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Abstract

The aim of the present study was to evaluate ZnS:Cu phosphor for use in X-ray mammographic detectors. This phosphor
has never been used in medical imaging probably due to its moderate scintillation decay time. However, it may be suitable
for non-dynamic medical imaging, due to its “green” emission spectrum, which is compatible with the sensitivity of many
currently used photodetectors, and its high X-ray to light intrinsic conversion efficiency. ZnS:Cu phosphor powder was used to
prepare several test screens in laboratory. Parameters related to light emission and image quality properties were experimentally
as well as theoretically evaluated and compared to those of other known ZnS-based phosphor materials. Results showed that

ZnS:Cu performed adequately well in the mammographic energy range.

(© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The performance of phosphor materials, or scintillators,
incorporated in medical imaging detectors, is determined
by the X-ray absorption efficiency, the light emission char-
acteristics and the compatibility of the phosphor’s light
spectrum to the spectral sensitivity of photodetectors (films,
photodiode arrays, CCDs, photocathodes) (Hell et al.,
2000; Wieczorek, 2001; van Eijk, 2002).

Zinc sulfide (ZnS)-based phosphor materials have been
reported to be of very high intrinsic conversion efficiency,
i.e. conversion of X-rays into light (Alig and Bloom,
1977). In addition, the density of ZnS (4.09 g/cm®) could
be considered adequate for radiation detection, being higher
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than that of many currently used phosphors or scintillators
such as Nal. Silver-activated zinc sulfide (ZnS:Ag) has been
previously used in nuclear radiation detection instruments
(Knoll, 1989). Due to their low effective atomic number,
ZnS phosphors could only be suitable for use with low en-
ergy X-rays, which, however, are employed in many radio-
graphic examinations. The use of ZnS:Ag in X-ray imaging
detectors is limited by its low wavelength emission spec-
trum (450 nm). The latter exhibits poor spectral compatibil-
ity with many photodetectors currently employed in medical
imaging. Additionally, the high-frequency bluish ZnS:Ag
light is expected to show significant attenuation within the
phosphor material, since light attenuation increases with
frequency (van de Hulst, 1957). When zinc sulfide phos-
phor is activated with copper (ZnS:Cu), green light emis-
sion is induced. This light is within the limits of the spectral
sensitivities of currently used photodetectors, designed to
match the spectra of green emitting rare earth phosphors. To
our knowledge, ZnS:Cu has never been previously used or
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studied as X-ray to light converter in medical imaging. It
has only been employed as electron to light converter in the
output screens of image intensifiers and of screens in display
units (van Eijk, 2002).

Although ZnS:Cu phosphor has relatively low effective
atomic number, it may be suitable for mammography. This
is because the energy of the photoelectric K-absorption edge
of zinc, lying at 9.6 keV, results in increased X-ray absorp-
tion in the low-energy range employed in mammography.
On the other hand, the K-characteristic X-ray fluorescence
yield, which reduces light output and image quality, is low
(0.479). The corresponding value for Gd, mostly employed
in rare earth radiography screens, is 0.934 (Hubbell et al.,
1994), while the Gd K-absorption energy is at 50.2 keV.
Additionally, the ZnS energy gap, separating the valence
and conduction energy bands is very low (3.8 eV) (Alig
and Bloom, 1977; Blasse, 1994). Thus, relatively low en-
ergy is required to raise an electron from the valence to the
conduction band and to produce molecular excitations and
light emission. As a result, the intrinsic efficiency for con-
version of the absorbed X-ray energy into light is expected
to be very high (Alig and Bloom, 1977). The main disadvan-
tage of ZnS:Cu seems to be its moderate scintillation decay
time. This, however, is not a problem for mammography,
either conventional or digital, since only static imaging is
performed for breast cancer diagnosis.

The aim of the present study was to examine the suit-
ability of ZnS:Cu for X-ray mammographic imaging and
compare it to other ZnS-based phosphors, namely, ZnS:Ag,
ZnSCdS:Ag, and ZnSCdS:Cu,Au. ZnS:Cu was used in the
form of granular screens of various thicknesses, prepared
from powder grains, similar to those typically employed
in X-ray medical imaging. The following parameters were
determined (Ludwig, 1971; Dick and Motz, 1981; Blasse,
1994; Kandarakis et al., 1997; 2001a—):

1. The absolute luminescence efficiency (AE), expressing
the emission efficiency of a phosphor material and de-
fined in terms of the emitted light energy flux per unit
of incident X-ray exposure. AE was both experimentally
and theoretically evaluated.

2. The modulation transfer function (MTF), describing the
variation of contrast with spatial frequency and hence
expressing spatial resolution. MTF was both experimen-
tally and theoretically evaluated.

3. The detective quantum efficiency (DQE), expressing the
degradation of the signal-to-noise ratio (SNR) of a real
imaging system with respect to that of an ideal system.

