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Abstract

A theoretical description of the e!ect of light generation and light attenuation properties on the imaging performance
of phosphor materials used in radiation detectors of medical imaging systems is presented. The description is based on
a theoretical model employing analytical expressions for the detector optical gain (DOG) (emitted optical quanta per
incident X-ray), the modulation transfer function (MTF), and the detective quantum e$ciency (DQE) as functions of
optical properties of phosphors. The model was used to "t experimental DOG-data and to estimate the values of two
important parameters: (1) the intrinsic X-ray to light conversion e$ciency, expressing the property of light generation
within the phosphor material; (2) the reciprocal di!usion length, expressing the property of light attenuation within the
phosphor material. For this study, La

�
O

�
S : Tb, Y

�
O

�
S : Tb, Y

�
O

�
S : Eu, and Y

�
O

�
: Eu phosphor materials were

employed. Additionally, the sensitivity of DOG, MTF, and DQE on the variation of the intrinsic X-ray to light
conversion e$ciency and of the optical attenuation coe$cient within the phosphor was theoretically studied. It was
found that (1) DOG increases with increasing intrinsic X-ray to light conversion e$ciency and decreases with increasing
optical attenuation coe$cient; (2) MTF increases with increasing optical attenuation while it remains unaltered by
varying the intrinsic X-ray to light conversion e$ciency and (3) DQE decreases with increasing optical attenuation and
remains constant with increasing X-ray to light conversion e$ciency. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phosphors are materials that emit optical quanta
when excited by X-rays or other types of radiation.
Phosphor layers (screens) combined with optical

sensors ("lms, photocathodes, and photodiodes)
are used in radiation detectors of medical imaging
systems. The performance of the latter is usually
assessed by determining various image quality met-
rics, which express image brightness, spatial resolu-
tion, image contrast and noise. These properties
depend strongly on the intrinsic physical properties
of the phosphor materials and on the energy of the
incident radiation quanta.
In the present study a theoretical description of

the imaging performance of phosphors is developed
based on optical properties, which are derived from
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experimental data. The purpose is to examine the
in#uence of light generation and light attenuation
properties on the overall phosphor performance.
The study was accomplished by the determination
of the following image quality metrics:

1. The detector optical gain (DOG), which is de-
"ned as the number of emitted optical photons
(NEP) per incident X-ray quantum [1,2]. DOG
is directly related to the image brightness that
can be achieved for a given level of radiation
#uence incident on the phosphor. Additionally,
DOG may be expressed as a function of spatial
frequency. In this case DOG is equivalent to the
contrast transfer function (CTF) usually de"ned
for "lms and screen-"lm systems used in medical
radiography [3].

2. The modulation transfer function (MTF) which
expresses image contrast and spatial resolution
in the spatial frequency domain [4,5]. MTF
may be de"ned in terms of the Fourier transform
of the point spread function (PSF). PSF ex-
presses light spread due to isotropic light emis-
sion and optical scattering within the phosphor
material and describes the spatial distribution of
the optical quanta originating from a point
source.

3. The detective quantum e$ciency (DQE) that
expresses the e$ciency of an imaging system to
transfer the signal-to-noise ratio (SNR) from the
input to its output [6}8]. DQE is a function of
the spatial-frequency-dependent DOG and of
the noise power spectrum (NPS), also called the
Wiener spectrum [6,9,10]. NPS describes image
noise in the spatial frequency domain.

Using the formulation proposed in this study the
imaging performance of a phosphor may be pre-
dicted, provided that a number of optical
parameters, namely, the intrinsic X-ray to light
conversion e$ciency (light generation properties)
and the coe$cients related to optical attenuation
(scattering, absorption), are obtained from experi-
mental measurements. In this study DOG, MTF,
and DQE were calculated for various values of the
aforementioned optical parameters in order to
examine the e!ect of those parameters on phosphor
performance.

