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Abstract
The noise properties of granular phosphors used in X-ray imaging detectors are studied in terms of a noise transfer
function, NTF. This study is performed in high-exposure conditions where the contribution of structure noise to total
screen noise is considerable. An analytical model, based on the cascaded linear systems methodology presented in the
literature, is developed. This model takes into account the quantum noise and structure noise. Furthermore, it considers
the effect of the K X-rays reabsorption on the phosphor material and the effect of screen thickness on the NTF. The
model was validated against experimental results obtained by a set of Zn2SiO4:Mn phosphor screens prepared by
sedimentation. The model may be used to evaluate the effect of screen thickness and the effect of the characteristic Xrays on NTF in high-exposure conditions where structure noise is considerable. r 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction
Phosphor materials, usually in the form of screens, are employed in the majority of medical X-ray
imaging detectors. The intrinsic physical properties of these materials strongly affect image detector
transfer characteristics, such as Modulation Transfer Function (MTF) and Noise Power Spectrum (NPS).
Noise limits the quantity and quality of diagnostic information that an image detector can display [1,2].
In radiographic systems, either conventional (screen-ﬁlm) or digital (e.g. phosphors coupled with
CCD arrays), the total image noise is mainly due to the phosphor material noise (screen noise), as
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well as the noise of various photodetectors (e.g. ﬁlm, CCD) [2].Screen noise can be distinguished
into two components, quantum and structure noises [2–6]. Quantum noise is attributed to the statistical
nature of the spatial ﬂuctuations of the absorbed X-ray quanta [4,8]. Quantum noise is the dominant
noise component in low-exposure conditions, especially in the low and medium spatial frequency
regions, i.e. below 20 cm1 [2,3,7]. For higher spatial frequencies and especially above 60 cm1 [2,3,5],
quantum noise is comparable with the noise of ﬁlm or CCD, since quantum noise decreases faster
with spatial frequency [2]. Screen structure noise is attributed to ﬂuctuations of the absorbed X-ray quanta
due to the inhomogeneities in the phosphor coating [4]. This component is negligible in quantumlimited (i.e. low-exposure) conditions [4,5], but in higher exposure conditions it should be considered
[2–4,6]. Screen noise is evaluated in terms of either NPS (also called Wiener spectrum), or Noise Transfer
Function, NTF [7]. Since quantum and structure noise are statistically independent and uncorrelated
[3–5,9], total screen NPS equals the sum of the corresponding NPS of quantum noise and screen-structure
noise.
Published work on phosphor screen noise modeling considers either compact (e.g. CsI:Na) phosphor
screens [10] or granular phosphors. In the case of granular phosphors, several quantum noise models have
been developed [8,11,12]. In recent years, the use of cascaded linear systems methodology [13–15] has been
incorporated into the study of signal and noise propagation in phosphor screens. This methodology has
recently been enriched by considering the effect of the emission and reabsorbion of characteristic X-rays as
well as the correlation between the sites of the characteristic X-rays emission and reabsorbtion [16,17]. The
above work, however, does not take into account the effect of screen thickness or the X-ray photon energy
spectrum. Furthermore, the quantum noise models that have been developed [7,18], by taking into account
the effect of screen thickness, do not consider the characteristic X-rays. Recently, a model considering the
effect of screen thickness as well as the characteristic X-rays on quantum noise has been developed [19], but
without taking into account the effect of the correlation between the sites of the characteristic X-rays
emission and reabsorption. [12,16,17]. Finally, all the aforementioned models treat noise in terms of
quantum noise only, without considering structure noise.
In this study a granular phosphor screen NTF model, based on the cascaded linear systems methodology
developed in the literature, for signal and noise propagation [13,14,16], is presented. The presented model
considers both quantum and structure noises, the effect of K characteristic X-rays emission and
reabsorption in the phosphor as well as the correlation between the sites of the characteristic X-rays
emission and reabsorption. Finally, the thickness of the phosphor screen is also taken into account. The
value of the presented model is validated against the experimental results obtained by a set of laboratoryprepared Zn2SiO4:Mn phosphor screens.

2. Materials and methods
2.1. Screen noise power spectrum
Let us assume a phosphor screen of thickness T with a corresponding surface density W : When an
incident X-ray is absorbed in the phosphor material the signal in the output can be obtained by three
different paths.
The ﬁrst ‘‘path’’, path A, describes only the direct absorption of the incident X-rays without considering
the presence of characteristic K X-rays. The third path, path C describes the absorption of the characteristic
K X-rays. The intermediate path, path B corresponds to the X-ray energy given for the production of
characteristic K X-rays minus the energy carried away by them. These paths may occur simultaneously
(parallel) [16,17].
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The total NPS, NPSA+B+C(u), where u is the spatial frequency, of the light signal is given by the
following equation [16]:
NPSAþBþC ðuÞ ¼ NPSA ðuÞþNPSB ðuÞþNPSC ðuÞ
þ NPSAC ðuÞþNPSAB ðuÞ þ NPSBC ðuÞ
þ NPSBA ðuÞ þ NPSCA ðuÞ þ NPSCB ðuÞ