4. The phosphor’s emission spectrum, which was experi-
mentally determined and it was used to evaluate the spec-
tral compatibility of ZnS:Cu to various photodetectors.

5. Finally, the intrinsic conversion efficiency, expressing the
fraction of absorbed X-ray energy converted into light
within the mass of the phosphor, and the light attenua-
tion properties (scattering and absorption) of the ZnS:Cu
phosphor were examined.

2. Materials and methods
2.1. Theory

The output signal of an X-ray-irradiated phosphor is
expressed via the emitted light energy flux (emitted light
energy per unit of area and time), ¥,, given as follows:

_ Eo _
P (Eouwo) = / P BV E wone(7)
0

X /wo Y(E,w)g,(o,w)dwdE, (1)
0

where ¥x denotes the incident X-ray energy flux, Eo is the
maximum energy of the spectrum of X-rays determined by
the tube high voltage, wo is the thickness (or coating weight)
of the phosphor being in the form of a phosphor screen (flu-
orescent layer), E is the energy of an X-ray photon, 7, is the
energy absorption efficiency being the fraction of incident
X-ray energy flux absorbed by the phosphor. The absorp-
tion efficiency is an exponential function of the X-ray en-
ergy absorption coefficient (Hubbell and Seltzer, 1995). nc
is the intrinsic X-ray to light conversion efficiency, which
expresses the fraction of absorbed X-ray energy that is con-
verted into light within the phosphor material. i is a func-
tion giving the probability of an absorbed X-ray photon of
energy E to be absorbed at a depth w <wq. g, is the fraction
of light energy, created at depth w, that escapes the phos-
phor following the absorption of one X-ray photon. ¢ is an
optical attenuation coefficient accounting for the attenuation
of light within the phosphor (Ludwig, 1971; Swank, 1973).
The second integral in (1) describes the light attenuation
within the phosphor layer and defines the light transmission
efficiency of the phosphor (Hamaker, 1947; Ludwig, 1971;
Swank, 1973; Kandarakis et al., 1997, 2001a—c). Scattering
of light is the main light attenuation mechanism since the
phosphor is in the form of grains, which act as light scat-
terers. Another minor factor of light losses is due to light
absorption. The first integral is applied to integrate over the
energies of the X-ray spectrum. Mean values in (1) express
averaging of the corresponding parameters over the area of
the detector.

The absolute luminescence efficiency (14 ) of a phosphor
is defined by the relation (Ludwig, 1971; Kandarakis et al.,
1997):

¥, (Eo,wo)

X(Eo) @

na(Eo, wo) =
where X is the exposure rate incident on the phosphor.

To express the compatibility of emitted light energy
flux with the spectral sensitivity of the photodetector, the
spectral matching factor fs, was calculated by the relation
(Kandarakis et al., 1997, 2001b)

Ja i
fs:/ sP(i)SOD(i)d),// Sopn(4)dA4, (3)
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where ep(4) is the spectrum of the light emitted by the phos-
phor and Sop(4) is the spectral sensitivity of the photode-
tector combined with the phosphor. A denotes light photon
wavelength.

Most parameters describing image quality have been tra-
ditionally defined in terms of the emitted light photon flux
(i.e. number of light photons per unit of area and time)
(Shaw and Van Metter, 1984 ). The latter may be expressed
as follows:

- Eo -
D;,(Eo,w) :/ Ox(E)i(E, winio(E, 1)
0

X /WU W(E,w)g;(o,w)dwdE, 4)
0

where @, denotes the emitted light photon flux, in photons
per unit of screen area, averaged over the screen surface.
@y is the incident X-ray photon flux, in photons per unit of
screen area, averaged over the screen surface. 1o is the num-
ber of light photons generated within the phosphor material
per X-ray photon absorbed (Shaw and Van Metter, 1984).

Relation (4) may be Fourier transformed and may be
expressed in the spatial frequency domain as a func-
tion of spatial frequency u (see Appendix A). Using the
frequency-dependent light photon flux, the MTF M and the
gain transfer function G, may be defined, as follows:

_ Gi)i(u,Wo)
M(u,wo) = 74_%(0’ Wo)’ %5
Gt wo) = % 6)

where the denominator in Eq. (6) represents the incident
X-ray photon flux integrated over the X-ray spectrum. Mis
the spatial frequency-dependent light photon flux normal-
ized to the zero frequency light flux. For zero spatial fre-
quency (#=0), M =1. For the same frequency, G equals the
mean number of emitted light photons per incident X-ray,
under uniform screen irradiation. Thus G (¥ = 0) may be
defined as the detector’s optical gain Gp, expressing the net
photon amplification in a phosphor screen.

