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PHYSICS

Experimental and theoretical assessment
of the performance of Gd,0,S:Th and
La,0,S:Th phosphors and
Gd,0,5:Th-La,0,S:Tb mixtures for X-ray

imaging

Abstract The purpose of this work
was to investigate and compare the
imaging performance of Gd,0,S:Tb
and La,0,S:Tb phosphors as well as
of Gd,0,S:Tb and La,0,S:Tb mix-
tures for use in X-ray imaging de-
tectors (intensifying screens). Phos-
phors were supplied in powder form
and were used to prepare test
screens. Three types of screens were
prepared: Gd,0,S:Tb;
(GdsyLas;)O,S:Tb; and La,0,S:Tb.
Screens were excited by X-rays with
tube voltages from 40 to 120 kV and
their efficiency (light intensity or
light energy flux over exposure) was
measured with a photomultiplier
and a dosimeter. The light spectrum
was also measured with a mono-
chromator. From these measure-
ments, the number of emitted pho-
tons per incident X-ray (NEP) and
the zero frequency detective quan-
tum efficiency (DQE(0)) of the
screens were determined. Addition-
ally, modulation transfer function
(MTF) was measured by the square
wave response function (SWRF)

method. A theoretical model calcu-
lating NEP and DQE was also de-
veloped to fit experimental data and
predict the performance of
Gd,0,S:Tb-La,0,S:Tb mixtures by
weight from 10-90 % to 90-10%.
Gd,0,S:Tb screens exhibited high-
est NEP, DQE, and MTF at tube
voltages higher than 55 kV and low-
er than 45 kV, whereas La,0,S:Tb
screens had better NEP, DQE, and
MTF within the 45- to 55-kV range.
Maximum NEP values were higher
than 700 at 100-120 kV while maxi-
mum DQE(0) was 0.314 at 80 kV.
Gd,0,S:Tb screens are more effi-
cient for high X-ray tube voltage
applications (e.g., abdominal imag-
ing, chest radiography, lumbar spine
radiography, CT) and for very low
voltage applications (e.g., mammo-
graphy). La,0,S:Tb screens are use-
ful for medium-range X-ray voltages
(e.g., pediatric radiography).

Key words Phosphor - Screen X-
ray - Efficiency - MTF - Detective
quantum efficiency

Introduction

Phosphors are materials used in medical imaging detec-
tors to convert X-rays into optical signal. The intrinsic
physical properties of phosphors, such as effective
atomic number, energy of K-absorption edge, activator
type, and density affect numerous parameters which are
crucial in medical imaging. These parameters express
the capability of a phosphor-based imaging detector to

extract diagnostic information from the X-ray beam
transmitted through the human body. The definition of
the parameters is based on: (a) the efficiency of a phos-
phor material to absorb incident radiation and convert
its energy into emitted light [1, 2, 3, 4,5, 6,7, 8, 9, 10];
and (b) the capability to form images of high diagnostic
information content [5, 6, 10, 11, 12, 13, 14, 15]. In the
first case parameters such as absolute efficiency, relative
efficiency, luminescence efficiency, gain, sensitivity, and
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speed have been defined. On the other hand, informa-
tion content has been evaluated by parameters such as
spatial resolution, image contrast, noise, and signal-to-
noise ratio (SNR).

In the present study the imaging performances of two
of the most efficient phosphors, namely Gd,0,S:Tb and
La,0,S:Tb as well as Gd,0,S5-La,0,S, mixtures in vari-
ous percentages, were studied and were compared.
Gd,0,S:Tb and La,0,S:Tb differ in their effective
atomic number, K-absorption edge, and density. but
they have the same type of activator. Due to these dif-
ferences, Gd,0,S:Tb should be expected to perform
better at relatively high diagnostic X-ray tube voltages,
whereas La,0,S:Tb performs better at lower voltages.
The purpose of this study was to determine the range of
tube voltages at which each phosphor is more efficient
and, additionally, to investigate whether Gd,O,.
S-La,0,S mixtures exhibit high performance in a wider
range of diagnostic voltages than pure Gd,0,S and
La,0,S. This should provide information concerning
the optimum use of each phosphor in various imaging
applications.