2. Material and methods

2.1. Theory

Consider an X-ray quantum #uence �
�
(X-ray

quanta/unit of area) incident on the surface of the
phosphor layer of an X-ray imaging detector.
A fraction �

�
of these X-ray quanta will interact

with the phosphor mass and will cause the emission
of optical quantum #uence �� (optical quanta/unit
of area). Considering mean values for �

�
, �

�
, and

�� , averaged over the whole detector area, the
emitted optical quantum #uence may be written as
follows:

�M � (E, ��,w)"�M
�
(E)��

�
(E,w)m�

�
(E, ��)g� � (s, a,w) (1)

where E is the energy of an X-ray quantum, � is the
frequency of optical quanta and, thus, �� denotes
the energy of an optical quantum, w is the coating
weight of the phosphor layer (screen) (in mg/cm�),
m�

�
is the mean number of optical quanta created

within the phosphor per interacting X-ray quan-
tum, g� � is the mean fraction of generated optical
quanta that escape from the non-irradiated phos-
phor surface, a and s are coe$cients of optical
absorption and optical scattering, respectively,
characterizing the phosphor material. �

�
and g� are

the quantum detection e$ciency (QDE) and light
transmission e$ciency (LTE), respectively
[2,11,12].
If the incident X-ray beam is polyenergetic, rela-

tion (1) must be integrated over the X-ray spectrum.

�M � (E�
, ��,w)

"�
��

�

�M
�
(E)��

�
(E,w)m�

�
(E, ��)g� �(s, a,w) dE (2)

where E
�
is the maximum energy of the spectrum,

which is numerically equal to the X-ray tube volt-
age.

�M � may be determined by calculating the four
quantities in the integral of formula (2) as follows:

1. �
�
(E) may be simulated by the theoretical

model for X-ray spectra developed by Tucker
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et al. (1991) [13]:

�
�
(E)"�

�r
�
Z�

AE ��
��

�
�

B

E
�
�[E�

#m
�
c�]

�f
�
(E,E

�
)�
1

�
dE

�
dx �dE

�
(3a)

where � is the "ne structure constant, r
�
is the

classical electron radius, Z is the atomic number
of the target material (X-ray tube anode) } usu-
ally tungsten or molybdenum } A is the mass of
the target atoms, E

�
is the kinetic energy of the

incident electron, E
�
is the penetrating electron

energy, m
�
is the rest mass of an electron, c is the

velocity of light , (1/�)[dE
�
/dx] is the mass stop-

ping power of the target material, f
�
(E,E

�
) is the

fraction of X-ray quanta transmitted by the an-
ode given by

f
�
(E,E

�
)"

exp[!�
�
(E)(E�

�
!E�

�
)]

�
�
c
��

sin(�#�)
(3b)

where, �
�
(E) and �

�D
is the linear attenuation

coe$cient and density of the anode material
respectively, c

��
is the Thomson}Whiddington

constant [13], � is the target angle, � is the angle
o! the central axis along which an X-ray quan-
tum travels, x is the depth of electron penetra-
tion within the target, B is a function of Z and
T given by Tucker et al. [13]. Most data and
functions necessary for �

�
calculations were

taken from Ref. [13] and from X-ray unit manu-
facturer's data.

2. �
�

may be approximated by considering ex-
ponential X-ray absorption [2], which is gov-
erned by the corresponding absorption
coe$cients and phosphor thickness (or coating
weight). X-ray absorption coe$cients for vari-
ous materials may be calculated from data on
chemical elements as tabulated by Storm and
Israel [14].

3. m
�

may be calculated by the formula:
m

�
"�

�
E/��. �

�
is the intrinsic X-ray to light

conversion e$ciency, expressing the fraction of
X-ray energy absorbed in the phosphor, which
is converted into optical quanta energy (light).

For polychromatic optical emission spectra the
mean optical quantum energy may be used

(�� )"
��	� (��)��d��
��	� (��) d��

(3c)

where �	� is the normalized spectral distribution
function of the emitted optical quanta.

