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Abstract. The aim of the present study was to examine the radiation absorption efficiency and the light
emission efficiency of Lu,SiOs:Ce (LSO) powder scintillator under x-ray mammographic imaging
conditions. LSO is an efficient and extremely fast scintillator, employed in positron emission tomography,
which however has never been used in X-ray imaging. For the purposes of the present study a 25 mg/cm’
thick scintillating screen was prepared in our laboratory, by sedimentation of Lu,SiOs:Ce powder. Absolute
luminescence efficiency measurements were performed within the range of X-ray tube voltages (22-40 kVp)
used in mammographic applications. Parameters related to X-ray detection, i.e. the energy absorption
efficiency and the quantum detective efficiency were calculated. A theoretical model, describing radiation
and light transfer, was employed to fit experimental data and to estimate values of the intrinsic conversion
efficiency and the light attenuation coefficients of the screen. The Lu,SiOs:Ce powder scintillator material
showed to exhibit high radiation absorption properties in comparison with Gd,O,S:Tb and Csl:Tl and
considering its very short decay time, it may successfully be employed in digital mammography.
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1 INTRODUCTION

Inorganic scintillators (or phosphors) coupled to optical sensors (photodiodes, photocathodes, CCD arrays,
films etc) are employed in a variety of radiation detectors used in medical imaging systems . Cerium
(Ce*") doped scintillators are of particular interest for medical imaging, because of their very fast response.
The latter is dominated by an efficient 5d— 4f electronic transition in the Ce*" ion **!. Lutetium
oxyorthosilicate Lu,SiOs:Ce (LSO), discovered by Melcher and Schweitzer in 1992, has attracted a great
attention due to its high effective atomic number, high density (7.4 g/cm®), fast decay time (40 ns) and high
light yield (26000 light photons/MeV)*?), suitable emission wavelength (420 nm) and excellent chemical
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stability compared to other scintillators. LSO:Ce, in single-crystal form, has been already used in detectors
of Positron Emission Tomography (PET) scanners, in nuclear and high energy physics experiments and in
environmental monitoring %, In the present study LSO:Ce scintillator, in powder form (phosphor), was
examined under exposure conditions employed in mammography. Measurements were performed on a
granular phosphor screen, prepared in our laboratory, using an X-ray mammography unit emitting
molybdenum spectrum X-rays. To our knowledge, LSO:Ce has never been previously studied under
mammographic exposure conditions. Absolute luminescence efficiency measurements were performed for
various X-ray tube voltages (22-49 kVp) used in mammographic applications. Parameters related to X-ray
detection such as the energy absorption efficiency (EAE) and the quantum detection efficiency (QDE) were
calculated. A theoretical model, describing radiation and light transfer through scattering media was used to
fit experimental data™*'®'"!, Intrinsic conversion efficiency and light attenuation coefficients of the screen
were derived through this fitting. Emitted spectrum and spectral compatibility to optical sensors was
determined by performing light emission spectrum measurements and by taking into account the spectral
sensitivity of various optical sensors.

2 MATERIALS AND METHODS

2.1. Theory

The light energy flux ¥, emitted by a phosphor screen irradiated by an X-ray energy flux ¥y, may be

given as follows:

v, = f?yX(E)Eg(E)’L f&Q(E,W)éﬂ(O',w)dwdE (1)
0 0

where E is the maximum energy of the X-ray spectrum, W is the coating thickness of the phosphor, E is
the X-ray photon energy, 77, is the energy absorption efficiency (EAE), 7. is the intrinsic X-ray to light

conversion efficiency (ICE), expressing the fraction of absorbed X-rays converted into light within the
phosphor material. ¥, is a function giving the probability of an interacting X-ray photon of energy E to be

absorbed at a depth W<W, g, is the fraction of light photons, created at depth W, that escape the phosphor

and o is an optical parameter accounting for the attenuation of light within the phosphor, which is called
the reciprocal of the light diffusion length . The second integral in (1) expresses the fraction of light
photons, created at various depths within the phosphor, that escape the phosphor layer. This fraction is
defined as the light transmission efficiency (LTE) of the phosphor ™ '"'?1 The first integral denotes
integration over the energies of the X-ray spectrum (molybdenum target / molybdenum or aluminum filter).
Mean values in (1) express averaging over the area of the detector. The absolute luminescence efficiency
(114) of a phosphor is given by the relation !'*!:

ny=¥,/X @)

where X is the exposure rate incident on the phosphor.

