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Lu2SiO5 : Ce 共LSO兲 scintillator is a relatively new luminescent material which has been successfully
applied in positron emission tomography systems. Since it has been recently commercially available in powder form, it could be of value to investigate its performance for use in x-ray projection
imaging as both physical and scintillating properties indicate a promising material for such applications. In the present study, a custom and validated Monte Carlo simulation code was used in order
to examine the performance of LSO, under diagnostic radiology 共mammography and general radiography兲 conditions. The Monte Carlo code was based on a model using Mie scattering theory for
the description of light attenuation. Imaging characteristics, related to image brightness, spatial
resolution and noise of LSO screens were predicted using only physical parameters of the phosphor.
The overall performance of LSO powder phosphor screens was investigated in terms of the: 共i兲
quantum detection efficiency 共ii兲 emitted K-characteristic radiation 共iii兲 luminescence efficiency 共iv兲
modulation transfer function 共v兲 Swank factor and 共vi兲 zero-frequency detective quantum efficiency
关DQE共0兲兴. Results were compared to the traditional rare-earth Gd2O2S : Tb 共GOS兲 phosphor material. The relative luminescence efficiency of LSO phosphor was found inferior to that of GOS. This
is due to the lower intrinsic conversion efficiency of LSO 共0.08 instead of 0.15 of GOS兲 and the
relatively high light extinction coefficient mext of this phosphor 共0.239 m−1 instead of 0.218 m−1
for GOS兲. However, the property of increased light extinction combined with the rather sharp
angular distribution of scattered light photons 共anisotropy factor g = 0.624 for LSO instead of 0.494
for GOS兲 reduce lateral light spreading and improve spatial resolution. In addition, LSO screens
were found to exhibit better x-ray absorption as well as higher signal to noise transfer properties in
the energy range from 18 keV up to 50.2 keV 共e.g. DQE共0兲 = 0.62 at 18 keV and for 34 mg/ cm2,
instead of 0.58 for GOS兲. The results indicate that certain optical properties of LSO 共optical
extinction coefficient, scattering anisotropy factor兲 combined with the relatively high x-ray coefficients, make this material a promising phosphor which, under appropriate conditions, could be
considered for use in x-ray projection imaging detectors. © 2007 American Association of Physicists in Medicine. 关DOI: 10.1118/1.2724065兴
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I. INTRODUCTION
Three types of detector configurations are employed in modern flat panel digital radiology imagers: 共a兲 indirect detectors
based on a granular phosphor screen 共e.g., Gd2O2S : Tb兲 to
convert x-rays into light, 共b兲 indirect detectors based on a
phosphor screen of columnar structure 共e.g., CsI: Tl兲 and 共c兲
detectors using direct x-ray converters with charge collection
in an electric field 共e.g., a-Se detectors兲.1–3 The indirect detector’s performance 共i.e., conversion of x rays into light and
subsequently conversion of light into electrons兲 may be optimized either by improving the screen’s structural param1724
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eters 共e.g., grain size, packing density, thickness兲 or by employing new phosphor materials of improved physical characteristics 共e.g., x-ray absorption efficiency, intrinsic conversion efficiency, emitted light spectrum兲.
Cerium doped lutetium orthosilicate-Lu2SiO5 : Ce 共LSO兲
is a fluorescent material that was initially introduced by
Melcher and Schweitzer as a single-crystal scintillator for
positron emission tomographic 共PET兲 applications.4 It was
thereby shown that LSO could be a promising material, due
to the following physical properties: 共a兲 the presence of the
high atomic number Lutetium atom and 共b兲 the high value of
bulk density 共7.4 g / cm3兲 共Ref. 5兲. Despite its high cost and
its intrinsic low level radioactivity, LSO crystals have been
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successfully used in PET systems.2 Many reports have been
published examining LSO single-crystal scintillator properties. Of specific interest are studies dealing with the following issues: 共a兲 comparison of LSO single-crystal scintillator’s
performance to other scintillators,4,6–8 共b兲 depth of interaction determination,9,10 共c兲 PET LSO detectors’ time of
flight11 and 共d兲 the effect of K-characteristic radiation.12,13
Recently, powder LSO 共phosphor in granular form兲 has been
commercially available.14 Hence an investigation of the imaging properties of powder LSO for application in x-ray
medical imaging systems may be of interest.
In the present work, Monte Carlo techniques were employed to predict the imaging performance of LSO granular
phosphor screens and to compare this material to the widely
used Gd2O2S : Tb 共GOS兲 phosphor. The present study was
carried out by employing a custom Monte Carlo program to
develop a screen performance model.15 This model takes into
account the phosphor’s optical properties 共e.g., complex refractive index, light wavelength, x-ray to light conversion
efficiency兲 as well as the structural properties of screens
共e.g., grain size, packing density兲. Based on these characteristics, the model can predict the x-ray absorption, the light
emission efficiency as well as the spatial resolution properties of a phosphor screen, under several conditions 共e.g.,
x-ray energy, phosphor thickness兲.
Various parameters such as: 共a兲 The quantum detection
efficiency 共QDE兲, 共b兲 the energy absorption efficiency
共EAE兲, 共c兲 the luminescence efficiency 共LE兲, 共d兲 the modulation transfer function 共MTF兲, 共e兲 the Swank factor 共SF兲 and
共f兲 the detective quantum efficiency 关DQE共0兲兴 were evaluated and employed for comparison of the two phosphor materials 共LSO and GOS兲. Additionally, data concerning the
K-characteristic radiation emission were estimated. Both
mammographic and general radiographic conditions 共x-ray
energy, screen thickness兲 were considered.