4. g� may be calculated by the following formula:

g� � (a, s,w�
)"�

��

�

�


(E,w)g

�
(a, s,w) dw (4)

where �


is a probability distribution function

describing the probability of an interacting X-
ray quantum to be absorbed within an elemen-
tary thin layer dw at depth w and g

�
is a function

giving the fraction of optical quanta generated
within the layer dw that escape to the phosphor
output after transmission through a phosphor
layer of coating weight (w

�
!w), w

�
being the

total coating weight of the layer. Relation (4)
expresses the average fraction of emitted optical
quanta (or average probability of optical emis-
sion) per X-ray quantum absorbed. Function
�


(E,w) may be expressed by the formula

�


(E,w)"

[exp(!�(E)w)]�(E) dw

���
�
[exp(!�(E)w)]�(E) dw

(5)

where �(E)is the X-ray absorption coe$cient of
the phosphor material. The numerator in Eq. (5)
expresses the fraction of incident X-ray quanta
absorbed in the thin layer dw at depth w while
the denominator is the fraction absorbed within
the whole layer w

�
.

The function g
�
may be calculated by expressing

it in the spatial frequency domain in terms of the
optical properties of the phosphor material (ab-
sorption, scattering etc.). This has been accomp-
lished by solving a photon di!usion di!erential
equation [4], resulting in

g
�
(a, s,w)

"

	�
�
[(q#	�

�
)e��#(q!	�

�
)e���]

(q#	�
�
)(q#	�

�
)e���!(q!	�

�
)(q!	�

�
)e����

,

(6)
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where 	 is called the inverse relaxation length,
which is inversely proportional to the mean optical
absorption and mean transport free path lengths
[2,4,10,12]. �

�
,�

�
are parameters related to light

re#ectivities at front and back phosphor surfaces as
follows:

�
�
"

1!r
�

1#r
�

, i"0, 1 (7a)

where r
�
and r

�
are the front and back light re#ec-

tivity coe$cients, q in Eq. (6) is a parameter given
by the relation

q"�4���
u

�


�

�
#
��

���
(7b)

where u is the spatial frequency, 
 is the reciprocal
di!usion length, and �



is the phosphor material

density. 
 is an optical attenuation coe$cient that
may be expressed as a function of optical coe$-
cients of absorption (a) and scattering (s):


"[a(a#2s)]��� (7c)

	 in Eq. (6) may be expressed [2,4,11] as

	"



�

"



(1!R

�
)/(1#R

�
)

(7d)

where � is an optical parameter de"ned in terms of
R

�
, which is the front re#ectivity (r

�
) correspond-

ing to a very thick phosphor layer with no light
transmission through it [11]. Thus, according to
relations (6) and (7b), ��may now be expressed in
the spatial frequency domain [��(u,E, ��,w)].

�� depends on the level of the incident X-ray
quantum #uence and, thus, it is not strictly related
to the physical properties of the phosphor material.
To describe the phosphor performance indepen-
dent of the quantity of the incident radiation, the
detector optical gain G

�
, may be de"ned by the

following expression:

G
�
(u,w)"

�M �(u,E�
, ��,w)

���
�

�M
�
(E) dE

. (8)

The modulation transfer function M
�
of a phos-

phor layer is obtained by normalizing the optical
quantum #uence as follows:

M
�
(u,w)"

�M � (u,E�
, ��,w)

�M � (u"0,E
�
, ��,w)

"

G
�
(u,w)���

�
�M

�
(E) dE

G
�
(0,w)���

�
�M

�
(E) dE

"

G
�
(u,w)

G
�
(0,w)

(9)

or

M
�
(u,w)"

G
�
(u,w)

G
�
(0,w)

. (10)

For uO0,G
�
corresponds to the contrast transfer

function (CTF) that has been previously de"ned for
photographic or radiographic "lms and for radio-
graphic screen-"lm systems [3,15].
G