Using Egs. (5) and (6) and Gp definition, G may be
written:

(0, wo)®; (1, wo)
Dx(Eo)P;(0,wo)

G(u, WO) = = GD(Wo)M(L{, Wo). (7)
Then the output signal of a phosphor screen may be ex-
pressed as follows:

@, (u, wo) = DPx(Eo)Gp(wo )M (1, wo). (8)

Of primary importance in X-ray imaging detectors is to
improve the SNR. SNR is usually expressed via the DQE,
which is defined by the equation (Dick and Motz, 1981;
Shaw and Van Metter, 1984):

[SNRo(u, w)]?

DQE(u,w) = [SNR/T

)

SNRo is the output SNR while SNR; is the input SNR or
the SNR of an ideal imaging system. The numerator in (9)
may be written:

(ﬁi(u, WO)
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where Ngq is the noise amplitude spectrum and Wq is the
noise power spectrum (NPS), or Wiener spectrum (Shaw
and Van Metter, 1984). The latter equals the noise amplitude
squared. NPS is given as the Fourier transform of the light
photon flux fluctuations when a phosphor screen is uniformly
irradiated. These fluctuations are expressed by the statistical
variance in the light photon flux values. Thus NPS may be
expressed in terms of the functions #;, mo, ¢, used previously
in the definition of light photon flux (Eq. (4)) (Shaw and
Van Metter, 1984).

SNR; squared, in Eq. (9), may be expressed in terms of
the square of the mean incident X-ray energy flux. (Shaw
and Van Metter, 1984; Williams et al., 1999). However,
calculations using X-ray spectrum (Williams et al., 1999),
have shown that photon flux may be used with no signifi-
cant loss (lower than 4 %) of experimental accuracy. Since
X-ray photons follow Poisson statistics, SNR; squared may
be considered approximately equal to the incident X-ray
photon flux $x(Eo) (Williams et al., 1999). Thus DQE may
be written as follows:

Px(E0)[Gp(wo )M (u, wo)]* .

DQE(u,wo) = W, wo)

(11)

2.2. Experiments

ZnS:Cu was purchased in powder form (Derby Lumi-
nescents Ltd, UK) with mean grain size of approximately
7 um. The phosphor was used in the form of thin layers
(test screens) to simulate the intensifying screens employed
in X-ray radiography. Several screens with coating thick-
nesses of approximately 20, 43, 70, 100, 150 mg/cmzwere
prepared in our laboratory by sedimentation of the powder
on fused silica substrates (spectrosil B). During the sedi-
mentation process, sodium orthosilicate (Na,SiO3 ) was used
as binding material between the powder grains (Kandarakis
et al., 2001b).

The absolute efficiency was determined by light energy
flux and incident exposure rate measurements (see relation
(2)), which are described below. The detector optical gain
was determined by converting light energy flux into light
photon flux and exposure rate into X-ray photon flux (see
below) as required by relations (4) and (6).

The phosphor screens were exposed to X-rays on a
General Electric DMR Plus mammographic unit, employ-
ing X-ray tube voltages ranging from 22 to 40 kVp with
molybdenum/molybdenum (Mo/Mo) anode/filter combina-
tion and 650 mm focus to film distance (FFD). To simulate



266 1. Kandarakis et al. | Radiation Measurements 39 (2005) 263—-275

X-ray attenuation and spectrum shape alteration by human
breast, the beam was transmitted through a 3.5 cm thick
slab of Lucite. The light energy flux was measured, dur-
ing X-ray exposure of the screens, using a photomultiplier
(EMI 9558 QB) coupled to an electrometer (Cary 401).
The photomultiplier was operated as a simple photocathode
to avoid photocurrent instability. The light photon flux was
determined after division of ¥, values by the mean light
photon energy. The latter was determined by light emission
spectrum measurements (performed with an Oriel 7240
monochromator). Two modes of light flux measurements
were followed: (1) Reflection mode, where light emitted by
irradiated screen side was measured. (2) Transmission mode
where the non-irradiated screen side’s light was measured.
Reflection mode represents the conventional mammogra-
phy intensifying screens and the rear screens of an ordinary
radiographic cassette. Transmission mode simulates all the
other X-ray-imaging modalities (digital detectors, image
intensifiers, front screens of radiographic cassettes, com-
puted tomography detectors). In both cases light flux data
were corrected by taking into account light losses due to
(1) the geometric light collection efficiency (GCE) of the
experimental set-up and (2) the light spectral mismatches
between the screen light and the photocathode sensitivity
(extended S/20). GCE depends on (a) the distance between
the screen and the photocathode of the photomultiplier
and (b) the angular distribution of emitted light. The lat-
ter was experimentally determined by a photomultiplier
performing an angular translation obtained via step-scan
controller associated with a Rigaku—Denki (SG-9D type)
horizontal goniometer rotating within a 180° angle with a
step accuracy of 0.05°. Spectral mismatches were corrected
by dividing light flux data by the corresponding spectral
compatibility factor (see Eq. (3)).