ð1Þ

where the ﬁrst three terms correspond to the NPS of each process separately, while the next six terms are the
cross-spectral density terms [16], which are zero in the case that the processes are statistically independent.
When an X-ray photon is absorbed without the production of characteristic K X-rays, the light photons
escaping to the output are represented by process A. When an X-ray photon is absorbed with the
production of K X-rays then processes B and C occur. However, it has been assumed that an X-ray photon
will either be absorbed with process A or with processes B and C. Thus, processes A and B, as well as A and
C, are statistically independent and their corresponding cross-spectral density terms are zero [16].
Therefore, NPSAC ðuÞ ¼ NPSAB ðuÞ ¼ NPSBA ðuÞ ¼ NPSCA ðuÞ ¼ 0: On the other hand, when an incident Xray is absorbed and K X-rays are produced light is produced in the position where the incident X-ray is
absorbed (path B), as well as in the positions where the characteristic K X-rays will be absorbed (path C).
Thus, from a single interaction of an incident X-ray, where K X-rays are produced, there are two different
paths of light photon generation and escape to the output, paths B and C. Therefore, the aforementioned
paths are statistically correlated and their cross-covariances, or their equivalent in the spatial frequency
domain cross-spectral density terms NPSBC and NPSCB are not zero[16].
Furthermore, NPSBC ðuÞ ¼ NPSCB ðuÞ [12,16]. By taking the above into account the total noise power
spectrum if all the process are considered equals NPSAþBþC ðuÞq;s ¼ NPSAþBþC ðuÞq þNPSAþBþC ðuÞs ; where
the indexes q and s refers to quantum noise power spectrum and structure noise power spectrum, where
NPSAþBþC ðuÞq ¼ NPSA ðuÞquantum þ NPSB ðuÞquantum þ NPSC ðuÞquantum þ 2NPSBC ðuÞ

ð2aÞ

NPSAþBþC ðuÞs ¼ NPSA ðuÞstructure þ NPSB ðuÞstructure þ NPSC ðuÞstructure :

ð2bÞ

and

Finally [7]
NTF2 AþBþC ðuÞq;s ¼

½NPSAþBþC ðuÞq þNPSAþBþC ðuÞs 
½NPSAþBþC ð0Þq þNPSAþBþC ð0Þs 

:

ð2cÞ

Each path is composed of a series of stochastic processes. These stochastic processes are considered to be
the absorption of X-rays, the production of light quanta per absorbed X-ray, the escape of the light quanta
to the output and the spread of the light quanta that have escaped to the output. These processes are
distinguished into stochastic gain processes and blur processes. The general mathematical expressions that
deﬁne the output NPS of each kind of process, if the input is known, are the following.
Let us consider, for example, a stochastic gain process. If x% is the mean value of the input, Sxx ðuÞ is its
NPS, where u is the spatial frequency, A% is the mean ‘‘ampliﬁcation’’ of the signal and var½A is the variance
of the ampliﬁcation process, then the output NPS of the process, SYY ðuÞ equals [13,14] SYY ðuÞ ¼
%
% equals Y% ¼ x% A:
A% 2 Sxx ðuÞ þ var½Ax% and the mean value of the output, Y;
Let us now consider the blur processes. These are characterized by an MTFðuÞ and they are distinguished
into stochastic blur processes and deterministic blur processes [16,17]. For the case where x% is the mean
value of the input at a stochastic blur process and Sxx ðuÞ is the NPS of the input, the NPS of the output,
2
SZZ ðuÞ; equals [13,14] SZZ ðuÞ ¼ ½Sxx ðuÞ  xMTF
ðuÞ þ x% and the mean value of the output, Z% equals x:
%
%
Finally, if the process is a deterministic blur process, then the output NPS equals SZZ ðuÞ ¼ Sxx ðuÞMTF2 ðuÞ
and Z% equals x% [16,17].
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In the case that there is more than one stage then each stage input is the output of the previous stage. The
ﬁnal output of each path can be obtained by cascading all the stages [13,14].
2.1.1. Modeling path A
Fig. 1 represents the aforementioned model for signal and noise propagation in the phosphor. It is
assumed that the screen is divided into N thin layers of MM pixels each [7,19–22]. Each layer is
characterized by a mean surface density, Dw; equal to W =N: The input of the system corresponds to the
A
photon ﬂuence of energy E; fn ðEÞ; incident on the nth layer. For this ﬂuence, a power spectrum, Snff
ðE; uÞ
%
and a mean ﬂuence fn ðEÞ is considered, which accounts for the mean number of X-rays incident on the nth
A
layer. Furthermore, fn ðEÞ is considered as an uncorrelated Poison input, that is Snff
ðE; uÞ ¼ f%n ðEÞ [13,14].
The ﬁrst block describes the process of X-ray absorption of energy E in a pixel of the nth layer, QA ðEÞ: This
process is a stochastic gain process [7,13,14]. Considering all the pixels of the nth layer and many
realizations of the process, a mean value Q% A ðEÞ and a variance can be used to characterize this stage. This
variance is considered to have two components: (i) A component already discussed in the literature [7,11,13]
denoted in this work as varq ½QA ðEÞ and attributed to the stochastic process of X-ray absorption (i.e.
quantum noise) and (ii) an additional component, accounting for the variations in QA ðEÞ due to the
randomness of phosphor material deposition over the nth layer, proposed in this work. This component
accounts for the structure noise and is denoted as vars ½QA ðEÞ: Furthermore, we assume that these two
components, of quantum and structure noise, are statistically uncorrellated; therefore, they can be added to
yield the total variance of QA ðEÞ: If QA ðEÞ is assumed to follow a binomial distribution with probability

