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Abstract

(Gd,La),0,S:Tb phosphor performance was tested under x-ray excitation for medical imaging applications with
tube voltages from 70 to 180 kVp and phosphor coating weights from 20 to 240 mg/cm?. The emission spectrum of
(Gd,La),0,S:Tb was also measured and it was centered at 549 nm. (Gd,La),0,S:Tb was found efficient in a wide
range of x-ray tube voltages and adequately compatible with photocathodes, photodiodes, and orthochromatic films
currently used in x-ray medical imaging. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Phosphor materials are employed as radiation to
light converters in detectors of x-ray or gamma ray
medical imaging systems (Arnold, 1979; Haque and
Stanley, 1981; Zweig and Zweig, 1983; Yaffe and
Rowlands, 1997). The light emitted by phosphors is
usually captured by optical detectors (films, photo-
cathodes or photodiodes) incorporated in the radiation
detector system. Gd,0,S:Tb and La,O,S:Tb have been
previously shown to be two of the most efficient phos-
phors (Giakoumakis et al., 1989; Kandarakis et al.,
1996). Gd,0,S:Tb is efficient at medium to high diag-
nostic x-ray energies while La,O,S:Tb is more efficient
at lower energies. Gd,0,S:Tb is widely used in radio-
graphic intensifying screens and in detectors of digital
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radiographic units while La,O,S:Tb is incorporated in
intensifying screens of some radiographic cassettes
(Arnold, 1979).

In the present study the luminescent properties of a
phosphor mixture consisting of 50% Gd,0,S:Tb and
50% La>O,S:Tb were determined, in order to investi-
gate if this mixture is adequately efficient in a wider
range of x-ray energies than the energy range of each
phosphor used alone. The luminescence evaluation of
the mixture, denoted as (Gd,La),0,S:Tb, was accom-
plished by determining the following parameters:

1. The absolute efficiency (AE) of the phosphor, which
is defined as the ratio of the light energy flux
emitted by an irradiated phosphor over the incident
Xx-ray or gamma ray exposure rate (Ludwig, 1971;
Cavouras et al., 1996; Kandarakis et al., 1996,
1997). AE is very important if the phosphor per-
formance is evaluated in relation to the patient radi-
ation dose burden.

2. The effective efficiency (EE), which is the absolute
efficiency with respect to the spectral compatibility
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between the phosphor’s emission spectrum and the
spectral sensitivity of the optical detector. EE is
very useful for determining the optimum phosphor-
optical detector combination (Cavouras et al.,
1998). Obviously, EE is a function of the fraction of
the primary x-ray beam transmitted through the
patient’s body. For a given level of patient ex-
posure, a high EE phosphor-optical detector combi-
nation produces images of higher brightness.

AE and EE were evaluated for a wide range of phos-
phor coating weights using x-rays produced by x-ray
tube high voltages ranging from 50 to 200 kVp.

2. Materials and methods
2.1. Definitions

2.1.1. The absolute efficiency
The absolute efficiency 1 of a phosphor is given by
the relation:

Yi(Eo, A, w)

n(Eo, w) = Y(E)

ey

where W, is the emitted light energy flux (energy of
light per unit of area and time), X is the incident ex-
posure rate that excites the phosphor to luminescence,
E, denotes the maximum x-ray energy determined by
the tube voltage, w is the coating weight of the phos-
phor and 4 is the wavelength of the emitted light.

AE depends on the following physical properties:

1. The x-ray absorption efficiency, which is determined
by the x-ray absorption coefficient (x) and the coat-
ing weight (w) of the phosphor.

2. The intrinsic x-ray to light conversion efficiency (1),
which expresses the fraction of absorbed x-ray
energy that is converted into light. . depends on
the fundamental energy band gap of the material,
the site symmetry and other intrinsic properties of
the phosphor.

3. The light transmission efficiency (g), which expresses
the fraction of light that is transmitted through the
phosphor and is emitted by the phosphor surface. g
depends on the light attenuation properties of the
material which are functions of light wavelength A.

