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Abstract. In information theory, entropy expresses the infor-
mation gain obtained after detection of a signal concerning
the state of a parameter of interest. In this study, entropy
has been expressed in terms of physical quantities (emitted
optical fluence and MTF) related to the imaging perform-
ance of phosphor materials, which are employed in medical
imaging radiation detectors. Four phosphor materials, used in
the form of laboratory-prepared fluorescent layers (screens),
were compared on the basis of their entropy performance.
Measurements were performed using 30- and 80-kVp X-ray
beams often employed in X-ray imaging. Results showed that
phosphor materials with high density and effective atomic
number exhibit high entropy performance, especially at the
higher X-ray tube voltage of 80 kVp. Entropy values are also
affected by the type of activator, which determines the intrin-
sic X-ray-to-light conversion efficiency, and the spectrum of
emitted light. The proximity of the incident X-ray quanta en-
ergy to the energy of the K-shell threshold for photoelectric
absorption is an additional important factor which increases
entropy. This effect was more apparent in the performance of
yttrium-based phosphors at the lower voltage of 30 kVp.

PACS: 78.65; 42.80.

Information theory has been developed since 1948 by Shan-
non and other workers [1, 2] in order to be applied in electri-
cal and other types of communication systems. In the context
of information theory, entropy is a parameter defined in order
to quantify the amount of information provided to a receiver
by a source. The name entropy, originating from statisti-
cal thermodynamics, has been adopted in this case, since it
has been considered that information entropy is a measure
of the disorder of the receiver’s knowledge before detect-
ing the information from the source [2]. Theory states that
the information gain after receiving the signal correspond-
ing to a certain valueS of some physical quantity is given
as log2 1/p(S). p(S) expresses the probability for a specific
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value S to occur [2]. Entropy has been defined as the infor-
mation gain averaged over all possible values ofS by the
formula:

H(S) =
∞∫

0

p(S) log2

[
1

p(S)

]
dS = −

∞∫
0

p(S) log2 [ p(S)] dS .

(1)

Since imaging systems may be considered as systems re-
ceiving, processing, and displaying information, informa-
tion theory may be used to assess their performance. Pre-
vious studies have applied the concept of information cap-
acity to evaluate radiographic and computed tomography
systems [3, 4].

In the present study, entropy has been employed to as-
sess the imaging performance of phosphors used in various
types of medical imaging detectors (radiographic, fluoro-
scopic, digital imaging). Entropy has been expressed in terms
of the following phosphor properties: (a) the emitted optical
quantum fluence, (b) the X-ray-to-light conversion efficiency,
(c) the efficiency to transmit light through a phosphor layer,
and (d) the modulation transfer function (MTF), which ex-
presses image contrast and spatial resolution. Four phosphor
materials differing in their intrinsic physical properties (dens-
ity, effective atomic number, activator, emission wavelength,
and energy of the K-edge of photoelectric absorption) were
examined. To our knowledge, entropy has not been previously
used for assessing the imaging performance of phosphors.

1 Material and methods

Relation (1) expresses entropy as related to a continuously
varying frequency-dependent parameter. As has been previ-
ously demonstrated [2], the information gain may be maxi-
mized if S is limited to a frequency bandwidth∆ f , which
includes both signal and noise which are additive, indepen-
dent of each other, Gaussian and limited to an average signal
power (PS) and noise power (PN). Then consideringp(S) as
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a normal distribution function, it can be shown [2] that:

H(S) = ∆ f log2

[
2π eσ2] (in bits/s) , (2)

whereσ is the standard deviation of the distributionp(S),
which is equal toσ2 = S

2 = PS + PN . PS andPN must be in-
variant over the bandwidth∆ f . If this is not the case and if
PS andPN vary smoothly over∆ f then integration over fre-
quency may be performed [2] as follows:

H(S) =
fM∫

0

log[2π e(PS( f)+ PN( f))] d f , (3)

where fM is the upper limit of the signal frequency band-
width ( fM −0= ∆ f ) and∆ f is considered to be divided into
small increments df , PS andPN being invariant within these
increments.

