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Abstract. ZnSCdS:Ag was evaluated as a radiographic image receptor and was compared
with GdbO,S:Tb and ¥%0,S:Tb phosphors often used in radiography. The evaluation of a
radiographic receptor was modelled as a three-step process: (i) determination of light output
intensity as related to the input radiation dose, (ii) determination of visible light characteristics
with respect to radiographic optical detectors, and (iii) determination of image information
transfer efficiency. The light intensity emitted per unit of x-ray exposure rate was measured
and theoretically calculated for laboratory prepared screens with coating thicknesses from 20 to
220 mg cnT2 and tube voltages from 50 to 250 kVp. ZnSCdS:Ag light intensity was higher
than that of GdO,S:Tb or Y>0,S:Tb for tube voltages less than 70 and 80 kVp respectively.
ZnSCdS:Ag displayed the highest x-ray to light conversion efficiency (0.207) and had optical
properties close to those of gd,S:Th and ¥%0,S:Tb, and its emission spectrum was well
matched to optical detectors. The image information transfer properties described by the
modulation transfer function, the quantum noise transfer function, and the detective quantum
efficiency were calculated for both general radiographic and mammaographic conditions and were
found to be intermediate between those of,GgS:Th and ¥%0,S:Tb screens. Conclusively,
ZnSCdS:Ag is an efficient phosphor well suited to radiography.

1. Introduction

Silver-activated zinc—cadmium sulphide (ZnSCdS:Ag) is a phosphor material of relatively
short decay time that has been widely used in electron to light converting screens, as
in TV tubes and in image intensifierd ymilux Data Book1989). Initial results on

the luminescence of ZnSCdS:Ag phosphor screens have been obtained under radioactive
isotope excitation (Ludwig 1971) or under fluoroscopic conditions (Nomatoal 1978)

in transmission mode of measurement, referring to front screen-photocathode configuration
of image intensifiers. Both studies reported high luminescence efficiencies for ZnSCdS:Ag
phosphor, better than those of CaWeb, Csl:Tl, or GdOs:Eu (Ludwig 1971). To our
knowledge, ZnSCdS:Ag has never been studied under radiographic conditions and it has
never been employed in x-ray to light converting intensifying screens used in radiographic
cassettes or in digital radiography systems.
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In the present study a systematic investigation of the suitability of the ZnSCdS:Ag
phosphor to be employed in x-ray general radiography and mammography screens was
carried out. ZnSCdS:Ag phosphor was compared with,@8:Tbh and Y%0,S:Th
phosphors, often used in the intensifying screens of conventional radiographic cassettes and
in the phosphor screens of digital radiography systems (Arnold 1979, Zweig and Zweig 1983,
Morganet al 1987, Gurwich 1995, Maidment and Yaffe 1995). Phosphor materials were
employed in the form of laboratory-prepared test screens and the following were evaluated:
(i) the x-ray luminescence efficiency under radiographic conditions, (ii) the intrinsic x-ray
to light conversion efficiency, (iii) the emitted light spectrum and its spectral compatibility
to optical photon detectors (films, photodi- odes), (iv) the light attenuation coefficients,
absorption, scattering, and reflection, and (v) the image information transfer characteristics,
MTF (modulation transfer function), QNTF (quantum noise transfer function), and DQE
(detective quantum efficiency) for both radiographic and mammographic applications.

2. Materials and methods

The performance evaluation of radiographic phosphor screens comprised three main stages.
First, the phosphor’s efficiency as an x-ray to light converter was studied by determining the
intensity of light emission (luminescence) with respect to the incident x-ray beam intensity.
The latter is related to the radiation dose delivered to the patient. Second, the phosphor’'s
coupling efficiency to optical photon detectors used in radiography (films, photodiode arrays)
was evaluated by measuring the emitted optical spectrum and determining how well this
spectrum is captured by optical detectors. Third, the image information transfer efficiency of
the phosphor, giving the information content of the produced diagnostic image, was studied
by evaluating the MTF, QNTF, and DQE for both general radiographic and mammographic
imaging.

2.1. X-ray to light conversion efficiency (absolute efficiency)

X-ray luminescence efficiency characterizes the ability of a phosphor x-ray image detector
to produce an adequately bright image at reduced patient doses. The x-ray luminescence
efficiency may be expressed by the ratio of the light flux emitted towards the observation side
divided by the incident x-ray exposure rate; this ratio is also called absolute efficiency (AE).
The AE of the ZnSCdS:Ag phosphor material was studied by employing both experimental
and theoretical methods.

For AE measurements the following equipment was employed: (i) a Siemens Stabilipan
x-ray unit with tube voltages ranging from 50 to 250 kVp, (i) an EMI 9558 QB
photomultiplier with an extended S-20 photocathode coupled to a Cary 401 vibrating reed
electrometer, for light flux measurements, and (ii) a PTW Simplex dosimeter, employed
for exposure rate measurements. The phosphor material used wggCdBg:Ag, which
was supplied by Derby Luminescence, UK, in powder form with ;& grain size
(code ZDB/F3). Phosphor screens were prepared by sedimentation (Nahalak978) of
the phosphor powder on silica substrates with screen coating thicknesses 20, 35, 55, 70, 82,
114, 145 and 220 mg cm. Phosphor screens of @8,S:Th (code GT1016) and0,S:Th
(code YTO/70) were similarly prepared for comparison with the ZnSCdS:Ag screens.

The variation of AE with x-ray tube voltage and phosphor coating thickness was
experimentally determined in both transmission and reflection modes of measurement
(Giakoumakiset al 1990, Kandarakigt al 1996, Panayiotakist al 1996). In transmission
mode light emitted from the screen surface opposite to that of the x-ray beam incidence
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was measured, while in reflection mode light emitted by the surface receiving the x-rays
was recorded. The first mode concerns the front screen—radiographic film configuration
in radiographic cassettes and the phosphor screen—-CCD array combination in digital
radiography. The second mode corresponds to rear-intensifying screens used in double-
coated radiographic cassettes or in single-coated mammographic cassettes.

