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Abstract. This study presents a method to evaluate the imag-
ing performance of phosphor materials used in medical imag-
ing systems. The advantage of the method is that phosphor
evaluation is performed independently of the optical detectors
(films, photocathodes, photodiodes) used in radiation detec-
tors to capture phosphor light. The method is based on the
noise-equivalent-quanta (NEQ) concept, which provides an
index of the signal-to-noise ratio (SNR) associated with the
diagnostic value of a medical image. NEQ was expressed as
a function of the phosphor’s emitted light wavelength, light
energy flux, and modulation transfer function (MTF). All
these parameters are related to intrinsic phosphor properties
such as effective atomic number, density, activator ion. The
method was tested on three yttrium-based phosphors, two of
them activated with europium (Eu3+) and one with terbium
(Tb3+). Results showed that europium-activated phosphors
(Y2O2S:Eu,Y2O3:Eu) exhibited improved SNR, whereas the
terbium phosphor (Y2O2S:Tb) had better MTF.

PACS: 07.85; 42.30; 42.80

Phosphors are employed as X-ray or gamma-ray to light con-
verters in detectors of medical imaging systems, such as ra-
diographic cassettes, image intensifiers, gamma cameras, and
digital radiography and computed tomography detectors. In
all cases, phosphors are used in the form of fluorescent layers,
often called screens, in conjunction with an optical detec-
tor (film, photocathode, photodiode) [1–3]. The performance
of medical imaging systems is evaluated in terms of various
parameters such as spatial resolution, quantum noise, signal-
to-noise ratio (SNR) [2–5]. Evaluation is normally carried out
on the integrated imaging detector.

In the present study, a method to evaluate the suitability of
phosphor materials for use in medical imaging, is presented.

∗ Corresponding author. Prof. D. Cavouras, Ph.D., 37-39 Esperidon Street,
Kallithea 17671, Athens, Greece (Fax: +301/5910-975,
E-mail: cavouras@hol.gr, cavouras@medisp.bme.teiath.gr)

The method is based on the concept of noise-equivalent-
quanta (NEQ) [5–8] expressing the fraction of incident X-ray
quanta that are absorbed by a detector and used to create the
final diagnostic image. NEQ has been also considered as an
index of SNR and it has been defined as the square of the
image SNR [7]. The latter is directly related to the X-ray
dose incident on the detector. By the present method NEQ
was expressed as a function of parameters associated with
physical properties of the phosphor material independently of
the optical detector used to capture the phosphor’s light. The
method was used to test three phosphors, namelyY2O2S:Tb,
Y2O2S:Eu, andY2O3:Eu.Y2O2S:Tb andY2O2S:Eu have the
same chemical composition, that affects X-ray absorption,
whereasY2O2S:Eu and Y2O3:Eu have the same activator
(Eu3+), that affects light wavelength and the intrinsic phos-
phor property to convert the absorbed X-rays into light.

1 Materials and methods

1.1 Derivation of NEQ formula

The optical signalSP produced by a phosphor layer can be
written as a function of spatial frequency (u) as follows:

SP(Q,u, w) = QCP(Q,u, w) , (1)

whereQ is the X-ray quantum fluence incident on the phos-
phor surface,w is the coating weight of the phosphor, and
CP expresses the contrast transfer function (CTF). The latter
is used to describe the spatial frequency-dependent response
of an imaging system to an input signal [4, 9]. CTF can be
expressed as the product of the system’s modulation transfer
function (MTF), often used as an expression of spatial reso-
lution, and the slope of its characteristic curve, often called
the gradient [4, 5, 8, 9]. In the case of a phosphor layer, the
gradient may be expressed as a conversion factor describing
the efficiency of the phosphor to convert the incident X-ray
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quantum fluenceQ into emitted optical quantum fluenceΦλ.
The optical signal produced can then be written as:

Sp(Q,u, w)= Q

[
dΦλ(Q, w)

dQ

]
MP(u, w) , (2)

wheredΦλ(Q, w)/dQ designates the aforementioned gradi-
ent andMP is the MTF of the phosphor.