In the case of medical images produced by phosphor
layers, the mean output signalSP may be expressed in the spa-
tial frequency domain, using the concept of contrast transfer
function (CTFP( f)) [2, 5], as follows:

SP( f) = QXCTFP( f) , (4)

where QX is the mean X-ray quantum fluence incident on
the phosphor layer and the subscript P denotes the phosphor.
The CTF(f ) of radiographic film screen systems has been
expressed [5, 6] as the product of the slope of the characteris-
tic curve (optical density versus log of relative exposure) and
MTF. In the case of a phosphor layer, the slope of the char-
acteristic curve may be expressed by the ratio dΦλ/dQX, Φλ

denoting the optical quantum fluence emitted by the excited
phosphor. Hence,

SP( f) = QX

[
dΦλ

dQX

]
MTFP( f) , (5)

and thus

SP( f) = ΦλMTFP( f) , (6)

Φλ being the mean emitted optical quantum fluence. The sig-
nal power spectrumPS( f) may then be written as

PS( f) = [
ΦλMTFP( f)

]2
. (7)

The noise power spectrum has been expressed [7] by the
relation:

PN( f) = Φλ

[
m◦(E)gL(λ)MTF2

P( f)
]+Φλ , (8)

wherem◦(E) is the average number of optical photons pro-
duced within the phosphor per X-ray quantum absorbed of
mean energyE, gL(λ) is the average light transmission effi-
ciency of the phosphor expressing the probability of an opti-
cal quantum of wavelengthλ to escape the phosphor [7–9]. It
must be noted thatPN( f) is the noise power spectrum associ-
ated with the optical quanta emitted by the phosphor, which
is often called quantum noise power spectrum. Relation (8)
does not account for the naturally present phosphor’s fixed
pattern noise. The latter should alter slightly the values of

PN( f) and H(S). However as has been previously found, in
a well-prepared phosphor screen, fixed pattern noise may be
considered negligible [6, 10]. According to relations (6)–(8),
entropy may be expressed as a function of phosphor material
propertiesΦλ, m◦, gL and MTF.
Explicitly:

(a) Φλ is a function of: (i) the incident X-ray quantum flu-
enceQX, (ii) the X-ray absorption efficiency, which de-
pends on material density, effective atomic number and
X-ray quantum energy, (iii) the intrinsic X-ray-to-light
conversion efficiency, which depends on the type of ac-
tivator (i.e. Tb3+ in La2O2S:Tb), and (iv) the light trans-
mission efficiencygL(λ).

(b) m◦ is determined by the intrinsic X-ray-to-light conver-
sion efficiency and by the energy of optical photons,
which in turn is a function of the light wavelength.

(c) gL(λ) depends on the phosphor thickness and on the op-
tical absorption and scattering properties. The latter de-
pend on the wavelength of light and the size of phosphor
particles (for example phosphor grains in granular radio-
graphic screens). Additionally,gL(λ) is affected by the
penetration depth of X-rays, which depends on the X-ray
absorption efficiency.

(d) MTF depends on the thickness of a phosphor layer and on
the intrinsic optical scattering and absorption properties
of the material.

Four phosphor materials La2O2S:Tb, Y2O2S:Tb,
Y2O2S:Eu, Y2O3:Eu, were employed in the form of layers
(or screens) of various coating weights ranging from ap-
proximately 30 to 182 mg/cm2. The layers were prepared
in laboratory from commercially supplied phosphor powders
using a sedimentation technique [8, 9, 11–13]. The powders
consisted of phosphor grains of 7µm approximate mean size.
Thus, layers prepared in this way are similar to granular
screens used in a great variety of imaging applications such
as conventional radiographic cassettes, digital radiography
detectors, image intensifiers, portal imaging devices etc.

To experimentally determine the emitted optical fluence
Φλ, the layers were irradiated with X-rays at 30 and 80 kVp.
The emitted light was measured by a photomultiplier (EMI
9558 QB) coupled to an electrometer (Cary 401), as is explic-
itly described in previous studies [8, 9, 11–13]. The product
m◦ · gL was determined by considering it equal to the number
of optical quanta emitted per absorbed X-ray. Thus,m ◦ · gL,
may be given by the relation:

Φλ

Q
ab
X

= m◦ · gL , (9)

where,Q
ab
X is the mean absorbed fraction of incident X-ray

quantaQX. This fraction was determined by first determin-
ing QX from exposure measurements [9, 11–15] and then
multiplying by the phosphor X-ray absorption efficiency. The
latter was calculated by considering that absorption follows
an exponential law. The X-ray absorption coefficient for each
phosphor was determined from data on chemical elements La,
Y, O, S given by Storm and Israel [16, 17].