X-ray exposure was measured by an ionization chamber
dosimeter (RTI, Solidose R100). Exposure data were con-
verted into X-ray photon flux using the corresponding con-
version factor (Greening, 1985):

Px/X = [Wafel(pen(E)/p) (12)

with 7, being the mean energy required to create an electron
ion pair in air and (ten/p )air is the mass energy absorption
coefficient for air. Photon flux may be converted into X-ray
energy flux by multiplying with the photon energy E. Since
polyenergetic beams are employed in X-ray imaging, mean
X-ray energy £ (E averaged over the X-ray spectrum) and
the corresponding yen(E) were used in relation (12).

The emitted light spectrum, ep(4) in relation (3), was
measured by an Oriel 7240 grating monochromator while the
spectral sensitivities Sop(4) of the photodetectors (relation
(3)) were obtained from the manufacturers’ data.

MTF was determined by the square-wave response func-
tion (SWRF) method (Barnes, 1979; ICRU, 1986). An MTF
test pattern (typ-53, Nuclear Associates), with lead lines
of various widths corresponding to spatial frequencies from
0.25 to 10 lp/mm was used. Agfa mamoray HD-S radio-

graphic film was used to obtain pattern images. In reflection
mode measurements the film was placed behind the test pat-
tern and in front of the screen. In transmission mode the film
was placed behind the screen. The pattern-film—screen sys-
tem, corresponding to each screen, was exposed to X-rays
under conditions identical to those employed for light flux
measurements. The films were then developed to obtain the
pattern images, as optical density variations, which by defi-
nition are the SWRFs (Barnes, 1979; ICRU, 1986). The film
processor was an Agfa mamoray operated at temperature of
36°C and at 90 s processing time. Then the film images were
digitized on a Microtec Scanmaker IT SP (1200 x 1200 dpi).
The MTFs were finally calculated from the digitized image
optical density variations (digital SWRF) across directions
vertical with respect to the images of the test pattern lines,
employing Coltman’s formula (Barnes, 1979; ICRU, 1986).
The latter gives the MTF as a function of SWRF. The MTF
data, obtained in this way, were corrected by dividing by the
MTF of the scanner and the MTF of the film, both measured
in a previous study (Kandarakis et al., 2001c).

NPS was determined following the typical auto-correlation
function technique described in detail in previous studies
(Williams et al., 1999; Kandarakis et al., 2001c). Uni-
form irradiation of the ZnS:Cu screen—film combinations
was performed employing the same exposure conditions
as those for absolute efficiency and MTF measurements.
No test pattern was used. Both reflection and transmission
NPS measurements were followed. The NSP was obtained
by Fourier transforming the auto-correlation function, ex-
pressing the importance of the optical density fluctuations
obtained on the film after irradiation. Film images were
digitized as in the case of MTF determination.

Frequency-dependent DQE was determined by relation
(11) using X-ray photon flux, detector gain, MTF and NPS
data.

2.3. Calculations

Using relations (1), (2), (4)—(6), (11) in combination
with (A.1) and (A.2) in Appendix A, the absolute efficiency,
the MTF, the gain transfer function, the NPS and the DQE
may be also calculated as functions of the intrinsic physical
parameters of the phosphor material. The corresponding
theoretical expression for absolute efficiency (relations
(1), (2), (A.1), and (A.2)) was used to fit experimental
absolute efficiency data. Fitting was performed by the
Levenberg—Marquard method (Press et al., 1990) using the
optical attenuation coefficients ¢ and fy (see relation (A.2))
as fitting parameters. The physical quantities contained in
relations (1) and (4) may be expressed by the following
functions:

The incident X-ray energy flux ¥x(E) and the incident
light photon flux @x(E) were expressed and calculated using
the appropriate conversion factor (relation (12)) and the
theoretical model (Tucker et al., 1991) approximating the
energy spectral distribution of the X-rays produced by a
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molybdenum or tungsten target X-ray tube. This model was
employed to express X-ray energy flux in (1), (2), and X-ray
photon flux, in relations (4)—(11).

The energy absorption efficiency #,, in relations (1) and
(4), was calculated by considering exponential X-ray ab-
sorption within the phosphor material. Exponential formulas
were expressed in terms of the X-ray total mass energy ab-
sorption coefficient (uen/p) and the thickness w of the phos-
phor layer. The X-ray energy absorption coeflicient of ZnS
was calculated using the corresponding coefficients of Zn
and S obtained from published data (Storm and Israel, 1967;
Hubbell and Seltzer, 1995).