Absolute efficiency was theoretically evaluated (see appendix A) considering the product
of three quantities (Ludwig 1971):

AE(E,T) =Ao(E, T)n.Gr(o,B,p, E, T) @)

where Ay (E, T) is the x-ray quantum detection efficiency (QDE), expressing the fraction
of incident x-ray quanta detected by the screen, given by

Ag(E.T) =1 - expl-p(E)T] )

where u(E) is the mass attenuation coefficient of ZnSCdS:Ag for x-rays of ené&rdg
kiloelectron volts, calculated from values for Zn, S and Cd taken from the work of Storm
and lIsrael (1967) and Salomaat al (1988), andT is the screen coating thicknesa.,.

is the intrinsic x-ray to light conversion efficiency, giving the fraction of absorbed x-ray
energy converted to light within the phosphor material, éhdo, 8, o, E, T) is the light
transmission efficiency, expressing the fraction of light produced that reaches the screen
output. o, 8 and p are optical parameters related to light absorption, light scattering, and
light reflectivity (Ludwig 1971) as follows:

o = [a(a + 25)]"? B =la/(a+ 25)]"? p=@Q-r/L+r); (3)
B is also given by
B=(1—Ru)/(1+ Ru)

where R, is the reflectivity of a very thick screen with no light transmission through it,
ands are the coefficients of light absorption and light scattering within the phosphor material,
andr is the light reflectivity at the screen—silica substrate interface; reflectivity at the screen—
air interface was considered to be approximately zérg, n., andG, determine the image
brightness produced at a given dose burden to the patignis additionally related to the
spread of light directed towards the screen output, thus affecting spatial resolution of image
receptors. AE in relation (1) has no dimensions. For the calculated AE to be compatible
with the experimental results it has to be multiplied by a fagtoE) = [V (E)/ X (E)]
(Hendee 1970), converting energy fluenE€éFE) into exposureX (E).

Since x-ray beams used in radiography are polychromatic, the absolute efficiency was
calculated by averaging over the whole x-ray energy spectrum:

Eo Eo -1
AE = </ AE(E)N;AE)dE)( NX(E)dE> 4)
0 0

where Ej is the maximum x-ray spectral energy (numerically equal to the tube voltage
in kVp) and N, (E) is the x-ray spectral distribution function. The shape of MgE)
function depends on the x-ray tube target material, the tube high voltage, and the type of
filter material. For most calculations the following relation, which holds for tungsten (W)
target tubes (Storm 1972), was employed:

Ny (E) = (1— E/Eo) exp(—paidal) ®)

whered, is the total aluminum thickness (2 mm x-ray tube filter and 20 mm filter used for
simulating x-ray attenuation by human tissues), andis the x-ray attenuation coefficient
of aluminum (Storm and Israel 1967). Equation (5) does not accoufi characteristic
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x-rays but in our experiments (W target—-22 mm Al total filter) their contribution has
been shown to be minimal (Cavourasal 1996). However, for calculations concerning
mammographic applications a molybdenum (Mo) target model (Tueked 1991b) that
includes the K characteristic lines of Mo was used (see appendix B).

The parameters., o, B8, p, Rx, r, a ands employed in the above formulas (1)
and (3) were determined as follows: the conversion efficiencgnd the light attenuation
parameters (usually called the reciprocal of the light quantum diffusion length (Swank
1973)) were found by fitting equation (4) to absolute efficiency experimental data; fitting
was performed by means of the Levenberg—Marquard method (Btesis1989). R
andr were experimentally determined by reflectivity measurements performed according to
Ludwig (1971) andp, 8, a ands were calculated by equations (3).

2.2. Coupling efficiency to optical detectors

In digital x-ray radiographic systems the phosphor screen is optically coupled to a high-
sensitivity CCD array by means of fibre optic tapers or optical lenses (Kaellals1992,
Gurwich 1995, Maidment and Yaffe 1995). In such configurations the x-ray to electron
conversion efficiencw, (E, T), expressing the number of electrons generated in the optical
detector per incident x-ray quantum and for monoenergetic x-rays, is given by

NE(E9T):AQ(Ea T)mO(E)GL(Os :31 psEv T)Ce (6)

wheremg(E) is the mean number of light photons created per x-ray quantum detected in
the phosphor material:

mo(E) = nce(E) Q)

wheree(E) is the number of light photons generated when the total engErgy one x-ray
photon is converted into light (i.e:. = 1):

Ej, Es, -19-1
e(E) = E[(/ S,(E\)E; dEA)</ S,,(EA)dEA> ] (8)
E E,

%) Ap
where, E, is the energy of optical photons ari}(E,) is the emission spectrum of the
screen. The term in square brackets in (8) evaluates the average optical photon €pergy.
is the optical coupling efficiency, expressing the number of electrons generated in the CCD
array per light photon emitted by the screen:

C. = a;,Cincep 9

where a, is the spectral matching factor (Giakoumakis 1991, Panayiotakisl 1996),
expressing the compatibility between the phosphor’s emission spectrum and the spectral
sensitivity of the CCD array(; is the light collection efficiency of the optics between the
screen and the CCD array, angcp is the intrinsic quantum conversion efficiency of the
CCD array in number of electrons generated per incident light phafer{C; = 0.08 for

fibre optics taper) andiccp (nccp = 0.6) were obtained from published data (Gurwich
1995, Karellaset al 1992) anda, was calculated according to the formula

A2 A2 -1
a; = ( / S,(A)Sa(n) d,\)( f Sa(x) d,\) (10)
)\1 )\1

wherei; and X, are the lower and upper wavelength limits of the spectrpi) is the
normalized spectrum of the phosphor screen, experimentally determined with an Oriel 7240
grating monochromator an8}; (1) is the normalized spectral sensitivity distribution of the
optical detector, obtained from the manufacturer’'s data (RS Opto-Devices, data sheet 2135,
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1981). The spectral matching factor of ZnSCdS:Ag with some commercial radiographic

films (Agfa Curix Ortho GS, Kodak X-omatic GR, Fuji UM-MH) employed in conventional

rare earth radiographic cassettes was also calculated, even though these films are principally

designed for terbium-activated rare earth emission spectra. Paramgters and ncep

contribute to the sensitivity of a digital detector, thus affecting radiation dose to the patient.
From equations (6) and (7) the electron conversion efficieNgyE, T) can also be

expressed in terms of the absolute efficiency as follows:

N.(E,T) = AE(E, T)e(E)C.,. (11)

N, is related to patient dose, being a measure of detector sensitNjtyas calculated
for screens of coating thicknesses 80 and 35 mg?coorresponding to those employed in
digital radiography and digital mammography respectively.