The following imaging parameters were experimen-
tally and theoretically evaluated:

1. The light emission efficiency [1, 2, 3,4, 5,6,7,8,9, 10,
16], which was evaluated by determining the number
of emitted photons (NEP) of light per incident X-ray

2. The modulation transfer function (MTF), which de-
scribes the variation of image contrast with spatial
frequency and expresses spatial resolution [5, 10, 11,
12,13, 14].

3. The detective quantum efficiency (DQE), which ex-
presses the transfer of the SNR from the input to the
output of an imaging system [6, 10, 11, 12, 13, 14, 15,
17].

Commercial intensifying screens which contain
Gd,0,S:Tb-La,0,S:Tb mixtures of specific percentage
have been investigated in previous studies [6, 7, 8, 15];
however, in this paper the study was extended to include
a larger variety of mixture percentages. Additionally,
MTF and spatial frequency dependent DQE were ex-
perimentally and theoretically examined.

Materials and methods

The phosphor materials were supplied in powder form, by Derby
Luminescents Ltd. (Code numbers GT1016 and LT133 for
Gd,0,S:Tb and La,0,S:Tb, respectively). The mean size of the
powder grains was approximately 7 um. Grain size affects both
emission efficiency and spatial resolution [5, 11, 16, 18]; however,
sizes in the range from 5 to 10 um are generally accepted as a sat-
isfactory compromise between emission efficiency and spatial res-
olution [5, 18]. The phosphors were used in the form of layers
(screens) prepared in our laboratory [9, 10, 19, 20, 21, 22] with

various coating weights ranging from approximately 25 to 180 mg/
cm?, which are often used in various types of X-ray imaging appli-
cations. Preparation was performed by sedimentation of the phos-
phor powder on fused silica substrates. Three types of screens were
prepared: (a) screens which use 100%, Gd,0,S:Tb phosphor, (b)
Screens which use 100%, La,0,S:Tb and 3. Screens which use 50%,
Gd,0,S:Tb and 50%, La,0,S:Tb [22]. In all cases NaSiO, was used
as binding material between the phosphor grains and the phosphor
packing density was of approximately 50%,, which is similar to that
of commercially available phosphor screens. The screens were ir-
radiated by X-rays using X-ray tube voltages from 40 to 120 kV.
Tube voltage was checked using an RMI model 240 multifunction
meter. The X-ray beam was filtered by an additional aluminum
filter of 20 mm in order to simulate the effect of patient’s body on
X-ray beam.

NEP determination

To determine the number of emitted light photons per incident X-
ray, first the light intensity I; (or light energy flux, expressed in
uW m2) emitted by the screens was measured by means of a
photomultiplier (EMI 9558 QB) coupled to an electrometer (Cary
401). Data obtained by the electrometer were converted into light
intensity (energy per unit of area and time) using manufacturer’s
photosensitivity data [9, 10, 19, 20, 21, 22]. Secondly, the exposure
rate X (mR s™), related to the incident X-ray beam, was deter-
mined by a PTW ionization chamber dosimeter (type no. 23333);
exposure measurements were performed during a second irradia-
tion, under the same exposure conditions, except that the screen
was replaced by the ionization chamber. (In all cases the repro-
ducibility of the generator was within 4%.) In addition, optical
emission spectra produced by the excited screens were measured
using an Oriel 7440 grating monochromator. All these measure-
ments were used to calculate the light emission efficiency, in num-
ber, N®, of emitted light photons per incident X-ray, by the for-
mula:

= % - xa[(h;(],q)) @)

where N, is the total number of emitted light photons per unit of
area and time when Ny X-ray photons are incident per unit of area
and time on the surface of the screen; hv is the energy of a light
photon determined by the emission spectra measurements; and o
(X, @) is a coefficient converting exposure X into X-ray photon
fluency @ (photons per unit of area) [12]. Experimental uncer-
tainties in NEP determination were of the order of 4 %.