Fig. 1. Block diagram of the model.
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Q% A ðEÞ [11,13], then varq ½QA ðEÞ ¼ Q% A ðEÞð1  Q% A ðEÞÞ: Finally, the output of this process is characterized by
a corresponding mean value of the output signal denoted as h%A
n1 ðEÞ and a power spectrum denoted as
A
Sn1
ðE; uÞ; where u is the spatial frequency.
The second block describes the light quanta generation in the phosphor at a pixel of the nth layer per
absorbed X-ray of energy E; mA ðEÞ: This is also a stochastic gain process [7,13,14]. The second process
depends upon inherent properties of the phosphor material regarding its capability in converting X-rays
with energy E into optical photons. Therefore, it depends only upon the energy of the X-ray photon.
Similarly, with the previous stage if all the pixels of the nth layer and many realizations of the process are
considered, then a mean value, m
% A ðEÞ and a variance, var½mA ðEÞ], can be used to characterize this stage.
The process of light generation per absorbed X-ray has been assumed to follow a Poisson distribution [2,7];
therefore, var½mA ðEÞ ¼ m
% A ðEÞ: However, even if the process is not Poisson, it has been shown that the
effect of light production, gain and variations in NPS is comparable to a Poisson process [23] for the
majority of granular phosphors. The output of this process is characterized by a corresponding mean value
A
denoted as h%A
n2 ðEÞ and a power spectrum denoted as Sn2 ðE; uÞ:
The third block describes the process of light quanta, created at a pixel of the nth layer, escaping to the
output, GnA : This stochastic gain process affects the optical photons generated in the second process;
therefore, it does not depend upon the X-ray energy. If all the pixels and many realizations of the process
A
are considered, then a mean value, G% A
n ; and a variance, var½Gn  can be used to characterize it. The process
%A
of light escape to the output is assumed to follow binomial distribution [7,11]. Thus, var½GnA  ¼ G% A
n ð1  Gn Þ:
A
%
The output of the process is characterized by a corresponding mean value hn3 ðEÞ and a power spectrum
A
denoted as Sn3
ðE; uÞ:
The last block describes the spread of light quanta to the output. This is a stochastic blur
process [7,13,14]. The effect of the last process is only a misplacement of the output of the light
escape stage. The last process is characterized by a modulation transfer function MTFA
n ðuÞ: The spreading
A
stage is characterized by an output power spectrum denoted as SnZZ
ðE; uÞ: The mean value of the spreading
stage is the mean value of its input since the effect of this stage is only a misplacement of the input
signal.
If the above stochastic processes are cascaded, by considering the general relations that deﬁne the output
NPS of each process as described in Section 2.1, it is obtained that
A
A
2
SnZZ
ðE; uÞ ¼ f%n ðEÞQ% A ðEÞ½m
% A ðEÞG% A
n MTFn ðuÞ
þ f%n ðEÞQ% A ðEÞm
% A ðEÞG% A
n
2
A
þ ff%n ðEÞ vars ½QA ðEÞg½m
% A ðEÞG% A
n MTFn ðuÞ :

ð3aÞ

The above equation can be distinguished into three separate terms. The ﬁrst two have already been
introduced and discussed in the literature [7,13] and account for quantum noise power spectrum and the
secondary quanta power spectrum. These are
2
%
%A
NPSA
% A ðEÞG% A
n MTFn ðuÞ
n ðE; uÞquantum ¼ fn ðEÞQ ðEÞ½m

ð3bÞ

A
Wn;sq
ðEÞ ¼ f%n ðEÞQ% A ðEÞm
% A ðEÞG% A
n:

ð3cÞ

A

and
A
2
ff%n ðEÞvars ½QA ðEÞg½m
% A ðEÞG% A
n MTFn ðuÞ ;

incorporates vars ½QA ðEÞ; therefore can be
The third term,
considered to be related to structure noise. It will be called hereafter structure noise power spectrum,
NPSA
n ðE; uÞstructure :
2
A
A
%
NPSA
% A ðEÞG% A
n MTFn ðuÞ :
n ðE; uÞstructure ¼ ffn ðEÞvars ½Q ðEÞg½m

ð3dÞ
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2.1.1.1. Quantum noise. Equation (3b) gives the contribution of the nth layer to the total quantum noise for
X-rays of energy E incident on the screen. If all the N screen layers are taken into account as well as an
incident X-ray spectrum, quantum noise power spectrum equals
Emax X
N
X
NPSA
ð4Þ
NPSA ðuÞquantum ¼
n ðE; uÞquantum
E¼0 n¼1

where Emax is the maximum energy of the incident X-ray spectrum.
Assuming exponential attenuation of the beam in the phosphor the following analytical expressions can
be used [7,18,22]:
½mtot ðEÞ=rn Dw
%
f% ðEÞ ¼ fðEÞe
n

%
where mtot =r is the total linear mass attenuation coefﬁcient for energy E and fðEÞ
is the X-ray ﬂuence
incident on the phosphor screen. Q% A ðEÞ is the ratio of the X-rays absorbed over the X-rays incident on the
nth layer, that is
f%n ðEÞ  f%n ðEÞe½men ðEÞ=rDw
Q% A ðEÞ ¼
or Q% A ðEÞ ¼ 1  e½men ðEÞ=rDw
f%n ðEÞ
where men ðEÞ=r is the mass energy absorption coefﬁcient. For the case where Dw is inﬁnitesimally small, the
equation calculating Q% A ðEÞ can be approximated by [19] Q% A ðEÞ ¼ ðmen ðEÞ=rÞ Dw:
E
m
ð5aÞ
% A ðEÞ ¼ nc
El
where El is the energy of the optical photons and nC is the intrinsic conversion efﬁciency of the phosphor
material [7,18].
A
A relationship for the product G% A
n MTFn ðuÞ [7,24] is
tri ½ðb þ tro ÞebnDw þ ðb  tro Þebn Dw 
ð5bÞ
ðb þ tro Þðb þ tri ÞebW  ðb  tro Þðb  tri ÞebW
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where, b is an optical parameter given by b ¼ ðs2 þ 4p2 u2 Þ; s is the reciprocal diffusion length, given by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s ¼ aða þ 2sÞ
ð5cÞ
A
G% A
n MTFn ðuÞ ¼

where a is the light photons absorption coefﬁcient and s is the light photon scatter coefﬁcient.t is the inverse
relaxation length given by t ¼ s=b: Additionally, t can be expressed as a function of the a and s as
t ¼ a þ 2s:

ð5dÞ

Both s and t characterize optical absorption and scattering, ri ¼ ð1  ri Þ=ð1 þ ri Þ; where ri is the
reﬂectivity of the inner surface of the screen at either the input, i ¼ 0; or the output, i ¼ 1; interfaces.
Eq. 5(b) has been derived by Swank [23], under the following assumptions: (i) there are no discontinuities
(in the sense of gross nonuniformities) in the properties of the screen, (ii) the probability of absorption is
small compared with the probability of scattering and (iii) solutions are sought for points far from the
source. Assumptions (i) and (ii) are valid for granular phosphors used in medical imaging [7,23].
Assumption (iii) is valid conditionally [7,19]. Furthermore, Eq. (5b) is for zero frequency given that
MTF(0)=1 gives G% A
n:
2.1.1.2. Structure noise. Eq. (3d) describes the NPSA
n ðE; uÞstructure : When the N layers of the phosphor screen
as well as an incident polyenergetic X-ray spectrum is considered then the total screen structure NPS equals
Emax X
N
X
NPSA ðuÞstructure ¼
NPSA
ð6Þ
n ðE; uÞstructure :
E¼0 n¼1
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In order Eq. (3d) and subsequently Eq. (6) to be evaluated vars ½QA ðEÞ must be expressed. The
ﬂuctuations in QA ðEÞ resulting in structure noise are attributed to changes in the elementary surface density
Dw due to differences in the number of phosphor grains deposited. Assuming a random distribution of
phosphor grains in each layer vars ½QA ðEÞ can be calculated by means of its expected mean square error
(Appendix A) as

 

men ðEÞ 2 rVg 2 W
A
vars ½Q ðEÞ ¼
z
ð7Þ
r
NrVg
S
where the parameters of Eq. (7) are deﬁned in Appendix A.
2.2. Escape and absorption of characteristic X-rays
If the incident X-ray energy encompasses the K-edge of the phosphor material, then there are three
possible sequence of events, ‘‘paths’’ [12,16]. The absorption of the X-ray photon energy at the interaction
site without the production of a K X-ray photon, already described in path A. The absorption of the
primary X-ray accompanied by the emission of K photons, referred in this text as path B. Finally, the K
photons that are produced are absorbed in different locations within the phosphor material, referred in the
text as path C.
2.2.1. Modeling path B
In Fig. 1 path B is also demonstrated. It is observed that the processes describing path B are the same as
path A. The only difference related to path A occurs in the absorption process, ﬁrst block, which describes
the process of X-ray absorption in the nth layer accompanied by the production of K X-rays. This process
refers to the fraction of the incident X-rays of energy E that were absorbed and yield K-photons, but
without offering all of their energy to the production of K photons in the nth layer. Furthermore, all the
assumptions regarding the mean values and variance that characterize each process are similar to path A.
Since path B is composed of the same type of processes as in path A, the equations describing it will be
similar to Eqs. (3a)–(3d) of path A, as long as index A is replaced with index B.
2.2.1.1. Quantum noise. The quantum noise contribution of path B, if the N phosphor layers and the
energy spectrum above K-edge are considered equals
NPSB ðuÞquantumK ¼

E
max
X

N
X

NPSBn ðE; uÞquantumK

ð8Þ

E¼EK n¼1

where EK is the K-edge energy.
An expression of Q% B ðEÞ can be found by considering that the X-ray photons absorbed at the nth layer
and yield K photons do not offer all their energy to the production of characteristic photons [12].
QB ðEÞ can be considered as the ratio of the remaining energy at the nth layer after the escape of K
photons, I%n ðEÞ to the energy of the X-rays incident at the nth layer f%n ðEÞE: That is Q% B ðEÞ ¼ I%n ðEÞ=f%n ðEÞE:
% n ðEÞ is absorbed in
When the incident X-rays, of energy E; interact in the nth layer then a total energy of F
ðmtot =rÞDw
%
%
%
% n ðEÞ ¼
the layer, where Fn ðEÞ ¼ fn ðEÞE  fn ðEÞEe
; where for the case Dw is inﬁnitesimally small F
%
fn ðEÞEðmtot =rÞDw Part of this energy is absorbed without the production of K photons. This energy equals
f%n ðEÞEðmen =rÞDw: The energy the K-photons carry away is given by [20,25]
Kn ðEÞ ¼ f%n ðEÞmtot =r DwoK EK

mpe =r
oz fK IK
mtot =r

ð9Þ

where oK is the ﬂuorescence yield, EK is the mean energy of K-characteristic photons of the phosphor, oz is
the fractional weight of the high Z element of the phosphor. mpe =r is the photoelectric mass attenuation
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coefﬁcient at energy E: fK is the K-shell contribution to the photoelectric effect for the high Z element of the
phosphor, IK is the relative frequency of K-photons production [20,25].
After the escape of the K X-rays, the energy remaining in the nth layer, I%n ðEÞ equals
m
m
I%n ðEÞ ¼ f%n ðEÞE tot Dw  f%n ðEÞE en Dw  K% n ðEÞ:
ð10Þ
r
r
Therefore, Q% B ðEÞ can be found by dividing Eq. (10) with f%n ðEÞE; that is
Q% B ðEÞ ¼

mpe =r
mtot
m
EK mtot
oz fK IK
Dw  en Dw  oK
Dw
mtot =r
r
r
E r

ð11Þ

where Kn ðEÞ has been substituted from Eq. (10). Furthermore, m
% B ðEÞ and G% Bn MTFBn ðuÞ are given by Eq. (5a)
and (5b), respectively.
2.2.1.2. Structure noise. The corresponding equation of structure noise for path B, NPSB ðuÞstructure if the N
phosphor layers and the energy above K-edge is considered equals
NPSB ðuÞstructure ¼