2.1.2. The effective efficiency
The effective efficiency (1.5) has been defined
(Cavouras et al., 1998) by the formula:

&p ()L)SOD (/1) d/

Heir(Eo. W) = 1(Eo, w) | Hr @
L Sop(4) dA

where ¢,(4) is the phosphor’s emission spectrum and
Sop(4) is the spectral sensitivity distribution of the
optical detector used with the phosphor. The factor
within brackets expresses the spectral compatibility of
the phosphor’s spectrum with respect to the optical
detector (Cavouras et al., 1996, 1998).

2.2. Measurements and calculations

To determine AE and EE the following measure-
ments were performed:

1. The light energy flux, ¥, in equation (1) was
measured using an EMI 9558 QB photomultiplier
equipped with an extended S-20 photocathode and
coupled to a Carry 401 electrometer. Measurements
were performed following two modes of light obser-
vation: (a) Transmission mode or front screen con-
figuration set-up, where the light emitted was
measured from the non-irradiated phosphor surface;
(b) Reflection mode or back screen configuration
set-up, where the light emission from the x-rayed
phosphor surface was determined (Cavouras et al.,
1996; Kandarakis et al., 1998). Transmission mode
simulates practically all types of medical imaging
detector configurations: CT, gamma camera, digital
radiography detectors, image intensifiers and front
screen of radiographic cassettes. Reflection mode
simulates conventional mammography cassettes and
back screens of radiography cassettes. To accurately
determine W, the experimental data were corrected
dividing by: (a) the spectral compatibility (see factor
in brackets in relation (6)) between the
(Gd,La),0,S:Tb phosphor light and the spectral
sensitivity of the S-20 photocathode of the measur-
ing instrument; and (b) the geometric light collection
efficiency of the phosphor-photocathode configur-
ation. This efficiency depends on the angular distri-
bution of emitted light, which was determined as
previously described (Giakoumakis and Miliotis,
1985), and on the distance between the phosphor
layer and the photomultiplier.

2. The exposure rate, X in relation (1) was measured
by a PTW dosemeter (ionization chamber type No.
23333). X-ray exposures were performed on a
Siemens Stabilipan x-ray unit with high voltages
from 70 to 180 kVp.

3. The phosphor’s emission spectrum, ¢,(4) in Eq. (2),
was measured by an Oriel 7240 grating monochro-
mator. Spectral sensitivity curves, Sop(4) in relation
(2), were obtained from manufacturer’s data.
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Fig. 1. Variation of (Gd,La),0,S:Tb absolute efficiency with x-ray tube voltage, measured in transmission mode, for four screens
of 40, 83, 109, and 139 mg/cm?® coating weight. (1 Efficiency Unit, 1 E.U.=1 uW m~/mR s~' or 3.875 J/C.kg~".m? in S.I. units).
Points represent experimental values and solid lines represent theoretical curves.

Phosphor layers (screens) were prepared by sedimen-
tation of the phosphor powder consisting of 50%
Gd,0,S:Tb and 50% La,0,S:Tb. Sedimentation was
performed on fused silica substrates using Na,SiO3 as
binding material between the phosphor powder grains
(mean size: 7 um). The coating weight of the various
phosphor layers prepared ranged from 20 to 240 mg/
cm?, which correspond to the coating thicknesses of
phosphor screens, or other detector types, used in
medical imaging.

2.3. Theoretical interpretation

Absolute efficiency was also theoretically calculated
as a function of parameters related to x-ray absorp-
tion, x-ray to light conversion, and light attenuation
properties of the phosphor material [see appendix] by
the following general expression:

n(Eo, w) = ncf(a, B, p. ) 3)
where ¢, f are optical parameters given as functions of

light absorption (a) and light scattering (s) coefficients
of the phosphor by the following relations:

o =+/ala+2s) and f = +/a/(a+ 2s)

p in Eq. (3) is a parameter related to light reflectiv-
ities (r) at the phosphor layer surfaces as follows:

1=
p= 147

Parameter § has been also expressed (Ludwig, 1971)
as a function of the light reflectivity (ro,) at a very
thick phosphor layer (w,) through which light cannot
be transmitted:

1 —re
B= Tr

1 is the x-ray absorption coefficient of the phosphor.