QDE is defined as the fraction of incident photons interacting with the scintillator. For polyenergetic X-rays
the QDE of a scintillator layer of coating thickness W is calculated as follows:

f a)O(E)(l - e_(utot,t(E)/p)W

QDE(E) ==

)dE
)

£y

j o,(E)dE

where ®y(E) is the X-ray photon fluence (photons per unit of area) incident on the scintillator. The
spectrum of @y(E) may be given in terms of the X-ray energy fluence spectrum. g, is the X-ray total
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mass attenuation coefficient of the scintillator. EAE is the fraction of the locally absorbed energy,
representing more accurately the efficiency of a detector to capture the useful X-ray imaging signal (i.e.,
the spatial distribution of primary X-ray absorption events). EAE may be calculated by the relation (5):

Jg @O(E)E[utot,en(E)j (1 _ e_(pmt’t(E)/p)W)dE

EAE(E) = K “’“(L? (%)

f ®,(E )EdE

where g is the total mass energy absorption coefficient of the scintillator. This coefficient includes all

mechanisms of energy deposition locally at the point of X-ray interaction within the scintillators mass. All
secondary photons (e.g. K-characteristic fluorescence X-rays created just after the primary interaction
effect, Compton scattering photons) are assumed to be lost.

2.2. Experiments

LSO:Ce was purchased in powder form (Phosphor Technology Ltd, code: ZBK58/N-S1) with mean grain
size of approximately 8 um. The size of the grain is very crucial for both phosphor efficiency ¥ and image
resolution. The latter is degraded with increasing phosphor grain while efficiency increases at the same
time. However, it is generally accepted that sizes in the range from 5 to 10 pm give a satisfactory
compromise between resolution and efficiency !'*'%). The phosphor was used in the form of thin layer (test
screen) to simulate the intensifying screens employed in X-ray mammography. For the purposes of the
present study, a 25 mg/cm’ thick scintillating screen was prepared by sedimentation of Lu,SiOs:Ce powder
on a fused silica substrate (spectrosil B). During the sedimentation process, sodium orthosilicate (Na,SiOs)
was used as binding material between the powder grains '”!. The phosphor screen was exposed to X-rays
on a General Electric Senographe DMR Plus mammographic unit, employing X-ray tube voltages ranging
from 22 to 49 kVp with molybdenum anode target and molybdenum filter. The filter changed automatically
from molybdenum to rhodium (Rh) and aluminum (Al) as tube voltage increased. The X-ray beam was
filtered by a 30 mm thick block of Perspex to simulate beam hardening by human breast !"*]. Tube voltage
was checked using an RMI model 240 multifunction meter. Incident exposure rate measurements were
performed using a Radcal 2026C ionization chamber dosimeter (Radcal Corp. USA) at the powder
phosphor’s position. The absolute luminescence efficiency was determined, according to (2), by performing
X-ray exposure and light flux measurements. Absolute luminescence -efficiency expressed in
units g xm™> /[(mRxs”"yor Efficiency units (E.U.). Light flux measurements were performed in

transmission mode, where the non-irradiated screen side’s light was measured. Transmission mode
simulates X-ray-imaging modalities such as, digital detectors, image intensifiers, front screens of

radiographic cassettes and computed tomography detectors ' Light flux,¥,, measurements were

