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The suitability of a Y,04:Eu>* scintillator for use in radiation detectors and medical image recep-
tors was studied. Y,0;:Eu’* was used in the form of laboratory prepared screens of different
coating thicknesses. The x-ray luminescence efficiency of the screens was measured for tube volt-
ages between 50-200 kVp and in both transmission and reflection modes of observation. The
intrinsic x ray to light conversion efficiency (#n.) and other parameters of the Y,0; ‘Eu** phosphor
material related to optical scattering, absorption, and reflection were determined. These were used
in the calculation of the image transfer characteristics, MTF and zero frequency DQE, for various
screen coating thicknesses and x-ray tube voltages. The light emission spectrum of Y,0; :Eu®* was
measured (narrow band peak at 613 nm) and its spectral compatibility to the spectral sensitivity of
several commonly employed optical photon detectors was determined. The x-ray luminescence
efficiency varied with x-ray tube voltage, attaining maximum value at about 80 kVp for all screen
thicknesses. It also varied with coating thickness reaching 25 uWm %mRs™' and 18
#W m~%/mR s~ at 175 mg/cm? for reflection and transmission modes, respectively. The intrinsic x
ray to light conversion efficiency and the image transfer characteristics were found to be compa-
rable to several commercially used phosphors: n,=0.095, MTF o5 ranged between 10 and 25 line
pairs per mm and peak values of DQE(0) varied between 0.33 and 0.14 in the coating thickness and
kVp ranges useful for x-ray imaging. Spectral compatibility to some red sensitive optical photon
detectors was excellent (0.9 or better). Results indicated that Y,0;:Eu’* is a medium to high
overall performance material that could be used in medical x-ray detectors and image receptors.
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I. INTRODUCTION

Scintillators in conjunction with optical detectors (films,
photocathodes, photodiodes, CCD arrays) have been used as
image receptors in conventional and digital radiology, and as
radiation detectors in computed tomography and nuclear
medicine. Yttrium oxide (Y,05) is a scintillator considered
suitable as a host for trivalent rare earth ion activators (i.e.,
Tb**, Eu*"), producing sharp line emission spectra.! Eu-
ropium doped yttrium oxide (Y,05:Eu®* or P22) is a nonhy-
groscopic phosphor material, emitting reddish light with a
decay time? around 1 ms, which is small enough for most
radiological imaging applications; response times for dy-
namic fluoroscopic imaging are well above 1 ms due to
longer TV camera lag characteristics.® Y,03:Eu®* has been
adopted in nonmedical applications, some of them demand-
ing short luminescence life times, such as CRT and TV
screens, scanning tubes,* and plasma radiation (UV and x
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rays) detectors.? However, Y,0;:Eu®* has not been widely
used in medical imaging, except in x-ray detectors of CT
systems.

In the present study, the suitability of the Y,0;:Eu®®
phosphor material to be used in radiation detectors and/or
image receptors of medical imaging systems was examined.
In general, yttrium based scintillators exhibit increased x-ray
detection efﬁ<:iency3‘5‘6 in the energy range between the yi-
trium K-absorption edge at 17 keV and the K-edges of other
phosphors with heavier elements (e.g., 50.2 keV for
Gd,0,5:Tb and 69.5 for CaWQ,). Also, known yttrium
based scintillators show improved x ray to light conversion
efficiency with respect to the conventionally used CaWO,
phosphor.>”® Additionally, europium activated scintillators
exhibit very good spectral compatibility with Si photodiodes,
employed in many digital imaging systems, and lower opti-
cal scattering,”'® due to longer light wavelengths.
Y,0;:Eu’* was used in the form of laboratory prepared
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screens of various coating thicknesses. The x-ray induced
luminescence efficiency or absolute efficiency (AE),>!0 the
modulation transfer function (MTF), the zero spatial fre-
quency detective quantum efficiency (DQE), and the spectral
compatibility'! to various optical photon detectors were stud-
ied. In this way, coating thicknesses, x-ray tube voltages, and
screen-optical detector combinations, which provide the best
performance of Y,0;:Eu*" as radiation detector and medical
image receptor, were determined. Results were compared
with other high performance phosphor materials employed in
commercial image detectors.

Il. MATERIAL AND METHODS

Y,0;:Eu*" was supplied in powder form with grain size
of about 7 um by Riedel de Haen-Lumilux Ltd. (Code Num-
ber 54 009). Screens were prepared by sedimentation on
fused silica substrates with coating thicknesses from 20 to
240 mg/cm®. They were excited by x rays from a Siemens
Stabilipan unit with tube voltages from 50 to 200 kVp. The
ability of the phosphor material to convert x rays to emitted
light was determined by means of AE, defined as light flux
exiting the observation side of the screen per unit of x-ray
exposure rate.”'® The experimental setup for AE measure-
ments has been described in detail in a previous study.'® It
comprised an EMI 9558 QB photomultiplier with an ex-
tended S-20 photocathode, coupled to a Cary 401 vibrating
reed electrometer. A PTW Simplex dosimeter was employed
for exposure rate measurements. Two modes of AE measure-
ment were followed: (1) Transmission mode (front screen
configuration), where light is emitted from the screen surface
opposite to the incidence of the x-ray beam; and (2) reflec-
tion mode (back screen configuration), where light is emitted
from the screen surface receiving the x rays. The spectral
distribution of Y203:Eu3+ light was measured with an Oriel
7240 grating monochromator. The light spectrum was used
to calculate the spectral matching factor!! between the emit-
ted light and the spectral sensitivity of the extended S-20
photocathode. That factor was used to correct the AE
measurements. !

