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Abstract—YVO4Eu is a phosphor material emitting red light (621 nm) and providing excellent spectral
compatibility with red sensitive optical detectors. However, it has never been used in medical X-ray
imaging. In this study the imaging performance of six laboratory prepared YVO4Eu test screens with
coating weights from 30 to 140 mg/jcm® was examined by evaluating the modulation transfer function
(MTF), the X-ray luminescence efficiency (XLE), and the detective quantum efficiency (DQE). DQE
was evaluated by employing a method based on XLE and emission spectra measurements. The 30 mg/
em? screen had a significantly higher MTF than thicker screens while its zero frequency DQE peak
value was 0.27 at 30 kVp. Results obtained indicate that YVO,:Eu may be of value for use in X-ray

imaging detectors. © 1998 Elsevier Science Ltd. All rights reserved

1. INTRODUCTION

Europium activated yttrium vanadate (YVO,:Eu®*)
is a phosphor material which, when irradiated,
emits red light at 621 nm due to the presence
of Eu* ion activator. In a previous study
(Panayiotakis et al., 1996) data on light output and
spectral compatibility of YVO4Eu®" with various
light photon detectors have been reported. In that
study, YVO,Eu®" emission spectrum was found to
have excellent spectral matching with films sensitive
to red light. Also, the sensitivity of the silicon
photodiode employed in digital imaging detectors
(Gurvich, 1995, Yaffe and Rowlands, 1997)
matched the YVO4Eu®" spectrum better than the
spectra of commonly used phosphors (Kandarakis
et al., 1997a; Panayiotakis et al, 1996). To our
knowledge, YVO4Eu®" has never been used in X-
ray imaging screens or in other types of radiation
detectors for medical imaging. In the present study,
the imaging performance of the laboratory prepared
YVO4Eu®™ screens was experimentally examined
to evaluate the suitability of this material to be
used in conventional or digital X-ray imaging. The
following parameters were evaluated:

1. The modulation transfer function (MTF) that

describes the diagnostic signal modulation, or
high contrast, as a function of spatial frequency

and determines the resolution limit of an imaging
system.

2. The X-ray luminescence efficiency (XLE) that
gives the light energy flux emitted by the phos-
phor per unit of incident X-ray energy flux
affecting image brightness and quantum noise.

3. The detective quantum efficiency (DQE) that
expresses the image information content
(Shaw, 1963; Shaw and Van Metter, 1984) as
described by the signal-to-noise ratio (SNR)
transfer from the input to the output of an ima-
ging system:

DQE = [SNRout/SNRin}’. (N

DQE evaluation was based (Kandarakis et al.,
1997b) on the determination of MTF, XLE,
quantum detection efficiency (QDE) and the
energies of the incident X-ray photons and
emitted light photons.

2. MATERIALS AND METHODS

The phosphor screens used in our experiments
had coating weights of approx. 30, 60, 80, 100, 120
and 140 mg/em?, thus covering the range often used
in X-ray imaging. All screens were prepared in our
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laboratory by sedimentation of YVO,Eu®" phos-
phor powder on silica substrates, following a prep-
aration procedure described in previous studies
(Kandarakis et al., 1996; Cavouras et al., 1996;
Panayiotakis et «al., 1996). The mean size of the
powder grains was 7 um. Screens produced in this
way were of granular structure with phosphor pack-
ing density slightly exceeding 50%. This screen type
is very similar to that commonly used in medical
radiography (Arnold, 1979; Zweig and Zweig,
1983). A drawback of granular screens is that their
imaging characteristics are highly affected by light
spread. The latter is due to the isotrophic light
propagation within the phosphor material and to
the light scattering effects on powder grains. Light
spread broadens the spatial distribution of emitted
photons on the screen’s emitting surface. Thus, the
width of the point spread function (PSF), expres-
sing spatial resolution, increases resulting in lower
MTF values (Yaffe and Rowlands, 1997).

MTF was measured using 30 kVp molybdenum
spectrum and 80 kVp tungsten spectrum X-rays.
The technique applied for MTF determination was
based on the square wave response function
(SWRF) method (Barnes, 1979; Cavouras er al.,
1996; Kandarakis et al., 1997b). Screens were used
with the Agfa Scopix LT2B film, which is very sen-
sitive to red light emitted by YVO4Eu®". The spec-
tral matching factor of this screen—film combination
has been previously determined to be 0.956
(Panayiotakis er al., 1996). This is the greatest value
found in our laboratory as compared to other phos-
phor—film combinations (Giakoumakis, 1991). To
measure the SWRF, a suitable test pattern, type-53
of Nuclear Associates, was imaged by each screen
film combination. The test pattern comprised Pb
line pairs with spatial frequencies ranging from 2.5
to 100 line-pairs per cm. Two modes of measure-
ments were followed: (1) Front screen configuration
(transmission mode) and (2) back screen configur-
ation (reflection mode). In the first mode, the test
pattern was put in contact with the front side of the
screen while the back side of the screen was in con-
tact with the photosensitive surface of the film. In
such configuration, X-rays after being transmitted
through the pattern interact with the phosphor ma-
terial to produce light for exposing the film. This
configuration is employed in digital radiography
detectors, in fluoroscopy, and in front screens of
radiographic cassettes. In the second mode, a test
pattern—film—phosphor material configuration was
used. This setup simulates mammographic con-
ditions and rear screens of conventional radio-
graphic cassettes. Film images were digitized by
a Microtec Scanmaker 11 SP (24 bit color,
1200 x 1200 dpi) CCD scanner. SWRFs were
obtained by summing up 64 successive image
traces transverse to the pattern lines from each digi-
tized image in order to reduce noise (Cavouras
et al., 1996). The corresponding MTFs were then
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calculated employing Coltman’s formula (Barnes,
1979):