Relation (3) was used to fit experimental absolute
efficiency data. Parameters f§ and p were measured by
reflectivity measurements as described by Ludwig
(Ludwig, 1971). Coefficient u was calculated using data
on Gd, La, O, S from Storm and Israel (Storm and
Israel, 1967). Intrinsic efficiency nc was set equal to
0.19, since in previous studies (Kandarakis et al., 1996,
1997) nc was found equal to 0.18 and 0.20 for
La,0,S:Tb and Gd,O,S:Tb respectively. Thus, to
obtain best fitting between experimental and calculated
results, only parameter ¢ was allowed to vary.
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Fig. 2. Variation of (Gd,La),0,S:Tb absolute efficiency with coating weight for reflection and transmission mode, measured at 110
kVp x-ray tube voltage. (1 Efficiency Unit, | E.U.=1 yW m?/mR s~ ! or 3.875 J/C.kg~! .m? in S.I. units). Points represent exper-

imental values and solid lines represent theoretical curves.

3. Results and discussion

The variation of (Gd,La),0,S:Tb absolute efficiency
with x-ray tube’s high voltage, measured in trans-
mission mode is plotted in Fig. 1. Points represent ex-
perimental values while solid lines represent theoretical
curves. The latter were obtained by fitting relations (3),
(A8) and (A9) of the appendix, to experimental data,
using the Levenberg—Marquard method (Press et al.,
1990). Best fitting was obtained for ¢ =30 cm?/g. Only
four coating weights are depicted in Fig. 1, since all
curves had similar shape. In the tube voltage range
between 80 and 120 kVp, AE varies slowly maintaining
high values. At low coating weight (40 mg/cm?), AE
exhibits an almost flat response within the 80-120 kVp
voltage range. These results are interesting for medical
imaging since the aforementioned voltage range is
often employed in radiography, fluoroscopy and in
computed tomography. This response was expected
and may be easily explained considering the different
behaviour of the two phosphors constituting the mix-
ture. Previous studies (Giakoumakis et al.,, 1989;
Kandarakis et al., 1996) have shown that peak absol-
ute efficiency is expected to appear at around 80 kVp
for La;O,S:Tb and at 110 kVp for Gd,O,S:Tb. These
data are compatible with results shown in Fig. 1,

where high AE values were observed in a rather wide
kVp range. For voltages higher than 120 kVp, absolute
efficiency shows a rather rapid decrease. This is princi-
pally due to the low x-ray absorption at high x-ray
energies which in turn reduces the efficiency of light
production and hence AE. The latter was also found
to decrease at low voltages. This happens because low
energy x-ray quanta are absorbed very close to the
phosphor’s irradiated surface, causing the optical
quanta to travel a long distance to escape from the
other surface of the phosphor. Thus, light is seriously
attenuated before emission.

In Fig. 2 the variation of AE with coating weight is
plotted for both reflection and transmission mode
measurements, performed at 110 kVp. As it is observed
the values of absolute efficiency in reflection mode are
higher than those in transmission mode, for equal
coating weight. This difference is explained by consid-
ering that most of the incident x-ray quanta are
absorbed not very deep from the irradiated phosphor
surface. This may be quantitatively estimated by calcu-
lating the x-ray absorption efficiency of the phosphor
as a function of x-ray penetration depth (see Appendix
A2). Results of the calculations, concerning the 110
kVp beam, were obtained using Eq. (A13) of the
Appendix and are shown in Fig. 3. As it is observed,
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Fig. 3. Variation of x-ray absorption efficiency with x-ray penetration depth. Curve has been generated using Eq. (A13) of

Appendix A.
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Fig. 5. Variation of the effective efficiency of (Gd,La),0,S:Tb with coating weight, determined in transmission mode and with
respect to various optical detectors. (1 Efficiency Unit, 1 E.U.=1 yW m~?/mR s' or 3.875 J/C.kg~'.m? in S.L units).

