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Abstract

Three parameters expressing image quality by single indices, the noise equivalent passband, the information capacity, and the informa-
tional efficiency were studied. These indices were employed to assess the imaging performance of phosphor materials employed in
detectors of x-ray imaging systems. The phosphors were in the form of screens prepared in laboratory from yttrium based europium
activated materials emitting red light. The experimental determination of the three parameters was based on MTF, luminescence, and
emission spectrum measurements. Results indicated that image information content decreases with screen coating weight and that
among the three phosphors Y,0,S:Eu is the highest performing phosphor material.
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1. Introduction

The performance of imaging systems is often assessed
by spatial frequency dependent parameters such as
MTEF, NPS, and DQE expressing contrast, spatial res-
olution, noise and signal to noise ratio. Image quality
is, thus, described by means of curves giving the vari-
ation of the aforementioned quantities at a range of
frequencies corresponding to the dimensions of ob-
jects to be imaged. However, it is often convenient to
express the imaging performance of a system using
only a single index, which may either be the value of
the parameter at zero spatial frequency or its integral
over the useful range of frequencies.

In the present study the following three indices,
based on integration of spatial frequency dependent
parameters, were studied in order to evaluate the per-
formance of scintillators (phosphors) used in x-ray
imaging detectors:

i) The noise equivalent passband, expressing im-
age sharpness [1].

ii) The information capacity that quantifies the in-
formation contained in a diagnostic image by consid-
ering the number of discrete signal levels that can be
registered on an image element [1-4].

iii) The informational efficiency that compares the
imaging performance of a real imaging system to the
performance of a perfect system [3,4].

In evaluating these three indices, we have devel-
oped a method based on x-ray luminescence efficien-
cy (XLE) and modulation transfer function (MTF)
measurements. Each index was employed to assess
the imaging performance of scintillators in the form
of screens prepared in laboratory from yttrium based
europium activated phosphors. These materials emit
red light, which is very well detected [5,6] by red sen-
sitive photographic emulsions and by the silicon pho-
todiodes used in radiation detectors of digital imag-
ing systems.

2. Materials and Methods

2.1. Noise equivalent passband.

The noise equivalent passband Ne, expressing image.

sharpness by a single number, has been defined [1]
by the relation:

Ne = 2] MTF* (w)dw (1)

where, o represents spatial frequency.
Relation (1) describes Ne as a quantity proportional
to the area under the curve of the MTF squared graph.
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2.2. Information capacity

[t has been previously shown [1,3,4,7] that the infor-
mation capacity (C )of an x-ray image receptor can be
expressed as a function of the signal power spectrum
(SPS) and the noise power spectrum (NPS) as follows:

C, =1 1og,[1 + Sps("”}co do @
105 T NPS(@)

The functions SPS(w) (see appendix A) and NPS(w)
(8] can be expressed in terms of the modulation trans-
fer function (MTF(w)) and parameters describing the
processes of x-ray absorption, x-ray to light conver-
sion, and light transmission and emission from an x-
ray scintillation detector as:

SPS(®) = [Qnq (B, Om, (E, E, )G, (1, )MTE(@)I'3)

NPS(®) = Q1o (E, )[m¢(E, E, )G/ (1. 1)]> MTF* ()
+ QN (E, t)mg(E, E; )G (1, 1) (4)

where, Q denotes the mean number of x-ray quanta
incident on the detector area, 1 o is the x-ray quantum
detection efficiency (QDE) expressing the probability
of detection of an x-ray quantum, m, is the number of
optical photons produced within the scintillator mate-
rial after the detection of an x-ray quantum, G, is the
light transmission efficiency expressing the pro[babili-
ty of an optical quantum to escape the scintillator. E
denotes the energy of one optical photon (E,=hc/A), E
is the energy of an x-ray quantum, I, is the optical
attenuation coefficient and t is the thickness of the scin-
tillator. Q and m, are mean values of stochastic vari-
ables which were assumed to follow Poisson statistics
[8]. N, and G, express mean values — over image re-
—ceptor area — of probabilities associated with binomial
rocesses (e.g. x-ray detection or no detection, optical
photon escape or no escape). MTF describes image
contrast and spatial resolution degradation due to phys-
ical processes inducing lateral light spread due to iso-
tropic emission and optical scattering.
The number m, of optical photons generated with-
in the scintillator material can be calculated as:

m,y(E,E,)=n.E/E, (5)

where, 1. is the mean value of intrinsic x-ray to light
conversion efficiency, giving the fraction of x-ray
energy converted into light within the scintillator
material. The product n,n.G, is, by definition [9],
equal to the x-ray luminescence efficiency (XLE) of
a scintillator, giving the ratio of the light energy flu-
ence emitted over the incident x-ray energy fluence.
Thus, using relation (5) and the definition of XLE,
the information capacity can be expressed as func-
tion of MTF and XLE:
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N, (E,)Qe(E,E, )MTF* (,1)
NGy DE(E, E, )MTF (. 1) +

G :ﬂjlog{H Jm do (6)
(1]

where,

Ne =NcNoGL.  €(E,E,)=E/E,

N, denotes the mean value of XLE. The values of pa-
rameters 1, €, N, G, and MTF in (6) depend on in-
trinsic phosphor properties

2.3. Informational efficiency

The informational efficiency (n ) has been defined
[3,4] as:

_ DQE(0) Re(E,t)
m(E.0) = DQE,,(0) Re(E, t),, ™

where, DQE(0) is the zero spatial frequency detec-
tive quantum efficiency, expressing the efficiency of
an image receptor to transfer the SNR squared from
the input to its output. The quantity Re has been de-
fined [3,4] as:

Re(E,t) = TMTFz(m)a) do (8)

Subscript id denotes that DQE(0) and Re correspond
to an ideal imaging system. Since by definition
DQE, (0)=1 and MTF(w) =1, relation (7) reduces to

DQE(0)Re(E,t)
jm do
0

n(E, )= €

DQE(0) can be expressed in terms of parameters 1),
Ne G, describing the basic processes involved in an
x-ray detection event (see appendix B) as:

No(E, NG, (114, )[E/E, ]
NG (e, O[E/E, 1+1

DQE(0) = (10)

Using relations (7)-(10) and the definition of XLE,
the informational efficiency can be written as:

Ne(E,1)[E/E,]
NcGy (4. O[E/E ]J+1

rh(Est)={

J’MTFl(m)mdm
x| L—— (L1)
dew
0




2.4. Screen preparation

Scintillators were used in the form of fluorescent lay-
ers (screens). The screens were prepared from
Y,0,S:Eu, Y,0,:Eu, and YVO,:Eu phosphor materi-
als which were supphcd in powdcr form with mean
grain size of about 7 um. For screen preparation, a
sedimentation technique was employed using 25ml
of Na,SiO, as binder material and 2000ml of de-ion-
. ized water. The coating weight of the screens ranged
from approximately 20 mg/cm? to 150 mg/cm?.

2.5. MTF measurements

MTF was determined by the square wave response
function (SWRF) method [6,10,11]. Screens were
placed in contact with an Agfa Scopix LT2B film,
which is very sensitive to the red light emitted by eu-
ropium activated phosphors. To measure the SWREF,
aresolution bar test pattern comprising line pairs with
spatial frequencies from 0.25 to 10 Ip/mm (Typ-53,
Nuclear Associates Carle Place, N.Y.) was used. The
pattern was placed in front of the phosphor screen
area, which was irradiated using 80 kVp x-rays. The
pattern image was formed on the film, which was
placed in contact with the non irradiated back screen
area. Images were digitized by a MICROTEC Scan-
maker II SP (24-bit color, 1200x 1200 dpi) CCD scan-
ner. SWREF patterns were obtained by averaging 64
successive image traces perpendicularly directed with
respect to the pattern line pairs. Data were corrected
for screen-film non linearities by measuring the
screen-film characteristic curve and converting im-
age densities into exposure values [10]. MTF was fi-
nally computed using Coltman'’s formula:

SWRF{OJ) SWRF(3w) !, SWRF(5w)
w 3w 5w

+] (12)

MTF(w) = [

In order to obtain the screen MTF, the MTF found in
(12) was divided by the combined MTF of the acqui-
sition system (radiographic film, CCD scanner). The
combined MTF was determined by scanning the test
pattern alone and considering the radiographic film
MTF approximately equal to 1 for frequencies lower
than 100 Ip/cm [17].

2.6. X-ray luminescence measurements

The light energy fluence necessary to determine XLE
was measured by exciting the screens using 80 kVp
x-rays and employing an EMI 9558QB photomulti-
plier coupled to a Cary 401 vibrating reed electrome-
ter [6,11-13]. X-ray exposure was measured at screen
position by a PTW dosemeter. Exposure was convert-
ed into x-ray energy fluence and x-ray quantum flu-
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ence employing the corresponding conversion factors
[14]. X-ray energy fluence was employed in XLE
determination while x-ray quantum fluence is the
quantity Q in formulas (3), (4), (6).

In determining the light flux, a number of impor-
tant parameters were taken into account: i/the geo-
metric light collection efficiency between the phos-
phor screen and the photocathode of the photomulti-
plier, expressing the fraction of emitted screen light
flux which is impinging on the photocathode’s effec-
tive area. This efficiency depends on purely geomet-
rical characteristics (e.g. distance between screen and
photocathode, effective areas of screen and photocath-
ode) and the angular distribution of the emitted light
intensity, which was determined as described in pre-
vious studies [15]. ii/the spectral compatibility [5]
between the phosphor’s emission spectrum and the
photocathode’s (extended S-20) spectral sensitivity.
The latter was obtained from manufacturer’s data. The
phosphors emission spectra were measured with an
Oriel 7240 grating monochromator.

The product 1 .G, in the denominator of the infor-
mational efﬁcxency in relations (6) and (11) was cal-
culated by dividing XLE by QDE () o/Mg)- QDE was
calculated considering exponential x- ray absorption
within the phosphor material and using data on x-ray
attenuation coefficients of the chemical elements as
given by Storm and Israel [16]. It must be noted that
E in relations (3)-(11) corresponds to the effective
energy of the x-ray beam.

3. Results and Discussion

Figure 1 shows the MTFs of Y,0,S:Eu, Y,0,:Eu, and
YVO,:Eu 80 mg/cm? phosphor screens, irradiated at
80 k\}p In Figure 2, the MTF at 20 lp/mm as func-
tion of screen coating weight is plotted. The MTF of
Y,0,S:Eu was found better than the MTF of Y,0O,:Eu,

which in turn was slightly higher than that of
YVO,:Eu. This MTF phosphor ranking is similar to
an analogous phosphor ranking observed for XLEs
in Figure 3. This is because the maximum optical den-
sity, depicting the spaces between pattern lines in the
resulting SWRF image, is determined by the emitted
intensity of light, which in turn is determined by the
phosphor’s XLE. Considering that the SWREF is re-
lated to the MTF as shown in relation (12), it is obvi-
ous that the MTF is affected by XLE. It must be not-
ed, however, that high XLE values should be expect-
ed to widen the spatial distribution of output light,
thus reducing MTFE. Nevertheless, the importance of
this effect is limited when comparing screens of equal
coating weight but of different phosphor materials;

Y, 0,S:Euis denser than Y,0,:Eu and the latter is dens-
er than YVO,:Eu. Screens of higher density are thin-
ner than screens of equal coating weight but of lower
density. Thus, lateral light spreading affecting spatial
distribution is reduced in thin screens and this increas-
es both output light intensity (XLE) and MTFE. Our
results on the MTF of europium activated phosphors
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are comparable to published data [17] concerning
commercial screen film systems.