To assess the agreement between experiment and theory,
experimentally determined AE values were fitted by formu-
las (see Appendix A) derived from Hamaker'? and Ludwig®
theoretical models. Additionally, two important parameters
were determined by the fitting; the intrinsic x ray to light
conversion efficiency and the reciprocal diffusion length, the
latter expressing the probability of optical photon attenua-
tion. These parameters characterize intrinsic properties that
affect the performance of the phosphor material and were
used in the calculation of MTF and DQE.

According to the theoretical models (see Appendix A),
AE may be expressed as

AE:f(nc ’U»B,Po’Pl,ﬂ), (1)

where n, is the intrinsic x ray to light conversion efficiency
of the phosphor material, ¢ is the reciprocal of the diffusion
length, and B is a parameter related to the coefficients of
optical absorption and optical scattering, defined as
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B=(1—R)/(1+R), (2)

where R is the reflectivity of a thick phosphor layer with
negligible light transmission through it. R was determined
experimentally by reflectivity measurements following the
method described by Ludwig.’ Po. py are given by

pi=(1—rp/(1+ry), i=0,1, (3)

where ry, r| are the reflectivities at the front screen surface
(x-ray incidence side) and the screen-substrate interface, re-
spectively; p; was experimentally determined by reflectivity
measurements, and p, was considered to be equal to 1, be-
cause light reflection (ry) at the front screen surface is neg-
ligible. w is the mass attenuation coefficient of Y203:Eu3+,
which was calculated from data given by Storm and Israel'?
and Saloman et al.'* for yttrium and oxygen.

The MTF of the Y,04:1u*" screens was calculated con-
sidering each phosphor screen to be divided into a series of
thin layers of thickness equal to 1 mg/cm?. The MTF of each
layer was calculated using formulas from Hamaker,12
Ludwig,” and Swank,'® employing parameters n, and o, de-
termined from the fitting on AE experimental data, and pa-
rameters 8, py, p;, which were measured experimentally.
The overall MTF was obtained by summing up each indi-
vidual MTF of the consecutive phosphor layers, weighted by
a relative exposure factor as described in Appendix B. MTF
was determined for both transmission and reflection modes
of measurement. The MTF is given by (see Appendix B)

MTF(v)=G(v)/G(0), (4)
where
G(U)=f(7-’q’p0’p1nu”m0)' (5)

7is the inverse relaxation length of the phosphor material'>!®

related to o and 8 by
=0/ B. (6)
q is related to optical parameter o and spatial frequency v by
q:[0'2+47r2(v/d)2]”2, (7)

where d is the density of the phosphor material, m, is the
mean number of optical photons created per x ray interacting
in the screen, determined by the following relation:

my=nE/E,, (8)

where E is the energy of the x-ray photon and E, is the
energy of the optical photons. E, was determined from the
measured light emission spectrum of Y,0; :Eu®*, which was
found practically monochromatic with a sharp line in the red
region. To confirm the accuracy of the theoretical calcula-
tions, the MTF of an 71.6 mg/cm2 Y203:Eu3+ screen was
experimentally determined following the square wave re-
sponse function (SWRF) method.!”'® The screen was used in
combination with a red sensitive Agfa Scopix LT 2B film,
usually employed in laser imagers, and a typ-53 resolution
bar test pattern (2.5-100 lp/cm, Nuclear Associates, Inc.,
Carle Place, NY). The screen was exposed to x rays by a
Phillips Medio 50 CP radiographic unit operated at 81 kVp
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and 35 mAs. The bar pattern images were digitized by a
MICROTEC Scanmaker II SP (24-bit color, 1200X1200
dpi) CCD scanner. Screen-film nonlinearities were corrected
via the H&D characteristic curve determined by bootstrap
sensitometry technique.!” Sixty-four successive image traces
transverse to the pattern bars were selected and averaged to
obtain a low noise SWRF. Trace amplitudes were normal-
ized to the image contrast at 2.5 Ip/cm. MTF was calculated
by Coltman’s formula:

7 | SWRF(v) SWRF(3v)
MTF(v)=Z-[ - + 3
——SWRF(SU)+... . 9
5v

This MTF was divided by that of the CCD scanner in
order to obtain the Y,05:Eu’" screen MTF. The MTF of the
CCD scanner was determined by scanning the bar pattern
alone. The radiographic film MTF was considered approxi-
mately equal to 1 for frequencies lower than 100 lp/cm.®

The zero spatial frequency DQE, expressing the signal to
noise ratio (SNR) transfer from the input to the output of an
image detector, was calculated'>!*-2 by

DQE=ApAg, (10)

where A is the x-ray quantum detection efficiency, which
depends on the x-ray attenuation coefficient and on the thick-
ness of Y203:Eu3+ screens, and A is the Swank factor (or
statistical factor), describing the statistical pulse (scintilla-
tions) height distribution of optical photons emitted per x-ray
photon interacting in the phosphor material. The Swank fac-
tor is given by

As=M3M,M,, (11)

where M, M|, M, are the moments of the optical pulse
height distribution given by (see Appendix C)

M;=f(n.,0,7.p9,p1,.4.Ep), i=0,12, (12)

where n., o, 7, py, pi, s, and E,, were defined in relations
(2)-(®).