for the 100 mg/cm?® layer, 60% of the incident x-ray
quanta are absorbed within the 50 mg/cm?® depth.
Hence optical quanta have to penetrate shorter dis-
tances to escape from the irradiated surface than from
the non irradiated one. Consequently, the intensity of
light suffers lower attenuation in reflection mode. The
divergence between the two curves, as shown in Fig. 2,
augments with increasing coating weight. AE in reflec-
tion mode increases continuously while in transmission
mode the slope of the curve is lower and it seems to
attain a plateau at high coating weights. This phenom-
enon results from the significantly longer trajectories
that light travels in transmission mode than in reflec-
tion mode when the phosphor is thick. Long photon
trajectories cause an increase in: (1) light attenuation
due to both light absorption and scattering effects and
in (2) light spread at the phosphor output. On the
other hand, in reflection mode the photon trajectories
increase slowly with phosphor thickness and the pla-
teau should be expected to appear at higher coating
weights.

Fig. 4 shows the measured emission spectrum of
(Gd,La),0,S:Tb normalized to unity. The spectrum
contains four main lines centered at 493, 549, 589 and
623 nm. The highest peak is the one lying in the green
region (549 nm) of the visible spectrum. The
(Gd,La),0,S:Tb spectrum is very similar to the spectra

of Gd,0,S:Tb and La,O,S:Tb. However, the highest
peak, as well as the other lower peaks, are very slightly
displaced towards higher wavelengths as compared to
the corresponding spectrum of Gd,0,S:Tb (highest
peak at 545 nm), measured under the same conditions.
In the same figure the spectral sensitivity curves of var-
ious optical detectors used in diagnostic imaging are
plotted. The principal uses of these detectors are: (1)
the films Agfa Curix Ortho GS, Kodak X-omatic GR,
and Fuji UM-MH are orthochromatic films exhibiting
high sensitivity to the green light and they are often
used in conventional radiographic cassettes. Only one
film is shown since the sensitivity curves of the three
films did not differ significantly; (2) the E/S-20 photo-

Table 1
Spectral compatibility of (Gd,La),0,S:Tb, Gd,0,S:Tb, and
Csl:Na phosphors with various optical detectors

Phosphors
Optical detectors (Gd,La),0,S:Tb  Gd,O0,S:Tb Csl:Na
GaAs 0.939 0.938 0.917
E/S 20 0.788 0.784 0.934
Si 0.542 0.533 0.309
Orthochromatic film 0.659 0.701 0.943




D. Cavouras et al. | Radiation Measurements 32 (2000) 5-13 11

cathode used in image intensifiers employed either in
fluoroscopy or in some types of digital imaging detec-
tors (Yaffe and Rowlands, 1997). E/S-20 is also used
in photomultipliers of nuclear medicine detectors;
(3) the Silicon (Si) photodiode used in CCD arrays
of digital radiography and computed tomography
detectors.

The EE of (Gd,La),0,S:Tb in transmission mode
with respect to optical detectors is plotted in Fig. 5 as
a function of the coating weight. Spectral compatibility
data, determined using the term in brackets in Eq. (2),
are shown in Table 1. (Gd,La),0,S:Tb is most efficient
in combination with the E/S-20 photocathode in diag-
nostic imaging. It is also adequately efficient with the
orthochromatic films.

Data concerning Gd,O,S:Tb and Csl:Na phosphors,
determined in our laboratory, are also shown in Table
1 for comparison. Gd,0,S:Tb is currently used in
intensifying screens and in some digital radiography
detectors while CsI:Na is used in image intensifiers
(Arnold, 1979; Yaffe and Rowlands, 1997). As it can
be observed from Table 1, (Gd,La),O,S:Tb showed
highest spectral compatibility values with the photo-
cathodes and the orthochromatic film. However, the
spectral compatibility of the Gd,O,S:Tb-film and the
CsI:Na—-E/S-20 combinations were found higher than
the corresponding (Gd,La),0,S:Tb-film and
(Gd,La),0,S:Tb—E/S-20 combinations. On the other
hand, (Gd,La),0,S:Tb, when combined with the Si
photodiode, provided better spectral matching than the
corresponding combinations of the two other phos-
phors. These data show that although (Gd,La),0,S:Tb
is suitable for use with image intensifiers or radio-
graphic cassettes, however, when combined with the
photodiodes of digital imaging detectors it provides a
better combination than the corresponding combi-
nations of Gd,0,S:Tb or Csl:Na. It is also worth not-
ing that (Gd,La),0,S:Tb showed very high
compatibility with the GaAs photocathode used in
some image intensifiers and photomultipliers for non
medical applications