II. MATERIALS AND METHODS
The performance of a granular phosphor material is associated with the principal properties of phosphor screens, i.e.,
quantum efficiency, light creation and emission efficiency,
spatial resolution and noise characteristics.1 Detector’s sensitivity is estimated by evaluating the quantum detection efficiency as well as the luminescence efficiency. The spatial
resolution and noise characteristics are investigated by evaluating the modulation transfer function, the Swank factor and
the detective quantum efficiency. To estimate these metrics,
the present simulation, concerning GOS and LSO phosphor
materials, took into consideration phosphor grain size and
packing density, 7 m and 50%, respectively. For comparison purposes, results were obtained for equal screen thickness and x-ray energy. Table I shows data, relevant to the
intrinsic physical properties of LSO and GOS, used in the
present study.
Medical Physics, Vol. 34, No. 5, May 2007
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TABLE I. Physical and scintillating properties of Lu2SiO5 : Ce and
Gd2O2S : Tb.

Density 共g / cm3兲
K-edge 共keV兲
Intrinsic efficiency
Emission peak 共nm兲
Index of refraction 共real part兲

Lu2SiO5 : Ce

Gd2O2S : Tb

7.4a
63.44
0.08b
420c
1.82a

7.34d
50.30
0.150d
545e
2.30f

a

Reference 4.
Reference 18.
c
Reference 2.
d
Reference 19.
e
Reference 28.
f
Reference 15.
b

A. Quantum detection efficiency „QDE… and energy
absorption efficiency „EAE…

The QDE expresses the fraction of incident x-ray photons
detected by a phosphor screen:1

冋

QDE共E,T兲 = 1 − exp −

册

共E兲 P
T ,


共1兲

where 共E兲 /  is the mass attenuation coefficient of the phosphor material,  P is the packing density and T is the phosphor screen’s coating thickness. Commercial screens used in
x-ray medical imaging are usually prepared with thickness
ranging from 10 up to 200 mg/ cm2 共lower values correspond
to low sensitivity screens while higher values correspond to
low resolution screens兲. In the present study two thickness
values were considered: 34 mg/ cm2 corresponding to x-ray
mammography and 60 mg/ cm2 corresponding to general
x-ray radiography.16 QDE was estimated as the fraction of
incident x-ray photons interacting within the screen. In this
case, for energies lower than the K-shell binding energy,
QDE is slightly higher than EAE. When an x-ray undergoes
scattering and then escapes the screen, this event is taken
into account in QDE evaluation while it is not included in the
estimation of EAE. The latter is defined as the fraction of
x-ray energy absorbed locally at the points of primary photon
interactions within the phosphor mass.15 However, the net
amount of energy deposited in the screen is generally affected by: 共a兲 the energy loss when an x-ray photon undergoes inelastic scattering and escapes the phosphor mass and
共b兲 the energy absorbed within the screen through K x rays
after the K-fluorescence emission.

