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Abstract. Zn2SiO4:Mn phosphor was evaluated for use in ra-
diation detectors of medical imaging systems.Zn2SiO4:Mn
was used in the form of laboratory-prepared fluorescent
layers (screens) with coating weights from 18 to150 mg/cm2.
The phosphor was excited to luminescence by low-energy
X-rays using X-ray tube voltages ranging from 15 to50 kVp.
The number of emitted optical photons per incident X-ray
quantum was thus determined for various X-ray energies and
phosphor coating weights. The optical emission spectrum
was also measured and it was used to evaluate the spectral
compatibility of Zn2SiO4:Mn with radiographic films, pho-
tocathodes and theSi photodiode. Finally, phosphor optical
properties were estimated by fitting a theoretical model to ex-
perimental data. Results showed thatZn2SiO4:Mn is more
efficient for low-energy X-rays. Its intrinsic conversion effi-
ciency was found equal to 0.08, which is comparable to that
of actually used phosphors.Zn2SiO4:Mn was also adequately
compatible with orthochromatic films and the ES-20 photo-
cathode, thus being appropriate for low-voltage radiography
and fluoroscopy.

PACS: 78.65; 42.80

Phosphor materials are used as X-ray to light convert-
ers coupled to optical detectors in most X-ray or nuclear
medicine imaging systems.Zn2SiO4:Mn is a phosphor that is
used in non-medical applications [1], but, to our knowledge, it
has never been employed in medical imaging. Previous stud-
ies onZn2SiO4:Mn [2] have reported an intrinsic conversion
efficiency under electron beam excitation of the order of8%.
This value is close to values of other phosphors employed in
medical imaging [3], which, however, have been determined
under X-ray excitation. Additionally, the light emitted by
Zn2SiO4:Mn seems to be compatible with the spectral sensi-
tivity of optical detectors (films, photocathodes, photodiodes)
used in X-ray or nuclear imaging.

In this paper an evaluation ofZn2SiO4:Mn under X-ray
excitation is presented in order to investigate the suitability of
this material for medical image receptors. For this purpose,
the following parameters were studied.

(i) The number of emitted light photons (NEP) per incident
X-ray quantum as a function of X-ray energy and phos-
phor coating weight.

(ii) The emission spectrum and its compatibility with the
spectral sensitivity of various optical detectors.

(iii) The effective NEP, which expresses the spectrally useful
fraction of emitted light.

(iv) The optical properties (absorption, scattering, reflectiv-
ity) of Zn2SiO4:Mn.

1 Materials and methods

1.1 Theory and definitions

The light energy fluxΨλ emitted by a phosphor material ex-
cited by X-rays may be expressed as follows:

Ψλ(E0, w)=
E0∫

0

ΨX(E)ηQ(E, w)ηCgλ(E, Eλ,w)dE , (1)

where, E0 is the maximum energy of the energy spectrum
of the polyenergetic X-ray beam used to excite the phosphor,
w is the coating weight of the phosphor layer,ΨX is the in-
cident X-ray energy flux,E denotes the energy of an X-ray
quantum,ηQ is the quantum detection efficiency expressing
the fraction of incident X-ray quanta that are absorbed by the
phosphor,ηC is the intrinsic X-ray to light conversion effi-
ciency, which is the fraction of absorbed X-ray energy flux
that is converted into light within the phosphor’s mass,gλ
is the light transmission efficiency expressing the fraction of
light that is transmitted through the phosphor layer and is
emitted by the phosphor’s surface, andEλ is the energy of an
optical quantum.

The number(nλ) of emitted optical quanta per incident
X-ray, may be obtained by dividing relation (1) by: 1. The
mean energy of an optical quantumEλ so as to obtain the total
number of emitted photons. 2. The incident X-ray quantum
flux (X-ray quanta per unit of area and time); this flux may
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be obtained by measuring the incident exposure rateẊ and
multiplying it by the exposure to X-ray quantum flux(ΦX)
conversion factor

[
ΦX/Ẋ

]
[4, 5]. Thus, NEP is written as

nλ(E0, w)= 1

Eλ Ẋ

E0∫
0

ΨX(E)[
ΦX/Ẋ

]ηQ(E, w)ηCgλ(E, Eλ,w)dE ,

(2)

where[
ΦX/Ẋ

]= Wair

[µen/ρ]air e

1

E
. (3)

Wair is the average energy required to produce an ion pair in
air, [µen/ρ]air is the mass X-ray energy absorption coefficient
of air ande is the electron charge [4, 5].

