225-85349-5), BF 3300.00.

It was a pleasure to review this book in which Dr. Revel has
brought together the experience of well known experts in the dif-
ferent fields of noninvasive vascular imaging.

The book consists of five chapters. In the first chapter, the dif-
ferent modalities for noninvasive imaging of the thoracic aorta
are discussed: transthoracic and transesophageal sonography, spi-
ral CT angiography (CTA) and magnetic resonance angiography
(MRA). This part is illustrated by state-of-the art images obtained
with the different modalities, e.g. colored surface-rendered dis-
plays calculated from data obtained with CTA.

The second chapter consists of a description of the various ab-
normalities of the supra-aortic vessels and their presentation on
Doppler ultrasound (US), spiral CTA and MRA. The following
features are discussed with regard to US of the carotid arteries:
normal findings, morphologic aspects of carotid plaques, and find-
ings in cases of stenosis, thrombosis and dissection. Also discussed
are lesions of the vertebral arteries and subclavian arteries. In the
second and third part of this chapter, and extensive overview is giv-
en of the technique, indications and limitations of CTA and MRA
of the carotid arteries.

The third chapter focuses on the investigation of the renal ar-
teries by Doppler US, CTA and MRA. The different Doppler cri-
teria proposed by different authors to evaluate renal artery steno-
ses are well summarized, as well as the optimal CT technique and
the two classic MR techniques (time-of-flight and phase contrast
MRA).

Chapter 4 covers the abdominal aorta and its branches, with
particular emphasis on the evaluation of abdominal aortic aneu-

rysms. At the end of this chapter, an interesting discussion focuses
on two promising developments: spiral CT and `first pass' con-
trast-enhanced MRA.

The fifth and last chapter discusses some novel concepts in vas-
cular imaging: endovascular US, a new system for computerized
three-dimensional angiography (`le morphomeÁtre') and, finally, a
description of current concepts and potential future developments
in stenosis quantification.

This book is unique because it offers state-of-the-art informa-
tion on new imaging modalities in a rapidly evolving area of diag-
nostic radiology. All chapters are well written and the illustrations
are of high quality. The references are up to date (as far as possi-
ble). A particularly interesting feature of the book is that is offers
much more than just a description of imaging findings: in each
chapter and for each technique, much emphasis is put on technical
aspects (`how to do it'), potential pitfalls, anatomic variants, limita-
tions, and comparison of modalities used for image display. The di-
agnostic accuracy of the different techniques as reported in previ-
ously published papers is well summarized and, at the end of each
chapter, a short summary comparing the different techniques is
provided. My only criticism would be that contrast-enhanced
MRA and the potential role of new MR blood pool contrast agents
deserve more attention. MRA of the renal arteries, for instance, is
nowadays performed using fast injection of contrast medium in
combination with breath-hold three-dimensional scanning.

In conclusion, the authors have done an admirable job. Taking
into account the low price of this book and the enormous amount
of information it provides, I can recommend it to anyone eager to
learn more about noninvasive vascular imaging.

L.Van Hoe, Leuven