B. Luminescence efficiency „LE…

The LE is often ascribed to the ratio of light output over
the amount of radiation incident on a phosphor or a
scintillator17,18 and is related to the sensitivity of the medical
imaging system.1 It may concern either photon counting or
energy integrating detectors. In the latter case, the definition
of the LE can be given according to the following equation:

1726
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⌿共E兲
,
⌿x共E兲

共2兲

where ⌿共E兲 is the light energy fluence emitted by the phosphor material and ⌿x共E兲 is the incident x-ray energy fluence.
⌿共E兲 may be evaluated by taking into account the phosphor’s optical spectrum S P共E兲 共i.e., number of light photons
per energy interval兲. In such a case ⌿共E兲 may be expressed
as follows:
⌿共E兲 =

冕

E1

S P共E兲EdE ,

共3兲

⬁

Qext =

⌿x共E兲 =

冕

E0

NX共E兲EdE,

共4兲

0

where EO is the maximum spectral energy and NX共E兲 is the
x-ray energy spectrum. The contribution of the principal intrinsic physical processes on the overall luminescence efficiency of a phosphor screen has been expressed by the following relation:17,20
LE共E,T兲 = nA共E,T兲cGL共E,T兲,

共5兲

where nA is the absorption efficiency 共i.e., corresponding to
the total energy deposited within the screen兲, C is the intrinsic x-ray to light conversion efficiency, expressing the fraction of absorbed x-ray energy that is converted into light in
the phosphor material18 and GL is the light transmission efficiency, i.e., the fraction of light produced that reaches the
screen output.20 GL also expresses how efficiently light
propagates through the phosphor mass. Light propagation
depends on the interactions of light photons with the phosphor grains and on the direction that light photons follow
after a scattering event. In the present Monte Carlo study,
this information was described based on the Mie scattering
theory15,21–23 according to the following considerations.
Light absorption and light scattering coefficients mabs , msct,
are expressed in terms of the absorption 共Qabs兲 and scattering
共Qsct兲 efficiency factors as follows:15
mabs = VdAQabs

and

msct = VdAQsct ,

共6兲

where Vd is the volume density of the phosphor material and
A is the geometrical cross section of the grain. The latter
depends on the diameter of the grain d being equal to A
= d2 / 4. The corresponding absorption Qabs and scattering
Qsct efficiency factors are given by the following
expressions:15,21–23
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2
兺 共2n + 1兲Re共an + bn兲,
x2 n=1
共7兲

⬁

Qsct =

2
兺 共2n + 1兲共兩an兩2 + 兩bb兩2兲,
x2 n=1

where an and bn are the so-called Mie coefficients, which are
given as follows:21
an =

E2

where E is the light photon energy. However, it has previously been assumed that, if monochromatic emission is considered, the resulting error is less than 5% 共Ref. 19兲. Hence
all light photons may be considered to have equal energy,
E = E, i.e., the mean spectrum energy E 共Ref. 15兲. In this
case, the light fluence is obtained by multiplying the number
of the emitted light photons 共N兲 by their mean energy. N is
the number of light photons escaping the screen, either in
reflection 共from the x-ray irradiated surface兲 or in transmission mode 共non irradiated surface兲. The incident x-ray energy
fluence,⌿x共E兲, is expressed by the following equation:
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bn =

n⬘共mx兲n共x兲 − mn共mx兲n⬘共x兲
,
n⬘共mx兲n共x兲 − mn共mx兲n⬘共x兲
mn⬘共mx兲n共x兲 − n共mx兲n⬘共x兲
mn⬘共mx兲n共x兲 − n共mx兲n⬘共x兲

共8兲
,

where n共x兲 and n共x兲 are the Riccati-Bessel functions,15,21,22
x is the size parameter of Mie theory 共equal to x
= dnmedium / 兲, m is the relative complex refractive index
共equal to m = ngrain / nmedium兲,  is the wavelength of light,
ngrain is the complex refractive index of the phosphor grains
and nmedium is the refractive index of the binding material.