The mean energyEλ of the emitted optical photons may
be determined by averagingEλ over the phosphor’s emission
spectrum(εp) as follows:

Eλ =
λ2∫
λ1

εp(Eλ)EλdEλ

/ λ2∫
λ1

εp(Eλ)dEλ . (4)

The spectral compatibility of the phosphor’s emission
spectrumεp(λ) with the spectral sensitivitySOD(λ) of the
optical detector coupled to the phosphor in medical image re-
ceptors, is assessed by the spectral matching factoraS [6].
This factor may be determined by the formula

aS=
λ2∫
λ1

εp(λ)SOD(λ)dλ
/ λ2∫

λ1

SOD(λ)dλ , (5)

whereλ1 andλ2 are the lower and upper limiting wavelength
values ofεp(λ). aS gives the fraction of the emitted light en-
ergy flux that can sensitize the optical detector with respect to
the detector’s spectral sensitivity. Using relations (2) and (5),
the effective number of emitted optical photonsnλ,eff may be
defined as

nλ,eff(E0, w)= aS

Eλ Ẋ

E0∫
0

ΨX(E)[
ΦX/Ẋ

]ηQ(E, w)

×ηCgλ(E, Eλ,w)dE . (6)

nλ,eff gives the number of emitted photons per incident X-ray
quantum that are useful for a specific phosphor–optical detec-
tor combination.

1.2 Experimental method

The Zn2SiO4:Mn phosphor was supplied in powder form
(Derby Luminescents, Ltd.) with mean grain size of approxi-
mately7µm. Phosphor layers (screens) with coating weights
18, 34, 56, 89, 115, and153 mg/cm2 were prepared by sed-
imentation as described in previous studies [7–10]. Screens
were irradiated by low-energy X-rays with tube voltages
ranging from15 kVp to 50 kVp. At higher voltages the per-
formance ofZn2SiO4:Mn is not satisfactory due to its low

effective atomic number. The emitted light energy fluxΨλ
was measured by an EMI 9558 QB photomultiplier coupled
to a Cary 401 electrometer. Measurements were performed
following two modes of observation: 1. Front screen config-
uration setup (or transmission mode), where the light emit-
ted from the non-irradiated phosphor surface was measured
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
double-coated medical radiographic cassettes and all other
types of medical imaging detectors, while the second setup
simulates the back screen of double-coated radiographic cas-
settes and of the single-coated mammographic cassettes. De-
tails of the measurement techniques are described in previ-
ous studies [7–9]. The exposure rateẊ was measured using
a PTW dosemeter (ionization chamber type No. 23333).

The emission spectrumεp(λ) of Zn2SiO4:Mn and the en-
ergy Eλ = hc/λ of the emitted optical quanta were deter-
mined by means of an Oriel 7240 grating monochromator.

1.3 Estimation of optical properties

Relation (2) was used to estimate the coefficients of optical
photon absorptionµa and optical photon scatteringµs . This
was accomplished by fitting relation (2) to experimental NEP
data using the following functions and parameters.

The quantum detection efficiencyηQ was approximated
by the formula

ηQ(E, w)= 1−e−µ(E)w , (7)

whereµ(E) is the X-ray absorption coefficient of the phos-
phor.µ(E) was calculated using data onZn, Si, andO from
Storm and Israel [11].

The light transmission efficiencygλ was expressed as fol-
lows:

gλ(E, Eλ,w)=
w0∫

0

ΨR(E, w)gw(σ, β, ρ,w)dw, (8)

whereΨR is a function giving the relative X-ray energy flux
absorbed at the elementary layer at depthw (see appendix),
gw is a function giving the fraction of emitted light energy
flux, generated by an X-ray quantum absorbed at an elemen-
tary thin phosphor layerdw situated at depthw, w0 is the
total coating weight of the phosphor,σ andβ are optical pa-
rameters related toµa andµs as follows:

σ = [µa (µa+2µs)
]1/2

, β = [µa/ (µa+2µs)
]1/2

. (9)

β has been also expressed [12] as:

β = (1− R∞)
(1+ R∞)

, (10)

where R∞ is the reflectivity of a very thick screen with no
light transmission through it,ρ is related to the reflectivityr
at the phosphor screen–substrate interface by the relation:

ρ = (1− r)

(1+ r)
. (11)
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β andρ were measured by reflectivity measurements follow-
ing the technique described by Ludwig [12]. The value ofσ as
well as the intrinsic conversion efficiencyηC were determined
by the fitting, using the Levenberg–Marquard method [13].