MTF determination

The modulation transfer function of each screen was determined
following the square wave response function (SWRF) method,
which has been explicitly described in previous studies [10, 19, 21,
22,23,24,25]. The screens were used in combination with the Agfa
Curix Ortho GS radiographic film. An MTF lead test pattern (type
53 of Nuclear Associates), which comprises lead line pairs with
spatial frequencies ranging from 2.5 to 100 Ip/cm, was placed in
front of each screen. The frequency range of this pattern is appro-
priate for all X-ray imaging applications except for mammography;
however, it has been previously employed for mammographic
screen-film evaluation [26]. After screen irradiation, the images of
the test pattern obtained on the films were digitized by a Microtec
Scan maker II SP (24-bit color 1200 x 1200 dpi) scanner. The test
pattern was placed so that its line pairs were at right angles to the
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Table 1 X-ray to light conversion efficiency and attenuation coef-
ficients

Phosphors g p Ne
(cm?/g)

Gd,0,S 30 0.03 0.20

La,0,S 30 0.03 0.18

(GdLa),0,S 30 0.03 0.19

scanning direction. In this way the SWRF was obtained from the
digitized pattern images as image density variations across lines
vertically directed with respect to the lines of the pattern. Sixty-
four successive density variations were selected and averaged to
eliminate noise. The MTF was then calculated by the formula of
Coltman [19, 21, 23, 24, 25], which gives the MTF as a function of
SWREF. This calculation, however, includes the MTF of the scanner
and of the film. To obtain the screen MTF the data were corrected
by dividing with the MTF of the scanner, whereas the film’s MTF
was considered equal to unity for frequencies up to 100 Ip/cm [14,
19, 21]. The MTF uncertainties were between 0.7 %, at low spatial
frequencies and thin screens, and 3 % at high frequencies and thick
screens.

DQE determination

The detective quantum efficiency is defined as the square of the
SNR characterizing a medical image divided by the square of the
signal-to-noise ratio characterizing the incident X-ray beam. In the
present study DQE was determined using a formula (see Appen-
dix) based on NEP and MTF data:

SNR,, ]2 NyNZMTEF?
SNR;,|  NPS

DQE = [ (2)

80 100 120 140
Coating weight (mg/cmz)

160

where NPS is the noise power spectrum associated with the light
emitted by the phosphor. It is shown (see Appendix) that NPS can
be determined as a function of Ny, N®@, MTF, and the number m,_
of light photons emitted per absorbed X-ray photon:
NPS = NxNg [m MTF?] + NxNg, 3)
The number m; can be calculated as the ratio of the emitted light
photons N, to the number of absorbed X-rays; the latter is calcu-
lated by considering exponential absorption of X-rays. The X-ray
total mass energy absorption coefficient (in cm?%g) of the phos-

phors was used which was calculated from data on corresponding
coefficients of the chemical elements La, Gd, O, and S [27].

Theoretical calculations

The NEP, MTF, and DQE can be theoretically calculated employ-
ing the theoretical models of Hamaker [27], Ludwig [3, 19, 22, 25],
and Swank [19, 25, 29]. These models describe the aforementioned
parameters in terms of intrinsic physical properties of the phos-
phor materials, namely: the total mass energy absorption coeffi-
cient u (in cm?/g); the intrinsic X-ray to light conversion efficiency
7n¢; and the coefficients related to the attenuation (absorption and
scattering) of the light produced inside the phosphor screen (see
Appendix). The equations of the models were used to fit the ex-
perimental data [30]. The fitting procedure was performed as fol-
lows:

1. The coefficients of X-ray absorption were calculated for each
phosphor as described in the DQE section.

2. The intrinsic X-ray to light conversion efficiency for La,0,S:Tb
(0.18) and for Gd,0,S:Tb (0.20) were obtained from previous
studies [19]. In these studies data obtained under cathode ray
excitation [31] were initially used. It is accepted that intrinsic
conversion efficiencies under X-ray or cathode ray excitation do
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not differ significantly [4], since they depend on intrinsic phos-
phor properties and on temperature. The latter was practical-
ly constant during experiments; however, it was finally found
that X-ray excitation values were higher. In the case of
(Gd,sLa,5),0,S:Tb this efficiency was taken to be equal to the
mean value (0.19) of the two other materials [22].