The output quantum noise associated with the optical
quanta emitted by the phosphor can be described as a func-
tion of spatial frequency by the noise amplitude spectrum
NQ(u, w), which is the square root of the noise power spec-
trum NPS [7, 10]. Thus, the spatial frequency-dependent
signal-to-noise ratio can be expressed as:

SNR(Q,u, w)= Q

[
dΦλ(Q, w)

dQ

]
MP(u, w)

NQ(u, w)
. (3)

Considering that NEQ≡ (SNR)2 [7], the number of noise-
equivalent quanta can then be written as follows:

NEQ(Q,u, w)= Q2
[

dΦλ(Q, w)

dQ

]2 [MP(u, w)]2

WQ(Q,u, w)
, (4)

whereWQ is the quantum noise power spectrum (NPS) or
Wiener spectrum associated with the number of emitted opti-
cal quanta.

Since the ratiodΦλ/dQ expresses the efficiency of the
phosphor material to convert incident X-ray quantaQ into
emitted optical quantaΦλ, relation (4) can be rewritten as
follows:

NEQ(Q,u, w)= [Φλ(Q, w)MP(u, w)]
2

WQ(Q,u, w)
. (5)

The quantum NPS has been expressed [10] as a function of
Φλ andMP by the following relation:

WQ(Q,u, w) =Φλ(Q, w)
[
m(λ)M2

P(u, w)+1
]
, (6)

wherem(λ) is the average number of optical quanta emitted
per X-ray quantum absorbed in the phosphor. Relation (6) is
valid under the assumption that the optical photons created
within the phosphor material follow Poisson statistical distri-
bution [10]. It must be also noted thatQ andΦλ represent
mean numbers of quanta per unit area.

Φλ can be expressed in terms of the emitted optical en-
ergy fluenceΨλ, which is an easier measurable quantity, by
the ratio:

Φλ(Q, w)= Ψλ(Q, w)
Eλ

, Eλ = hc

λ
, (7)

whereEλ is the energy of an optical quantum,h is Plank’s
constant,c is the velocity of light, andλ is the wavelength of
an optical quantum. Combining relations (4), (5), (6), and (7)
NEQ can be written as:

NEQ(Q,u, w)= Ψλ(Q, w)λ
hc

[
M2

P(u, w)

m(λ)M2
P(u, w)+1

]
. (8)

Relation (8) describes NEQ as a function of parameters
strictly related to the phosphor material properties. These pa-
rameters can be determined by experimental measurements

and calculations. It must be also noted thatΨλ increases lin-
early with the number of incident X-ray quantaQ. This in-
dicates that NEQ values will increase in a similar way with
X-ray dose.

1.2 Experimental determination

The phosphors employed were in the form of fluorescent
layers prepared in laboratory by sedimentation of the phos-
phor powder on fused silica substrates [11–13]. The mean
size of the powder grains was approximately7µm . Phosphor
layers were prepared with coating weights ranging from ap-
proximately 20 to200 mg/cm2. The phosphor materials used
wereY2O2S:Tb, Y2O2S:Eu, andY2O3:Eu.

Ψλ was measured in our laboratory using an EMI 9558
QB photomultiplier equipped with an extended E/S-20 pho-
tocathode and connected to a Carry 401 electrometer [11–
14]. In the present study,Ψλ was measured during irradiation
of the phosphor materials by X-rays using50 kVpand80 kVp
X-ray tube voltages. Measurements were corrected by taking
into account: (i) the spectral compatibility between the optical
emission spectrum of the phosphor material and the spec-
tral sensitivity of the photocathode of the photomultiplier, (ii)
the geometric light collection efficiency of the photomulti-
plier, which depends on the phosphor–photocathode distance
and on the angular distribution of the emitted light. Emis-
sion spectra and light angular distributions of the phosphor
materials were also measured in our laboratory [11, 15]; spec-
tra were measured by an Oriel 7240 grating monochromator
and angular distributions were determined by previously de-
scribed experimental techniques [15].MP(u, w) was experi-
mentally determined following the well-known square-wave
response-function (SWRF) method [5, 12, 16]. To perform
SWRF measurements a suitable test pattern (type 53, Nuclear
Associates) was imaged by the light of the X-rayed phos-
phors on Agfa Scopix LT2B, forY2O2S:Eu andY2O3:Eu,
and Agfa Curix Ortho GS, forY2O2S:Tb, photographic emul-
sions. Pattern images were digitized by means of a Microtec
Scanmaker II SP (24 bit color 1200×1200 dpi) scanner. MTF
was then determined from the SWRF digitized images by
Coltman’s formula [5, 16].