Figure 4 shows the variation of the noise equiva-
lent passband (Ne) with screen coating weight. Ne
initially decreases with coating weight but shows a
tendency to obtain a constant value at thick screens.
This behaviour is due to the increasing effect of later-
al light spread as screen thickness increases, which
induces an image sharpness degradation. At thick
screens, however, the lateral light trajectories are very

long causing a large fraction of the laterally directed
photons to be absorbed before reaching the screen
surface. Thus, at thick screens, the rate of sharpness
degradation slows down and Ne attains approximate-
ly constant values. Y,0,S:Eu gave better Ne values
than Y,0,:Eu which, in turn, was found better than
YVO4:f€u, as it was expected from the MTF data in
Figure 1 and relation (1).

Figure 5 shows the results obtained for the infor-
mation capacity of the three phosphors as function of

1MTF 80 kVp, 80 mg/cm’
0.8
Y,0,S:Eu
0.6
Y,0,:Eu
Vi
0.4
0.2+
LF
YVO :Eu
0 i 1
0 20 80 100

40 60
Spatial frequency (Ilp/cm)

Fig. | — MTF curves of 80 mg/cm® Y,0,S:Eu, Y,0:Ey, and YVO,:Eu phosphor screens.
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Fig. 2 — Variation of MTF (20 Ip/cm) with screen coating weight.
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Fig. 3 — Variation of x-ray luminescence efficiency of Y,0,S:Eu, Y,0,:Eu, and YVO,:Eu phosphor screens with screen coating weight.
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100
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Fig. 4 — Variation of the noise equivalent passband of Y,0,S:Eu, Y,0,:Eu, and YVO,:Eu phosphor screens with screen coating weight.

screen coating weight. Information capacity decreas-
es with coating weight, being better for Y,0,S:Eu and
lower for YVO,:Eu. The results in Figure 5 are af-
fected by the combined contributions of the corre-
sponding XLEs and MTFs (see relation 6). MTF is
decreasing with screen thickness (see Figure 2) while
XLE varies slowly showing a tendency to saturate at
high coating weights (see Figure 3). Thus, an optimal
thickness for information capacity was not observed
within the range of screen coating thicknesses con-
sidered in the present study. It is important to note

that although thick screens should absorb higher quan-
tities of x-rays, the quantity of diagnostic informa-
tion they can display in the finally produced image is
lower as compared to the low coating weight screens.
This effect can be explained by considering that in
thick screens the light generated within the phosphor
material is either attenuated during transmission
through the thick phosphor layer similarly affecting
XLE or is laterally spread inducing an image quality
degradation as described by the results of noise equiv-
alent passband. To compare our method on informa-
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tion capacity with the findings of other workers, we
have calculated the information spectrum of Y,0,S:Eu

SPS(w)
NPS(w)
we have compared it with the only relevant published
data on information capacity [7] known to us. Our
results were approximately 30% higher which most
probably is due to differences in exposure conditions
and screen phosphor material.

1
using the term 10g2|:l + ] in equation (2) and

Information capacity x 10° (bits/mm?)

Results concerning the informational efficiency are
shown in Figure 6. The shape of the curves is similar
to that concerning the information capacity in Figure
5. This indicates that for a specific phosphor material
the information content in an x-ray image, as com-
pared to an ideal imaging system, decreases with
screen coating weight. This may be explained by fol-
lowing a similar reasoning as in the case of informa-
tion capacity, since the informational efficiency de-
pends on DQE, which is directly proportional to XLE
in relations (10) and (11), and on MTF squared.

80 kVp

25

Ll 1 H i

15

20 30 40 50 60

70 80

90 100 110 120 130 140 150

Screen coating weight (mg/cm?

Fig. 5 - Variation of the information capacity of Y,0,S:Eu, Y,0,:Eu, and YVO,:Eu phosphor screens with screen coating weight.
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Fig. 6 — Variation of the informational efficiency of Y,0,5:Eu, Y,0:Eu, and YVO,:Eu phosphor screens with screen coating weight.