MTF(w) =

n[SWRF(w) SWRF(3w) SWRF(5w)
_ + —_ + o
4 w 3w Sw

2

This MTF was divided by the scanner’s MTF
measured by scanning the pattern alone (Cavouras
et al., 1996). The result obtained was the screen
MTF, since the film’s MTF was considered equal to
unity for spatial frequencies up to 100 lines per cm
(Beutel et al., 1993).

The X-ray luminescence efficiency was determined
as the quotient of the emitted light energy flux over
the incident X-ray energy flux [see formula (A3) in
the appendix]. The emitted light energy flux was
measured by an EMI 9558QB photomultiplier after
irradiating each screen by 30 and 80 kVp X-rays.
The output current of the photomuitiplier was
measured by a Cary 401 vibrating reed electrometer
and it was converted into light energy flux (uW/
cm?) employing manufacturer’s photosensitivity
data, which were also verified in our laboratory
employing appropriate light sources. These data
give the output current per unit of incident light
energy flux. The incident X-ray energy flux was
determined from exposure rate measurements.
Exposure rate data were converted into X-ray
energy flux using the appropriate conversion factor
(Hendee, 1970; Motz and Danos, 1978).

DQE(w) was experimentally determined at 30
and 80 kVp according to the formula (Kandarakis
et al., 1997b):

noNslE/E;IIMTFYT

DQE(w) = 4 .
QE() Ng + nelE/E:IMTF]”

3)

where 7 is the X-ray quantum detection efficiency
giving the fraction of incident X-rays interacting
with the screen material. 5, is the X-ray lumines-
cence efficiency. £, is the energy of the emitted light
photon and E is the average X-ray energy of the
incident X-ray beam. Derivation of formula (3) is
given in the Appendix.

E, was determined from emission spectrum
measurements performed with an Oriel 7240 grating
monochromator. ng was calculated by the formula:

£y
f Sx(EX1 — e ) dE
9

Nq = 4)

Ey
f Sx(E) dE
0

where Sx(E) is the X-ray energy spectrum calcu-
lated as described in previous studies (Tucker et al.,
1991a,b; Cavouras et al., 1996), E, is the maximum
X-ray energy determined by the tube voltage, u(E)
is the X-ray attenuation coefficient for YVO,:Eu
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Fig. 1. MTF curves of YVO,Eu screens measured at 80 kVp X-ray tube voltage in front screen
configuration.

calculated according to data given by Storm and
Israel (1967) and was the screen coating weight.

3. RESULTS AND DISCUSSION

Figure 1 shows the MTF curves of the 30, 60,
80, 100, 120 and 140 mg/cm? YVOg4Eu screens

measured at 80 kVp X-ray tube voltage in front
screen configuration. The 30 mg/cm? screen shows a
notably better MTF curve expressing the high resol-
ution performance of this screen. This was expected
since in thin screens light penetrates short distances
to exit the phosphor material and, thus, light spread
is less significant than in thicker screens.

1 MTF YVO_Eu
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\
‘ back screen front screen
0.4+
0.2
‘80 mg/cmz, 80 kVp!
o i | 1 1
0 20 40 60 80

100

Spatial frequency (cycles/cm)

Fig. 2. MTF curves of the 30 mg/cm® YVO,:Eu screen measured at 30 kVp in front and back screen
configuration mode and MTF curve of the 80 mg/cm®> YVO4:Eu screen measured at 80 kVp in front
screen configuration.
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Fig. 3. X-ray luminescence efficiency of YVO4Eu screens measured at 30 and 80 kVp in front screen
configuration.

In Fig. 2 the MTFs of the 30 and 80 mg/cm?
screens measured at 30 and 80 kVp, respectively,
are shown so as to compare the imaging perform-
ance obtained under mammographic (30 kVp,
30 mg/em?) and under general radiographic con-
ditions (80 kVp, 80 mg/cmz). The two curves shown
for the 30 mgjem?® correspond to the front screen
and back screen configurations. Back screen set-up

DQE
0.2 Q -

YVO,:Eu

exhibits better MTF since light photons, mainly
produced near the exposed phosphor surface, travel
shorter distances to escape from the irradiated sur-
face than from the non irradiated side. Hence, light
spread is less significant and consequently spatial
resolution is better in back screen measurements.
The 30 mgjem® front screen MTF measured at 30
kVp is slightly lower than the MTF of the same
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Fig. 4. DQE(mw) curves of YVO,:Eu screens measured at 80 kVp in front screen configuration.
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Fig. 5. Comparison of the DQE(w) of the 30 mg/em® YVO,:Eu screen measured at 30 kVp with the
DQE(w) of the 80 mg/cm2 YVO,:Eu screen measured at 80 kVp.

screen at 80 kVp. This difference must be due to
the emission of K-characteristic radiation which
degrades MTF. The presence of this radiation is
more significant at 30 kVp than at 80 kVp, since
the K-absorption edge of yttrium is at 17 keV,
which is closer to the mean energy of the 30 kVp
beam.