MP(u, w)= π
4

∞∑
k=1

bK
SWRF[(2k−1)u, w]

(2k−1)
, (9)

where

bK = 0, for m< n ,

bK = (−1)n(−1)k−1, for m= n .

n is the number of prime factors other than unity in(2k−1),
m is the number of prime factors other than unity which
appear only once in(2k−1) [5]. The MTF determined by
relation (9) was corrected for the scanner and film MTF as
described previously [12].

The numberm of optical photons emitted per absorbed
X-ray quantum in (8) was determined by considering the re-
lation:

m(λ)= Φλ(Q, w)

ηA(µX, w)Q
= λ

hc

Ψλ(Q, w)

ηA(µX, w)Q
, (10)
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whereηA is the fraction of X-rays absorbed by the phosphor
material, calculated considering that X-ray absorption fol-
lows the exponential law. The X-ray absorption coefficients
µX were calculated from data given by Storm and Israel [12,
17]. Q was determined from exposure measurements using
a PTW dosemeter (ionization chamber type No. 23333).

2 Results and discussion

Figures 1 and 2 show the variation of NEQ with spa-
tial frequency for 50 mg/cm2 and 80 mg/cm2 phosphor
layers determined at50 kVp and 80 kVp, respectively. The
corresponding values ofQ (X-ray dose) were0.15×106,
1.12×106 X-ray quanta/cm2. NEQ falls off rapidly with fre-
quency and this behaviour is more pronounced forY2O3:Eu.
The variation of NEQ with spatial frequency is principally
determined by the modulation transfer functionMP(u, w) in
formula (8), which is shown in Fig. 3. MTF is the Fourier
transform of the point spread function (PSF), which de-
grades with the thickness of the phosphor layer and depends
strongly on the optical attenuation properties of the mate-
rial. For equal coating weight, theY2O3:Eu phosphor layer is
thicker thanY2O2S:Tb andY2O2S:Eu due to the higher dens-

Fig. 1. Variation of noise-equivalent quanta (NEQ) with spatial frequency,
determined at50 kVp X-ray tube voltage for50-mg/cm2 phosphor layers

Fig. 2. Variation of noise-equivalent quanta (NEQ) with spatial frequency,
determined at80 kVp X-ray tube voltage for100-mg/cm2 phosphor layers

Fig. 3. MTF curves for 50-mg/cm2 phosphor layer measured at50 kVp
X-ray tube voltage

ity of the latter (5 g/cm3 for Y2O2S:Tb or Y2O2S:Eu against
2.2 g/cm3 for Y2O3:Eu). Thus, in the case ofY2O3:Eu, op-
tical quanta generated at a point within the phosphor travel
longer distances to arrive at the layer’s surface. Since light is
isotropically produced in space, the laterally directed quanta
spread into a surface area that increases with the length of
optical trajectories. This effect augments the width of PSF
resulting in lower MTF values forY2O3:Eu.

For equal thickness at equal coating weight, as is the case
of Y2O2S:Tb andY2O2S:Eu phosphors, the MTF differences
between the two materials are due to differences in their op-
tical attenuation properties. The importance of optical atten-
uation increases with frequency of light, which is higher for
the blue-green-emittingY2O2S:Tb than for the red-emitting
Y2O2S:Eu. Thus, laterally directed optical quanta suffer more
attenuation inY2O2S:Tb than inY2O2S:Eu. This attenuation
restricts the area of light spread in the phosphor’s surface re-
sulting in sharper PSF and better MTF values forY2O2S:Tb
than forY2O2S:Eu.