Emax X
N
X

NPSBn ðE; uÞstructure :

ð12Þ

E¼EK n¼1

The value of vars ½QB ðEÞ is determined similar to path A. The corresponding value of vars ½QB ðEÞ is

2 

mpe =r
rVg 2 W
mtot men
EK mtot
B
vars ½Q ðEÞ ¼

 oK
w z f K IK
z
:
ð13Þ
NrVg
r
r
E r
S
mtot =r
2.2.2. Modeling path C
In Fig. 1 path C is demonstrated. It is observed that the processes describing path C are the same as that
of paths A and B. The input of the system is the photon X-ray ﬂuence, fn ðEÞ incident on the nth layer. In the
nth layer, K characteristic X-rays are produced. The ﬁrst block describes the absorption of the K X-rays in
the n0 th layer, where n0 an: This process is denoted as QC
n;n0 ðE; EK Þ; where EK is the average energy of the K
photons. The second and the third block describe the light production at the n0 th layer per absorbed K
X-rays and the light escape to the output, similar to the other ‘‘paths’’. The last block describes the spread
of light quanta to the output. This process is characterized by a modulation transfer function which
incorporates two procedures. The spread of the characteristic X-rays from the site of their production of the
nth layer to the sites of their absorption on the n0 th layer and the misplacement of the output of the light
escape stage.
Furthermore, all the assumptions regarding the mean value and variance that characterize each process
are similar to path A.
Since path C is composed of the same type of processes as in path A, the equations describing it will be
similar to Eqs. (3a)–(3d) of path A, as long as index A is replaced with index C.
2.2.2.1. Quantum noise. If the phosphor screen N layers and the X-ray spectra above K-edge are
considered, then NPSC ðuÞquantum equals
NPSC ðuÞ ¼

Emax X
N X
N
X

NPSC
n;n0 ðu; EÞquantum

ð14Þ

E¼EK n¼1 n0 ¼1

where in Eq. (14) the summation is both over n and n0 :
Q% C
n;n0 ðE; EK Þ can be estimated as the ratio of the energy that the K X-rays, originating from the nth layer,
have deposited to the n0 th layer, Y% n;n0 ðE; EK Þ; to the total X-ray energy incident on the nth layer f%n ðEÞE or
%
%
else Q% C
n;n0 ðE; EK Þ ¼ Yn;n0 ðE; EK Þ=fn ðEÞE:
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Fig. 2. A schematic representation of the K X-rays generation in an elementary layer Dw at position n and absorption within an
elementary layer Dw at position n0 of the phosphor.

Fig. 2 corresponds to a two-dimensional schematic representation of the K X-rays interactions within the
phosphor screen. The produced K-characteristic photons have been assumed to be emitted isotropically,
from the point of their creation within a solid angle 4p [20,25,26]. If the solid angle is divided into 2m solid
angle elements denoted by DOp then
DOp ¼ 2p½cosðp  1ÞDy  cosðpDyÞ;

p ¼ 1; 2; y; 2m

ð15Þ

where Dy is the polar angle, which is equal to p=2m [20]. Thus, the energy carried away by K photons per
solid angle element equals ðDOp =4pÞK% n ðEÞ: The K X-rays will interact in the screen and a part of their
energy will be absorbed. K X-rays will interact at different layers. If the n0 th layer of surface density Dw is
considered, the K X-rays, originating from the nth layer, absorbed in it per solid angle element equals
[19,26]
Y% p;n;n0 ðE; EK Þ ¼ f%p;n;n0 ðE; EK Þð1  eðmenK =rÞDw=cosðpDyÞ Þ;

n; n0 ¼ 1; 2; y; N; nan

ð16aÞ

where
DOp
0
K% n ðEÞeðmenK =rÞjnn jDw=cosðpDyÞ
f%p;n;n0 ðE; EK Þ ¼
4pEK

ð16bÞ

is the number of the K X-rays, generated in the nth layer, that is incident on the n0 th layer with solid angle
DOp : (menK =r) is the total linear mass energy absorption
coefﬁcient of the phosphor for energy EK :
P
%
Y
Considering 2m solid angle elements Y% n;n0 ðE; EK Þ ¼ m
% C ðEK Þ is expressed by Eq. (5a).
p¼1 p;n;n0 ðE; EK Þ: m
C
C
The value of MTFn;n0 K ðuÞ can be written as TnK ðuÞMTFn0 ðuÞ; where MTFC
n0 ðuÞ considers the spread of the
light quanta created at the n0 th layer and escape to the output. TnK ðuÞ is associated with the spread of the K
X-rays from their production site and their absorption elsewhere. It is called by Metz [12] as the
characteristic transfer function. A method for calculating TnK ðuÞ is demonstrated in Appendix B.
C
Furthermore, G% C
n0 MTFn0 ðuÞ can be expressed by Eq. (5b).
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2.2.2.2. Structure noise. The structure noise contribution of path C, if the N phosphor layers and the
energy spectrum above K-edge are considered equals
NPSC ðuÞstructure ¼

Emax
N X
N
X X
E¼EK n¼1

NPSC
n ðE; uÞstructure :