performed using an experimental setup comprising a light integration sphere (Oriel 70451) coupled to a
photomultiplier (EMI 9798B) connected to a Cary 401 vibrating reed electrometer. Light flux
measurements were also corrected for the spectral mismatches between the emitted light and the spectral
sensitivity of the photocathode (S20) of the photomultiplier. To determine both the mean light photon
energy E , and the spectral matching factor ag, the emitted light of the LSO:Ce powder phosphor was

measured by an Ocean Optics HR 2000 optical spectrometer (Ocean Optics Inc.), while the spectral
sensitivities of the optical detectors were obtained from manufacturers data. Spectrometer light
measurements were performed under X-ray excitation. The light emitted by the irradiated powder LSO:Ce
phosphor was transferred to the spectrometer through a 2.0 m long, 400 um fiber optic, (Avantes Inc. FCB-
UV400-2, Colorado, USA). Corrections for light signal degradation due to fiber optic light losses were
taken into account. To estimate the compatibility of emitted light with spectral sensitivity of the
photodetector, the spectral matching factor o ¢ was calculated by the relation (3):
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N _[Sp(A)Sp(A)dA
S [Sp(A)dA

)

where Sp(A) is the spectrum of light emitted by the phosphor and Sp(A) is the spectral sensitivity of the
optical detector coupled to the phosphor.

2.3. Theoretical calculations

Using relations (1) and (2) absolute luminescence efficiency may be calculated as a function of the intrinsic
physical properties of the phosphor material. The physical quantities employed in relation (1) were
expressed as follows: (i) Incident X-ray energy flux ¥y was expressed and calculated using a theoretical
model %! that describes the energy spectral distribution of the X-rays produced by a molybdenum target X-
ray tube. (ii) The quantum detection efficiency (QDE), #,, as well as the energy absorption efficiency
(EAE), #. were calculated by considering exponential X-ray absorption within the phosphor material,
determined by the X-ray absorption and attenuation coefficients and the thickness of the phosphor layer.
These coefficients of the LSO:Ce powder phosphor were calculated using the corresponding coefficients of
Lu, Si, O, obtained from data as tabulated by NISTR ! (iii) The absorption probability function ¥y, was

calculated by the formula (6):

W, (E,w)= W:P x (E)p(E) exp[ —u (E)wldw ©

[ ¥ x (B)u(E)expl —u(E)wldw

where the numerator gives the probability for an X-ray photon to be absorbed at depth w within the
phosphor and the denominator gives the total probability of X-ray absorption within the whole phosphor
layer. . is the X-ray absorption coefficient of the phosphor material. (iv)&;, giving the fraction of light
)[8, 9]

escaping to the output per X-ray absorbed, was expressed by the formula (7

_ + eO/V+ _ —OW'

2, (0= ALy pozmﬁ B-p)e”] - R
(B+p)B+p)e”™ —(B—p)B—p)e

where o is the light attenuation coefficient of the phosphor, which is equal to the reciprocal of the light

photon diffusion length *'% and it is given as a function of the optical scattering coefficient () and the
optical absorption coefficient (o).

o =[a(a+2s)]"? (3)

po. pi1 are optical parameters expressing the reflection of light at the front and back phosphor surfaces
defined as:

p,=A=r)/(1+r), n=0l ©)

where p, denotes the optical reflection coefficients at the front (0) and back (1) screen surfaces. g is an

optical parameter which is equal to p, corresponding to the case of a very thick phosphor with no light
transmission through it. B has been also expressed as a function of o and s '*!:

B=[ala+2s)]"? (10)

B and p, were determined as described previously *'*'*). These data were used in order to fit relation (1) to
the experimental absolute luminescence efficiency measurements. Using the Levenberg-Marquardt
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technique 1>, best fit was obtained, for specific values of the parameters 7. and o, in relations (1) and (2).
These values, together with B and p,, were then adopted as the intrinsic optical properties of the phosphor.
All secondary photons, e.g., K-characteristic fluorescence X-rays were not taking into consideration
because the highest atomic number (Z) element, Lutetium, in the LSO:Ce scintillator has the K-absorption
energy at 67keV ,which exceeds the examined energy region.