3. The values of the coefficients related to light attenuation were
allowed to vary so that best matching between the curves de-
rived by the models and the experimental curves was obtained.
The fitting technique followed the Levenberg-Marquard meth-
od [30].

[ T0 75 i1} BS

W us 10 15

X-ray tube voltage (KVp)

The model equations were used to predict NEP, MTF, and DQE of
phosphor screens prepared from mixtures of Gd,0,S:Tb and
La,0,S:Tb in various Gd/La proportions ranging from 80-20 % to
20-80 % . For each mixture the calculation was performed consid-
ering the following assumptions:

1. The coefficients of X-ray absorption and the intrinsic X-ray to
light conversion efficiencies of the various phosphor mixtures
were calculated as the weighted average corresponding to the
proportions of pure Gd,0,S and La,0,S involvement in each
mixture.
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2. The coefficients of light attenuation were kept constant and
equal to those found by the fitting to the experimental data. The
values of these coefficients were found approximately equal for
the three experimental phosphors. This was expected since the
wavelengths (spectra) of the emitted light photons and the size
of the phosphor grains, which determine the phosphor’s light
attenuation properties, were very close in value in all phosphors.

Results and discussion

Figure 1 shows the variation of light emission efficiency
(NEP) with screen coating weight measured at 50 kV
for the three phosphors used in the experiments. Points
represent experimental data, whereas solid lines repre-
sent fitted curves obtained by calculations according to
the theoretical model (see Appendix) [3, 28, 29]. As it is
observed the number of emitted light photons increases
with screen coating weight up to a value around 80 mg/
cm?and decreases slightly thereafter. The shape of the
curves is due to the simultaneous effect of X-ray detec-
tion efficiency. Best curve fitting to the experimental
results was obtained for the values of light attenuation
coefficients shown in Table 1. It is noted that the phos-
phor ranking depicted in Fig. 1 is only valid within the
voltage region from 45 to 60 kV. For voltages outside
this range phosphor ranking was reversed, with
Gd,0,S:Tb showing higher NEP values.

Figure 2 shows MTF curves measured by the SWRF
method [19, 23, 24, 25]. The MTF decreases with in-
creasing spatial frequency. In contrast to what was ob-
served in the case of NEP measurements, Gd,0,S:Tb
exhibited higher MTF values than the two other phos-
phors. The superiority of the MTF of Gd,0,S:Tb is ex-

X-ray tube voltage (KVp)

plained by considering the density of this material
(7.43 g/lcm?). For a given coating weight, screens pre-
pared from a high-density material are thinner than
lower-density screens; thus, MTF is improved. Similar
MTF curves were found at all X-ray tube voltages con-
sidered in this study and this also holds for the curves
shown in Fig. 2, obtained at 50 kV. Experimental and
theoretical results concerning DQE variation with
coating thickness are not shown because the shape of
curves was very similar to that shown in Fig. 1 for emis-
sion efficiency curves. This is explained by considering
that DQE is directly proportional to the number of
emitted light photons N@, and hence similar reasoning
may be applied to describe the variation of DQE values.
The values of DQE peaked at 80 kVp and 80 mg/cm?,
attaining a value of 0.312. This value is accurate within
the limits of experimental errors [5, 6] and is also within
the limits of values published by previous studies [6, 14,
15] on commercial systems.