The spectral compatibility of Y,0;:Eu®* light emission
spectrum to the spectral sensitivities of some known optical
detectors was examined by evaluating the spectral matching
factor'! by the following relation

Ay Ay
a= 2 Sp)Sp(N) /X Sp(N), (13)
A=A A=A
where A, A, are approximately the lower (575 nm) and up-
per (680 nm) limits of the light spectrum (Fig. 12), S,(X,) is
the normalized distribution function of the emission spec-
trum of Y,05:Eu’* measured by the monochromator, and
Sp(\;) is the normalized spectral sensitivity distribution
function of the optical detectors. Values for Sp(\;) were
made available from manufacturers data (EMI, RCA,
Hamamatsu, ITL, Rofin and Agfa). The detectors considered
were GaAs, S-25, modified S-20, and extended S-20 photo-
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FiG. 1. Variation of x-ray absolute efficiency with tube voltage measured in
transmission mode for three Y,0,:Eu®* laboratory prepared screens of 32,
72, and 112 mg/cm?. Points: experimental values, solid lines: theoretical
curves. (1 Efficiency Unit, 1 EU=1 uW m™%mR s~' or 3.875 J/C kg™' m?
S.L units.)

cathodes, GaAsP and extended GaAsP photocells, Si and Ge
photodiodes, and Agfa Scopix LT 2B photographic emul-
sion.

lli. RESULTS AND DISCUSSION

Experimental data on absolute efficiency and curves cal-
culated according to Eq. (1) are presented in Figs. 1 and 2.
AE values are given as a function of x-ray tube voltage
(kVp) for three screens of coating thickness 32, 72, and 112
mg/cm? for transmission and reflection modes of measure-
ment, respectively. For all screens, peak experimental values
were obtained at 80 kVp in both modes. For tube voltages
employed in most x-ray imaging techniques (70~80 kVp for
abdominal imaging, 65-75 kVp for lumbar spine radiogra-
phy, 55-65 kVp for cranial radiography, 80-120 kVp for

Absolute efficiency (E.U.)
25

| REFLECTION MODE

20

112 mg/cm

16

72 mg/om

50 75 100 125 150 175 200
X-ray tube voltage (kVp)

FiG. 2. Variation of x-ray absolute efficiency with tube voltage measured in
reflection mode for three Y,05:Eu®* laboratory prepared screens of 32, 72,
and 112 mg/cm?. Points: experimental values, solid lines: theoretical curves.
(1 Efficiency Unit, 1 EU=1 uWm ¥mRs™! or 3.875 I/Ckg™' m? S.I
units.)
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FiG. 3. Variation of x-ray absolute efficiency of Y,0;:Eu’" screens with
coating thickness in transmission and reflection mode of measurement at 80
kVp. (1 Efficiency Unit, 1 EU=1 uW m ¥mR s™' or 3.875 J/Ckg ' m?
S.L units.)

chest radiography, 110-120 kVp for CT imaging, 60-70
kVp for abdominal angiography) the AE values were found
higher than about 75% of the peak value. Additionally, AE
was better in reflection than in transmission mode and im-
proved with screen thickness; for the screens of 112, 72, and
32 mg/cm? the corresponding peak AE values were 21 EU
(Efficiency Unit, 1 EU=1 puWm %mRs™! or 3.875
J/C kg ™! m?, expressed in S.L units), 16.5 EU, 8 EU in re-
flection mode and 16.6 EU, 12.5 EU, and 6 EU in transmis-
sion mode. The way that AE varies with tube voltage and
screen thickness is due to the dependence of AE on x-ray
absorption efficiency and light transmission -efficiency
through the phosphor material,” which in turn vary with tube
voltage and depth of light photons generation, respectively.

The variation of peak AE with screen coating thickness is
shown in Fig. 3. Data conceming seven screens of 20, 32,
72, 112, 148, 175, and 240 mg/cm2 are presented for both
modes of measurement at 80 kVp. Peak AE increased with
coating thickness for transmission and reflection up to 175
mg/cm?, which is an optimum coating thickness if
Y,05:Eu®" is to be used as radiation detector. As screen
thickness increases, the x-ray absorption efficiency increases
exponentially but light scattering and absorption effects
cause a decrease in light transmission efficiency. These two
competing mechanisms result in the almost flat region be-
tween 150 and 240 mg/cm? in the curves of Fig. 3. It is also
observed that the reflection and transmission curves differ
and their deviation is greater for thicker screens. This hap-
pens because light quanta mainly originate from phosphor
layers near the x-ray exposed screen surface, where most
x-ray quanta are absorbed. Hence, in transmission mode the
distance that light quanta have to penetrate to exit the other
side of the screen is longer and thus the amount of output
light is smaller. It is evident that for thicker screens this
effect is more intense, resulting in greater deviation between
the reflection and transmission curves.

Absolute efficiency depends on the x-ray absorption effi-
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FIG. 4. Variation of absorption efficiency with x-ray energy of Gd,0,S:Tb,
CaWO,, and Y,0;:Eu* 80 mg/em? screens.

ciency, the intrinsic x-ray to light conversion efficiency, and
the light transmission efficiency toward the optical detector.’
These efficiencies are related to quantum noise because they
express the ability of the phosphor material to capture pri-
mary x-ray quanta, convert them to light photons, and trans-
mit them to the screen emitting surface. The light transmis-
sion efficiency is also related to spatial resolution because it
depends on light absorption and light scattering phenomena
within the phosphor material. Since noise and spatial resolu-
tion are key parameters to image quality, behavior of the
Y,0,:Eu®" scintillator during those three stages of signal
propagation was studied and compared with that of other
phosphor materials.

Figure 4 shows the absorption efficiency, calculated as a
function of energy, of three 80 mg/cm? screens prepared
from different phosphor materials. The absorption efficiency
of Y,04 :Eu’" was found better than those of Gd,0,S:Tb and
CaWQ, in the ranges 23-50.2 keV (50.2 keV is the K edge
of Gd) and 36-69.5 keV (K edge of W), respectively. This is
due to the fact that yttrium exhibits increased x-ray absorp-
tion for a range of energies above 17 keV (K edge of Y).