C. Modulation transfer function „MTF…

The modulation transfer function 共MTF兲 expresses the
signal transfer characteristics of an intensifying screen. The
shape of the MTF curve is affected by the depth of x-ray
interaction, which in turn affects the spatial distribution of
the points of light creation within the phosphor.19 The relative depth distribution of the absorbed x-ray energy depends
on the effective atomic number as well as on the density of
the material. The contribution of scattering events, both elastic and inelastic, is also included in the aforementioned
consideration.24
In addition to x-ray penetration, the role of light propagation is also of crucial importance since it determines the spatial distribution of the emitted light. Light propagation depends on the light photon interaction effects,15,23,25,26
discussed in the previous section 共see Sec. II B兲. A key parameter in the interpretation of MTF is the new direction of
the scattered light photon, which is also affected by the size
of phosphor grains, the light wavelength and phosphor’s refractive index. In the present study the new light photon
direction was expressed through the so-called anisotropy factor g. In this case, the new polar angle of the light photon is
obtained according to Henyey–Greenstein distribution,15,27
as given below
cos  =

冋

冉

1
1 − g2
1 + g2 −
2g
1 − g + 2gR

冊册
2

when g ⫽ 0, 共9兲

where cos  is the cosine of the polar angle , R is a random
number, and the free parameter g is the anisotropy factor,
which implies isotropic distribution of light for g = 0 and
sharply forward direction of light for g = 1 共Ref. 15兲. The
anisotropy factor was calculated using the following
equation:21,27
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兰02S11共兲cos  sin d
兰02S11共兲sin

d

,

共10兲

where S11共兲 is the first element of the Mueller matrix,15,21
which implies that light extinction is independent of the light
polarization state.
The MTF metric expresses the spatial resolution characteristics of an imaging system. It is defined as the ratio of the
modulation of the output signal per the modulation of a sinusoidal input signal of the same frequency, given by28
兩T共u兲兩
,
MTF共u兲 =
T共0兲

共11兲

D. Swank factor „SF… and detective quantum
efficiency „DQE…

The DQE of an x-ray detector characterizes the system’s
overall signal-to-noise transfer properties.29,30 These properties are related to: 共a兲 x-ray photon absorption at different
interaction depths,19 共b兲 the fluctuations in the production of
the optical photons31 共unequal number of light photons produced per absorbed x ray兲 and 共c兲 the noise of the phosphor
structure19 共grains of arbitrary size兲 affecting the fraction of
emitted photons with respect to those produced. According to
the above consideration, DQE is directly correlated with: 共a兲
the x-ray detection efficiency  and 共b兲 the statistical factor
I, also known as Swank factor,32 which arises from the fluctuations in the number, m, of light photons emitted from the
screen per absorbed x-ray photon. DQE was evaluated using
the following formula:29
共12兲

where  represents the quantum detection efficiency 共see
Sec. II A兲 and I is the statistical factor determined by the
following equation:
I=

M 21
,
M 0M 2

共13兲

where M n is the nth moment of the light pulse height statistical distribution 共statistical distribution of values of m兲 given
as
Medical Physics, Vol. 34, No. 5, May 2007

共14兲

m

where m is the number of light photons emitted from the
screen per absorbed x-ray photon and p共m兲 is the 共pulse
height兲 probability distribution giving the fluctuations in the
number m 共optical pulse兲.
For a given x-ray energy the Swank factor can be expressed as the product of two separate statistical factors, IOPD
and IAED, as follows:33
I = IOPDIAED ,

where the factor T共u兲 is called the characteristic function of
the system and MTF共u兲 has by definition a value of unity at
u = 0.
To predict the MTF of a phosphor screen by our Monte
Carlo simulation model, pencil beam geometry was employed. A two-dimensional point spread function 共PSF兲 was
then obtained by the optical photon distribution emitted by
the screen 共front side or backside兲. Then, the onedimensional line spread function 共LSF兲 along the x axis was
obtained by integrating the PSF over one axis. The MTF
curve was finally calculated by performing a fast Fourier
transform of the LSF and normalizing its value to unity at
zero spatial frequency.28

DQE = I,

M n = 兺 p共m兲mn ,

1727

共15兲

where OPD stands for optical pulse distribution and AED
stands for absorbed energy distribution, i.e., spectrum of absorbed energy per x-ray interaction event. In the present
study a Poisson distribution19 was assumed for the production of light quanta per absorbed x-ray photon.