In addition to absorption and detection efficiency calcu-
lations the interaction of X-ray photons within ZnS phos-
phor was examined by a custom developed software for
Monte-Carlo simulation. This software was developed and
applied to investigate the transport of photons through phos-
phor screens as a function of X-ray energy and screen thick-
ness. The three basic interaction processes, which govern
this transport, i.e. photoelectric absorption, coherent and in-
coherent scattering were taken into consideration. The code
was based on the generation of random numbers, which were
considered to represent random photon events. According to
this random event simulation, photon track and energy his-
tories were recorded, thus yielding the determination of the
energy transferred to the medium. The code was fed with
the interaction cross-sectional data and the non-relativistic
form and scatter factors of ZnS phosphor investigated.
The data were downloaded from NIST Reference Database
[http://physics.nist.gov/PhysRefData/]. The general scheme
of the code used in this study was as follows: a photon
of energy E is incident normally at the center of the top
surface of a screen of known dimensions. Using random
numbers and the cross-sectional data, the interaction type
and site were determined. In the case of scatter events, the
following parameters were determined: (i) site and type of
subsequent interaction, (ii) energy of X-ray photon after the
interaction and (iii) energy transferred to the medium. This
was achieved by taking into account the cross-sectional,
form factor and scatter factor data (Hubbell et al., 1975;
Hubbell and Overbo, 1979) and by following methods
described in previous studies (Chan and Doi, 1983). The
process was continued until the photon escaped the screen
or it was absorbed within the phosphor material. In the
latter case, the photon energy £ minus the energy corre-
sponding to the photoelectric K-absorption edge of zinc
(9.6 keV), was considered to be transferred to the medium.
All photon track and energy histories were stored for fur-
ther processing. To validate our Monte-Carlo code, data
for the well-known Gd,0O,S phosphor were also derived.
These data were compared and found close to data already
published by others (Boone et al., 1999).

The X-ray energy into light conversion efficiency of the
phosphor material, nc in relation (1), and the number of
light photons generated within the phosphor per absorbed
X-ray, mio in relation (4), may be calculated by the relations

(Alig and Bloom, 1977; Blasse, 1994; van Eijk, 2002):

E; he gS
(M) = Sqg=— —, 13
()= g Sg="% 4 (13a)
E E
o(E) =nc(l) =— = — 9, 13b
oE) = nelh) = 54 (13b)

where E; = he// is the mean energy of the emitted light pho-
tons, ¢ is the light velocity, /4 is the Planck’s constant, 7 is
the mean light wavelength, determined by the light spectrum
measurements. E, is the energy gap separating the valence
and conduction energy bands (for ZnS, E, = 3.8 eV) (Alig
and Bloom, 1977). BE, expresses the average energy re-
quired to create an electron—hole pair in the phosphor. This
energy is larger than E,. For ZnS it has been estimated that
=3 (Blasse, 1994) and hence the corresponding energy is
three times larger than the energy gap. S is the probability
of energy transfer from the electron—hole pairs to the cen-
ters of light creation (luminescent centers) within the phos-
phor. ¢ is the quantum efficiency of these centers, e.g. the
efficiency to absorb energy and convert it into light pho-
tons. It has been previously estimated that for copper acti-
vated phosphors, the probability that electron—hole pairs are
converted to light photons, Sq, is close to unity (Alig and
Bloom, 1977; Blasse, 1994).

The light transmission efficiency of a phosphor layer, was
expressed by the second integral in relations (1) and (4) in
combination with (A.1) and (A.2) in Appendix A.

3. Results and discussion

Fig. 1 shows the absolute efficiency of four ZnS:Cu
screens for various X-ray tube voltages in the mammo-
graphic energy range. Two separate curves are shown for
the 20.15 mg/cm? screen corresponding to reflection and
transmission mode of measurements. All the other curves
were obtained in transmission mode. Points represent ex-
perimental data while the solid line is fitted curve calculated
by Egs. (2) and (1) of the theoretical absolute efficiency
expression, as explained in Section 2.1. Fitting was per-
formed following the Levenberg—Marquard method (Press
et al., 1990), by allowing the value of optical attenuation
parameters ¢ and f§p to vary. The intrinsic conversion effi-
ciency was assumed to be constant and equal to the value
calculated by relation (13a) (nc = 0.23, as shown later
on). Best curve fitting was obtained for ¢ = 41 cm?/g and
fo = 0.04. For all screens absolute efficiency was found to
increase continuously with increasing tube voltage. How-
ever, it is of interest to note the differences in the curve
slopes, which are most prominent, between the 20.15 and
43.71 mg/cm?® screens measured in transmission mode. In
the very low tube voltage range from 22 to 26 kVp, the
20.15 mg/cm? screen was found to exhibit highest absolute
efficiency values. For higher voltages up to 40 kVp, the
43.71 mg/cm?® screen showed highest efficiency. Provided
that the soft 22-26 kVp X-rays are equally absorbed within
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Absolute efficiency (E.U.), Transmission mode, ZnS:Cu

43.17 mg/cm?

