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Abstract. Zn,;SiO4:Mn phosphor was evaluated for use inra- (i) The number of emitted light photons (NEP) per incident
diation detectors of medical imaging systerdg,SiO;:Mn X-ray quantum as a function of X-ray energy and phos-
was used in the form of laboratory-prepared fluorescent phor coating weight.

layers (screens) with coating weights from 18 &) mg/cn?. (i) The emission spectrum and its compatibility with the
The phosphor was excited to luminescence by low-energy  spectral sensitivity of various optical detectors.

X-rays using X-ray tube voltages ranging from 15@kVp.  (iii) The effective NEP, which expresses the spectrally useful
The number of emitted optical photons per incident X-ray  fraction of emitted light.

guantum was thus determined for various X-ray energies an(v) The optical properties (absorption, scattering, reflectiv-
phosphor coating weights. The optical emission spectrum ity) of Zn;SiOs:Mn.

was also measured and it was used to evaluate the spectral

compatibility of Zn,SiO,:Mn with radiographic films, pho-

tocathodes and th8i photodiode. Finally, phosphor optical .

properties were estimated by fitting a theoretical model to exl Materials and methods

perimental data. Results showed tiZat,SiO4:Mn is more

efficient for low-energy X-rays. Its intrinsic conversion effi- 1.1 Theory and definitions

ciency was found equal to 0.08, which is comparable to that

of actually used phosphoiZn,SiO;:Mn was also adequately The light energy fluxy;, emitted by a phosphor material ex-
compatible with orthochromatic films and the ES-20 photo<ited by X-rays may be expressed as follows:

cathode, thus being appropriate for low-voltage radiography

and fluoroscopy. %o
(B0, w) = [ Ux(ENo(E. w)iegi (E. B w)dE. (1)
PACS: 78.65; 42.80 3

where, Eg is the maximum energy of the energy spectrum

Phosphor materials are used as X-ray to light convertef the polyenergetic X-ray beam used to excite the phosphor,
ers coupled to optical detectors in most X-ray or nucleaw is the coating weight of the phosphor lay& is the in-
medicine imaging system&n,SiO4:Mn is a phosphor thatis cident X-ray energy fluxgE denotes the energy of an X-ray
used in non-medical applications [1], but, to our knowledge, iguantum,nq is the quantum detection efficiency expressing
has never been employed in medical imaging. Previous stuthe fraction of incident X-ray quanta that are absorbed by the
ies onZn,SiO4:Mn [2] have reported an intrinsic conversion phosphoryc is the intrinsic X-ray to light conversion effi-
efficiency under electron beam excitation of the orde#8%f  ciency, which is the fraction of absorbed X-ray energy flux
This value is close to values of other phosphors employed ithat is converted into light within the phosphor's mags,
medical imaging [3], which, however, have been determineds the light transmission efficiency expressing the fraction of
under X-ray excitation. Additionally, the light emitted by light that is transmitted through the phosphor layer and is
Zn,Si04:Mn seems to be compatible with the spectral sensiemitted by the phosphor’s surface, dadis the energy of an
tivity of optical detectors (films, photocathodes, photodiodespptical quantum.
used in X-ray or nuclear imaging. The number(n,) of emitted optical quanta per incident

In this paper an evaluation @n,SiOs:Mn under X-ray X-ray, may be obtained by dividing relation (1) by: 1. The
excitation is presented in order to investigate the suitability omean energy of an optical quantuy so as to obtain the total
this material for medical image receptors. For this purposequmber of emitted photons. 2. The incident X-ray quantum
the following parameters were studied. flux (X-ray quanta per unit of area and time); this flux may
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be obtained by measuring the incident exposure ¥and  effective atomic number. The emitted light energy fhix
multiplying it by the exposure to X-ray quantum fl@px)  was measured by an EMI 9558 QB photomultiplier coupled

conversion facto[q)x /X] [4,5]. Thus, NEP is written as to a Cary 401 electrometer. Measurements were performed
following two modes of observation: 1. Front screen config-
1 Eo Wy (E) uration setup (or transmission mode), where the light emit-
N, (Eo, w) = — f = no(E, w)ncgy(E, Ex, w)dE, ted from the non-irradiated phosphor surface was measured
ExX , [d>x/ X] and 2. Back-screen configuration setup (or reflection mode),

@) where the light emitted from the irradiated screen surface
was determined. The first setup simulates the front screen of

where double-coated medical radiographic cassettes and all other
types of medical imaging detectors, while the second setup