III. RESULTS AND DISCUSSION
The variation of QDE and EAE in the energy range from
E = 18 to E = 75 keV is presented in Fig. 1, for two LSO and
two GOS screens of 34 and 60 mg/ cm2. The LSO screens
were found to have higher QDE and EAE values in a large
part of the x-ray energy range considered. This is reasonable
and may be explained on the basis of the higher density 共兲
and the higher effective atomic number 共Zeff兲 of LSO; e.g.,
4
兲 共Ref. 2兲 is 147⫻ 10−6 for
the radiation detection index 共Zeff
−6
LSO compared to 103⫻ 10 for GOS. However, in the relatively narrow range between the corresponding K absorption
levels, 50.3 keV for Gd and 63.4 keV for Lu respectively,
both QDE and EAE were found higher for GOS. This is due
to the effect of the K-level photoelectric absorption in Gd
atoms. The increased QDE and EAE of LSO for energies
above E = 63.4 keV is also due to the same effect. However,
the increased x-ray absorption after the K-absorption energy
is followed by the production and emission of
K-fluorescence x rays. This intrinsically produced radiation
may either escape or be reabsorbed within the phosphor
screen. In the first case, a fraction of the absorbed x-ray
energy is lost, thus reducing detector sensitivity. This can be
verified from the lower values of EAE with respect to QDE
for all four cases shown in Fig. 1. In the second case 共
K-fluorescence reabsorption兲, image blurring occurs resulting in spatial resolution degradation.
In order to investigate the effect of K-fluorescence emission, the fraction 共K P兲 of K x rays escaping the screen 共K
photons escaping over K photons created兲 as well as the
fraction 共KE兲 of energy absorbed via the reabsorption
K-characteristic photons 共K energy absorbed over incident
x-ray energy兲 were determined. Results for these two parameters are shown in Table II. Both parameters were evaluated
for the mean value of K␣ and K␤-rays energy. In all cases the
values corresponding to the LSO phosphor were found
higher than those of GOS. This is due to: 共i兲 The value of the
K-fluorescence yield 共K兲, expressing the probability of
K-photon creation over the probability of Auger electron
emission, which is higher for Lu atoms 共0.949 instead of
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FIG. 1. The variation of QDE and EAE as a function of the incident x-ray energy 共18– 75 keV兲 for both GOS and LSO phosphor materials: 共a兲 QDE for
thickness: 34 mg/ cm2, 共b兲 QDE for thickness: 60 mg/ cm2, 共c兲 EAE for thickness: 34 mg/ cm2 and 共d兲 EAE for thickness: 60 mg/ cm2.

0.932 of Gd atoms兲34 and 共ii兲 the higher energy released in
the Lu element through a K photon, 共EK␣ = EK − EL2
= 53.072 keV and EK␤ = EK − EL3 = 54.199 keV for Lu and
EK␣ = EK − EL2 = 42.356 keV and EK␤ = EK − EL3 = 43.060 keV
for Gd兲, where EK, EL2 and EL3 are the K-shell, L2-shell and
L3-shell binding energies, respectively.

K P factor was found to be higher for LSO than for GOS
phosphor material because of the higher x-ray attenuation
properties of the latter at the corresponding energy of K x
rays. More specific, at ĒKL = EK␣ + EK␤ = 42.71 keV for GOS
and ĒKL = EK␣ + EK␤ = 53.64 keV for LSO, the total mass at-

TABLE II. Comparison of 共K P兲 and 共KE兲 fractions between LSO and GOS phosphor materials for two different
values 共34 and 60 mg/ cm2兲 of phosphor thickness.
Thickness: 34 mg/ cm2
LSO
X-ray energy 共keV兲
55
60
65
70
75

Medical Physics, Vol. 34, No. 5, May 2007

K P%
¯
¯
84.1

Thickness: 60 mg/ cm2

GOS
K E%
¯
¯
2.7
2.1
1.6

LSO

K P%

K E%

80.0

4.1
3.2
2.4
1.8
1.5

K P%
¯
¯
76.3

GOS
K E%
¯
¯
6.3
5.0
4.0

K P%

K E%

69.7

9.1
7.1
5.6
4.3
3.8
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FIG. 2. The variation of LE as a function of the incident x-ray energy 共18– 75 keV兲 for both GOS and LSO phosphor materials: 共a兲 thickness: 34 mg/ cm2, 共b兲
thickness: 60 mg/ cm2.