2.3. Image information transfer efficiency

To assess the quality of the radiographic image produced by the ZnSCdS:4Q,%3db,

and Y,0,S:Tb screens, the MTF, the QNTF and the zero-frequency DQE were evaluated.
MTF is a function describing the efficiency of signal transfer as a function of spatial
frequency and it is indicative of image sharpness and spatial resolution deterioration from the
input to the output of an imaging system. QNTF expresses the x-ray quantum noise transfer
from input to output as a function of spatial frequency and it is associated with quantum
noise content in the resulting radiographic image. DQE(0) expresses the degradation of
signal to noise ratio (SNR) from input to output and it is indicative of image information
content (Dick and Motz 1981). MTF, QNTF, and DQE(0) were determined considering
that the phosphor screen is divided into a number of consecutive thin fluorescent layers
(Nishikawa and Yaffe 1990, Van Metter and Rabbani 1990). Calculations of image transfer
characteristics were performed under either general radiographic conditions, using a W
target x-ray spectrum, or under mammographic conditions, using an Mo x-ray spectrum.

2.3.1. The modulation transfer functionThe fraction of spatial frequency dependent light
flux generated in the phosphor material at deptind transmitted to the screen output is
given as a function of the previously measured optical parameteg and p (Ludwig
1971, Swank 1973, Beutel al 1993):

opl(gB+0)e” + (g —o)e ]

(gB+0)(qB +op) el — (g —o)(gB —op)e i’
for light quanta emitted at the screen surface opposing that of the x-ray beam incidence
(transmission mode), and by (Nishikawa and Yaffe 1988)

oplgB +0)e T 4 (gf —0)e 17 ]
(qB +0)(gB+op)ei” —(qB —o)(gp —op) e’
for light quanta exiting the screen surface receiving the incident x-ray beam (reflection
mode).

g in relations (12) is an optical parameter defined as

q = (0% + 4n’[v/d]})"? (13)

wherev is the spatial frequency andis the density of the ZnSCdS:Ag phosphor coating
measured in powder formi(= 2.71 g cn®). The measured value af corresponds to a
packing density of 50.6%, which is similar to that of commercial screens (Zweig and Zweig
1983).

Gr(v, t) ==

(12a)

G, (v, t) =

(120)
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Considering the mean numbexy(E) of optical photons (see equation (7)) created by
an absorbed x-ray quantum, then the produgtE)G (v, t) expresses the mean number of
optical photons, generated by an absorbed x-ray quantum in a thin layer atrgdpét
finally escape the screen. The mean number of optical photons emitted by the screen per
absorbed x-ray quantum is then computed by averaging the individual layer contributions
over the total number of screen layers. This is achieved by multiplying the mean number
of optical photons per x-rayig(E)G (v, t) by the number of x-rays absorbed by a thin
layer at depthr and dividing by the total number of x-rays absorbed by the screen. This is
equivalent to multiplying by a weighting factof (E, ), representing the fraction of x-rays
absorbed by a particular layer(E) exp[—u(E)] at depths with respect to the total x-ray
absorption in the screebe w(E) exp[—u(E)t]dt. This factor is given by

-1

T
X(E,t)=u(E)exp[—u(E)t]( /0 u(E)exp[—u(E)t]dt> . (14)

Overall, the mean number of optical photomsgE, v, T), corresponding to contributions
from all thin layers, emitted by a phosphor screen of thickrieper x-ray quantum absorbed
within the screen, is given by

T
G(E,v,T) = / X(E, mo(E)G(v, 1) dt =, (E, v, T). (15)
0
Considering that the MTF of a thin phosphor layer is
MTF(v,t) = G(v,1)/G(0, 1) (16)
then relation (15) may be written as
T
n(E,v,T) = / X(E, )mo(E)G(0, t)MTF(v, 1) dr. (17)
0

Now, if a fluenceN, of x-ray quanta is incident on a phosphor screen of thickiiessd
detection efficiencyd o, then the resulting mean number of emitted light photons is

N{(E,v,T) =n.(E,T)n(E,v, T) (18)
wherern, (E, T) is the mean number of absorbed x-ray photons per unit area given by
M (E,T) = N,(E)Ag(E,T) (19)

N.(E) being the mean number of x-ray quanta incident per unit of screen area.

For polyenergetic x-ray beamd],(E) represents a differential x-ray spectral fluence
N,(E) = d®(E)/dE, and the total number of optical photons emitted is obtained by
integrating over the x-ray spectrum:

Eo T
N(Eg,v,T) = / N.(E)Ag(E, T)/ X(E, )mo(E)G(0, t)MTF(v, 1) dt dE (20)
0 0

where Ej is the maximum x-ray energy determined by the tube voltage.
The MTF of the screen is then given by

N[(Eo, v, T)

Ni(Eo,0,7T)

Ep T
= (/ N (E)Ao(E, T)/ X(E, )mo(E)G(0, )MTF (v, 1) dtdE)
0 0

MTF(Eo, v, T) =

Eg T -1
x(/ N.(E)Ap(E, T)/ X(E, Hmo(E)G(0, t)dtdE) ) (21)
0 0
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2.3.2. The quantum noise transfer functioQuantum noise in a radiographic image is
the result of fluctuations in the number of x-ray quanta detected by the screen and of
optical photons (optical pulse) emitted per x-ray quantum absorbed. Quantum noise may
be expressed in terms of the variance in the number of output light phato(3ick and