[@x/X] _ Wair 1 ' 3) simulates the back screen of double-coated radiographic cas-

[en/Plar€ E settes and of the single-coated mammographic cassettes. De-

) ) ) ~ tails of the measurement techniques are described in previ-
Wz is the average energy required to produce an ion pair igus studies [7—9]. The exposure ratevas measured using
air, [11en/ pl4ir Is the mass X-ray energy absorption coefficienty pTw dosemeter (ionization chamber type No. 23333).
of air andeis the electron charge [4,5]. The emission spectruep(x) of Zn;SiOs;:Mn and the en-

The mean energf, of the emitted optical photons may ergy E, = hc/x of the emitted optical quanta were deter-

be determined by averagirky, over the phosphor's emission mined by means of an Oriel 7240 grating monochromator.
spectrum(ep) as follows:

A2 A2 1.3 Estimation of optical properties
E:fg(E)EdE/fs(E)dE. 4 , . - :
g ; PR ; PR ) Relation (2) was used to estimate the coefficients of optical
1 1

photon absorptiom, and optical photon scatterings . This

The spectral compatibility of the phosphor's emission‘(’j";’:‘él ?Jcscir?mt?]'s?oﬁﬁ) \?v%/nflttfllrjr?crt?cl)%téogn(dz) anraer):lpe?(ralrnsqental NEP
spectrumey (1) with the spectral sensitivityop (1) of the iy 9 S ot gt' o p imated
optical detector coupled to the phosphor in medical image re- e quanium detecton enicieney, was approximate
ceptors, is assessed by the spectral matching fagt®]. y the formula

This factor may be determined by the formula no(E, w) = 1— e 7

A2 A2
whereu(E) is the X-ray absorption coefficient of the phos-
as= / ep(A) Sop(4) d/\/f Sop (M) da, () phor. u(E) was calculated using data @m, Si, andO from
2 M Storm and Israel [11].

o The light transmission efficienay, was expressed as fol-
wherex; and; are the lower and upper limiting wavelength |5ys-

values ofep(1). as gives the fraction of the emitted light en-

ergy flux that can sensitize the optical detector with respect to o
the detector’s spectral sensitivity. Using relations (2) and (5)g; (E, E;, w) = / YRr(E, w)gw (o, B, p, w)dw, (8)
the effective number of emitted optical photanss may be 0
defined as
e whereWr is a function giving the relative X-ray energy flux
as ¥ Wy (E) absorbed at the elementary layer at deptfsee appendix),
Nyeff(Eo, w) = E X f WTIQ(E, w) gw is a function giving the fraction of emitted light energy
Ay x/ flux, generated by an X-ray quantum absorbed at an elemen-
x 11cgs.(E, E;, w)dE. (6) tary thin phosphor layedw situated at depthw, wq is the

total coating weight of the phosphar,and g are optical pa-

N, eff gives the number of emitted photons per incident X-rayrameters related @, andus as follows:
quantum that are useful for a specific phosphor—optical detec- 12
B= [Ma/ (Ha+2us) ] . 9

tor combination. o = [pa(ia+2us) |
B has been also expressed [12] as:

(1-Rx)
The Zn,SiO4:Mn phosphor was supplied in powder form p= 1+ Ry)’
(Derby Luminescents, Ltd.) with mean grain size of approxi-
mately7 um. Phosphor layers (screens) with coating weightgvhere Ry, is the reflectivity of a very thick screen with no
18, 34, 56, 89, 115, ant53 mg/'cn? were prepared by sed- light transmission through i is related to the reflectivity
imentation as described in previous studies [7—10]. Screer® the phosphor screen—substrate interface by the relation:
were irradiated by low-energy X-rays with tube voltages 1
ranging from15 kVp to 50 kVp. At higher voltages the per- , — a-n ) (11)
formance 0fZn,SiO;:Mn is not satisfactory due to its low (1+r1)