X-ray tube voltage (kVp)

Fig. 1. Absolute efficiency of ZnS:Cu phosphor screens at various mammographic X-ray tube voltages (EU = efficiency unit: uW s/mR m?).

all screens, the high efficiency of the 20.15 mg/cm?
screen could be explained by considering that light
attenuation effects are of lower importance within the thin
screens. In addition, at 28 kVp, very often used in mammo-
graphic imaging techniques, the AE of 20.15 mg/cm? screen
was found marginally lower than that of the 43.71 mg/cm?
screen, which displays the highest AE. Thus the relatively
high absolute efficiency of the thin (20.15 mg/cm?) screen
in the useful for mammography 25-28 kVp range, is a
very interesting result, since thin screens show high-spatial
resolution properties. As it is observed from the two curves
of the 20.15 mg/cm® screen, reflection mode measure-
ments exhibited higher efficiency values. This is so because
most of the incident X-ray photons interact close to the
irradiated screen surface. Hence, in comparison to trans-
mission mode, light photons, produced at points of X-ray
interaction, have to travel shorter distances to escape the
X-ray-irradiated phosphor surface, thus suffering lower at-
tenuation. The superiority of reflection over transmission
mode AE values may provide a basis for comparison be-
tween conventional and digital mammography systems.
Conventional mammography systems, regularly employing
single-coated radiographic cassettes with reflection mode
screen—film configuration, may show superior sensitivity
than digital mammography detectors. However this com-
parison is only valid when the same screen thickness and
phosphor material is used in both cases.

Fig. 2 shows a comparison between the ZnS:Cu absolute
efficiency and three other ZnS-based phosphors, namely, the
green light emitting ZnSCdS:Ag, ZnSCdS:Cu,Au phosphors
and the bluish light emitting ZnS:Ag. Curves for ZnSCdS
phosphors were traced from experimental data obtained in
previous studies (Kandarakis et al., 1997, 2001a). The ab-
solute efficiency of ZnS:Ag was calculated by relations (1)
and(2) using data on yc and ¢ determined as follows: yc
was calculated by relation (13a) using the same data as
for ZnS:Cu except that the value of optical photon energy
was E;, =2.75 eV, corresponding to 2 =420 nm (Alig and
Bloom, 1977; Blasse, 1994). yc was thus found to be 0.25.
The value of ¢ for ZnS:Ag was determined by considering
the variation of this coefficient with the mean value of the
emitted light wavelength (Fig. 3). This variation was de-
termined using data on ¢ and on emitted mean light wave-
length, obtained from previous studies on various phosphors
(Kandarakis et al., 1997; 2001a—c). It was found that ¢ var-
ied according to the relation:

c=a+bA) " +c(1)7% (15)

where a, b, c are fitted parameters. This variation of ¢ is in
accordance with what was expected from the well-known
light absorption and light-scattering laws, which state that
light attenuation increases with decreasing wavelength (van
de Hulst, 1957). Using relation (15) the value of ¢ for



I Kandarakis et al. | Radiation Measurements 39 (2005) 263275

Absolute Efficiency (E.U.), Transmission mode, 20.15 mg/cm?

X-ray tube voltage (kVp)

269

Fig. 2. Comparison of the absolute efficiency of ZnS:Cu, ZnS:Ag, ZnSCdS: Ag, ZnSCdS:Au,Cu phosphors at mammographic X-ray energies

(EU = efficiency unit: pW s/mR m?).

Light attenuation coefficient
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(indicative data points displayed).
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Absolute Efficiency (E.U.), Reflection mode, 28 kVp

Screen coating thickness (mg/cmz)

Fig. 4. Variation of the absolute efficiency with screen coating thickness, for ZnS:Cu, ZnS:Ag , ZnSCdS:Ag, ZnSCdS:Au,Cu phosphors, at

28 kVp (EU = efficiency unit: pW s/mR m?).

ZnS:Ag was calculated to be ¢ = 78 cm?/g given that . =
420 nm. In a similar way ffp was found equal 0.04. As it
is observed from Fig. 2, ZnS:Cu shows higher AE than the
other phosphors. Considering the two ZnS phosphors, they
exhibit identical X-ray absorption and very similar light
generation properties. Thus the higher efficiency of ZnS:Cu
is due to the significantly lower value of its light attenu-
ation coefficient ¢. This is in accordance with what was
expected from light scattering and light absorption laws
(van de Hulst, 1957). Considering the ZnSCdS:Au,Cu and
ZnSCdS:Ag phosphors, they were found with lower AE
than ZnS:Cu due to their lower intrinsic conversion effi-
ciency (nc = 0.17 and 0.20, against ¢ = 0.23 for ZnS:Cu)
(Kandarakis et al., 1997,2001a). This result is important for
ZnS:Cu, since it implies lower X-ray patient dose burden,
compared to the other two phosphors, for a given level of
image brightness.

In Fig. 4 the absolute efficiency of the four phosphors is
shown for screens of various coating thicknesses, measured
at 28 kVp in reflection mode of measurements. Absolute ef-
ficiency was found to increase continuously with increasing
thickness showing a tendency to saturate at a value slightly
higher than 4 =8 pWm™2R ~'s. It should be noted how-
ever that, in transmission mode measurements, not shown
in figure, absolute efficiency showed a maximum for the
43.71 mg/cm? screen and a net decrease for thicker screens
(see also Fig. 1).