tenuation coefficient is equal to 4.927 and 3.420 cm2 / g, respectively. This implies lower fraction of reabsorbed K x
rays for LSO and therefore lower amount of K energy absorbed would be expected. However, the number of absorbed
x rays above 63.4 keV, the number of K photons created per
absorbed x-ray 共K = 0.949兲 as well as the amount of energy
carried by the K photons 共ĒKL = 53.64 keV兲 is higher in LSO.
Thus the amount of energy carried by K photons is larger
contributing to higher values for KE in LSO.
The LE with respect to the x-ray energy 共from 18 up to
75 keV兲 is illustrated in Fig. 2. Results correspond to transmission mode configuration, i.e., light emission from the non
irradiated backside of the screen. GOS phosphor screens
were found to exhibit higher luminescence efficiency for
both the 34 and the 60 mg/ cm2 thickness values. The LE
differences between the two materials are due to following
intrinsic physical processes: 共i兲 The conversion of the absorbed x-ray energy into light energy within the phosphor
material, which is expressed by the intrinsic x-ray to light
conversion efficiency 共c兲 and 共ii兲 The light attenuation
within the phosphor mass, which is expressed by the light
extinction 共absorption and scattering兲 coefficients 关see Sec.
III B, relation 共6兲兴. For GOS, c = 0.15. This value is higher
than that of LSO 共c = 0.08兲 共Table I兲. Hence, although LSO
absorbs a higher fraction of the incident x-ray energy, the
x-ray to light conversion process within this material produces light of lower intensity. This is mainly due to the forbidden energy band gap 共EG兲, between the valence and the
conduction energy bands, which is larger in LSO, EG
= 6.4 eV for LSO 共Ref. 35兲 and EG = 2.4 eV for GOS 共Ref.
28兲. Thus larger fractions of radiation energy are required to
create electron-hole pairs 共i.e., which are then captured by
the activator and produce light兲 within the LSO phosphor.
The aforementioned intrinsic scintillation mechanism may
lead to afterglow emission which depends on the intensity
and the duration of the incident radiation beam36 as well as
Medical Physics, Vol. 34, No. 5, May 2007

on manufacturing techniques.37 However, a complete investigation of afterglow would require a dedicated rigorous
analysis, and thus it was not taken into account.
In addition, the light created within this material is significantly attenuated during light transport through the phosphor mass. This is principally due to the short light wavelength. This was verified by determining the light extinction
coefficients within the framework of the Mie scattering
theory and by taking into account the values of two optical
parameters: 共i兲 The mean wavelength of the emitted light
¯ = 420 nm for LSO兲 and 共ii兲 The real part of the refractive
共
index 共n = 1.82 for LSO兲. Using these data as input values to
the Mie theory based Monte Carlo algorithm,15 output values
for the light extinction coefficients of the two materials were
obtained 关i.e., mext = mabs + msct, where mabs , msct were taken
from relation 共6兲兴. For LSO phosphor the light extinction
coefficient was found equal to mext = 0.239 m−1 which is
higher than that obtained for GOS phosphor material 共mext
= 0.218 m−1兲.
Figure 3 shows a comparison of MTF curves in transmission mode. Two different cases were evaluated: 共a兲 phosphor
thickness: 34 mg/ cm2, x-ray energy: 18 keV and 共b兲 phosphor thickness: 60 mg/ cm2, x-ray energy: 49 keV. For both
materials, MTF was found significantly better in the case of
mammographic conditions 共low thickness–low energy:
34 mg/ cm2, 18 keV兲. This is due to the following reasons:
共a兲 light photons created within thin phosphor screens follow
shorter trajectories to arrive at the screen surfaces, thus restricting light spread and resulting in narrow PSF, 共b兲 the
contribution of Compton scattering effect, within the phosphor, is less significant in the low energy case.
For the low thickness–low energy case 共34 mg/ cm2,
18 keV兲 the MTF curve of the GOS phosphor screen was
found to be superior than LSO. However, for the 60 mg/ cm2
phosphor thickness at 49 keV, the MTF of LSO screen was
shown to be slightly superior than GOS. Since LSO exhibits
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FIG. 3. The variation of MTF as a function of the spatial frequency for both GOS and LSO phosphor materials: 共a兲 thickness: 34 mg/ cm2, x-ray energy:
18 keV, 共b兲 thickness: 60 mg/ cm2, x-ray energy: 49 keV.