�
and M

�
are functions that describe the re-

sponse of an image detector to an input signal.
However, a complete description of the overall de-
tector performance should also include the e!ects
of quantum noise. The latter expresses the #uctu-
ations in the number of emitted optical quanta
throughout the phosphor emitting surface, for uni-
form X-ray irradiation. In the space domain,
quantum noise is described by the variance in the
number of emitted optical quanta per unit of area
(�M �), while in the spatial frequency domain noise is
expressed by the noise amplitude spectrum or by
the noise power spectrum (Wiener spectrum)
[6,15,16]. To include both the e!ects of signal (�M � )
and noise (variance in �M � ) in a single function, two
parameters, the signal-to-noise ratio (SNR) and the
detective quantum e$ciency (DQE), have been
de"ned [6}8,15]. DQE is a transfer function de-
scribing the e$ciency of a detector to transfer SNR
from the input (I) to the output (O), given by the
ratio

DQE(u,w)"�
SNR

�
SNR

�
�

�
. (11)

Considering that ��(u,E�
, ��,w) represents the

output signal and denoting the noise amplitude
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spectrum by N
�
(u,�

�
, ��,w) and using Eqs. (9) and

(10), SNR�
�
may be written as

SNR�
�

"

�M �� (u,E�
, ��,w)

N�
�
(u,�

�
, ��,w)

"

�G�
(u,w)���

�
�

�
(E) dE�

�

=
�
(u,�

�
, ��,w)

"

�G�
(0,w)M

�
(u,w)���

�
�M

�
(E) dE�

�

=
�
(u,�

�
, ��,w)

, (12a)

where W
�

is the noise power spectrum(Wiener)
which is equal to N�

�
. Considering that the input

signal is represented by the mean incident X-ray
quantum #uence �

�
and the input quantum noise is

represented by the variance in �
�
, SNR�

�
may be

written as

SNR�
�
"

�M �
�

var[�
�
]
. (12b)

Assuming that the incident X-ray quanta follow
Poisson statistics,

var[�
�
]"�M

�
andhence, SNR�

�
"�M

�
.

Thus,

DQE(u,w)"
�G�

(u,w)���
�

�M
�
(E) dE�

�

=
�
(u,�

�
, ��,w)���

�
�M

�
(E) dE

(13)

or

DQE(u,w)"
[G

�
(0,w)M

�
(u,w)]�

=
�
(u,�

�
, ��,w)

�M
�
. (14)

It can be shown [10,16,17] that W
�

may be
expressed as a function of �

�
,m

�
, and g� by the

following relation:

=
�
(�

�
, u, ��,w)"�

��

�

�
�
(E)��

�
(E,w)

�[m�
�
(E, ��)g� �(a, s, u,w)]�dE

#�
��

�

�
�
(E)��

�
(E,w)m�

�
(E, ��)

�g� �(a, s, 0,w) dE. (15)

As it can be seen from relations (2), (4), (6),
(8)}(10), (13), and (15) the values of G

�
,M

�
,=

�
and

DQE depend on the same intrinsic physical para-
meters, namely �,
, 	,�

�
, �

�
which govern the re-

sponse of a phosphor layer to an incident X-ray
beam. If the values of the aforementioned para-
meters are known, the response of the phosphor
may be theoretically predicted. An additional re-
mark is that G

�
is of primary importance in the

evaluation of phosphor materials, since G
�
a!ects

the values of bothMTF and DQE (see relations (9),
(10), (13)).

2.2. Experiments and calculations

The suitability of the model to describe experi-
mental data was tested on experimental data con-
cerning G

�
. Additionally, using the theoretical

model, the in#uence of intrinsic parameters 
, �
�
,

and material density on G
�
,M

�
, and DQE was

studied.

2.2.1. Detector optical gain (G
�
) determination

G
�
was experimentally determined by the follow-

ing procedure [1,2,8,12,15,17]

1. Phosphor layers were prepared in the laborat-
ory by the sedimentation of the phosphor in
powder form on fused silica substrates. Powders
of various phosphors (La

�
O

�
S : Tb, Y

�
O

�
S : Tb,

Y
�
O

�
S : Eu, and Y

�
O

�
: Eu ) with mean grain

size of 7 �m, were used. The layers had various
coating weights from 20 to 140mg/cm�.