Motz 1981):

var(N)) = n,(E, T)n2(E, v, T) (22)

where;f(E, v, T) is the mean number of the squares of optical photori&, v, t) =
mo(E)G (v, t) generated at each screen thin layer per absorbed x-ray that reach the screen

output. n?(E, v, T) is calculated by the product of the fraction of x-rays absorbed at depth
which is equal to fi(E) exp(—u(E)t)], and n,Z(E, v, 1), divided by the total fraction of

absorbed x-ray photons in the screen, which is equgﬂ)Tta(E) exp[—u(E)t] dt, giving

. T
nf(E,v,T) = (/0 [1(E) exp(—p(E)D)][mo(E)G (v, t)]zdl)

-1

([ o expuena) 29
or making use of relation (14)

n2(E, v, T) = /OTX(E, D[mo(E)G (v, ]2 dt. (24)
Thus from (19), (22) and (24)

var(N)) = N (E)Ay(E, T) /OT X (E, )[mo(E)G (v, 1)]? dt. (25)

However, for polyenergetic beams, (E) is represented in terms of the x-ray differential
spectral fluence defined in (5) and integrating over the x-ray spectrum equation (25) becomes

Eo T
var(N;) :/ N, (E)Ag(E, T)/ X(E, )[mo(E)G(v, 1)]?dt dE = QN(Eo, v, T). (26)
0 0

The quantum noise transfer function (QNTF) is defined as

QN(Eo, v, T) Y2
QN(Ey, 0, T)]

QONTFR(Eg, v, T) = [
Eoi T

= [(/ N.(E)Ao(E, T)/ X(E,t)[mo(E)G(v,t)]zdtdE>
0 0

Eo T —-141/2
><</ N, (E)Ay(E, T)/ X(E, t)[mo(E)G(0, 1)]? dr dE> } (27)
0 0

expressing the quantum noise propagation through the screen, which is analogous to the
signal propagation efficiency MTEg, v, T).

From equations (16) and (27) it can be seen that QMFF{, T) squared is a weighted
sum of the individual thin-layer MTFs squared, which is equivalent to the normalized
guantum noise power spectrum (Nishikawa and Yaffe 1990).
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2.3.3. The detective quantum efficiencirhe zero-spatial-frequency DQE is defined (Dainty
and Shaw 1974, Swank 1974, Dick and Motz 1981) as the ratio

DQE(0) = [SNRy.1/SNR,,]? (28)
where SNR,; and SNR, are the output and input signal to noise ratios respectively. The
input signal to noise ratio is defined as

SNR,, = [N (E)]*/var[N,(E)] (29)

where N, (E), defined in (19), represents the input signal andNVay is the variance in
the number of incident x-ray quanta expressing input quantum noise. Assuming Poisson
statistics for the x-ray photons,

var[N,(E)] = N (E) (30)
thus

SNR, = N.(E). (31)
Regarding the output signal to noise ratio:

SNRZ,, = [N/(E, 0, T)]?/var[N(E, 0, T)] (32)

where N;(E, 0, T) is the mean value of output light photons defined in (20y at O,
representing the output signal. From equations (15), (18), and (19) the output signal is

T
N(E,O0,T)=n,(E, T)ni(E,0,T) = N (E)Ag(E, T)/ X(E,t)mo(E)G(0,t)dr. (33)
0

Therefore, from (25) and (33) at=0

T 2
[SNR,..]* = (NX(E)AQ(E,T)[/ X(E, 1)mo(E)G(0, 1) dt} )
0

T -1
x< / X(E, )[mo(E)G(O, t)]zdt> (34)
0

and
2

T
DOEE,0,T) = Ap(E, T)[/ X(E,t)mo(E)G(0, 1) dt:|
0

T -1
x</ X(E, )[mo(E)G(O, t)]zdt> (35)
0

or

DQE(E, 0, T) = Ag(E, T)[My(E, T)]?/Ma(E, T) (36)
where

T
M,(E, T):f X(E, t)[mo(E)G (0, t)]" dt (37)
0

for n = 1,2 are called the first and second monoenergetic moments of the statistical
distribution of the emitted optical pulses (light photons per absorbed x-ray quantdris.
related to the mean value (see equation (17)) ado the variance (see equations (24) and
(25)) of the magnitudes of the emitted optical pulses. Thus, IFRQB(T) can be written

as

DQE(E,0,T) = Ap(E, T)As(E, T) (38)
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where
As(E,T) = [Mi(E, T)]*/Ma(E, T). (39)

As(E, T) is called the Swank factor or statistical factor (Swank 1973, 1974, Dick and Motz
1981) and is associated with the statistical fluctuations in the number of optical photons
emitted by the screen per absorbed x-ray quantum.

For polyenergetic x-ray beams DQE is calculated by averagigg M; and M,
separately (Swank 1974) over the x-ray spectrum using relations (2) and (37) respectively

Eo

Eo T _1
Ag(Eo, T):( fo No(E) /O (1—eXIO[—M(E)T])dtdE)( 0 Nx(E)dE> (40)

-1

Eo T Eo
M,(Eo, T) = (/ NX(E)f X(E, t)[mo(E)G(0,)]" dt dE)(/ N, (E) dE) . (41)
0 0 0

For incident x-ray energies just exceeding the K absorption edges of Bgd =£
50.2 keV), Cd Ex = 26.7 keV), and Y Ex = 17 keV), the production of fluorescent
K characteristic x-rays within the three phosphor materials must be taken into account.
Corresponding corrections were performed following methods described by Chan and Doi
(1983) and Fahriget al (1995).

40Abso|ute efficiency (E.U.)