Fig. 5 shows the Monte-Carlo simulation results for X-ray
photon interactions within a 43.71 mg/cm? ZnS phosphor
screen. Shown are (i) the fraction of incident X-ray en-
ergy flux absorbed (total absorbed), (ii) the fraction of en-
ergy flux absorbed following photon scattering (scatter and
absorbed), and (iii) the fraction of energy flux transmit-
ted (transmitted) through the screen. Scatter and absorbed
fraction is presented in the secondary axis (right vertical
axis) of Fig. 5. Scattering is a factor contributing to image
resolution degradation, while the transmitted flux fraction
represents X-ray energy losses causing absolute efficiency
deterioration. As it may be observed the absorption effi-
ciency (total absorbed) of ZnS maintains high values in
the useful for mammography energy range between 15 and
30 keV. For higher energies total X-ray absorption decreases
more rapidly. In the 15-30 keV energy range the behavior
of the phosphor is dominated by photoelectric absorption.
This is reinforced by the fact that within the 15-30 keV en-
ergy range the scatter and absorbed fractions are very low
(below 4.5%).

Shown in Fig. 6 are the MTF curves of various ZnS:Cu
screens measured at 28 kVp in reflection mode. The screen
of 20.15 mg/cm? (also shown in transmission mode) was
found to exhibit by far the highest MTF values in the
whole frequency range, e.g. about 0.9 at 20 Ip/cm, 0.6
at 50 Ip/cm and maintained a value higher than 0.3 at
100 1p/cm. The MTF of the 43.71 mg/cm? screen was found
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Normalized spectral response
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Fig. 7. Normalized emission spectra of ZnS:Ag and ZnS:Cu phosphors and spectral sensitivity curves of a-Si, c-Si photodiodes and mamoray film.

approximately 30% lower than that of 20.15 mg/cm? screen,
in the medium and high spatial frequency range, while the
MTF curves of the 70 and 100 mg/cm? screens were found
very close to each other. MTF curves, not shown in figure,
of similar shape were obtained in transmission mode mea-
surements, however corresponding to significantly lower
values (e.g. 0.6 at 50 Ip/cm instead of 0.7 in reflection
mode for the 20.15 mg/ecm?). According to these results and
taking into account the absolute efficiency data in the
25-28 kVp voltage range, the 20.15 mg/cm?® screen may
provide the optimal combination of efficiency and spatial
resolution for mammographic imaging. The superiority of
reflection over transmission mode MTF values demon-
strates the superior resolution properties of conventional
over digital mammography detectors for identical phosphor
material and equal phosphor thickness.

Fig. 7 shows the measured light emission spectrum of the
ZnS:Cu phosphor, together with the ZnS:Ag spectrum taken
from the literature (Knoll, 1989). Spectral sensitivity curves
of various photodetectors are also shown. As it may be ob-
served the light spectrum of ZnS:Cu is situated well within
the limits of the spectral sensitivity curve corresponding to
the amorphous silicon (a-Si) photodetector. In addition, the
peak value of the light spectrum found at 520 nm is very
close to the a-Si sensitivity maximum at 560—570 nm. This
is interesting since a-Si is used in photodetectors of modern
digital radiography flat-panel imagers. The ZnS:Cu spectrum
is also within the limits of the crystalline-silicon (c-Si) and

Table 1
Spectral compatibility factors

Phosphors Amorphous Crystalline Mamoray
silicon silicon film
ZnS:Cu 0.859 0.518 0.834
ZnS:Ag 0.693 0.413 0.838
ZnSCdS:Au,Cu 0.900 0.577 0.500
ZnSCdS:Ag 0.842 0.572 0.571

the ortho-chromatic (Agfa mamoray) film spectral sensitiv-
ities. ZnS:Cu may thus be efficiently combined with pho-
todetectors (including CCD) used in both conventional and
digital radiography. Compared to ZnS:Cu, the position of
ZnS:Ag light spectrum corresponds to lower a-Si and c-Si
sensitivity values resulting in lower spectral compatibility.
Table 1 shows the values of the spectral compatibility fac-
tors calculated according to relation (3). The values corre-
sponding to ZnS:Cu were found adequately high, especially
those corresponding to a-Si (0.86) and to film (0.834). Us-
ing wavelength data from Fig. 7 (1 = 520 nm for ZnS:Cu),
the ZnS:Cu intrinsic efficiency for conversion of absorbed
X-rays into light photons was calculated by relation (13a)
and it was found equal to 0.23.