2. The layers were irradiated with X-rays from
a medical X-ray unit with various X-ray tube
voltages. The beam was "ltered by 20mm of
aluminum to simulate attenuation by patient's
body.

3. The light emitted by the irradiated layers was
measured by a photomultiplier (EMI 9558 QB)
connected to an electrometer (Cary 401). These
measurements represent light energy #ux so they
had to be converted into optical quantum #u-
ence �� in Eq. (9). For this, energy #uence data
were divided by the mean energy of one optical
quantum (��)

4. The mean energy (�� ) of optical quanta was
determined from emission spectrum measure-
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ments performed by an Oriel 7440 grating
monochromator, using relation (3c).

5. The incident X-ray quantum #uence (the inte-
gral in denominator of Eq. (9)) was determined
from X-ray exposure measurements performed
by a PTW dosemeter (ionizing chamber type
No. 23333). Exposure data were converted into
quantum #uence data using the appropriate
conversion factor [18].

2.2.2. Determination of intrinsic parameters
The intrinsic parameters �,�, �,�,�

�
were found

as follows:

1. � was calculated from data on X-ray attenuation
coe$cients of the chemical elements Gd, Y, O,
S as tabulated by Storm and Israel [14].

2. �
�
and 
 were determined by "tting relation (8)

to the experimental data on G
�
. Fitting was

accomplished using the Levenberg}Marquard
method [19]. The latter requires initial values
for �

�
and 
 which were selected as follows:

Regarding �
�
, an initial estimate was determined

by considering the following: (i) the intrinsic
conversion e$ciency values found under cath-
odoluminescent e$ciency measurements [20]. It
has been shown [21,22] that these values are
very close to �

�
found under X-ray excitation

conditions; (ii) �
�
values are inversely propor-

tional to the fundamental electronic energy ban-
dgap (E

�
) of the material [20]. Thus, Y

�
O

�
:Eu

(E
�
"5.6 eV) was expected to exhibit lower in-

trinsic conversion e$ciency than Y
�
O

�
S :Eu

(E
�
"4.6 eV); (iii) terbium-activated phosphors

are shown to exhibit higher intrinsic conversion
e$ciency than europium-activated ones [20];
(iv) �

�
values published in the literature mainly

are for Y
�
O

�
S : Tb and La

�
O

�
S : Tb phosphors

[21,22]. Regarding the initial value of 
, it was
determined by allowing 
 to vary interactively
until a satisfactory visual coincidence between
experimental and calculated curves was
achieved. The e!ect of K-characteristic radiation
generation was also taken into account as ex-
plicitly described in a previous study [10]. Fi-
nally, the initial estimates of �

�
and 
 were used

as inputs to the Levenberg}Marquard algorithm
for best "tting. The �

�
and 
 "nal values, corre-

sponding to best curve coincidence, were then
adopted as the values expressing the light gen-
eration and light attenuation properties of the
phosphor material.

3. � in Eq. (7d) or, � and � were found via re#ectiv-
ity measurements, performed in order to obtain
the values of r

�
, r

�
and R

�
and then 	 and � by

relations (7) [11,12]. Re#ectivities were found
not to di!er among the various phosphors mea-
sured. Thus, � and � were considered to be
approximately equal for all phosphors and 	 was
was directly proportional to 
.