1ZnSCdS:Ag

50 70 a0 110 130 150 170 190 210 230 250
x-ray tube voltage (kVp)

Figure 1. The variation of AE with tube voltage for three ZnSCdS:Ag laboratory-prepared
screens of coating thicknesses 20, 70, and 114 mg2cmeasured in reflection mode; the

70 mg cnT? screen is also presented in transmission mode. Points, experimental values; lines,
theoretical curves. (1 efficiency unit, 1 &1 uW m=2 (mR s1)~1 0or 3.875 J (C kgl m?)~1

Sl units.)
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3. Results and discussion

The variation of absolute efficiency with tube voltage in reflection mode is shown in figure 1
for three ZnSCdS:Ag screens of 20, 70 and 114 mg%nn the same figure data obtained

in transmission mode are also included for the 70 mg<etreen. Curves were calculated
employing the theoretical model of equations (4) and (A3) and (A4) of appendix A. Optimum
values forn. ando weren, = 0.207 ando = 33.8 cn? g~1. The value of x-ray to light
conversion efficiencyn) is close to that reported by Ludwig (= 0.211; Ludwig 1971),

and exceeds the high,. values of terbium-activated phosphors GdS:Th 2. = 0.20),
Y,0,S:Th (2. = 0.18), and LaO,S:Tb . = 0.18) often used in medical radiography
(Giakoumakiset al 1990, Kandarakigt al 1996). The value ofi. for ZnSCdS:Ag is also
higher than those of other phosphors commercially used in radiography such as;CaWwO
(n. = 0.035), BaSQ:Pb (2. = 0.04), BaSQ:Eu (z. = 0.08), and Csl:Nax{. = 0.10)
employed in the input screen of image intensifiers (Arnold 1979).

Absolute efficiency (E.U.)

40
}
35 Reflection
30
25+ m\

ZnSCdS:Ag, 70 kVp |

20

15+

10

o i I | I i
20 40 60 80 100 120 140 160 180 200 220
Screen coating thickness (mg/ecm?)

Figure 2. The variation of AE of ZnSCdS:Ag screens with coating thickness in transmission
and reflection modes at 70 kVp: points, experimental values; solid lines, theoretical curves.
(1 efficiency unit, 1 EU= 1 W m~2 (mR s) ! or 3.875 J (C kg* m?®~1 Sl units).

Peak values of absolute efficiency in reflection mode of measurement were obtained at
65 kVp. The peak AE values corresponding to the screens shown are 18.829, 36.507, and
38.025 efficiency units (EU) (1 E& 1 uW m=2 (mR s1)~ or 3.875 J (C kg* m?)~1,
expressed in Sl units) for the 20, 70 and 114 mg €@nSCAS:Ag screens respectively. It
is observed that AE is rapidly decreasing after 80 kVp resulting in a drop of about 13 EU
(~ 34%) between 65 and 110 kVp for the 114 mg<énscreen. This is because ZnSCdS
has a low effective atomic number, thus absorption of higher-energy x-rays by the phosphor
material is relatively reduced. Additionally, in the reflection mode of measurement, deeper
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’soAbsqute efficiency (E.U.)

50 'Gd,0,8:Tb //———\

40 ENSC ﬁ;s:Aq :
»/”/afﬁ

30 - , ﬁ _\\< \

| Y,0,8:Tb il

20 , Lo \\
S

10 -

REFLECTION MODE, 70 mg/cm?

0 | 1 [ 1 1 1 1 I I J
50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
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Figure 3. Absolute efficiencies in reflection mode versus tube voltage for 70 mgZcm
ZnSCdS:Ag, GdO,S:Tb, and ¥%0,S:Tb phosphor screens: points, experimental values;
solid lines, theoretical curves. (1 efficiency unit, 1EY 1 pWm2 (mR s 1)1 or
3.875 J(C kg~ m?)~1 SI units.)

penetration of high-energy x-rays in the phosphor material lengthens the optical photon
trajectories towards the emitting surface, thus increasing light attenuation. However, light
fluxes in the region of 50-80 kVp{30-55 keV mean x-ray energy) are high enough for most
radiographic techniques (70-80 kVp for abdominal imaging, 6575 kVp for lumbar spine
radiography, 55-65 kVp for cranial radiography, 60-70 kVp for abdominal angiography).
It is also observed that throughout the whole kVp range AE is higher in reflection mode
than in transmission mode with a tendency to converge at higher voltages. At high tube
voltages the increased depth of x-ray penetration causes the optical photon paths to lengthen
in reflection mode but to shorten in transmission mode for a given screen thickness. Thus,
absolute efficiencies tend to converge at high voltages.

Figure 2 shows the variation of AE with screen thickness at 70 kVp. Absolute efficiency
in reflection mode is superior for the whole screen thickness range and after reaching a
plateau level of about 37 EU at 70 mg thit remains relatively constant thereafter.
This is because x-rays are mostly absorbed close to the exposed surface. Thus, in the
reflection mode of measurement light photons travel shorter distances to reach the emitting
surface, suffering lower attenuation. As screen thickness increases the depth of x-ray
absorption increases up to a maximum over which very few new x-ray photons are absorbed.
Therefore, the maximum depth at which optical photons originate remains approximately
constant, giving rise to the flat region of AE after 70 mg@min contrast, in transmission
mode increasing screen thickness implies longer light photon trajectories before reaching the
screen emitting surface, resulting in diminishing output light fluxes. It is important to note
that maximum AE is attained at relatively low coating thickness (70 mg2nensuring
satisfactory spatial resolution.
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In figure 3 efficiency data for the terbium-activated phosphor materiaj©&81Tb and
Y,0,S:Tb are plotted against corresponding ZnSCdS:Ag data; all screens were prepared and
measured by the same method and had approximately the same thickness of 704ng cm
ZnSCdS:Ag is better than either @obS:Tb or Y,0,S:Tb up to about 70 or 80 kVp
respectively and it remains close to,3,S:Tb thereafter. However, the supremacy of
Gd,O,S:Tb over the other two phosphors above 80 kVp is impressive, while equally
promising is the ZnSCdS:Ag phosphor for tube voltages lower than 60 kVp.

; x-ray quantum detection efficiency (QDE)
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Figure 4. Variation of x-ray quantum detection efficiency with x-ray energy for 35 and
80 mg cnT2 ZnSCdS:Ag, Ge0,S:Th, and ¥0,S:Tb phosphor screens.