higher x-ray absorption, the depth distribution of absorbed
x-ray energy is closer to the irradiated surface of the screen
共x-ray beam entrance兲. This results in larger light spread giving broader PSF on the non irradiated output screen side
共transmission mode兲. However, in the case of the thicker
screen 共i.e., 60 mg/ cm2兲, optical effects 共i.e., light scattering,
light absorption, light angular distribution兲 become more significant since the number of individual light photon interactions is larger. This may provide an advantage of LSO over
GOS since, due to intrinsic optical properties, light diffusion
is limited to lower solid angles within this phosphor.
This can be explained within the framework of the Mie
scattering theory by taking into account the values of two
optical parameters, i.e., the mean wavelength of the emitted
¯ = 420 nm for LSO兲, the real part of the refractive
light 关共
index 共n = 1.82 for LSO兲兴 as well as the grain size considered
共7 m兲. Using our Monte Carlo model15 output values for
the optical anisotropy factor 关g in relation 共9兲兴 were obtained.
The latter was found clearly higher for LSO 共0.624 instead of
0.494 for GOS兲. Each time a light photon is scattered by a
grain, the angle of its new trajectory is obtained via the
Henyey-Greenstein distribution function 共see Sec. II C兲. According to this distribution, higher values of anisotropy factor increase the probability of small angle scattering, as
shown in Fig. 4. This implies a sharper angular distribution
of light diffusion towards screen’s output surface. Furthermore, the light absorption cross section of LSO was found to
be slightly higher 共approximately 1.16 times兲 than that of
GOS. Hence light suffers higher attenuation within LSO
phosphor, which is more important for the laterally directed
light quanta. Thus lateral light spreading is of relatively
lower significance in LSO screens.
Figure 5 provides the variation of SF with respect to x-ray
energy, for LSO and GOS phosphor screens. SF is approximately equal for both phosphors for energies up to 50.2 keV.
In the range from 50.2 up to 63.4 keV 共between the K-edge
Medical Physics, Vol. 34, No. 5, May 2007

energies of Gd and Lu, respectively兲, SF was found much
higher for the LSO. On the other hand, for energies higher
than 63.4 keV, GOS was clearly better. These variations in
SF may be explained by taking into account that for energies
higher than 50.2 and 63.4 keV, for GOS and LSO respectively, the fluctuations in the number of the emitted optical
photons become larger. This is due to the contribution of the
K-fluorescence photons on the distribution of absorbed x-ray
energy 关corresponding to IAED in relation 共15兲兴. This distribution is modified since, for energies above the K edge of Gd
and Lu, respectively, a fraction of the absorbed energy is
lost, through the fraction of K x rays escaping the phosphor
mass. This modification in the x-ray energy absorbed within
the screen affects correspondingly the number of light quanta
produced. This effect amplifies the fluctuations on the light

FIG. 4. The polar angle distribution of scattered light photons for different
values of anisotropy factor g.
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FIG. 5. The variation of Swank factor as a function of the incident x-ray energy 共18– 75 keV兲 for both GOS and LSO phosphor materials: 共a兲 thickness:
34 mg/ cm2, 共b兲 thickness: 60 mg/ cm2.

transmitted through the screen. Thus, the width of the optical
pulse distribution is broadened resulting in larger values of
M 2.
The SF was found slightly higher for the 34 mg/ cm2
screen than for the 60 mg/ cm2 one. This provides an indication that SF is affected by phosphor thickness. This effect
may be more clearly shown if screens of considerably different thicknesses are compared.33,38 Both IOPD and IAED factors
关in Eq. 共15兲兴 are affected by screen thickness. However, compared to columnar screens,33,38 the contribution of the IOPD
factor in SF degradation is more significant in powder
screens. This may be explained by taking into consideration
that light absorption with respect to light scattering is affected by the screen’s structure. In thick screens, the number
of light photon interaction events increases. Light photons
travel longer trajectories to escape the screen, thus interacting with a larger number of phosphor grains.39 Thus the fluctuations in amplitudes of light pulses become larger causing
a broadening in the optical pulse height distribution, which
decreases SF.
DQE共0兲 values of both LSO and GOS phosphor materials
are given in Table III. Up to the K edge, the variation of
DQE共0兲 with incident photon energy is mainly affected by
the x-ray absorption properties of the phosphor material in
the corresponding x-ray energy, since Swank factor shows