ð17Þ

n0 ¼1

(
The value of vars ½QC
n;n0 ðE; AE# Þ is determined via its mean square error similar to path A as
2
32
Pm DOp
ðmenK =rÞjnn0 jDw=cosðpDyÞ ðmenK =r=cosðpDyÞÞDw
%
K
ðEÞe
e
ðm
=rÞ=cosðpDyÞ
enK
6 p¼1 4pEK n
7
6
7
vars ½QC
n;n0 ðE; EK Þ ¼ 4
5
f%n ðEÞE


rVg

S

2
z

W
:
NrVg

ð18Þ

2.2.3. Cross-spectral density terms
In order to evaluate the effect of the correlation between the sites of the characteristic X-rays emission
and reabsorption [12,16] the cross-spectral density terms, NPSBC and NPSCB, must be calculated. A generic
expression for these terms has been derived by Cunningham [12,16]:
ð19Þ
NPSBC ðuÞ ¼ NPSCB ðuÞ ¼ S% input ðuÞP% B P% C MTFB ðuÞMTFC ðuÞTK ðuÞ
where Sinput is the input signal. Furthermore, P% B ; P% C represent the product of the mean values of the
stochastic ‘‘ampliﬁcation’’ processes corresponding to path B and path C, respectively. If this work is
%
%
%B
%B
considered then NPSBC
% B ðEÞG% Bn ; P% C ¼
n;n0 ðuÞ is obtained by setting Sinput ðuÞ ¼ fn ðEÞ; P ¼ Q ðEÞm
C
B
C
B
C
C
C
%
%
Qn;n0 ðE; EK Þm
% ðEK ÞGn;n0 and MTF ðuÞMTF ðuÞTK ðuÞ ¼ MTFn ðuÞMTFn0 ðuÞTnK ðuÞ:
If all the N phosphor layers, as well as the energy spectrum, are taken into account then
NPSBC ðuÞ ¼

Emax
N X
N
X X

NPSBC
n;n0 ðE; uÞ:

ð20Þ

E¼EK n¼1 n0 ¼1

2.4. Validation
In order to validate the model, a set of Zn2SiO4:Mn screens was prepared by sedimentation on fused
silica substrates [27]. The phosphor material was supplied in powder form with a grain size of 7 mm, by
Derby Luminescent Ltd. The noise measurement was performed by bringing the phosphor screens in close
contact with a single emulsion, Agfa MAMORAY MR3-II, ﬁlm and by irradiating them with a
mammography X-ray unit 30 kVp (Mo–Mo target tube), 50 mA s. The exposure incident on the screen
surface for these conditions was 1.179 R. These exposure conditions were chosen for three reasons. First,
the greater percentage of the incident X-ray spectrum [28] was above the K-edge of the high Z element of
the phosphor material, Zn (Z ¼ 30) with a K-edge at 9.66 keV [29]. Second, the exposure conditions were
high enough to ensure that screen structure NPS would be a considerable, even dominant, noise source of
phosphor screen noise [3,5]. Third, the effect of Compton scatter for the tube voltage of 30 kVp on
Zn2SiO4:Mn was o2% as it can be found from the relevant attenuation and absorption coefﬁcients
published in the literature [29].
The irradiation geometry for the validation of the model comprised transmission mode measurements.
The exposed ﬁlms were scanned with a CCD scanner (Agfa Duoscan II) with a pixel size of about 26 mm
and 8-bit scanning parameters. For the image noise analysis, a uniformly exposed area of 1000  1000
pixels was selected. The ﬁlm recorded Noise Power Spectrum, NPSexper ðD; uÞtotal ; was evaluated as the
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Fourier Transform of the autocorrelation function of the density ﬂuctuations of the ﬁlm [5,6,30–32], where
D is the corresponding optical density of the ﬁlm. NPSexper ðD; uÞtotal includes phosphor screen NPS, ﬁlm
NPS and the scanner NPS. Since all these noise sources are uncorrelated [2,3,5], NPSexper ðD; uÞtotal is the
sum of the noise sources individual NPS. In order to isolate the screen NPS, that is quantum NPS and
structure NPS, the ﬁlm NPS and the scanner NPS were subtracted by NPSexper ðD; uÞtotal : This was achieved
by exposing the ﬁlm to a homogeneous light source [5,19] until the same optical density as in the case of the
irradiated screen ﬁlm was achieved. The ﬁlm was then digitized. The corresponding Wiener spectrum,
which included ﬁlm NPS and scanner NPS was calculated as described before and subtracted from the
total.
The remaining NPS term was the phosphor screen NPS, NPSðu; DÞq;s : If the values of the noise power
spectra at the phosphor output NPSAþBþC ðuÞq and NPSAþBþC ðuÞs are known, then the corresponding
values of ﬁlm recorded quantum noise power spectrum and structure noise power spectrum equals [9]
NPSAþBþC ðD; uÞq ¼ ðlog10 eÞ2 G 2 ðDÞ

NPSAþBþC ðuÞq
NPS

AþBþC

1
%
ð0Þq ZI fðEÞ

and
NPSAþBþC ðD; uÞs ¼ ðlog10 eÞ2 G2 ðDÞNPSAþBþC ðuÞs
where G(D) is the gamma of the ﬁlm, Z is the absorption efﬁciency of the screen [7,22], I is the Swank factor
[32]. The corresponding ﬁlm recorded NTF is given by Eq. (2c).
The MO X-ray spectrum utilized was obtained by the published data [28]. The values of mtot =r; men =r and
mpe =r for the different energies, as well as, the values of fK ¼ 0:870; EK ¼ 8:73 keV, oK ¼ 0:45 were
obtained by the published data [29,33].
Finally, the values of the parameters used in Eqs. (5a) and (5b) were obtained from literature (i.e.
nC ¼ 0:08; b ¼ 0:03; s ¼ 38 cm2/g) [34].