2 Results and discussion

Figure 1 shows the variation of NEP with X-ray tube volt-
age for34 mg/cm2 phosphor coating weight. NEP initially
decreases rapidly with tube voltage and shows a tendency to
remain constant at high voltages. The shape of the curves
indicates that NEP is mainly dominated by the variation of
the quantum detection efficiency (ηQ in formulas (2) and (7))
with X-ray energy. At low voltages, phosphor screens absorb
easily larger fractions of the incident X-rays and hence they
produce higher quantities of optical quanta than at high volt-
ages. Similar reasoning, based on detection efficiency, may
justify the increased NEP values at high coating weights. As
it is shown in relation (7), thick screens absorb large frac-
tions of X-rays, which in turn produce high quantities of
optical quanta. At high tube voltages, which correspond to
higher effective X-ray energies and lower values ofµ (see re-
lation (7)), NEP should be expected to decrease more rapidly.
However, X-ray losses are compensated by an increase in
the number of optical photons created within the phosphor
mass per X-ray absorbed, given by the ratioηCE/Eλ. While
X-ray energyE increases,ηC andEλ remain constant. Thus,
higher number of optical quanta are finally emitted per X-ray
absorbed. The two curves corresponding to front- and back-
screen configuration are similar. However, for equal coating
weight NEP values are higher in back-screen than in front-
screen configuration setup. This may be explained if one con-
siders that, due to the exponential law of X-ray absorption,
most X-ray quanta are absorbed not far from the irradiated
phosphor surface. Thus, optical quanta directed towards the
irradiated surface have to travel shorter distances to escape
the screen than quanta transmitted to the non-irradiated back
surface. This results in higher values of light transmission ef-
ficiency and NEP.

Fig. 1. Variation of the number of optical photons per incident X-ray quan-
tum with X-ray tube voltage for a34-mg/cm2 ZnSiO4:Mn screen in front-
and back-screen configuration setups.Dots: experimental points,solid lines:
fitted curves

Solid lines in Fig. 1 represent theoretical curves obtained
by fitting (2) to experimental data. Best values of param-
etersσ and ηC determined by the fitting procedure were
σ = 38 cm2/g andηC = 0.08. Measured values ofβ andρ
were β = 0.03 andρ = 0.9. The value estimated forηC is
lower than those of terbium-activated rare earth phosphors
Gd2O2S:Tb andLa2O2S:Tb, ranging between 0.13 and 0.2,
but it is higher than theηC value ofCaWO4 (0.04) used in
conventional radiographic cassettes [3, 14].σ , β, andρ are
similar to those previously found for other green light emit-
ting phosphorsGd2O2S:Tb, La2O2S:Tb, ZnSCdS:Ag etc. [9].

Figure 2 shows the variation of NEP with phosphor coat-
ing weight for both front-screen and back-screen configura-
tions. The curve representing back-screen data initially in-
creases and exhibits a saturation region for coating weights
higher than90 mg/cm2. This curve shape is well suited to the
exponential law of X-ray absorption variation with thickness
(relation 7). This demonstrates the dominant role of quan-
tum detection efficiency in NEP behavior. The curve corre-
sponding to front-screen configuration shows a tendency to
decrease for coating weights higher than60 mg/cm2. This
may be explained by considering that in thick phosphor layers
the optical quanta directed to the non-irradiated side of the
screen have to penetrate longer transmission paths to escape,
thus increasing the probability of optical losses.

To compare results obtained forZn2SiO4:Mn with an-
other material, similar measurements were performed on
Gd2O2S:Tb. A 90 mg/cm2 Gd2O2S:Tb phosphor layer was
prepared and tested under the same conditions. Results
showed thatGd2O2S:Tb NEP was slightly lower than that of
Zn2SiO4:Mn at 15 kVp and20 kVp but it was higher at 30,
40, and50 kVp.

Figure 3 shows the measured emission spectrum of
Zn2SiO4:Mn together with spectral sensitivity curves of the
following optical detectors. 1. TheGaAsphotocathode, used
in third-generation non-medical image intensifiers. 2. The
extended sensitivity (ES) 20 photocathode, used in fluoro-
scopic or digital imaging intensifiers and in photomultipliers
of nuclear medicine medical systems. 3. The silicon (Si) pho-
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.

Fig. 2. Variation of the number of emitted optical photons per incident
X-ray quantum with phosphor coating weight at20 kVp X-ray tube voltage
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Fig. 3. ZnSiO4:Mn optical emission spectrum and spectral sensitivity curves
of optical detectors

The Zn2SiO4:Mn emission spectrum is centered at525 nm
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 are
designed to detect the spectra of terbium-activated phosphors
(Gd2O2S:Tb, La2O2S:Tb, Y2O2S:Tb).