By fitting theoretical models to experimental data, as
shown in Figs. 1 and 2, optimum values for the intrinsic
conversion efficiency (n,=0.095) and the reciprocal of the
diffusion length (0=25 cm’*g~') of Y203:Eu3+ were ob-
tained; the value of n, is a little higher than the one previ-
ously reported’ for Y2O3:Eu3 * (n,=0.08), which was found
by cathodoluminescence efficiency measurements. Parameter
B was experimentally evaluated (8=0.03) using Eq. (2), the
inverse relaxation length 7 was determined employing rela-
tion (6) (7=833 cm?g), parameter p; was found equal to
0.818, and p, was considered equal to 1. The n, of
Y,0;:Eu®* was better or close to that of some com-
mercially used phosphor materials, such as> %% CaWO,
(n,=0.035--0.05) and BaSOy4:Pb (n,.=0.04), employed in ra-
diographic screens, Csl:Na (n,=0.10), used in image inten-
sifiers, CAWO, (n,=0.097),%* used in CT, and Y,0,S:Eu
(n.=0.11), which is an yttrium compound phosphor with the
same activator ion as Y,05:Eu’*. On the other hand, the ..



1969 Cavouras et al.: Evaluation of the Y,0,:Eu®* scintillator
MTF
1
TRANSMISSION MODE
o8t
2
20 mg/cm
0.6}
32 mg/cm
0.4r
2 mg/cm
2 ‘
0.2 (112-240 mg/cm ) | =>'
0 I} 1 Il i 1 1 ) i 1

[} 10 20 30 40 60 60 70 80 80 100
Spatial frequency (Ip/cm)

Fic. 5. Calculated MTFs of seven Y,0,:Eu’* laboratory prepared screens in
transmission mode at 80 kVp.

of Y,04:Eu®” was lower than that of terbium activated rare
earth phosphors such as Gd,0,S:Tb (n.=0.15-0.20),
Y,0,8:Tb  (n,=0.18), and La,0,8:Tb (n.=0.12
-0.18).378252 Deyiations in n,. among different phosphor
materials may be attributed to differences in the fundamen-
tal electronic band gap of the semiconductor material,’
the type of ion activator, the crystal structure, the site sym
metry, and slightly to the size of the phosphor grains.

Optical photons transmission efficiency depends inversely
on ¢, which is a function of light absorption and scattering
coefficients (see Appendix A). Coefficient ¢ was found
lower than that of Gd,0,S:Tb (0=30 cm’ g”'), Y,0,5:Tb
(=30 cm’g™}), and La,0,S:Tb (o=30 cm’g™Y), but
higher than that of Y,0,S:Eu (¢=15 cm? g~ 1), all previously
studied under the same conditions'®*% with Y,05:Eu’*.
This indicates that light attenuation is lower in Y,05:Eu®*
than in terbium activated phosphors.

Therefore, Y,05:Eu’? is a scintillator material exhibiting
absorption efficiency comparable to commonly used
Gd,0,S:Tb and CaWO, phosphors for energies lower than
the K edges of Gd and W, respectively, intrinsic conversion
efficiency lying in between those of Gd,0,S:Tb and CaWO,,
and light transmission efficiency better than that of
Gd,0,S:Tb. Additionally, taking into consideration that: (1)
for an x-ray tube operated at 80 kVp with about 20 mm
aluminum,’ all x-ray photons are contained between 30 and
80 keV; (2) for energies between 23 and 50 keV the absorp-
tion efficiency of Y,0;:Eu’* is better than that of
Gd,0,5:Tb and between 36 and 69 keV is slightly better
than that of CaWO,; (3) the AE of Y,0;:Eu’" attains its
highest value at 80 kVp (=55 keV); and (4) 50-120 kVp
(=~30-70 keV) is the energy range used for most radio-
graphic applications, it may be concluded that Y,0;:Eu’*
exhibits suitable physical characteristics for medical imaging
applications.

Figures 5 and 6 show the calculated MTF curves for
transmission and reflection modes of measurement respec-
tively. Curves were obtained by Eq. (4) at 80 kVp, using the
values found for the parameters n., 0, 7, py, p;, and u of
Y,0;:Eu**. MTFs correspond to 7 screens of coating thick-
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FiG. 6. Calculated MTFs of seven Y,0;:Eu®" laboratory prepared screens in
reflection mode at 80 kVp.

nesses 20, 32, 72, 112, 148, 175, and 240 mg/cmz, which
were prepared for measuring the AE of the Y,0, :Eu®" scin-
tillator. MTFs in reflection mode are better than in transmis-
sion mode and this is more prominent for coating thicknesses
between 72 and 240 mg/cm?. This is due to differences in the
amount of light scattered and absorbed between the two
modes of measurement and the phenomenon is analogous to
that observed in AE measurements (Fig. 3). It is also noticed
that MTF decreases with increasing coating thickness but
this variation becomes smaller for thicker screens; curves
corresponding to screens of 112-240 mg/cm? are very close,
especially for spatial frequencies between 50 and 100 Ip/cm
(line pairs per cm).

The MTF and spatial resolution of a phosphor screen may
be affected by the emission of characteristic K-fluorescent x
rays. These photons are emitted by the high Z element of the
phosphor material when the energy of the incoming primary
x-ray photon is above the K-absorption edge (i.e., 17 keV for
yttrium). A fraction of the K-fluorescent photons is reab-
sorbed in the phosphor material at sites different from that of
primary x-ray interaction, resulting in the degradation of the
screen resolution.””?® To estimate the importance of this ef-
fect, the ratio of the energy of K« and K8 x rays reabsorbed
to the energy of the impinging primary x-ray photon was
calculated using the analytical expressions derived by Chan
and Doi.” This ratio was found to be 0.03 at 50 keV, which
approximately corresponds to the mean energy of the 80 kVp
x-ray spectrum used in the MTF calculation, and thus the
K-reabsorption effect was considered insignificant.