Fig. 8 shows DQE curves of various screens determined
at 28 kVp in reflection mode. Transmission mode DQE
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Fig. 8. Frequency dependent detective quantum efficiency (DQE) of various ZnS:Cu screens determined at 28 kVp.
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Fig. 9. Variation of calculated zero-frequency detective quantum efficiency with screen coating thickness for ZnS:Cu, ZnS:Ag, ZnSCdS:Ag,
ZnSCdS:Au,Cu at 28 kVp.
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values, not shown in figure, were slightly lower. Maximum
DQE was found for the screen of 20.15 mg/cm?®. In the
whole frequency range up to 100 lp/mm, this screen main-
tained relatively high values ranging from 0.4 at zero fre-
quency, down to 0.13 at 100 Ip/cm. As it is observed DQE
decreased rapidly with frequency and screen thickness. For
thick screens (100 mg/cm?) DQE was found considerably
lower than 0.2, at zero frequency, and lower than 0.1 for fre-
quencies higher than 15 Ip/cm. These results indicate that
DQE is principally affected by the corresponding MTF be-
havior (see also Fig. 6). It is also of importance to note the
high DQE performance of the 20.15 mg/cm? screen, which
was also found to exhibit high AE and maximum MTF.

Fig. 9 illustrates the variation of calculated DQE, at
zero frequency, with screen thickness for ZnS:Cu, ZnS:Ag,
ZnSCdS:Ag, ZnSCdS:Cu,Au phosphors. DQE of ZnS:Cu
was found higher than that of the other phosphors in the
range from 20 to approximately 35 mg/cm?®. For thicker
screens ZnSCdS:Ag exhibited highest DQE. DQE data
demonstrate that DQE values of ZnS:Cu screens are high
enough for application in radiographic imaging. This may
be understood if a comparison is made with published ex-
perimental DQE data, obtained on commercial radiographic
screens (Dick and Motz, 1981). It is also of significance to
note that DQE was found highest for screens in the range
between 20 and 45 mg/cm?, which is often used in X-ray
mammography. ZnS:Cu showed clearly higher DQE values
than ZnS:Ag.

In conclusion ZnS:Cu is a high intrinsic conversion
efficiency phosphor emitting a light spectrum which is
adequately compatible with the sensitivities of amorphous
silicon photodiodes and ortho-chromatic films. Taking into
account (i) its absorption efficiency at low X-ray energies
and (ii) its light emission and image quality properties, this
phosphor could be considered for use in mammographic
detectors, both radiographic cassettes and digital imagers,
provided that fast decay characteristics are not necessary.
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Appendix A

1. The function ¥ in relation (1) was expressed as

WE) exp[ — p(E)w]dw

J E, = Tw >
VEM) =0 By expl — Byl dw

(A1)

where u(E) is the total mass energy absorption coefficient of
the phosphor material. The numerator gives the probability
for an X-ray photon to be absorbed at depth w within the

phosphor and the denominator gives the total probability of
X-ray absorption within the whole phosphor.

2. The function g;, giving the fraction of light escaping to
the output per X-ray absorbed, was expressed by the formula
(Ludwig, 1971; Swank, 1973):

g;}(O',W)

P1 [(ﬁo + po)e”w + (ﬂ() — po)e—rrw]

T o+ po)(Bo + P10 — (Bo — po)(Bo — pr)e
(A2)

where ¢ is a light attenuation coefficient of the phosphor
(Hamaker, 1947; Ludwig, 1971), also defined as the recip-
rocal of the light photon diffusion length (Swank, 1973). ¢
has been expressed as a function of the optical scattering
coeflicient (s) and the optical absorption coefficient (a):

g =la(a+ 2s)]1/2. (A.3a)

According Swank (1973) ¢ may be expressed in the Fourier
domain, as a function of spatial frequency (u):

o(u) = [0 + 4(mujd)* 1", (A.3b)

where d is the density of the phosphor material. Hence the
emitted light photon flux (&, in relations (4)—(6)) may be
also expressed in the Fourier domain, as a function of spatial
frequency.

po, p1 are light reflectivity parameters expressing the re-
flection of light at the front and back phosphor surfaces de-
fined as

pn = =r)/(1 +712),

where r, denotes the optical reflection coefficients at the
front (0) and back (1) screen surfaces.

Po is a light reflectivity parameter, like p, corresponding
to a very thick phosphor screen with no light transmission
through it. f§y has been also expressed as a function of opti-
cal absorption and optical scattering coefficients (Hamaker,
1947; Ludwig, 1971):

Bo = [a/(a + 25)]">. (A.5)

Absolute efficiency (relation (2)) was then calculated as
follows: p, were assumed to be equal to those obtained in
previous studies (po=1 and p; =0.89) described by Ludwig
(1971). nc was calculated by relation (13a). These data were
then used in order to fit relation (2) to the experimental
absolute efficiency curves. Using the Levenberg—Marquardt
method (Press et al., 1990), best fit was obtained, for spe-
cific values of the parameters ¢ and fy (41 cm?/g and 0.04,
respectively). These values, together with nc and p,, were
then adopted as the intrinsic optical properties of the phos-
phor.

n=20,1, (A4)
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