At the low-frequency range, MTF values tend to unity for
all phosphors, hence the influence of MTF on NEQ values is
not so important. Low- and medium-frequency NEQ is then
mainly determined by the ratioΨλ/Eλ. Ψλ was found ap-
proximately equal forY2O2S:Tb andY2O2S:Eu and slightly
lower for Y2O3:Eu. This difference may be principally ex-
plained by the lower X-ray absorption ofY2O3:Eu due to
its lower effective atomic number and density. However,Eλ
is lower in the cases ofY2O2S:Eu andY2O3:Eu (higherλ),
which both emit red light, than inY2O2S:Tb and, hence,
the productΨλλ is improved in theEu3+ activated phos-
phors. This explains the superiority ofY2O2S:Eu NEQ in the
medium- to low-frequency range from 0 to50 cycles/cmand
the superiority ofY2O3:Eu overY2O2S:Tb in the very low
frequency range below15 cycles/cm.

Figure 4 shows the variation of zero-frequency NEQ with
coating weight. NEQ values initially increase towards a max-
imum value and decrease thereafter. This type of variation
is determined byΨλ, which in turn is determined by the
X-ray absorption of the phosphor and the fraction of light
transmitted through the phosphor layer and escaping from its
surface [18]. The increasing part of NEQ curves is princi-
pally affected by the X-ray absorption that initially increases
with coating weight but gradually tends towards a constant
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Fig. 4. Variation of zero-frequency noise-equivalent quanta (NEQ(0)) with
phosphor coating weight, determined at50 kVp X-ray tube voltage

value at thick phosphor layers. On the other hand, the fraction
of optical quanta transmitted through the phosphor decreases
at high coating weights due to the importance of optical at-
tenuation effects during light passage through thick phosphor
layers. This effect reducesΨλ and determines the decreasing
part of the NEQ curves at high coating weights. However,
the decrease of theY2O2S:Eu NEQ was found considerably
slower as compared toY2O2S:Tb. This may be explained by
considering that the fraction of transmitted optical quanta is
higher inY2O2S:Eu, because optical attenuation effects are
less important in this phosphor. Optical attenuation is also
less important inY2O3:Eu, also emitting lower frequency red
light, and hence NEQ is higher forY2O3:Eu as compared to
Y2O2S:Tb at high coating weights.

Figure 5 shows NEQ variation with coating weight at
20 cycles/cm. The peak values of NEQ were obtained at
considerably lower coating weights than in the case of zero
frequency NEQ (see Fig. 4). This is due to the influence of
MTF which falls off with thickness and hence with coating
weight. This effect modifies the shape of NEQ curves which

Fig. 5. Variation of noise-equivalent quanta at20 cycles/cm spatial fre-
quency (NEQ(20)) with phosphor coating weight, determined at50 kVp
X-ray tube voltage

then start to decrease at lower coating weights. Additionally
the effect of MTF improves the performance ofY2O2S:Tb
which, due to its higher MTF, is now better thanY2O3:Eu and
closer toY2O2S:Eu.The relative position of the three curves
in Fig. 5 is in accordance with data shown in Fig. 1 at fre-
quency20 cycles/cm. Finally, it has to be emphasized that
NEQ augments linearly with the number of incident X-ray
quanta (X-ray dose). However, for a certain value of X-ray
tube voltage (kVp), the number of X-rays was equal for all
measurements. Thus, any dose modification under the same
tube voltage conditions such as an increase in the tube cur-
rent will alter NEQ values by the same factor and, hence, the
relative curve position will not be affected.

3 Summary

A method is presented using the number of noise-equivalent
quanta to evaluate the imaging performance of phosphor ma-
terials. NEQ was expressed as a function of the following
measurable quantities: emitted optical flux, wavelength and
MTF, which depend on material physical properties such as
effective atomic number, density, type of activator, and opti-
cal attenuation properties. The advantage of the method is that
it evaluates phosphor materials independently of the optical
detector used in conjunction with phosphors in medical imag-
ing systems From the phosphor materials tested,Y2O2S:Eu
was found to exhibit highest NEQ values, although it had in-
ferior MTF thanY2O2S:Tb. NEQ values ofY2O3:Eu were
found close toY2O2S:Eu at low frequencies.
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