Figure 3 shows the variation NEP with increasing X-
ray tube voltage for various Gd,0,S:Tb-La,0,S:Tb
phosphor mixtures in varying proportions. As it is ob-
served, the number of emitted light photons depends
strongly on the proportions of Gd,O,S and La,0O,S in-
volved in the mixture. In the case of pure Gd,O,S
phosphor (curve 100/00 in Fig. 3), the number of light
photons decreases with tube voltage until 50 kVp, ex-
hibiting a minimum value, and increases thereafter. This
minimum value increases with decreasing Gd propor-
tion in the mixture. In the 45- to 53-kV range, pure
La,0,S phosphor exhibited best performance. In addi-
tion, the proportion of Gd and of La in the mixture af-
fects the shape of the curves as follows: For voltages
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higher than 50 kV the emission efficiency of pure
Gd,0,S starts to increase continuously due to the pres-
ence of the K-shell absorption edge of Gd at 50.2 ke V.
As tube voltage increases to values higher than 50 kV,
increasingly more X-ray photons acquire energies high-
er than 50 keV and thus they are easier absorbed by the
Gd atoms; hence, higher intensities of light photons are
produced and emitted. This behavior becomes less
prominent when the Gd,O,S proportion decreases with
respect to La,0,S. In the range of voltages from 45 to
53 kV (around 50 kV), the number of emitted photons
increases with increasing proportion of La atoms in the
phosphor. This is explained by the fact that the K-ab-
sorption edge of lanthanum lies at 39 keV. Hence, when
X-ray tube voltage is higher than 39 kVp, photons with
energies from 39 to 50 keV are easier absorbed by lan-

thanum atoms. This increases the efficiency of La,0,S,
which thus exceeds that of Gd,0,S after 45 kVp; how-
ever, it must be taken into consideration that a fraction
of the energy carried by photons exceeding the K-ab-
sorption edge is remitted within the phosphor, in the
form of K-fluorescent radiation [32]. A large part of this
radiation, amounting up to 31 % for Gd,0,S, which is
just above its K-edge [33], may escape the phosphor
without contributing to light creation.

Figure 4 shows the variation of the zero frequency
detective quantum efficiency (DQE(0)) with X-ray tube
voltage for screens of 80 mg/cm? and various Gd/La
proportions. At low and medium X-ray tube voltages,
the shape of the DQE curves is similar to the emission
efficiency curves (see Fig. 3). The DQE exhibits a mini-
mum DQE value for the pure Gd,0,S phosphor at
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50 kV, whereas in the range from 43 to 55 kV the pure
La,0,S phosphor showed the highest DQE perfor-
mance; however, for tube voltages in the range
70-80 kV, the shape of curves becomes different from
the corresponding NEP curves. The DQE tends to de-
crease rapidly with voltage, indicating that at higher X-
ray energies the role of quantum noise is more impor-
tant than at medium (60-80kV) or low energies
(< 40 kV). This behavior may also be justified from Egs.
(2) and (3). The number () of light photons emitted
per absorbed X-ray, which is in the denominator of
Eq. (2), is expected to increase with tube voltage. This is
because larger number of light photons are produced
when larger amounts of X-ray energy are deposited
within the phosphor mass. Additionally, high-energy X-
rays are more penetrating; thus, they are absorbed clos-
er to the output screen surface and light photons are
easier transmitted through the phosphor. On the other
hand, the number of emitted photons per incident X-ray
N®), which is in the numerator of Eq. (2), exhibits a
slight variation with tube voltage at voltages higher than
80 kV; hence, SNR and DQE show a tendency to de-
crease at high voltages.

Figures 5, 6, and 7 show the variation of light emis-
sion efficiency, MTF, and DQE, respectively, with the
ratio of Gd/La proportions. In all cases data shown are
determined at various X-ray tube voltages so that opti-
mum “phosphor mixture-tube voltage” combinations
can be obtained. The MTF values correspond to the
frequency of 80 Ip/cm, which is a high frequency, and
thus these data express the spatial resolution of the
screens. As is shown in the three figures, except for the
cases of emission efficiency and DQE curves at 50 kVp,

in all other cases, the performance level of the phos-
phors increases with increasing Gd proportion in the
mixture. On the contrary, at 50 kV, and in a range of
voltages around this value, the emission and DQE
performance levels increase with increasing La propor-
tion.