The CCD scanner MTF, the composite scanner-screen-
film MTF, the resulting experimental screen MTF, and the
calculated MTF of the 71.6 mg/cm? Y203:Eu3Jr screen are
shown in Fig. 7. The agreement between experimental and
calculated values confirms the reliability of the resuits. Table
I shows some MTF data of a 32 mg/cm? Y,0,:Eu** labora-
tory prepared screen against published data'®?'%3! on cal-
culated MTFs of Gd,0,5:Tb (Kodak Min-R) and YTaO,
(Dupont  Ultra-Vision) high performance commercial
screens. Data were approximately estimated from published
figures.
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FiG. 7. Comparison of calculated and experimental MTFs of a 71.6 mg/cm?
Y,0;:Eu*" screen: (a) measured composite scanner-screen-film MTF; (b)
CCD scanner MTF; (c) resulting experimental screen MTF; and (d) calcu-
lated screen MTF.

Figure 8 shows the variation of calculated spatial resolu-
tion (spatial frequency at MTF=0.05) with screen coating
thickness. It is again observed that the resolution was better
in reflection than in transmission mode, differences between
the two modes were smaller for very thin screens, and deg-
radation of resolution was minimal for screens over 112
mg/cm?. Thus, thicker phosphor screens displaying higher
AE may be used as image receptors without significant de-
terioration in spatial resolution. However, for thicker screens
there is a more pronounced deterioration in contrast resolu-
tion in the low frequency range, as shown in Fig. 9.

Figure 10 is a plot of zero spatial frequency DQE versus
coating thickness at various x-ray tube voltages, including
the useful kVp range for most radiological applications.
DQE was calculated using formula (10) and values of experi-
mentally determined parameters n., o, 7, py, p;, E,, and u
of Y,0;:Eu’*; only transmission DQE values are presented
because reflection mode values were not significantly differ-
ent. As can be observed, each curve reached maximum at a
particular coating thickness. Optimum DQE was achieved at
coating thicknesses ranging between 80 and 120 mg/cm? for
50-200 kVp, respectively. At 80 kVp, maximum DQE

1970

Spatial resolution {Iip/cm)
400 ;

I
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200+

100 - Tranamiasion N
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2
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Fi1G. 8. Variation of the spatial resolution (spatial frequency at MTF=0.05)
of Y,0,:Eu** laboratory prepared screens with coating thickness in both
reflection and transmission modes at 80 kVp.

(DQE=0.24) was attained at a coating thickness of 100
mg/cm?® and DQE remained close to its highest value in the
range 90-120 mg/cm®. At higher tube voltages the peak
DQE value was lower; it was shifted to higher thicknesses,
but unlike low voltages, DQE values were close to peak for
a wider range of thicknesses. At 120 kVp, DQE peaked be-
tween 90 and 120 mg/cm? (DQE=0.17) and DQE at 160
mg/cm2 was about 91% of its peak value. Therefore, since
DQE varies slowly with coating thickness at high kVp (tube
voltages =120 kVp), thicker screens which are more lumi-
nescent may be employed without significant loss in SNR.
The behavior of DQE versus thickness at various tube
voltages is dominated by the x-ray absorption mechanisms
and the statistical pulse height distribution of emitted optical
pulses, expressed by the Swank factor. As screen thickness
increases, the x-ray detection efficiency (A ) improves caus-
ing a similar effect on DQE. On the contrary, the optical
pulse height distribution broadens due to the increased
amount of optical scattering and absorption on the additional
phosphor grain layers of thicker screens. These effects cause
greater fluctuations in the amplitudes of light pulses thus
increasing noise, reducing the Swank factor, which is in-
versely proportional to noise,'*?® and consequently decreas-

TaBLE I. MTF data of a 32 mg/cm® Y,0,:Eu®* laboratory prepared screen against calculated MTF published data of commercial screens.

MTF*
Thickness Tube Volts Measuring
Phosphor (mg/cm?) (kVp) mode 20 cm ™! 50 cm ™! 100 cm ™
Y,0;:Eu 32 80 Reflection 0.7 0.33 0.15 Lab. prepared screen
Y,0;:Eu 32 80 Transmission 0.69 0.31 0.13 Lab. prepared screen
Gd,0,8:Tb" 31.7 30 Transmission 0.8 0.38 0.09 Kodak Min-R
Gd,0,S:Tb* 31.7 30 Reflection 0.78 042 0.24 Kodak Min-R
Gd,0,S:Tb? 31.7 30 Reflection 0.8 0.39 0.16 Kodak Min-R
YTaO,* 37.5 70 Transmission 0.75 0.3 0.1t Dupont Ultra-Vision

*MTFs were approximately derived from published data.
®Nishikawa and Yaffe (Ref. 21).

“Van Metter and Rabbani (Ref. 31).

9Nishikawa and Yaffe (Ref. 30).

“Beutel er al. (Ref. 16).
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MTF Vs screen thickness at 80 kVp
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FiG. 9. Variation of Y,0;:Eu** MTFs with screen thickness at 80 Ip/cm and
at 20 lp/cm.

ing DQE at thicker screens. As it can be observed in Fig. 10,
DQE starts to degrade for screens thicker than 110 mg/cm? at
80 kVp. The effect of x-ray tube voltage on DQE is related
to x-ray detection efficiency. For x-ray tube voltages well
above the K-absorption edge of yttrium (17 keV), the detec-
tion efficiency decreases with increasing voltage, inducing a
similar reduction in DQE, as is shown in Fig. 10.