3. Results and discussion

Fig. 1 shows the variation of detector optical
gain with phosphor coating weight for the phos-
phors considered. Points represent experimental
data while solid lines are curves obtained by "tting
Eq. (8), considering u"0, to the experimental
points. The shape of the curves may be explained
by considering the variation of quantum detection
e$ciency (�

�
) and light transmission e$ciency (g� )

with phosphor layer thickness. �
�
, which expresses

the absorption of X-ray quanta, augments expo-
nentially with increasing phosphor thickness. This
means that �

�
should tend towards a saturation

value at relatively thick layers, remaining approx-
imately constant as thickness increases thereafter.
g� , which expresses the probability of optical
photon escape from the phosphor mass, decreases
with the increasing probability of optical absorp-
tion and optical scattering, which in turn increase
with phosphor thickness. Thus, the shape of the
DOG curves shows two distinct parts: an increas-
ing part corresponding to low and medium coating
weights, which is mainly determined by �

�
and

a slightly decreasing part, at thicker coating
weights, which is principally a!ected by g� .
The height of each curve is a!ected by the follow-

ing three factors:

1. The number m
�

of optical photons produced
within the phosphor, which is determined by the
intrinsic X-ray to light conversion e$ciency (�

�
)

of the corresponding phosphor material. This
e$ciency, which increases light output, depends
on the type of ion activator, on the energy of the
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Fig. 1. Variation of detector optical gain (DOG) with coating weight for La
�
O

�
S : Tb, Y

�
O

�
S :Tb, Y

�
O

�
S : Eu, and Y

�
O

�
: Eu

phosphor materials.

Table 1
Values of intrinsic parameters 
 and �

�
of the three phosphors used

La
�
O

�
S : Tb Y

�
O

�
S : Tb Y

�
O

�
S : Eu Y

�
O

�
: Eu

Intrinsic X-ray to light conversion e$ciency (�
�
) 0.18 0.18 0.11 0.095

Reciprocal di!usion length 
 (cm�/g) 30 30 15 23

fundamental energy bandgap of the material, on
the crystal site symmetry etc. Table 1 shows the
conversion e$ciencies for various phosphors
considered in this study. Terbium-activated ma-
terials exhibit higher values than the corre-
sponding europium-activated materials.

2. The X-ray absorption coe$cient �(E), which in-
creases optical photon production, is a function
of the X-ray energy and of the e!ective atomic
number and density of the material. La

�
O

�
S,

having higher density and e!ective atomic num-
ber than Y

�
O

�
S and Y

�
O

�
, was also found to

have higher �(E) values.

3. The optical attenuation properties of the phos-
phor, which may be expressed by the coe$cient

. This coe$cient depends on the emitted light
wavelength and on the size of the phosphor
particles (grains) and causes reduction in the
light output. Table 1 shows the values of 
 for
the phosphors considered, which were deter-
mined using the "tting technique on the experi-
mental DOG data. As it is observed, the
europium activated material exhibited lower

 values than the terbium activated ones. This
di!erence may be explained by considering the
fact that the europium activator induces the
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Fig. 2. Variation of detector optical gain (DOG) with coating weight for di!erent values of optical attenuation (
).

emission of reddish light, which is of longer
wavelength than the green light emitted by the
terbium phosphors. Green light is easily at-
tenuated within the layer resulting in higher
values of 
.

To simulate the e!ect of 
 and �
�
parameters on

the DOG curves, Figs. 2 and 3 were obtained con-
sidering La

�
O

�
S phosphor material and that all

phosphor parameters were kept constant allowing

 to vary in Fig. 2 and �

�
in Fig. 3. As it is shown,

DOG decreases with increasing optical attenuation
(
) and increases with increasing X-ray to light
conversion e$ciency (�

�
).

Fig. 4 shows four MTF curves of La
�
O

�
S phos-

phor, calculated according to relation (9). Each
curve corresponds to di!erent 
 value, 
 ranging
between 10 and 40 cm�/g. This was done in order to
study the e!ect of the phosphor's optical attenu-
ation properties on MTF and hence, on spatial
resolution and image contrast characterizing the
produced image. As it is observed, MTF values
decrease with decreasing 
, which is in contradic-

tion to what was observed in the case of DOG (see
Fig. 2). However, in the case of a material with high
optical attenuation coe$cient (e.g. La