very slight variations. As the incident x-ray energy increases,
QDE of the phosphor decreases affecting DQE共0兲 in a similar way. Above the K edge, QDE increases suddenly and
starts to decrease thereafter 共see Fig. 1兲. On the other hand,
SF shows a sudden drop and then increases with energy 共see
Fig. 4兲. DQE共0兲 values are affected by both the aforementioned variations 关see Eq. 共12兲兴; however, the impact of QDE
on DQE variation seems to be more significant since DQE
values decrease with energy after the K-absorption edge
共Table III兲. LSO was found to have higher DQE共0兲 in the
energy range from 18 up to 50.2 keV. These results may be
of interest for mammographic applications as well as in microcomputed tomography applications.40 In the latter case
共i.e., x-ray energy: 40 keV兲, it may be of interest to note that
the luminescence efficiency of LSO is close to that of GOS
differing by 30% and 33.5% for phosphor thickness 34 and
60 mg/ cm2, respectively.
Finally, it may be of significance to note that the accuracy
of our results is subject to limitations related to: 共a兲 the model’s dependence on tabulated physical data 共i.e., index of
refraction兲 and on data drawn from the literature 共i.e., light
emission wavelength兲, 共b兲 assumption of Poisson distribution
for the production of light quanta per absorbed x-ray photon,
共c兲 assumption for monochromatic light photons, 共d兲 use of
the common value 共10−6兲 for the imaginary part of the com-

TABLE III. DQE共0兲 data with respect to x-ray energy 共18– 75 keV兲. Comparisons between the two phosphor
materials 共LSO and GOS兲.
Incident energy 共keV兲
Phosphor material
共thickness mg/ cm2兲
LSO 共34兲
GOS 共34兲
LSO 共60兲
GOS 共60兲

Medical Physics, Vol. 34, No. 5, May 2007

18

22

0.62
0.58
0.62
0.61

0.52
0.46
0.60
0.57

32
49
51
63
Detective quantum efficiency 关DQE共0兲兴
0.28
0.24
0.40
0.35

0.10
0.09
0.17
0.14

0.09
0.18
0.16
0.27

0.06
0.15
0.09
0.23

64

75

0.12
0.14
0.18
0.23

0.11
0.11
0.17
0.19
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plex refractive index, 共e兲 no reflection at the boundaries was
considered, and 共f兲 the effect of secondary electron range
was not considered.
IV. CONCLUSION
In the present study the modeled performance of LSO
powder phosphor screen was investigated for applications in
mammography and general radiography. Investigation was
performed using a custom Monte Carlo simulation program
based on the Mie scattering theory for the description of light
propagation. Within this treatment the results obtained for
LSO phosphor were compared with results, determined under identical conditions, for the widely used GOS phosphor.
Within the limitations and constraints of the present study
共i.e., the accuracy of data available in the literature for the
index of refraction and the light wavelength, the assumptions
for monochromatic light emission, grain size, phosphor
thickness, packing density, absence of absorbing dyes and
reflective backing兲 the following conclusions can be drawn:
共a兲 LSO phosphor material exhibits higher x-ray quantum
detection and energy absorption efficiency within a large part
of the diagnostic x-ray energy range, 共b兲 the luminescence
emission efficiency of LSO was found to be clearly lower
than that of GOS. This is attributed to the lower intrinsic
conversion efficiency of LSO 共0.08兲 and to the higher light
extinction coefficient 共0.239 m−1兲, 共c兲 The spatial resolution properties of LSO are comparable to GOS; GOS showed
slightly better MTF in the thin screen low energy case
共34 mg/ cm2, 18 keV兲. For the thicker screen at higher energy 共60 mg/ cm2, 49 keV兲 LSO was slightly better. MTF
and resolution properties are positively affected by the combined effects of lateral light extinction and forward directed
angular distribution of scattering 共anisotropy factor higher
than 0.5, being 0.624 for LSO instead of 0.494 for GOS兲, 共d兲
LSO shows higher signal to noise transfer properties especially at energies lower than the K edge of Gd element
共50.2 keV兲. According to our Monte Carlo results, LSO
could be employed in the design of medical x-ray detective
systems, under the appropriate conditions 共e.g., x-ray energy,
phosphor thickness兲.
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