Overall, the absolute efficiency data show that the light output of ZnSCdS:Ag is
adequately high at dose levels comparable to dose levels required by commercially available
phosphors. This is because, although the effective atomic number of ZnSCdS:Ag is
relatively low, ZnSCdS:Ag has the largest intrinsic x-ray to light conversion efficiency
(n.) among the phosphors commercially used in radiography. Additionally, the ZnSCdS:Ag
x-ray detection efficiency4 o) is comparable to thel, of those phosphors in a region of
energies useful for radiography (30-50 keV) above the K edge of Cd at 26.7 keV as shown in
figure 4. The light transmission efficiencg (), mainly determined by the values of intrinsic
optical coefficientss and 8 of ZnSCdS:Ag ¢ = 33.8 cn? gt and 8 = 0.04) is also
comparable to the transmission efficiencies of the terbium-activated phosphgPsS5th,
La,0,S:Th, and ¥0,S:Th (@ = 30 cn? g*l and 8 = 0.03, being the same for the three
phosphors). Values of optical absorptiar) @nd scatterings( coefficients calculated from
the above data show that light absorption is higher in ZnSCdSuAg 1.5 cn? gt against
0.9 cn? g~ for terbium phosphors) while light scattering is lower= 377.01 cn? g*
against 49%5 cn? g*l for terbium phosphors). Conclusively, radiographic image receptors
containing ZnSCdS:Ag screens could be employed in most radiographic techniques requiring
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Figure 5. Normalized spectral response of the ZnSCdS:Ag phosphor against normalized spectral
sensitivities of various optical detectors.

x-ray tube voltages below 80 kVp such as those used for imaging of the abdomen, the
lumbar spine, and the cranium. ZnSCdS:Ag can be also used in angiography and probably
in mammography, as it can be assessed by extrapolating the ZnSCdS:Ag curve in figure 3
towards lower voltages.

Figure 5 shows the spectrum of ZnSCdS:Ag measured with a monochromator together
with the normalized spectral sensitivities of some currently employed commercial x-ray
films and an Si photodiode. The latter is used in the CCD arrays of digital radiography
systems. Calculated values of spectral matching factors, employing relation (10), are shown
in table 1. It is evident that the spectral compatibility of ZnSCdS:Ag with the green
sensitive orthochromatic x-ray films (Agfa Curix Ortho GS, Kodak X-omatic GR, Fuji UM-
MH) is satisfactory (above 0.5) even though less than those eO&RITb and %0,S:Th.
However, these x-ray films have been specifically designed to meet terbium-activated rare
earth phosphor spectra. Photographic emulsions with extended spectral sensitivity to match
the ZnSCdS:Ag spectrum could be prepared by adding special dyes to enhance spectral
compatibility. 1t is, thus, shown that ZnSCdS:Ag screens combined with orthochromatic
films or photodiode arrays might be an efficient radiographic image receptor, especially for
tube voltages less than 70 kVp (see figure 3), where the absolute efficiency of ZnSCdS:Ag
exceeds the efficiencies of the other phosphor materials. It is noticeable that the matching
factor of ZnSCdS:Ag with the Si photodiode, often employed in digital radiography systems,
is slightly better than that of G@,S:Th, which is the phosphor mostly used in these systems
(Karellaset al 1992, Gurwich 1995, Maidment and Yaffe 1995).

Figure 6 displays results concerning the number of electrons generated in the optical
detector (CCD) of a digital imaging system per x-ray photon incident on the phosphor screen
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Table 1. Spectral matching factors.

Optical detector ZnSCdS:Ag  G@,S:Tbh  Y,0,S:Tb
GaAs photocathode 0.942 0.939 0.927
Si photodiode 0.572 0.543 0.411
Agfa Curix Ortho GS radiographic film  0.571 0.692 0.827
Kodak X-omatic GR radiographic film 0.541 0.701 0.833
Fuji UM-MH radiographic film 0.613 0.698 0.802

Number of electrons per x-ray
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Figure 6. Number of electronsN, in the Si photodiode versus x-ray energy for 35 and
80 mg cnm2 ZnSCdS:Ag, GdO,S:Th, and %0,S:Tb phosphor screens.

(see equation (6)). The variation in the number of electrons per xNgywith x-ray energy

is shown for three 35 mg cm and for three 80 mg cnf phosphor screens, simulating
screens used in mammography and general radiography respectively. For energies above
30 keV for the 35 mg cnT? screens or above 34 keV for the 80 mg @rscreens, the
system utilizing the ZnSCdS:Ag screen is more efficient than the system with g@&db

screen employing the same optics to interface the phosphor screen with the CCD detector.
Additionally, the electron production efficiency of the ZnSCdS:Ag-Si system is higher in
the whole energy range than that of the correspondip@,%:Tb—Si system. This is in
agreement with results shown in figure 3, where the luminescence efficiency of ZnSCdS:Ag
is higher for voltages between 50 and 70 kVfp 80-45 keV). ZnSCdS:Ag-Si superiority

is also justified because the spectral matching of Si is better with ZnSCdS:Ag than with
either G@0,S:Tb or Y,0,S:Tb (table 1).
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Figure 7. MTF curves of ZnSCdS:Ag screens calculated in reflection mode at 70 kVp tube
voltage.

Figure 7 shows the MTF curves of several ZnSCdS:Ag screens calculated in reflection
mode using the experimentally determined optical parametersg andp in equations (12)
and (21). It is observed that the MTF curves do not change significantly for screens thicker
than 55 mg cm?. Thus, the 70 mg cn? optimum luminescent screen in figure 2 is expected
to maintain satisfactory spatial resolution and image sharpness. In figure 8 the MTF curves
in reflection mode and transmission mode are compared for a 35 mg ZnSCdS:Ag
screen at 25 kVp, using an Mo x-ray spectrum to simulate mammographic conditions, and
for an 80 mg cm? ZnSCdS:Ag screen at 70 kVp, ugim W x-ray spectrum to simulate
general radiographic conditions. At 25 kVp the MTF is better in reflection mode than
in transmission mode but these differences are minimized at higher x-ray energies. This
finding is important for mammography considering that reflection concerns conventional and
transmission digital systems. The reasoning behind differences in the MTFs is similar to
that previously given for AEs and holds for all phosphor materials. At low x-ray energies,
distances travelled by emitted light quanta within the phosphor are shorter in reflection
than in transmission. In the latter, light spread is more extensive, leading to degradation
in image sharpness and spatial resolution. At high x-ray energies, x-rays penetrate deeper,
transmission mode optical trajectories are shortened, and, thus, differences between the
MTFs are not important.