�
O

�
S), what

should principally be attenuated are laterally di-
rected optical quanta since they travel longer dis-
tances to escape the phosphor than quanta directed
vertically towards the emitting surface. Thus, light
produced after the absorption of an X-ray quantum
within a phosphor with high 
, spreads over
a smaller area at the emitting surface. This should
result in narrow PSF giving higher MTF values,
which is in accordance with the calculated curves
shown in Fig. 4. These results may be of value when
spectral matching between the light emitted by the
phosphor and the spectral sensitivity of the optical
detector ("lm, photocathode, photodiode etc.) is
considered. For a given type of optical detector, the
phosphor's activator, which a!ects the emitted op-
tical spectrum, should be suitably selected so that
the wavelength of the emitted light matches the
sensitivity of the optical detector. However, light
wavelength a!ects signi"cantly the optical attenu-
ation properties of the phosphor (value of 
), which,
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Fig. 3. Variation of detector optical gain (DOG) with coating weight for di!erent values of X-ray to light conversion e$ciency (�
�
).

Fig. 4. Variation of modulation transfer function (MTF) with frequency for di!erent values of optical attenuation (
).
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Fig. 5. Variation of detective quantum e$ciency (DQE) with frequency for di!erent values of optical attenuation (
).

in turn, a!ect the MTF values. Thus, spectral
matching optimization, although it increases image
brightness may cause an inverse e!ect on MTF and
hence, spatial resolution and contrast may be de-
graded.
Fig. 5 shows DQE curves calculated by relation

(14) corresponding to the four 
 values used in
DOG and MTF calculation. As it is observed,
DQE increases when the phosphor exhibits low
optical attenuation properties (low 
) but the rate
of decrease depends on the spatial frequency. For
frequencies higher than 60 lp/mm the four curves
coincide showing that at higher frequencies the role
of 
 on the signal-to-noise ratio is insigni"cant.
This behavior may be principally attributed to the
combined e!ects of the zero-frequency DOG,
which increases with decreasing 
 (see Fig. 2), and
MTF, which increases with increasing 
. At very
low frequencies, di!erences between the MTF
curves tend to be eliminated, since all MTF values
tend towards MTF"1. Thus, optical gain di!er-
ences due to various 
 values are more apparent
and their e!ect on DQE variation is more signi"-
cant. As spatial frequency increases, the MTF

curves calculated with low 
 values decrease with
frequency more rapidly than the MTFs corre-
sponding to high 
, while zero-frequency DOG
remains constant. Thus, the di!erences between the
curves are eliminated for frequencies higher than
60 lp/cm. These results may also be taken into ac-
count in cases where the emitted light wavelength,
which in#uences the value of 
, should be suitably
selected in order to optimize spectral matching.
However, in contrast to MTF, DQE and hence
SNR decrease with increasing optical attenuation
properties of the phosphor.
MTF and DQE curves were also similarly cal-

culated by varying the value of the intrinsic X-ray
to light conversion e$ciency (�

�
). Results showed

that, in contrast to DOG, both MTF and DQE
curves remained unaltered for various �

�
values

ranging from 0.10 to 0.40. This may be explained by
considering that MTF is, by de"nition, the ratio of
the emitted optical #uence to the zero-frequency-
emitted optical #uence (see relation 10), which
are both functions of �

�
. Similarly, in the case of

DQE both output signal and quantum noise depend
on �

�
.
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Fig. 6. Variation of detective quantum e$ciency (DQE) with frequency for di!erent values of material density.

Fig. 6 shows four DQE curves corresponding to
the hypothetical case that all the physical proper-
ties and parameters of a phosphor material remain
unaltered except for the material density. Curves
were calculated by allowing density values to vary
from 2 g/cm� to 8 g/cm�. As it is observed, a high-
density material shows improved signal-to-noise
ratio characteristics as compared to a low-density
phosphor. These results may also be qualitatively
explained by considering that for a given coating
weight value, the thickness (in �m) of a high-density
layer is lower. Thus, light spread is limited in
a small area on the phosphor's emitting surface
giving narrow PSF and hence higher MTF values.
This was also veri"ed by calculating MTF for the
same density values. The corresponding MTF
curves are not shown since they were very similar to
the DQE curves.
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