The variation of zero frequency DQE with x-ray energy is
shown in Fig. 11 for Y,0;:Eu**, Y,0,S:Tb, and Gd,0,5:Tb
screens of the same thickness. Results were obtained for the
three materials under the same conditions and following the
same methods. Curves were corrected for the effect of
K-fluorescent x rays of yttrium and gadolinium for energies
above 17 keV and 50.2 keV, respectively, according to the
methods of Chan and Doi%® and Fahrig et al.® The DQE of
Y,0;:Eu®* was found slightly better than that of Y,0,S:Tb
in the whole energy range and higher than that of Gd,0,S:Tb
between 30 and 50 keV. This was due to the combined effect
of higher o values for Y,0,S:Tb and Gd,0,S:Tb and of the
lower x-ray absorption efficiency of Gd,0,S:Tb in a limited
energy range.

Figure 12 shows the measured emission spectrum of
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35
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FiG. 10. Variation of the zero frequency DQE of Y,0;:Eu®* screens with
coating thickness at various x-ray tube voltages.
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FiG. 11. Variation of DQE(0) with x-ray energy of Gd,0,S:Tb, Y,0,5:Tb,
and Y,05:Eu®* 55 mg/cm? screens; curves have been corrected for X fluo-
rescence.

Y203:Eu3+ normalized to unity and the normalized spectral
sensitivity distribution functions of various commonly em-
ployed optical photon detectors; the sensitivity distributions
of optical detectors cover a much wider wavelength region
than the small portion of interest shown. The Y,0;:Eu*
spectrum contains a sharp peak at 613 nm which is in the red
color region of the optical spectrum. Photons of such wave-
lengths undergo less scattering as compared to green light
photons emitted by terbium activated phosphors, used in
medical  imaging (e.g., Gd,0,8:Tb, La,0,S:Th,
Y,0,8:Tb).% Thus, although terbium activated phosphors
have higher values of intrinsic conversion efficiency than
Y,0;:Eu?, their corresponding image transfer characteris-
tics are comparable (Table I and Fig. 11). The spectrum of
Y,0;:Eu®* is narrow enough to assure very good spectral
compatibility with the spectral sensitivities of many optical
detectors. Table II shows the calculated values of spectral
matching factors of Y,0,:Eu®* phosphor with various opti-
cal detectors. The spectral compatibility with GaAs and S-25
photocathodes, used in photomultiplier and image intensifier

Normalized spsctral response

830

650

870 890

Wavelength (nm)

FiG. 12. Normalized spectrai response of the Y,05:Eu®* scintillator against
normalized spectral sensitivities of various optical detectors.
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TasLE Il Matching factor values between the Y,0;:Eu®' light spectrum
and the spectral sensitivity distributions of various optical detectors.

Optical Detector Matching Factor

Photocathode GaAs 0.955
Photocathode S-25 0.899
Photocathode modified S-20 0.673
Photocathode extended S-20 0.618
Photodiode Si 0.662
Photodiode Ge 0.353
Photocell GaAsP-E 0.948
Photocell GaAsP 0.895
Agfa Scopix LT 2B film 0.922

tubes, was excellent (matching factor close to or better than
0.9). The same holds for the Agfa Scopix LT 2B film, indi-
cating that this photosensitive emulsion could be used in
radiographic applications with Y,0;:Eu®" screens. Excelient
compatibility was also achieved with GaAsP photocells.
Very good compatibility was obtained with an Si photodi-
ode, used in solid state CT detectors and CCD arrays of
some digital radiographic systems,’? and with the modified
S-20 photocathode, used in image intensifier and photomul-
tiplier tubes.

IV. SUMMARY AND CONCLUSIONS

The absolute luminescence efficiency, the intrinsic x ray
to light conversion efficiency, the light emission spectrum,
and optical parameters related to light scattering, absorption,
and reflection properties of laboratory prepared Y,0;:Eu’*
phosphor screens were determined using experimental meth-
ods. The optical parameters of the phosphor material were
used to calculate the MTF and zero spatial frequency DQE.
The spectral compatibility of Y,05:Eu®* to various optical
detectors was examined. Coating thicknesses and x-ray tube
voltages achieving the best performance of Y,0;:Eu’”
screens in both transmission and reflection modes of obser-
vation, as well as best screen-optical detector combinations
were determined. In conclusion, Y,0;:Eu’" is a phosphor
material displaying satisfactory optical and image transfer
properties and could be employed as a radiation detector and
medical image receptor.

ACKNOWLEDGMENT

This study is dedicated to the memory of Professor G. E.
Giakoumakis, leading member of our team, whose work on
phosphor materials has inspired us all to continue.

APPENDIX A: ABSOLUTE EFFICIENCY

The AE was calculated considering a phosphor screen en-
closed between two substrates. The absorption of an infini-
tesimal quantity of x rays d!, in a thin fluorescent layer dt at
depth ¢ is given® by

dl(1)=— p(e)lodt exp(— p(e)r), (A1)
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where u(e) is the x-ray mass attenuation coefficient and /, is
the intensity of x rays at depth r=0.
The intensity of light d/, created within this layer is
dl (t)=n.dl (1), (A2)
where n,. is the intrinsic x ray to light conversion efficiency
of the phosphor material. Considering only forward and
backward direction of light penetration, d{; may be divided

into two fluxes dl and dl for forward and backward light
propagation. Thus, Eq. (A2) may be equally represented by

|
dlp(t)=znclo,u(e)dt exp(— p(e)t), (A3)

1
dlg(t)y=— -2—n(,lo,u(e)dt exp(— ple)r). (A4)

Taking into account light scattering and absorption phenom-
ena during light transmission through the screen material re-
lations (A3) and (A4) may be written as

1
dig(t)= 7 ndoml(e)dt exp( —u(e)t) —alp(t)dt

—slp(t)dt+ slg(t)dt, (AS5)
1
dig(t)=— 3 nloufe)dr exp(— ule)t)+alg(t)dt
+slg()dt—slp(t)dt. (A6)

The first term of both equations describes the x-ray absorp-
tion and the light creation efficiency (n,) of the phosphor
material. The second and third terms describe the optical
photon loses due to scattering (s) and absorption (a), and
the fourth term corresponds to optical photons scattered in a
direction opposite to that of light propagation. The second,
third, and fourth terms also express the light transmission
efficiency of the phosphor material.