3. Results and discussion
Fig. 3 shows the experimental and predicted NTF data for two Zn2SiO4:Mn screens of 30 and 80 mg/cm2,
determined at 30 kVp with molybdenum spectrum X-rays. The correlation between these experimental data
and the theoretical model is also demonstrated in Fig. 3. It is observed that for a thin screen of 30 mg/cm2,
the coincidence between measured and calculated values is poor. This occurs because thin screens do not
fully comply with assumptions (i) and (ii) presented in Section 2.1.1.1, necessary to derive relations (5b).
That is: (i) The thin screen may not be perfectly homogeneous (i.e. presents discontinuities), due to lower
uniformity in the phosphor grain deposition. (ii) The distance between the point of light creation within the
phosphor mass and the screen output may not be adequate for the majority of the phosphor layers in thin
screens.
However, the correlation between experimental and predicted data of the 80 mg/cm2 phosphor is better
than the thin screen of 30 mg/cm2. Any discrepancies between experimental and theoretical results for the
80 mg/cm2 phosphor occur due to the low atomic number of the phosphor material. That is, the X-rays tend
to be absorbed near the exit of the phosphor screen, opposite the X-ray tube. Therefore, some of the
phosphor layers considered are near the screen output and contribute considerably to the produced signal
at the screen output. Therefore, even thicker screens of low atomic number materials may not fully comply
with assumption (ii) presented in the Materials and method section.
A point worth commenting is that, under identical irradiation conditions, thick screens exhibit lower
noise transfer functions values than thicker ones. This may be explained by considering that NTF is
expressed as the weighted sum of the squares of the thin layers MTFs, which decrease with increasing
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Fig. 3. Comparison between model-predicted and experimental NTF results for two Zn2SiO4:Mn phosphors, corresponding to coating
thicknesses of 30 and 80 mg/cm2.

Fig. 4. Comparison of model-predicted NTF results just below and just above the K edge of the high Z element of the phosphor
material, for a Zn2SiO4:Mn phosphor with surface density 80 mg/cm2.

phosphor thickness, since the shape light bursts originating from depth t is broadened at thick phosphors
[21]. Therefore, total screen NTF is decreased. However, total screen NTF decreases with screen and
frequency is slower than the corresponding MTF decrease, since the latter is expressed as the weight sum of
the MTFs of each thin layer [7,8,14].
Fig. 4 demonstrates a comparison of phosphor screen NTF just above and just below the K-edge. It is
clearly observed that the NTF just above the K-edge is poorer than the NTF just below the K-edge. This
occurs because the presence of K X-rays reduces the transfer characteristic of the phosphor screen, since a
fraction of the energy carried away by the K X-rays is reabsorbed in sites away from the site of the primary
interaction [32,35]. This in turn reduces total screen NTF. Furthermore, above the K-edge the absorption
efﬁciency of the phosphor is highly increased, related to the absorption efﬁciency just below the K-edge.
This has the consequence that the light photons are generated in layers near the input of the phosphor, thus
their corresponding shape light bursts as the output is broadened. On the other hand, just below the K-edge
there are no K X-rays and the absorption efﬁciency of the phosphor is reduced. Therefore, the interactions
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mainly occur in layers near the screen output leading to a narrower shape of the light bursts and, therefore,
better transfer characteristics [21] and higher NTF values.
Finally, it should be noticed that the experimental setup of this work considers mainly the effect of screen
thickness in high-exposure conditions, where the screen structure noise is dominant, [3,5,6], in the presence
of characteristic K X-rays. However, this model can be used for lower X-ray exposures. Speciﬁcally, it has
been shown in the literature [3] that structure noise may be of importance, for phosphor X-ray detectors
used in medical imaging, in cases where the number of absorbed X-ray photons in the phosphor screen
exceeds 7000 photons/mm2. The absorption efﬁciency of these phosphors is almost always over 20% in the
energy range under consideration [39–40]. Therefore, structure noise could be under consideration if a
number of X-ray photons is >35 000 mm2, which is translated into exposures values below 1 mR [41,42],
is incident on the phosphor screen surface.
Future efforts will include more X-ray energy spectra and grain sizes, as the latter seems to have a
signiﬁcant impact on structure noise according to our model. Speciﬁcally, if the grain size is increased to
12 mm leading to 3.6  106 phosphor grains/mm2, the model predicts an increase in structure mottle to about
ﬁve times. This behavior is expected, if one considers that the bigger the size of the phosphor grains the less
uniformly they would be deposited. That is the macroscopic uniformity of the screen would be reduced.

4. Summary
This study presents an analytical NTF model which takes into account the K X-rays reabsorption in the
phosphor screen in exposure conditions where the structure noise is considerable. The model shows good
agreement with NTF experimental results of ZnSiO4:Mn phosphors irradiated with high-exposure
conditions. Furthermore, the model describes in a satisfactory way the effect of screen thickness as well as
the effect of the K characteristic X-rays on NTF for these exposure conditions.

Appendix A
A random value of QA ðEÞ in an arbitrary pixel can be found as QA ðEÞ ¼ men ðEÞ=rDw: A way to calculate
the variance of QA ðEÞ is by means of its expected mean-square error [36,37], which is calculated in terms of
the parameters mean values [37]:
 A 2
qQn ðEÞ
A
vars ½Q ðEÞD
var½Dw:
ðA:1Þ
qDw
By applying Eq. (A.1) to QA ðEÞ one obtains


men ðEÞ 2
A
var½Dw:
vars ½Q ðEÞ ¼
r

ðA:2Þ

The ﬂuctuations in QA ðEÞ resulting in structure noise are attributed to changes in the elementary surface
density Dw¼ Dm=Selementary due to differences in the phosphor mass, Dm; per elementary area Selementary of
the nth phosphor layer. If r is the phosphor material density and V is the volume of a phosphor grain, then
Dm ¼ rVg Lg ; where Lg is the number of phosphor grains deposited on Selementary at the nth layer. The value
of Lg may vary resulting in variations of Dw: If the phosphor grain is assumed to be spherical [38] then
Vg ¼ 4=3pR3g where Rg is the grain radius. Therefore, Dw ¼ rVg =SLg and