Conclusion

From the aforementioned results it is concluded that
materials which exhibit high effective atomic number,
high density, high X-ray to light conversion efficiency,
and a K-absorption edge within the diagnostically useful
X-ray energies, such as Gd,0,S:Tb, are very effective as
X-ray imaging detectors. The presence of other materi-
als in the X-ray detector may only be justified in cases
when X-ray energies higher than the K-absorption edge
of this material are used. Hence, detectors with
Gd,0,S:Tb or high Gd proportion are suitable for diag-
nostic applications using high tube voltages (e.g., ab-
dominal imaging, chest radiography, lumbar spine radi-
ography, CT) and for applications using very low tube
voltages (e.g., mammography). On the other hand, de-
tectors with La,0,S:Tb are more suitable for medium
voltage applications (e.g., pediatric radiography). It is
noted, however, that when considering the presence of
the K-absorption edge, the fraction of re-emitted X-ray
fluorescent photons that escape the phosphor should be
taken into account. For instance, in the case of Gd,0,S
phosphor and for incident X-ray energies just above the
energy of the K-edge, this fraction may amount up to
31 % [33] of the incident energy.
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Appendix
Theoretical light emission efficiency

Light emission efficiency was theoretically evaluated
considering that it is the product of the following quan-
tities [3, 5, 9, 10, 28, 29]:

E
Ng =ngncGy (a,s) [E_J

where 7 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:

(A1)

o =1-e7, (A2)
where i is the mass attenuation coefficient of the phos-
phor for X-rays calculated using published data [27] and
T is the screen-coating weight; 7 is the intrinsic X-ray
to light conversion efficiency, giving the fraction of ab-
sorbed X-ray energy converted to light within the phos-
phor material; Gy (a,s) is the light transmission efficien-
cy, expressing the fraction of light produced that reaches
the screen output [3, 5, 9, 10, 25, 28, 29], with a and s
being the coefficients of light absorption and light scat-
tering, and E is the mean energy of X-rays determined

by the relation:
[ ®(E)EdE
E= 7()}30 (A3)
| ®(E)dE
where0 E, is the maximum X-ray energy, numerically

equal to the X-ray tube voltage, and ® (E) is the spec-
tral distribution of X-rays, as given by Storm [34, 35].

E ) Is the mean energy of light photons determined by:
g, = [ PL(E)EE,
J @L(E\)dE,

where @; is the optical emission spectrum of the phos-
phor, determined experimentally.

(A4)

Theoretical MTF

G| (a,s) has also been expressed [25, 29] as a function of
spatial frequency f. In this case, MTF is expressed as:

P(E)ngneGy(as,f)EdE
MTF(f) = gj(((f)) —

(AS5)

~

B(E)qncGy (a.5.0 EAE

O%gﬂ c%gn

Detective quantum efficiency

The detective quantum efficiency has been previously
expressed [10, 13, 36] by the formula:

dN, ]2MTF?

DQE = Ny [S-L
Q X{dNX] NPS

The ratio dN;/dNx is equal to the number of emitted
light photons per incident X-ray N®. Thus:

(A6)

DQE = NxN} 1\1{;];2 (A7)
where [36]:

NPS = N, [m, MTF?]+ N,

and from Eq. (1) it follows (see also Eq. (3)):

NPS = Ny N® [m; MTF?]+ Ny N® (A8)

It is noted that X-ray phosphors are detectors producing
an output optical signal (light photons), which is deter-
mined by the energy of the incident X-ray beam (energy
fluency); hence, the input SNR should be determined by
the incident X-ray energy fluency. However, as has been
demonstrated [17], the signal-to-noise ratio of an ideal
detector, which captures all the information conveyed
by the beam (DQE = 1), is equal to the mean number of
incident photons (photon fluency). Hence, the incident
X-ray photon fluency can be used as the SNR,, in the
DQE calculation in a real detector, since, by definition,
DQE expresses the degradation of input information
(SNR;,) in real imaging detectors.
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