Table 1 shows the values obtained for the matching factor
of Zn2SiO4:Mn with the optical detectors as well as matching
factors corresponding toGd2O2S:Tb. Zn2SiO4:Mn is more

Table 1. Spectral Matching factors

Phosphors
Optical Detectors ZnSiO4:Mn Gd2O2S:Tb

GaAsphotocathode 0.938 0.939
E/S-20 photocathode 0.799 0.773
Si photodiode 0.546 0.543
Agfa Curix Ortho GS film 0.775 0.692
Kodak X-omatic GR film 0.742 0.701
Fuji UM-MH film 0.792 0.698

Fig. 4. Variation of effective NEP with X-ray tube voltage, determined in
front-screen configuration setup

effective thanGd2O2S:Tb when combined with the three or-
thochromatic films.Zn2SiO4: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.Zn2SiO4: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
Zn2SiO4:Mn phosphor is better matched with the orthochro-
matic films and the ES-20 photocathode.

These results show thatZn2SiO4: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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Appendix

A.1 The functionΨR(E, w):

This function (see relation (8)) is a distribution function that
describes the relative probability of an X-ray quantum to in-
teract at an elementary thin layerdw at depthw from the
irradiated surface [8, 9] of a phosphor layer of coating weight
w0. ΨR(E, w) may be written as follows:

ΨR(E, w)= µ(E) exp
[−µ(E)w]dw/

w0∫
0

µ(E) exp
[−µ(E)w]dw, (A.1)

where the numerator is the product of exp[−µ(E)w] giv-
ing the probability of an X-ray quantum to arrive at depth
w, with µ(E)dw giving the probability of X-ray interaction
within the thin layerdw. The denominator is the sum of inter-
action probabilities within all elementary thin layers of total
phosphor coatingw0. The integral givinggλ in relation (8),
represents the mean value of the light flux fractionsgw av-
eraged over all thin layersdw. The values ofΨR serve as
weighting factors representing the contributions of the corre-
sponding thin layers, to the light flux emitted by the whole
phosphor layerw0.

A.2 The functiongw(σ, β,w, ρ):

This function gives the light energy flux produced by the in-
teraction of an X-ray quantum within the layerdw at w.
gw(σ, β, ρ,w) has been determined as a solution of a diffu-
sion differential equation [15] that describes the propagation
of optical quanta through a phosphor material.gw has been
expressed as:

gw(σ, β,w, ρ) =
ρ1
[
(β+ρ0)eσw+ (β−ρ0)e−σw

]
(β+ρ0)(β+ρ1)eσw0− (β−ρ0)(β−ρ1)e−σw0

, (A.2)
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whereσ is an optical parameter called reciprocal diffusion
length given [12, 15] by:

σ =√[µa(µa+2µs)] , (A.3)

µa andµs being the light absorption and scattering coeffi-
cients of the phosphor.ρ0, ρ1 are given by:

ρn = (1− rn)

(1+ rn)
n= 0,1, (A.4)

wherer0 andr1 are the reflectivities at the front-screen inter-
face (r0∼= 0 in our case) and at the screen–substrate interface,
respectively. Values forρ1 andρ2 were taken from previous
studies [7–9].

β is an optical parameter given by

β =√[µa/(µa+2µs)] . (A.5)

A.3 The functionΨX(E):

This function describes the incident X-ray energy flux and it
may be expressed as

ΨX(E)= NX(E)E , (A.6)

whereNX(E) is the X-ray quantum flux (number of incident
X-ray quanta per unit of area and time). In the model de-
veloped by Tucker et al. [16] for X-ray spectra, the number
NX(E) of X-ray quanta produced by the bremsstrahlung pro-
cess with energy betweenE andE+ dE is given as follows:

NX(E)dE= [αreZ2/A
]

[ dE/E]

×
E0∫

E

B

(
Ee+moc2

)
Ee

F(E,Ee,Eo)

[
1

ρ

dEe

dx

]−1

dEe,

(A.7)

where NX is the X-ray quantum fluence perkeV, α is the
fine-structure constant,re is the classical electron radius,Z
is the atomic number of the target material (X-ray tube an-
ode) – usually tungsten or molybdenum.A is the mass of the
target atoms,Eo is the kinetic energy of the incident elec-
tron, Ee is the penetrating electron energy,mo is the rest mass
of an electron,c is the light velocity,(1/ρ)[dEe/dx] is the

mass stopping power of the target material,F(E, Ee, Eo) is
the fraction of X-ray quanta transmitted by the anode given
by:

F(E, Ee, Eo)= exp
[−µ(E) (E2

o− E2
e

)]
ρAcTW sin(θ+ϕ) (A.8)

where µ(E) and ρA is the linear attenuation coefficient
and density of the anode material, respectively,cTW is the
Thomson–Whiddington constant [16],θ is the target angle,
ϕ is the angle off the central axis along which an X-ray quan-
tum travels,x is the depth of electron penetration within the
target,B is a function ofZ andT given by Tucker et al. [16].

Most data and functions necessary forNX(E) calculations
were taken from [16] and from X-ray unit manufacturer’s
data.
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