Figure 9 shows a comparison between the MTFs of ZnSCdS:AgO§&1Tb, and
Y,0,S:Th screens, using a 90 kVp W spectrum with 80 mg rmscreen thickness for
general radiographic conditions and a 25 kVp Mo spectrum with 35 mg?csereen
thickness for mammographic conditions. Spatial resolution and sharpness of ZnSCdS:Ag are
slightly better than those of X0,S:Tb but lower than those of G@,S:Th. These findings
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Figure 8. MTF curves in reflection and transmission modes for a 35 mgZa@mSCdS:Ag screen
at 25 kVp (Mo spectrum), and for an 80 mg thMZnSCdS:Ag screen at 70 kVp (W spectrum).

may be attributed to deviations in light output at various frequencies, which are due to
differences in parameteys(E), o and 8 between the three materials (see equations (12)
and (21)).

Figure 10 shows a comparison between the QNTFs of ZnSCdS:A@, <X Tbh, and
Gd,O,S:Tb screens, using similar conditions as in the case of MTF. The variation of QNTF
with spatial frequency for the three phosphors follows a pattern similar to that of the MTF.
This is expected because MTF and QNTF depend on the same optical and x-ray attenuation
properties. The QNTF values are higher than the corresponding MTF values, indicating
that quantum noise is more efficiently transferred through the screen.

The variation of DQE(0) with screen thickness for the ZnSCdS:Ag phosphor is presented
in figure 11. Curves have been calculated employing formula (35) for monoenergetic x-ray
beams and may be of value in predicting the screen thickness that provides maximum SNR
at each x-ray energy. DQE(0) was found to be increased at low x-ray energies and at low
to medium coating thicknesses. At low energies the quantum detection efficidpgy (
is significant, giving high DQE(0) values in equation (35). At low thicknesses, distances
travelled and attenuation suffered by the generated optical pulses are small, thus, emitted
optical pulses are of approximately equal magnitudes. This results in narrow optical pulse
statistical distributions, which correspond to low values of statistical variance (related to
the term in round brackets in equation (35) Mp in (36)) inducing high DQE(0) values.

At higher screen thicknesses, although the x-ray detection efficiency is incredsed,

relatively high, because of greater fluctuations in the amplitudes of the emerging optical
pulses, thus causing an overall reduction in DQE(0). For energies above the cadmium
K absorption edge (26.7 keV), corrections for the K fluorescence effect were performed.
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Figure 9. MTF curves in reflection mode for 80 mg cthat 90 kVp (W spectrum) and for
35 mg cm? at 25 kVp (Mo spectrum) ZnSCdS:Ag, €@,S:Th, and %0,S:Th phosphor
screens.

The K effect causes reemission of x-rays within the phosphor, which either are absorbed
or escape the screen, causing an additional broadening in the statistical distribution of the
emitted pulses. This increasg, resulting in reduced DQE(0) values. As screen thickness
increases, the x-ray quantum detection efficiency is augmented even at high x-ray energies,
affecting DQE(0). Thus, the DQE(0) at 50 keV is higher than the DQE(0) at 15 keV in
the thick-screen range. Figure 12 shows the variation of DQE(0) with screen thickness for
ZnSCdS:Ag, Gg0O,S:Th, and ¥%0,S:Th screens for the 90 kVp W spectrum and 25 kVp Mo
spectrum. The DQE(0) of G@,S:Thb is superior in the whole range of coating thicknesses
at 90 kVp due to its higher x-ray detection efficiency and its slightly lower value of light
attenuation coefficient, giving a better optical pulse statistical response. The DQE(0)
of ZnSCdS:Ag at 25 kVp is slightly higher than that of &3S:Tb for screen thicknesses
thicker than 80 mg cn?. It is also better than that of )0,S:Tb at both 90 kVp and 25 kVp
principally due to its higher x-ray to light conversion efficiency, producing larger number
of optical photons ig) per x-ray detected. This increases the mean value of the optical
pulse statistical distribution and, thus, the first mom#ft in equation (36), resulting in
higher DQE(0).

To test the validity of our calculations, published experimental data on MTF (Desponds
etal 1991, Bunchet al 1987) and QNTF (Nishikawa and Yaffe 1988) of a commercial screen
(Kodak Min-R, 31.7 mg cm? Gd,0,S:Th) were compared with our results as shown in
figure 13. Satisfactory agreement was obtained by using in our MTF and QNTF calculations
as reflectivity values for the Kodak Min-R screen those reported by Nishikawa and Yaffe
(1988) (p = 0.8 andp = 0.25 for screen—film and screen—substrate interfaces respectively),
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Figure 10. QNTF curves in reflection mode for 80 mg chat 90 kVp (W spectrum) and
for 35 mg cnT? at 30 kVp (Mo spectrum) ZnSCdS:Ag, 88,S:Tb, and ¥0,S:Th phosphor
screens.

since, to our knowledge, the exact reflectivity values are not available from the manufacturer.
Using different values for optical parameters is justified because some of the commercial
screen characteristics such as screen substrate, grain size and shape, binding material, and
light absorbing dyes, most probably differ or are not present in our laboratory-prepared
screens. Also the validity of our DQE(0) calculations was tested against published DQE(0)
data for the Kodak Min-R screen (Fahigal 1995): at 30 keV, the DQE(0) of the Kodak

Min-R screen was approximately 0.2 against 0.23 found by our method for,@,Sdr'b

screen of approximately the same thickness. From 40 to 49 keV, our results were practically
identical to those of the commercial screen (OQ&y = 0.11 and DQKO)49 = 0.07).