For the solution of the differential equations (AS5) and
(A6) two boundary conditions were considered:

a: at the front screen surface ¢ =0:

Lp(0)=ryl(0),

where r is the reflectivity of the front screen-substrate inter-
face.
b: at the back screen surface t=T:

IB(T):rllF(T)s

(A7)

(A8)

where r| is the reflectivity of the back screen-substrate inter-
face and T is the screen thickness.

Considering that the AE is defined as the ratio of the light
flux emitted to the incident x-ray intensity then AE is ex-
pressed by

IIT(E):TVTIF(T)/I(), (Ag)

nR(e)=TrRlB(0)/lo, (AIO)
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where Try,Trg are the light transparencies through the two
substrates, and np(e) and ng(e) are the monoenergetic ab-
solute efficiencies in transmission and reflection modes of
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observation, respectively. By solving the differential equa-
tions (A5) and (A6), and taking into account relations (A9)
and (A10)

neyTu(1+p)e ™ (p=—0)(1-Ble” T+2(a+ uB)e*’ —(u+a)(1+p)e’”

n{e)= 2(,&2_02)

for transmission mode and

(L+B)pi+B)e” —(1-B)p—Ble” "

(A11)

neymwe M (u—0o)(pi+B)e” +2(ap, — uBle * —(u+o)(p—Ble T

ng(e)= (,u,2—0'2)

for reflection mode. ny,ng are the absolute efficiencies in
transmission and reflection modes, respectively, n, is the in-
trinsic x ray to light conversion efficiency of the phosphor,
W is the energy dependent mass attenuation coefficient of
the incident x-ray photons, 7" is the coating thickness (sur-
face density) of the screen, T, is the transparency of the
screen’s substrate (7r=0.9), p, was calculated by
p=(1—=r)/(1+r)), where r; is the reflectivity at the
screen-substrate interface, y is the conversion factor convert-
ing the exposure rate (mR s™') to energy fluence of the x-ray
beam (W m_2), o and B are coefficients directly related to
optical absorption (a) and optical scattering (s) coefficients
by o=[a(a+2s)]"? and B=[a/(a+2s)]">. Experimental
data on AE were fitted by Eq. (A13) employing the
Levenberg—Marquard method,** after determining initial val-
ues for n, from published data on cathodoluminescence mea-
surements, and estimating initial values for o by inspection.

From hereafter the equations used for the calculation of
ARS10.123435 VTR 1215303134 n 4 DQE!S192021233134 400
presented in discrete form for ease of computer reproduction.
The polyenergetic AE of a phosphor screen was calculated
by

3PP r(e)n(e)
e=0

where f(e) is the x-ray spectral distribution function given
by

fle)=(1—elEy)e *ara, (A14)

where u,; and ¢, are the x-ray mass attenuation coefficient
and thickness of the filter material used, respectively. In our
experiments the filter material was aluminum with a total
thickness of 22 mm (2 mm tube filter+20 mm Al filter for
simulating x-ray attenuation by human tissues). The energy
step used in (A13) over the whole energy spectrum was 1
keV and E, denotes the maximum x-ray spectral energy,
numerically equal to the x-ray tube voltage expressed in
kVp.

The spectral distribution function f(e) for x rays given by
(A14) does not include the K-characteristic radiation emitted
by the tungsten target of the x-ray tube. The intensity of this
radiation has been described by empirical formulas:*®
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(1+B)(p1+B)e” —(1-B)(p1—Ble 7"

(A12)

lg=Cg(Eg—Eg)"%, (A15)

where Ey is the binding energy of the K shell, Cg,ng are
constants,*®*" and E,, is the kinetic energy of the electrons
incident on the target. The ratio of the total K-characteristic
radiation to the total radiation emitted by a tungsten target
has been calculated®® and experimentally determined.”” This
ratio continuously increases with energy up to 300 kVp.
However, if 1 mm Cu filtration is used, ratio maximum
(0.095) is reached at 70-80 kVp.*’ The contribution of
K-characteristic radiation in our experiments (22 mm Al)
was evaluated by employing a formula from a recently pub-
lished semi-empirical model for generating tungsten x-ray
spectra:*®

T nyg n i\
N(E)=Ax E—Z—l) E P(%)

Xexp[ — u(E;)x;/sin 8],

(A16)

where x;=iAx, i=0,1,2,...,n, R=nAx, and Ax is the incre-
mental target thickness travelled by the penetrating electrons.
A ,ny are model parameters, T, is the initial energy of the
electrons impinging on the target, Ex is the binding energy
of the K shell, E;, is the energy of the characteristic x rays,
f(E;) is the fractional emission of the characteristic x ray of
energy E;, R is the distance at which the average kinetic
energy of the electrons becomes equal to Eg,*® #=30° is the
tube target angle, x is the distance of electron penetration,
and P(x;/R) is a probability distribution function given by

pl S (3] | X : f R
R 5 7 or x;<R,
Xi
P(E) =0 for x;>R. (A17)

This function accounts for the initial increase in charac-
teristic x-ray production with depth, attributed to the back-
scattered electrons escaping from the target. After a maxi-
mum of characteristic x-ray production is reached, a decrease
follows, as the electrons penetrate deeper within the target
material.