124




Acknowledgment

This study is dedicated to the memory of Prof. G.E.
Giakoumakis, leading member of our team, whose
work on phosphor materials has inspired us to con-
tinue.

Appendix A

The signal spectrum can be evaluated by considering
the following: Consider Q x-ray photons falling on
. the surface of the screen. A fraction of these photons
are detected as determined by the quantum detection
" efficiency n,, giving the mean probability of x-ray
detection over the screen area. A fraction 1, of the x-
ray energy absorbed is converted into l1gﬁt energy.
This energy is distributed in m, optical photons, which
are transmitted to the screen output with a probability
of transmission G, (light transmission efﬂcnency)

lhese output Optxcal photons consist the output sig-

nal of the screen and may be calculated as:

So = Qnym,G, = QNN [E/E,IG, (A1)

The output signal is distributed in the screen’s rear
surface according to the point spread function (PSF)
of the screen. In the frequency domain, the PSF is
represented by the modulation transfer function
(MTEF). This function is employed in normalized form
as follows:

Sy (w,t)

MTF(,t) =
S,(0,0)

(A2)

where, S (®,t) is the frequency dependent output sig-
nal or 51gnal spectrum and S ,(0,t) is the zero frequen-
cy signal value evaluated i in (Al). Thus, from (Al)
and (A2) it follows that:

So(@,t) = [Qnym G, IMTF(w,t) (A3)
and for the signal power spectrum:

SPS(.t) = [[QN[E/EJGIMTF@.]  (A4)

Appendix B

The detective quantum efficiency is defined by the
ratio:
SNR, |
DQE =| —=2 Bl
& [SNR, ] L
where, SNR and SNR, are the output and input sig-
nal to noise ranos re‘;pectwely The zero spatial fre-

quency output signal of an x-ray fluorescent screen
may be expressed by the relation:
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So(E.0) = Qn N [E/E, ]G, (B2)

where S, is the mean value of the optical photons
emitted. The signal to noise ratio is represented by
the inverse square root of the relative variance in S,
L.e. variance over mean value squared (var(S,)/S).
Q and n(E/E,) were considered to follow Po:sson
statistics and, thus, the variances are equal to the mean
values of Q and n(E/E,). Ny and G, follow binomial
processes and the cone5pond1ng variances are:

Var(nq) = ﬂQ(l—nQ) (B3)
var(G,) = G, (1-G)) (B4)

The relative variance in S is given as the sum of the
relative variances in Q, N N¢ (E/E,) and G, . Howev-
er, it must be taken into account that there will be Q
events of the Ny process, Qn, events of 1} (E.J’E ) and
Qn nc(EjEx) events of G,. ”P’hus each re atwe vari-
ance must be multiplied by the inverse of the number
of events. For instance, the term associated with the
G, process will be:

1
QNN (E/E,)

where, the relative variance with subscript M corre-
sponds to multlple (Qn oNe (E!E )) events while the
relative variance with S 1s associated with one single
event. Thus,

rel var(G, ),, = rel var(G )s (BS)

relval[Sojzg,— 1 M- nQ) L
Q Q TlQ nQQ

Ma(E0EY 1 G (1-G,)

M(E/E)F  nQn.(E/E,)  G;

(B6)

1
From (B6) anclconsiclering that SNR,, =[rel var(S,)] *
it follows that

SR, {nQQnC(EIE )G, ]
Ne(E/E,)G, +1

12| —

(B7)

The input signal to noise ratio may be written as the
inverse square root of the relative variance in Q. Thus,

rel var(Q) = Q:

B8
Q (B3)
and
l hed
SNR, = [rel var(Q)] * = Q? (B9)
From (B7) and (B9) it follows that
NeNe(E/E,)G
DQE =g C A L . (B l{})
NJ(E/E, )G, +1
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