In conclusion, (Gd,La),0,S:Tb is a phosphor ma-
terial that exhibits high performance in a wide range
of x-ray tube voltages, as compared to Gd,0,S:Tb and
La>O,S:Tb, covering the demands of various x-ray
examinations.
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Appendix A

A.1. Calculation of absolute efficiency

Consider a phosphor layer of thickness w, sand-
wiched between two partially reflecting media (sub-
strates) irradiated by x-rays. The fraction of incident x-
ray energy flux absorbed in an elementary thin phos-
phor layer dw at depth w, is given by the relation:

dPP(E, w) = —u(E)Px(E, 0) exp[ — w(E)w] dw  (Al)

where u(E) is the x-ray mass absorption coefficient of
the phosphor material and W,(E,0) is the x-ray energy
flux incident on the surface (w = 0) of the phosphor
layer. The exponential factor exp[—u(E)w] accounts
for the attenuation of W (E,0) during its penetration
through the phosphor material at depth w before
reaching the elementary thin layer dw. The light energy
flux (d¥;) created within this thin layer is given as:

d¥,(w) = nc(E)¥Px(E, 0) exp[ — wWE )w] dw (A2)

where #c is the intrinsic x-ray to light conversion effi-
ciency of the phosphor material. One half of this light
energy flux is directed towards the irradiated phosphor
surface (reflection mode) and one half towards the
opposite non-irradiated surface (transmission mode).
By taking into account the effects of light absorption
and scattering, the light energy flux d¥7 (E,w) created
within dw and directed towards the non irradiated
phosphor surface and d¥X}(E,w) created within dw
and directed towards the irradiated surface are:

d'I’I(E, w)=—(a+s) ?’}(E, w) dw + s'I’E(E, w) dw
1 (A3)
o SCH(E) exp| = u(E ] Px(E, 0) d

d‘I’l;(E, w) = (a+ S)‘PE(E, w) dw — s'I’I(E, w) dw
| (Ad)
— 3Mc(E) exp[ — w(E)w]Px(E, 0) dw

where « is the light absorption coefficient of the phos-
phor, s is the light scattering coefficient, WT (E,w) is
the light energy flux at depth w, traveling towards the
non-irradiated side and WX (E,w) the light energy flux
towards the irradiated one. Superscripts T and R
denote transmission (direction towards the non-irra-
diated surface) and reflection (direction towards the
irradiated surface) respectively. Functions ¥} and ¥}
may be obtained as solutions of the two differential
Eqgs. (A3) and (A4). The absolute efficiency in trans-
mission (1) and in reflection (yg) modes of the phos-
phor layer of coating weight wy may then be defined
as:



12 D. Cavouras et al. | Radiation Measurements 32 (2000) 5-13

tr PI(E, wp)
[X/¥x] Px(E, 0)

nr(E, wo) = (A5)

R YIE, 0)
[X/¥x] Px(E, 0)

nr(E, wo) = (A6)
where, ¢t and tg are the light transmissivities of the
back and front substrates of the phosphor layer.
[X/¥x] is a conversion coefficient accounting for the
conversion of the x-ray energy flux Wy into exposure
rate X. This conversion is necessary in order to simu-
late our experimental conditions where X, and not Wx,
was measured. This conversion coefficient is given by
the relation (Hendee, 1970; Greening, 1985):

X  [Ha] €
R . A7
lI/X |: P ] ai Wair ( )

air

where W, is the average energy required to produce
an ion pair in air, [Uey/p lair 18 the mass x-ray energy
absorption coefficient in air and e is the electron
charge. Taking into account the expressions for ¥,
after solution of Egs. (A3) and (A4), the absolute effi-

efficiency n was averaged over the x-ray energy spec-
trum [d¥x(E)/dE]s

P [dPx(E)
Jo|: dE :|sy,(E’ wo) dE

[, [ o
dE |

where Ej is the maximum energy of the spectrum and
[d¥x(E)/dE]s denotes the x-ray spectral density distri-
bution (energy flux per energy interval) (Tucker et al.,
1991).