Values for Ag, ng, f(E;), E;, and Eg were taken from
Tucker et al.*® The exposure associated with the characteris-
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tic radiation of the target was estimated by taking into ac-
count the photon fluence per roentgen.*® The ratio of the K
exposure to the total x-ray exposure was found to be 0.048 at
80 kVp, 0.051 at 90 kVp, 0.067 at 100 kVp, 0.065 at 110
kVp, and 0.061 at 140 kVp, decreasing thereafter. This ratio
expresses the extend of the error made in the calculations by
employing Eq. (A14). Considering the error involved to be
small it was not taken into account in the calculations.

APPENDIX B: MODULATION TRANSFER
FUNCTION

The MTF of a phosphor screen of thickness 7 was calcu-
lated considering that it is divided into a number of thin
layers of thickness Ar=1 mg/cm’. For a thin layer at depth ¢,
a fraction R (e,r) of x-ray photons of energy e is absorbed,
for each x-ray photon absorbed a number of light photons
mg(e) are created, and a spatial frequency dependent frac-
tion G(v,t) of those light photons is transmitted through the
phosphor material and escapes from the screen. Thus, the
total number of photons N(e,v,t) emitted from the screen
that were generated in a thin layer of thickness Ar=1
mg/cm? at depth ¢ is given by

N(e,v,t)=R,(e,t)ymy(e)G(v,t), (B1)
where

R (e,1)=p(e)e™H)N, (B2)

mo(e)=n(e/Ep). (B3)

Ep is the energy of the optical photons (2.16 eV) and G(v,t)
has been derived by Swank'3 by modeling the optical photon
propagation through the phosphor material with a diffusion
equation whose solution gives

1p[(g+ 7po)e?’ +(g— Tpg)e ']
(g+7po)(g+7p)e?" —(qg—7po)(g—Tp))e 1"
(B4)
7p1[(g+ 7po)e? "V + (g —mpgle 1T

(g+7po)(g+71p))et"—(q—Tpo)(g—Tp1)e 9T’
(B5)

where G¢(v,t),Gg(v,t) correspond to transmission and re-
flection mode of measurement, respectively, 7 is the inverse
relaxation length, g is an optical parameter given by
g=[o’+am*v¥d’]'", (B6)
where d is the density of the Y203:Eu3+ phosphor coating
(d=1.8 g/cm®), measured in powder form, py,p, are given by
(1—r,)
Pn= (1+r,)

GT(v,t)=

Grlv,n)=

n=0,1, (B7)
where ry,r, are the reflectivities at the front screen surface
(x-ray incidence side) and the screen-substrate interface re-
spectively. T in (B4) or (B5) is the total screen thickness.
The inverse relaxation length 7 is related to optical param-
eters B, o of relations (A11) and (A12) by 7=0/8. G(v,?)
divided by G(0,) gives the MTF of the thin layer Az at
depth .
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The total number of light photons emitted by the screen
per x ray absorbed in the phosphor material G(v,e) is cal-
culated by summing the number of photons N(e,v,) from
each layer and dividing by the total fraction of x rays of
energy e absorbed in the screen:

. .
G(v,e)=t21 Rx(e,t)mo(e)G(v,r)/ ;I R (e.t). (B8)

For a polyenergetic x-ray beam the total number of pho-
tons emitted per absorbed x ray is calculated by averaging
over the x-ray spectrum f(e)

Ey Ey
G(v)=2] f(e)G(v,e) 21 f(e), (B9)
€= €=
where E is the x-ray tube voltage. The MTF was then cal-
culated by normalizing (B9) to unity at zero frequency:

MTF(v)=G(v)/G(0). (B10)

APPENDIX C: ZERO SPATIAL FREQUENCY
DETECTIVE QUANTUM EFFICIENCY

The information content of a medical image may be quan-
titatively expressed by the signal to noise ratio (SNR). The
efficiency of a screen to transfer information may be ex-
pressed by the information content reaching the output of the
screen compared to the information content at the screen
input. This may be evaluated by means of the DQE, which
relates the output SNR to the input SNR:

DQE= | Rt 2 Cl
QE= SNR,| (Ch
It has been shown'>? that DQE may be equivalently ex-
pressed by
DQE=A,Ag, (C2)

where A, is the quantum detection efficiency, which ex-
presses the fraction of incident x rays that are absorbed in the
screen material. A, was calculated by

£y £o

AQ=§lf(e)[1~e‘W”] > fle).

e=1

(C3)

Ay is the Swank factor (or statistical factor) that describes the
fluctuation in the number of optical photons emitted per ab-
sorbed x ray. These fluctuations result in a statistical optical
pulse height distribution characterized by its statistical mo-
ments. Ag is defined as

Ag=M3IMM,, (C4)

where M, i=0,1,2 are the zeroth, first, and second statistical
moments of the optical pulse (scintillation) height distribu-
tion. The polyenergetic moments of the optical pulse height
distribution, necessary for the calculation of the Swank fac-
tor, were determined by the equations:

My=1, (C35)
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Egy

Ey
Mi=2 fe)Mi(e) [ 2 fle), (C6)

where

T T
Ml(e)=;l moy(e)G(0,6)R (e,1) ;}Rx(e,t) (C7)

is the monoenergetic first moment and R, (e,t) is given in
(B2) and G(0,¢) in (B4) and (BS5). The product my(e)G(0,t)
expresses the number of emitted optical photons per x-ray
absorbed originating from a thin layer at depth .

Eg Ey
My=2 fle)Me) | 2 fle), (&)

and
T

T
zuz(e):;‘,l mg(e)Gz(O,t)Rx(e,t)/ 21 R.e,1), (C9)
p =
where M,(e) is the monoenergetic second moment.
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