MTF was determined by performing measurements ac-
cording to the square-wave response function (SWRF)
method [9, 12, 18]. SWRF was first measured using a suit-
able test pattern (type-53 of Nuclear Associates), comprising
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lead line pairs with spatial frequencies ranging from 0.25 to
10 lp/mm. This pattern was imaged on an X-ray film, which
was illuminated by the light of the X-ray-excited phosphor
layer. The film was placed in contact with the phosphor’s
emitting surface while the test pattern was placed on the ir-
radiated phosphor side. The pattern images (SWRF) were
digitized on a Microtec Scanmaker II SP (1200×1200 dpi)
scanner. The MTF was then determined using the digitized
SWRF values and Coltman’s formula [9, 12, 18]:

MTFP( f) = 4

π

∞∑
k=1

bK
SWRF[(2k −1) f ]

(2k −1)
, (10)

for k = 1, 3, 5, ... ,

where

bK = 0 , for m < n ,

bK = (−1)n(−1)k−1 , for m = n . (11)

n is the number of prime factors other than unity in(2k −1),
m is the number of prime factors other than unity which ap-
pear only once in(2k −1).

To obtain the phosphor MTF, the values obtained by rela-
tion (10) were divided by the scanner and film MTFs, which
were determined by the same method. The upper frequency
limit, fM in relation (3), was selected equal to 100 cycles/cm.

2 Results and discussion

Figure 1 shows the variation of the emitted optical quan-
tum fluence with coating weight for La2O2S:Tb, Y2O2S:Tb,
Y2O2S:Eu, Y2O3:Eu phosphors measured at 80 kVp (corres-
ponding to 1.12×104 quanta/mm2). La2O2S:Tb was found
to have the highest performance with respect to the other
materials. Highest fluence values were obtained for the 82-

Fig. 1. Variation of emitted optical quan-
tum fluence with coating weight for
La2O2S:Tb, Y2O2S:Tb, Y2O2S:Eu,
Y2O3:Eu phosphors measured at 80 kVp

and 104-mg/cm2 layers. The shape of the Y2O2S:Tb optical
quantum fluence curve was very similar to that of La2O2S:Tb
but with significantly lower values. Y2O3:Eu was found with
the lowest of the optical quantum fluence values. The shape
of the curves is due to the combined effects [17] of: (i)
the X-ray absorption efficiency, which increases exponen-
tially with phosphor thickness and (ii) the light transmission
efficiency, which decreases at thick phosphor layers, since
optical quanta travel long distances to escape the phosphor
and, hence, the probability of light attenuation is augmented.
Thus, X-ray absorption initially increases rapidly with thick-
ness, causing a similar increase in the emitted optical quan-
tum fluence. As the phosphor thickness increases, X-ray ab-
sorption tends towards a saturation value. For higher coat-
ing weights, the decrease of light transmission efficiency be-
comes more dominant, resulting in reduced emitted optical
quantum fluence. La2O2S:Tb is the phosphor with the high-
est density and effective atomic number and consequently it
exhibits highest X-ray absorption and emitted optical quan-
tum fluence. Yttrium-based phosphors have lower density
and effective atomic number resulting in lower X-ray ab-
sorption and light emission performance. Differences in both
the shape and optical fluence values between Y2O2S:Tb
and Y2O2S:Eu are due to the different ion activators (Tb3+,
Eu3+), which affect the intrinsic conversion efficiency and the
light emission spectrum. Y2O2S:Eu has lower intrinsic effi-
ciency (0.11) [19] than Y2O2S:Tb (0.18) and this explains
the lowerΦλ values of Y2O2S:Eu at low coating weights. On
the other hand, Y2O2S:Eu emits reddish light, which exhibits
lower light attenuation coefficients (absorption–scattering)
than the greenish light of Y2O2S:Tb. Thus, optical quanta
produced within Y2O2S:Eu are more penetrating and this ex-
plains the relative highΦλ values and the different curve
shape at high coating weights.

Figure 2 shows the emitted optical quantum fluence of
the four phosphor materials measured at 30 kVp. Y2O2S:Tb
was found superior to La2O2S:Tb for coating weights up to
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Fig. 2. Variation of emitted optical quan-
tum fluence with coating weight for
La2O2S:Tb, Y2O2S:Tb, Y2O2S:Eu,
Y2O3:Eu phosphors measured at 30 kVp

120 mg/cm2. This result may be explained by considering
that, at 30 kVp, the mean energy of X-ray quanta is very close
to the energy of the K-absorption edge of yttrium for the pho-
toelectric effect, which lies at 17 keV. This increases both
X-ray absorption efficiency and, hence, emitted optical quan-
tum fluence of Y2O2S:Tb. At coating weights higher than
140 mg/cm2 Y2O2S:Eu showed highest performance slightly
exceeding the performance of La2O2S:Tb. This is because of
the lower light attenuation coefficients of Y2O2S:Eu affected
by the lower frequency of the emitted light.