Figure 3 shows data obtained for XLE at 30 and
80 kVp. As it is observed the YVO4:Eu XLE values
are considerably higher at 30 kVp than at 80 kVp.
The reason for this is that at 30 kVp the mean
energy of the X-ray beam is close to the K-absorp-
tion edge of yttrium. Thus, a large fraction of the
energy, conveyed by the beam, is absorbed within
the phosphor and it is converted into light. As
screen coating weight increases the X-ray absorp-
tion also increases producing higher numbers of
emitted photons. However, emitted photon losses
are significant due to longer distances that emitted
photons have to travel in thicker screens before
reaching the emitting surface. Thus, after a maxi-
mum value attained at 60 mg/cmz, XLE decreases
with phosphor coating weight. A similar but much
less pronounced behavior is observed for the 80
kVp curve, reaching maximum at 100 mgjcm?; 80
kVp X-rays are more penetrating reaching satur-
ation at higher coating weights.

Figure 4 shows the DQE(w) variation with spatial
frequency for all YVO4Eu screens measured at 80
kVp. At medium and high frequencies DQE
decreases with coating weight due to the pro-
nounced light spread within the phosphor material,
which causes a reduction in MTF and consequently
in DQE [see relation (3)]. However, at low frequen-

cies, where the MTF values of all screens converge
(see Fig. 1). n, and 5o play a predominant role in
the DQE value. This explains the low DQE of the
30 mg/em?® screen in the low frequency range.
However, as frequency increases the DQE of the
30 mg/crn2 screen decreases slower than the other
screens, due to its significantly higher MTF (see
Fig. 1). A similar behavior is observed for the
60 mg/cm? screen in the low frequency range close
to zero.

Figure 5 compares the DQEs of the 30 mgjcm’
YVO,:Eu screen measured at 30 kVp with that of
the 80 mg/cm? screen at 80 kVp. As it is shown the
30 mg/cm2~30 kVp DQE is considerably higher in
the whole frequency range, thus demonstrating the
satisfactory imaging performance of YVO4Eu at
mammographic conditions. Additionally, the 30 mg/
cm>-30 kVp curve is clearly higher than the DQE
curves shown in Fig. 4 corresponding to 80 kVp.
The superiority of this DQE is due to the combined
effects of (1) the high X-ray absorption caused by
the proximity of yttrium’s K-edge to the beam’s
mean energy and (2) the low light attenuation and
light spread in thin screens.
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APPENDIX

The mean number of light photons m, produced within
the phosphor material per X-ray quantum absorbed is
given by:

_ E
My = Ne| £
3

where nc is the intrinsic X-ray to light conversion effi-
ciency giving the fraction of X-ray energy flux that is con-
verted into light energy flux within the phosphor material.
E, E; are the corresponding mean energies of the incident
X-ray photons and emitted light photons.

The mean number Ny of light photons emitted by a
phosphor screen excited by Nx X-rays incident per unit of
area and time is given by the following relation (Shaw and
Van Metter, 1984; Bunch ez al., 1987):

(Al)

NL = NxnomoeG (A2)
where 1q is the X-ray quantum detection efficiency of the
phosphor. Gis the fraction of produced light photons that
are transmitted through the material and are emitted from
the surface of the phosphor.

The X-ray luminescence efficiency of a phosphor () is
defined (Ludwig, 1971) as the ratio of the light energy flux
¥, emitted over the incident X-ray energy flux ¥x:

Ny = PL/Px (A3)
where
W, =N_E; and Wx = NxE. (Ad)
From relations (A1)-(A3) it is obtained that
NL = NxnonclE/E;]G = NxnylE/E;] (A5)

which is obtained using relation 5, =#ohcG (Ludwig,
1971).

The spatial frequency dependent DQE of a phosphor
has been described (Shaw, 1963; Shaw and Van Metter,
1984) in terms of the modulation transfer function MTF
and the noise power spectrum NPS as follows:

I » MTF}(w)
DQE(w) = Nx[dNy/dNx] NPS@) (A6)
NPS may be expressed (Shaw and Van Metter, 1984) as:
NPS(w) = Nx#o[inGFMTF* (@) + Ny. (A7)
From (A1)-(A7) it is obtained that
E/E;IMTF}?
DOE(w) = notelE/ E:IMTF] (A8)

Ho + nolE/E;IMTFT