1/2
9

1.2 Experimental method
(10)
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B andp were measured by reflectivity measurements follow-  Solid lines in Fig. 1 represent theoretical curves obtained
ing the technique described by Ludwig [12]. The value afs by fitting (2) to experimental data. Best values of param-
well as the intrinsic conversion efficiengy were determined eterso and nc determined by the fitting procedure were
by the fitting, using the Levenberg—Marquard method [13]. o = 38 cn?/g and nc = 0.08. Measured values ¢f and p
were 8 = 0.03 andp = 0.9. The value estimated foyc is
lower than those of terbium-activated rare earth phosphors
2 Results and discussion Gd,0,S:Th and Lay0,S:Th, ranging between 0.13 and 0.2,
but it is higher than the)c value of CaWwQ, (0.04) used in
Figure 1 shows the variation of NEP with X-ray tube volt- conventional radiographic cassettes [3, 1#4].8, and p are
age for34 mg/cn? phosphor coating weight. NEP initially similar to those previously found for other green light emit-
decreases rapidly with tube voltage and shows a tendency tmg phosphor&d,0,S:Th, La;0,S:Th, ZnSCdSAg etc. [9].
remain constant at high voltages. The shape of the curves Figure 2 shows the variation of NEP with phosphor coat-
indicates that NEP is mainly dominated by the variation ofing weight for both front-screen and back-screen configura-
the quantum detection efficiencyd in formulas (2) and (7)) tions. The curve representing back-screen data initially in-
with X-ray energy. At low voltages, phosphor screens absorbreases and exhibits a saturation region for coating weights
easily larger fractions of the incident X-rays and hence theyigher thar00 mg/cn?. This curve shape is well suited to the
produce higher quantities of optical quanta than at high voltexponential law of X-ray absorption variation with thickness
ages. Similar reasoning, based on detection efficiency, mayelation 7). This demonstrates the dominant role of quan-
justify the increased NEP values at high coating weights. Asum detection efficiency in NEP behavior. The curve corre-
it is shown in relation (7), thick screens absorb large fracsponding to front-screen configuration shows a tendency to
tions of X-rays, which in turn produce high quantities of decrease for coating weights higher th@dmg/cn?. This
optical quanta. At high tube voltages, which correspond tanay be explained by considering that in thick phosphor layers
higher effective X-ray energies and lower valuegidsee re-  the optical quanta directed to the non-irradiated side of the
lation (7)), NEP should be expected to decrease more rapidlgcreen have to penetrate longer transmission paths to escape,
However, X-ray losses are compensated by an increase thus increasing the probability of optical losses.
the number of optical photons created within the phosphor To compare results obtained f@n,SiO4:Mn with an-
mass per X-ray absorbed, given by the rajid=/E;. While  other material, similar measurements were performed on
X-ray energyE increasesyc and E, remain constant. Thus, Gd,0,S:Th. A 90 mg/cn? Gd,0,S:Th phosphor layer was
higher number of optical quanta are finally emitted per X-rayprepared and tested under the same conditions. Results
absorbed. The two curves corresponding to front- and baclshowed thaGd,0,S:Tb NEP was slightly lower than that of
screen configuration are similar. However, for equal coatin@n,SiO4:Mn at 15 kVp and20 kVp but it was higher at 30,
weight NEP values are higher in back-screen than in front40, and50 kVp.
screen configuration setup. This may be explained if one con- Figure 3 shows the measured emission spectrum of
siders that, due to the exponential law of X-ray absorptionZn,SiO,:Mn together with spectral sensitivity curves of the
most X-ray quanta are absorbed not far from the irradiateébllowing optical detectors. 1. Th@aAsphotocathode, used
phosphor surface. Thus, optical quanta directed towards the third-generation non-medical image intensifiers. 2. The
irradiated surface have to travel shorter distances to escapg&tended sensitivity (ES) 20 photocathode, used in fluoro-
the screen than quanta transmitted to the non-irradiated baskopic or digital imaging intensifiers and in photomultipliers
surface. This results in higher values of light transmission efef nuclear medicine medical systems. 3. The silicdi) pho-
ficiency and NEP. todiode, used in computed tomography X-ray detectors and in
CCD arrays of some digital radiography systems. 4. A green-
sensitive film used in conventional radiographic cassettes.
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effective thanGd,O,S: Tb when combined with the three or-
thochromatic filmszZn,SiO4:Mn is also slightly better when
used with theSi photodiode and the ES-20 photocathode.

Figure 4 shows the variation of the effective number of
emitted optical quanta per incident X-ray with X-ray tube
voltage.Zn,SiO4:Mn shows the highest effective NEP when
combined with theGaAsphotocathode. However, it must be
noted that this photocathode exhibits an almost flat spectral
response and is very well matched with all types of phosphor
materials. From the rest of the curves of Fig. 4 it is shown that
ZnpSiOs:Mn phosphor is better matched with the orthochro-
matic films and the ES-20 photocathode.