Figure 3 shows the MTF as a function of spatial fre-
quency for the four phosphor materials, measured at 80 kVp
for layers of approximately 81 mg/cm2 coating weight. The
MTF of the digitizing scanner is also plotted. La2O2S:Tb was
found with the highest and Y2O3:Eu with the lowest MTF

Fig. 3. MTF of La2O2S:Tb, Y2O2S:Tb, Y2O2S:Eu,
Y2O3:Eu phosphors measured at 80 kVp and the
MTF of the digitizing scanner

values. The superiority of La2O2S:Tb may be explained by
considering the higher density of this material. High density
imposes that for equal phosphor coating weight, the thickness
(in µm) of the phosphor layer will be thinner than the layer
from a lower-density material. However, the amount of light
spread, which degrades spatial resolution and MTF, is dimin-
ished within thin layers. This is because, when the layer is
thin, both laterally directed and scattered optical quanta travel
shorter distances to arrive at the phosphor’s emitting surface.
As a result the area over which the light spreads is restricted,
thus improving spatial resolution and MTF. Similar reasoning
may be applied to data obtained at 30 kVp, not shown since
they were very similar to those of Fig. 3.

Figure 4 shows the variation of MTF with spatial fre-
quency for seven La2O2S:Tb phosphor layers of different
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Fig. 4. Variation of MTF with spatial fre-
quency for seven La2O2S:Tb phosphor
layers of different coating weight deter-
mined at 80 kVp

coating weight determined at 80 kVp. MTF decreases rapidly
with coating weight up to 81 mg/cm2 and thereafter MTF
remains practically constant. This is because light spread in-
creases with phosphor coating thickness. However at very
thick layers the laterally directed optical quanta travel very
long distances and, thus, the probability of their absorp-
tion within the phosphor is augmented. As a result their
contribution to light spread is minimal and MTF remains
unaltered.

Figure 5 shows the variation of entropy with phosphor
coating weight, determined for the four phosphor materials at
80 kVp. Entropy curves showed a peak value at 30 mg/cm2

and then entropy decreased continuously with increasing

Fig. 5. Variation of entropy with phos-
phor coating weight for La2O2S:Tb,
Y2O2S:Tb, Y2O2S:Eu, Y2O3:Eu phos-
phors measured at 80 kVp

phosphor layer thickness. This type of variation results from
the combined effects of (i) the optical fluence emission (Φλ),
which in most cases showed a maximum value at a certain
coating weight but decreased thereafter (Figs. 1 and 2), and
(ii) the image quality degradation, as expressed by the MTF
decrease with phosphor thickness, due to light spread effects.
As is shown in Fig. 4, MTF decreases very rapidly at the low
coating weight range (up to 80 mg/cm2) and this seems to
reduce the effect of the initial increase ofΦλ in the same
range. La2O2S:Tb was found to exhibit clearly higher en-
tropy values than the other materials in the whole coating
weight range. Additionally, Y2O2S:Tb was also clearly better
than Y2O2S:Eu whereas Y2O3:Eu which is characterized by
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Fig. 6. Variation of entropy with phos-
phor coating weight for La2O2S:Tb,
Y2O2S:Tb, Y2O2S:Eu, Y2O3:Eu phos-
phors measured at 30 kVp

lowest density and effective atomic number, exhibited lowest
entropy values.

In Fig. 6, entropy results obtained at 30 kVp showed an
improvement of Y2O2S:Tb with respect to La2O2S:Tb. For
the 30-mg/cm2 layers, Y2O2S:Tb was found with slightly
higher entropy than La2O2S:Tb. This improvement is ex-
plained by the increased X-ray absorption and light emission
of yttrium phosphors at X-ray energies in the proximity of
their K-absorption edge at 17 keV. These results are interest-
ing for mammographic applications, where rather low X-ray
tube voltages are employed. On the other hand, the data of
Fig. 5 show that at higher voltages (80 kVp), mostly used in
general radiography, materials with heavier atoms, such as
La, are clearly more appropriate than yttrium-based phos-
phors. It is obvious that entropy, as applied to phosphor ma-
terial performance, is strongly affected by the intrinsic prop-
erties of materials such as density, atomic number, activator
type, light wavelength, and K-edge energy for photoelectric
X-ray absorption. The combined effects of all these proper-
ties determine the variation of entropy with phosphor coating
thickness and X-ray energy.

3 Conclusion

In this study it has been shown that, in the case of phos-
phor materials, information entropy may be related to image
brightness (emitted optical fluence) and to image detail visi-
bility (MTF). Thus, entropy may be employed for assessing
the performance of phosphors for use in medical imaging
detectors.
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