4. Summary and conclusions

ZnSCdS:Ag laboratory prepared phosphor screens were evaluated under radiographic
conditions and were compared to similarly prepare¢g@&:Th and ¥%O,S:Tb phosphor
screens. The evaluation comprised (i) the measurement of the x-ray luminescence
efficiencies and of the optical emission spectra, (ii) the determination of optical parameters
related to light generation and attenuation within the phosphor material and of phosphor
coupling efficiencies to radiographic optical photon detectors, and (iii) the calculation of
image transfer properties described by MTF, QNTF, and DQE.

ZnSCdS:Ag was found adequately efficient for radiographic applications displaying the
highest intrinsic x-ray to light conversion efficiency. Its coupling efficiencies to common
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Figure 11. Zero-frequency detective quantum efficiency (DQE(0)) of ZnSCdS:Ag versus screen
coating thickness at various x-ray energies.

films and to the Si photodiode were satisfactory while its image transfer characteristics were
better than those of YO,S:Tb but lower than those of G&,S:Th. Therefore, ZnSCdS:Ag
could be employed in conventional radiographic applications, for tube voltages up to 80 kVp
and for screen coating thicknesses around 70 mg?ciinSCdS:Ag could also be used in
digital radiography, since its spectral matching to the Si photodiode is satisfactory. It could
also be considered for low-energy applications, since its light output, its electron production
efficiency in combination with Si, and its signal to noise ratio (DQE) at low x-ray tube
voltages did not significantly differ from those of go,S:Th, mostly employed in modern
mammography.

Acknowledgment

This study is dedicated to the memory of ProfessoE Giakoumakis, the leading member
of our team, whose work on phosphor materials has inspired us.

Appendix A: Model for absolute luminescence efficiency

The absolute luminescence efficiency is theoretically calculated (Ludwig 1971) by
considering that the x-ray absorption, light generation, and light transmission within the
screen phosphor material are described by the differential equations

dlI;/dt = —(a +5)I; + s, + snc(E)N, (E) exp(—u(E)t) (A1)
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Figure 12. Zero-frequency detective quantum efficiency (DQE(Q)) versus screen coating
thickness of ZnSCdS:Ag, G,S:Th, and %0,S:Th phosphors at 90 kVp and 25 kVp.

dly/df = (a + 5)1 + 51y — 3ncu(E)N, (E) exp(—u(E)t) (A2)

where I and I, are the forward and backward directed light intensities relative to x-
ray beam directions, corresponding to transmission and reflection modes of measurements
respectively.N, (E) is the incident x-ray fluence, ands are the light absorption and light
scattering coefficientgy (E) is the x-ray mass attenuation coefficient ansl the penetration

depth of x-rays. The solution of these differential equations gives

ney (E)T(E)(1+ p) e BT
2(W(E)? = 0?)
 WE)— o)1= B) e+ 20+ wE)B) &P — (WE)+ o)1+ p) e’
A+ +pe’ —1-pp—pe

AE(E, T); =

(A3)
for transmission mode and
ney (E)u(E) e BT
(W(E)? —0?)
o (W(E)—0)(p+B) €T +2(ap—p(E)B) e "B —(u(E)+0)(p—p)e "
A+ +pe’ —1L-p)p—-p e’

AE(E,T), =

(A4)

for reflection mode where A&, T) is the absolute efficiency in transmission (tr) or
reflection (r) modesg,. the intrinsic x-ray to light conversion efficiency of the phosphor,
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Figure 13. A comparison of calculated MTF and QNTF against published experimental MTF
(Bunchet al 1987, Despondst al 1991) and QNTF (Nishikawa and Yaffe 1988) data for the
Kodak Min-R commercial phosphor screen.

w(E) the mass attenuation coefficient of the phosphor for the incident x-ray photons,
T the coating thickness of the screef, the transparency of the screen’s substrate,
p = (L—r)/(1+r) wherer is the reflectivity of the screen’s substrate(E) is the
conversion factor converting energy fluence (W3ninto exposure rate (mR8), ando

and g are coefficients directly related to the absorptiohdnd scatterings( coefficients of
optical photons within the screen, by

o=[a@+29)]"*  B=la/la+29)]"%

Appendix B: Models for tungsten and molybdenum x-ray spectra

According to the models of Tuckest al (1991a, b) for tungsten and molybdenum x-ray
spectra, the number of bremsstrahlung x-ray photons produced with energy bdiveseh
E + dE is given as

F(E,E. E 1dE.
( s Ly 0) |:,0 dx
where« is the fine-structure constant, is the classical electron radiug, is the atomic
number of the targetd is the mass of the target atonis,is the x-ray photon energy is
the kinetic energy of the incident electroB, is the penetrating electron energyg is the
rest mass of an electron,is the light velocity,(1/p)[dE,/ dx] is the mass stopping power

Eo 2
N:(E)dE = [ar.2*/A[dE/E] / pFetmoc?)
E

-1
] de, (B1)

e
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of the target materialF (E, E., Eo) is the anode transmitted fraction of x-ray photons given
by
expl-u(E)(E§ — E2)]

paCTw SIN(Y + @)
whereu(E) and p, are the linear attenuation coefficient and density of the anode material
respectively,crw is the Thomson-Whiddington constant (Tucletral 1991a, b),6 is the
target angley is the angle off the central axis along which an x-ray photon traveis,
the depth of electron penetration within the target @i a function ofZ andT given by
Tuckeret al (1991a, b).

The production of target characteristic x-rays is described by the formula

B Ep " R X —u(E;j)x
N((E1) = Ak I:EK - 1] f(Ei)/o P <§> eXp[Sin(ﬁ—i—q))} dx  (B3)

where Ex is the binding energy of the K shelk; is the energy of the characteristic x-ray
photons,Ax andng are constantsf (E;) is the fractional emission of the characteristic x-
rays of energyE; andR is the distance at which the average kinetic energy of the electrons
becomes equal t&'x. P(x/R) is a probability distribution function given by

P(x/R) = 3[1— (x/R)*] for x <R P(x/R)=0forx > R. (B4)

All data for functions and parameters involved in the calculations were taken from the
articles by Tuckeet al (19914, b).

F(E,E,, Eg) = (B2)
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