rVg 2
var½Lg 
ðA:3Þ
var½Dw ¼
S
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where [4]
var½Lg  ¼ zL% g
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ðA:4Þ

where z is an index of crowding and takes into account the constrain on Poisson randomness associated
with the ﬁnite size and crowding of phosphor particles. It takes values ranging from 1 (no crowding) to 0
(complete crowding and macroscopic uniformity) [4]. The value of z can be obtained by the formula
z ¼ d2 =½d2 þ ð2Rg Þ2  [4], where d ¼ 2Rg ½ð74=55Þ1=3  2Rg : For a phosphor grain diameter, 2Rg ; of 7 mm,
the value of z equals 0.0083.
The number of phosphor grains per layer per elementary area can be found as follows. Let us consider a
phosphor screen of surface density W assumed to be divided into N thin elementary layers. To this
phosphor screen corresponds a mass of phosphor material Mph; deposited over an area Stotal : If the
deposition process introduces no deterministic errors in the phosphor grain deposition, then it is assumed
that the phosphor mass is uniformly distributed into the N layers; therefore, the expected phosphor mass
per layer equals M=N: To this phosphor mass corresponds a number of phosphor grains which equals
M=ðNrVg Þ: If this number of grains is divided with Stotal then the number of phosphor grains per unit area
is obtained, that is L% g ¼ M=NrVg Stotal : Since by deﬁnition W ¼ M=Stotal it is obtained that L% g ¼
W =NrVg : For a grain size of 7 mm diameter, a phopshor density of 3 g/cm3 and a ratio W =N equal to
0.001 g/cm2, a number of 1.9  107/mm2 phosphor grains is expected.Finally,

 

m ðEÞ 2 rVg 2 W
vars ½QA ðEÞ ¼ en
z
:
ðA:5Þ
r
NrVg
S

Appendix B
The spread of the characteristic X-rays, assuming that the escape and reabsorption of K X-rays is
rotationally
symmetric, can generally be expressed in the frequency domain as [12]:
RN
2p o CSFðRÞJo ð2puRÞR dR; where Jo ð2puRÞ is the zero-order Bessel function [36]. 2pRCSFðRÞDR
expresses the probability that a K X-ray will be reabsorbed in the screen at a distance between R and
R þ DR (perpendicular to the direction of the incident X-rays) from the site of its production.
Fig. 5 is a two-dimensional representation of the K X-rays interaction in the phosphor, where R is
indicated. If the M  M pixels of the layer are considered and assuming that DR is the size of the pixel at
the direction of R then R ¼ iDR where i ¼ 1; y; M=2: 2pRCSFðiDRÞDR can be calculated as follows.
Let us assume that the K X-rays are produced in the nth layer at the center of the area of the M  M
pixels. As it is seen from Fig. 5 the number of K X-rays emerging from the nth layer, with a solid angle DOp
and are incident at the n0 th layer at a distance R ¼ iDR were perpendicular to the direction of the incident
X-rays equal to f%n ðEÞðDOp =4pEK ÞK% n ðEÞeððmenK =rÞriDRÞ=sinðpDyÞ : Assuming exponential attenuation of the K Xrays, the number of the K X-rays absorbed at a distance between iDR and iDR þ DR perpendicular to the
incident X-rays will be equal to
DOp
DOp
K% n ðEÞeððmenK =rÞriDRÞ=sinðpDyÞ  f%n ðEÞ
K% n ðEÞeððmenK =rÞrðiRþDRÞÞ=sinðpDyÞ :
f%n ðEÞ
ðB:1Þ
4pEK
4pEK
Therefore, the number of the K X-rays produced in the nth layer and absorbed in a distance between iDR
and iDR þ DR can be found as
2m
X
DOp
DOp
K% n ðEÞeððmenK =rÞriDRÞ=sinðpDyÞ  f%n ðEÞ
K% n ðEÞeððmenK =rÞrðiDRþDRÞÞ=sinðpDyÞ
ðB:2Þ
f%n ðEÞ
4pE
4pE
K
K
pDy¼y
min

where for a given distance R and according to Fig. 5, ymin ¼ arctan ði=N  nÞ:
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Fig. 5. A schematic representation of the K X-rays interactions within the phosphor where their absorption site perpendicular to the
direction of the incident X-rays is indicated.

Furthermore, the number of K X-rays incident on iDR equals
2m
X
pDy¼ymin

DOp
K% n ðEÞeððmenK =rÞriDRÞ=sinðpDyÞ :
f%n ðEÞ
4pEK

ðB:3Þ

Therefore, 2pRCSFðiDRÞDR can be calculated as
2pRCSFðiDRÞDR
P2m
DOp
%
K% n ðEÞeððmenK =rÞriDRÞ=sinðpDyÞ  f%n ðEÞDOp =4pEK K% n ðEÞeððmenK =rÞrðiDRþDRÞÞ=sinðpDyÞ
pDy¼ymin fn ðEÞ
4pEK
¼
P2m
DOp
%
K% n ðEÞeððmenK =rÞriDRÞ=sinðpDyÞ
pDy¼ymin fn ðEÞ
4pEK
Finally, the characteristic transfer function can be found as
PM=2
2p i¼0 CSFðiDRÞJo ð2puiDRÞiDRDR
TnK ðuÞ ¼
:
PM=2
2p i¼0 CSFðiDRÞJo ð2p0iDRÞiDRDR

ðB:4Þ
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