1n(Eo, wo) = (A10)

0

A.2. Calculation of x-ray quantum absorption efficiency

To calculate the fraction of x-ray quanta absorbed
at a depth w within a phosphor layer, relation (Al)
has to be integrated over w and then to be divided by
the incident x-ray quantum fluence:

ab )
HB(E, w) = SxEw)

. ) o i Py(E, 0)
ciency in transmission and reflection modes can be (A12)
finally written as (Ludwig, 1971; Cavouras et al., 1 " T
1996): V(B 0) g H(E)Px(E, 0) exp[ — u(E)w] dw
HTH(E (1 + pg) e HE I
ne(E, wo) = 1 'l;‘(l( )1+ po)
= 2Huw(E ) — o2
Lyx] x 2u(E) - o)
L (WE) = o)1= ) e + 20 + p(E)B) )™ — (u(E) + o)1 + ) ™ *s)
(L4 B)po + p) e — (1 = f)(pg — B) e
for transmission mode and
te W(E) e HEwo
nr(E, wo) = ’;(cR,U( )
= 2_ g2
[q,x] x (WE) - ?)
. WE) = 0)(py+ B) &= + 2opy — p(E)B) "™ — (W(E) +0)(pg — f) ™ (A9)

T+ B)py + B) e — (1= P)pg — p) e

for reflection mode where: p, = 5, where r is the

reflectivity of the screen substrate. Here, we have con-
sidered only one substrate, since this was the case of
our experiments. Hence, g in (A9) was considered
equal to 1.

g, f: coefficients directly related to the absorption
(a) and scattering (s) coefficients of optical photons
within the screen, by:

o= [a(a+ 23)]1/2 and B = [a/(a+ 23)]1/2

Furthermore, to simulate experimental conditions,
where polyenergetic x-ray beams were used, absolute

For polyenergetic x-ray beams both numerator and
denominator of (A12) must be integrated over the
energy range:

nx (Eo, w)

JEU y(E)[leX(E )j| JW exp[—u(E )w] dw dE
sJo

_Jo dE
] o
0 dE g

(A13)



D. Cavouras et al. | Radiation Measurements 32 (2000) 5-13 13

A.3. Calculation of x-ray spectral density distribution
The incident x-ray energy flux W, (E) may be
expressed as:

Y«(E)= Nx(E)E (Al14)

where, N,(E) is the x-ray quantum flux (number of
incident x-ray quanta per unit of area and time). In
the model developed by Tucker (Tucker et al., 1991)
for x-ray spectra, the number N (E) of x-ray quanta
produced by the bremsstrahlung process with energy
between E and E + dE is given as follows:

Nx(E)dE = [or.Z?/A]

E 0
x [dE/E]L B(Ee +Em0c2)

-1
XFﬁﬂ dE, (A15)

F(E, Eea EO)

pa dx

where Nx is the x-ray quantum fluence per keV, o is
the fine structure constant, r. is the classical electron
radius, Z is the atomic number of the target material
(x-ray tube anode) — usually tungsten or molybdenum
— A is the mass of the target atoms, E is the kinetic
energy of the incident electron, E. is the penetrating
electron energy, my is the rest mass of an electron, c is
the light velocity, (1/pa) [dE./dx] is the mass stopping
power of the target material, F(E,E.,E) is the fraction
of x-ray quanta transmitted by the anode given by:

exp[ — i (E) (B — )]

F(E, E., Ey) = -
(B B Bo) = = v sin(9 £ )

(A16)

where ua(E) and pa are the linear attenuation coeffi-
cient and density of the anode material respectively,
c¢tw 1s the Thomson—Whiddington constant (Tucker et
al.,, 1991), 9 is the target angle, ¢ is the angle off the
central axis along which an x-ray quantum travels, x is
the depth of electron penetration within the target, B
is a function of Z and E, given by Tucker (Tucker et
al.,, 1991). Most data and functions necessary for
Nx(E) calculations were taken from Tucker (Tucker et
al., 1991) and from x-ray unit manufacturer’s data.
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