These results show thah,SiO;:Mn could be appropriate
for use in low-voltage conventional radiography and fluo-
roscopy, especially in mammographic applications, or in dig-
ital imaging systems employing ES-20 photocathodes.
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Fig. 3. ZnSiOy:Mn optical emission spectrum and spectral sensitivity curves
of optical detectors

The Zn,SiO4:Mn emission spectrum is centered5®5nm  Appendix

and it is situated well within the spectral sensitivity limits of

the optical detectors. This is very interesting especially for the

case of orthochromatic radiographic films, since the latter arg 1 The functionvg(E, w):

designed to detect the spectra of terbium-activated phosphors

(GO2S:Th, La;0,S:Th, Y20,S:Th). This function (see relation (8)) is a distribution function that
Table 1 shows the values obtained for the matching factafescribes the relative probability of an X-ray quantum to in-

of Zn,SiO,:Mn with the optical detectors as well as matchingteract at an elementary thin layew at depthw from the

factors corresponding t@d,0,S:Tb. Zn;SiOs:Mn is more  jrradiated surface [8, 9] of a phosphor layer of coating weight

wo. YR(E, w) may be written as follows:

YR(E, w) = u(E) exp[ — p(Eyw]dw/

Table 1. Spectral Matching factors wo

Phosphors / w(E) exp[ - /L(E)w] dw, (A1)
Optical Detectors ZnSiOy:Mn G 0O,STh 9
GaAs photocathode 0.938 0.939 where the numerator is the product of éxpu(E)w] giv-
g_/sfo Fc"hoéocathOde 0051969 005123 ing the probability of an X-ray quantum to arrive at depth
b otodiode . : : w, with 1.(E) dw giving the probability of X-ray interaction

gfa Curix Ortho GS film 0.775 0.692 1o : . . .

Kodak X-omatic GR film 0.742 0.701 within the thin layerdw. The denominator is the sum of inter-
Fuji UM-MH film 0.792 0.698 action probabilities within all elementary thin layers of total

phosphor coatingug. The integral givingg, in relation (8),
represents the mean value of the light flux fractigpsav-

180 eraged over all thin layerdw. The values ofdr serve as
weighting factors representing the contributions of the corre-
sponding thin layers, to the light flux emitted by the whole
phosphor layetwg.

160 f',
140
120
A.2 The functiom, (o, 8, w, p):
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NEP-effective

This function gives the light energy flux produced by the in-
teraction of an X-ray quantum within the layehw at w.
Ouw(o, B, p, w) has been determined as a solution of a diffu-
sion differential equation [15] that describes the propagation
of optical quanta through a phosphor mater@l. has been
expressed as:

60
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15 20 30 40 50 Ow(o, B, w, p) =

X-ray tube voltage (kVp) _
. . e . p1[(B+p0)€" + (B~ po)e ™]
Fig. 4. Variation of effective NEP with X-ray tube voltage, determined in

front-screen configuration setup (B+ p0)(B+ pr)€™0 — (B — po)(B— pr)e w0

(A.2)
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whereo is an optical parameter called reciprocal diffusionmass stopping power of the target materi&lE, Ee, Eo) is
length given [12, 15] by: the fraction of X-ray quanta transmitted by the anode given

by:
0 =/ [Ma(ﬂa+ ZMs)] >

na and us being the light absorption and scattering coeffi- F(E, Ee, Eo) =
cients of the phosphopy, p1 are given by:

(A.3)
exp[ - (E) (E2 - E2)]

. (A.8)
PACTW SINO + @)

(I—rp) where u(E) and pa is the linear attenuation coefficient
- (1+rp) and density of the anode material, respectivelyy is the
Thomson-Whiddington constant [16],is the target angle,
whererg andr; are the reflectivities at the front-screen inter-¢ is the angle off the central axis along which an X-ray quan-
face {o = 0in our case) and at the screen—substrate interfacgim travels x is the depth of electron penetration within the
respectively. Values fop; andp, were taken from previous target,B is a function ofZ andT given by Tucker et al. [16].
studies [7—-9]. Most data and functions necessary iy (E) calculations

on n=0,1, (A.49)

B is an optical parameter given by

were taken from [16] and from X-ray unit manufacturer’s

data.
B =+/[1ra/(a+2us)] . (A.5)
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