3 RESULTS AND DISCUSSION

Figure 1 shows the variation of absolute luminescence efficiency of the LSO:Ce screen with X-ray tube
voltage. Points represent experimental data. A better fit to the data was obtained for 77, values varying from

7.=0.09 to 0.11 and & varying from &=71 to 75cm°g”. The value of the intrinsic conversion efficiency
(7.), as estimated by the fitting, is lower than the corresponding value of Gd,0,S:Tb (7. =0.2) phosphor **

1 which is used in conventional and digital radiographic detectors. It is approximately equal to the 7,

values of CsI:Na, CsI: Tl and Nal: Tl phosphors (77, =0.10), used in a large variety of radiation detectors *),

The optical attenuation coefficient & was found higher than that of Gd,0,S: Tb phosphors (o =30cm’g’
". This may be explained by considering that the lower mean wavelength light of LSO:Ce (420 nm)
exhibits higher attenuation than the light emitted by Gd,0,S:Tb (545 nm). An important observation from
Figure 1 is that absolute luminescence efficiency maintains high values within a range of X-ray tube
voltages from 25 to 36 kVp. This property is of interest for mammographic imaging.
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Figure 1 Variation of the absolute luminescence efficiency of the LSO:Ce powder phosphor with X-ray
tube voltage. Points correspond to experimental values. Efficiency units: g xm™ /(mRxs™")

Figure 2 and 3 illustrate the variation of calculated QDE and EAE with X-ray tube voltage for the 25
mg/cm’ LSO:Ce screen. For comparison purposes similar calculations were performed for Gd,0,S:Tb and
CsI:Tl screens. The first point to note is that EAE differs significantly from QDE. The differences between
EAE and QDE show that only a fraction of the total amount of radiation energy detected is locally imparted
(EAE). Hence, only this fraction contributes to accurate spatial registration of photons and accurate image
formation. As it may be seen, at 28 kVp, EAE (0.62) is approximately 15% lower than QDE (0.73).
Calculations also showed that the LSO:Ce powder scintillator has approximately 10% higher values of
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QDE and 4.5% higher values of EAE than Gd,0,S: Tb. CsI:Tl scintillator has the lowest X-ray detection in

this region of energy.
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Figure 2 Variation of calculated QDE of LSO:Ce, CsI:Tl and Gd,0,S:Tb with X-ray tube voltage for 25
mg/cm’* powder screens.
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Figure 3 Variation of theoretical QDE of 25 mg/cm® LSO:Ce, CsI: Tl and Gd,0,S:Tb phosphor screens
with X-ray tube voltage.
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Figure 4 shows the measured light emission spectrum of the LSO:Ce phosphor under excitation by X-rays
of 30 kVp tube voltage. The peak value of the light spectrum was found at 420 nm. The long tail on the
right part of the spectrum should be ascribed to the 5¢— 4f electronic transitions of the Ce’" ion, located at
the Ce2 center. The Ce2 emission, much weaker and not well resolved (as compared to the Cel emission at
393-423 nm), occurs at 500 nm"! . It is of significance to note these measurements were conducted at room
temperature.

1,0
0,9 4
S 08
< o7/
5]
.g 0,6 4
05
.E 0’4 -
z
g 0,3 4
g 02
Figure. 4 0,1 1 Optical
emission 0.0 ‘ ‘ ‘ ‘ : PEr— spectrum of
LSO:Ce 380 420 460 500 540 580 620 660 700 phosphor
measured 221'[ Wavelength (nm) 30 kVP for
25mg/cm coating

thickness.

Table 1 shows the values of the spectral matching factors of the LSO:Ce calculated according to relation
(3). LSO:Ce exhibits excellent compatibility with the AgfaGS and KodakGR radiographic films. In
addition it was found adequately compatible with the Amorphous Silicon (AmorSi) photodiode.

Optical Detectors  Lu,SiOs.Ce

GaAs 0.916
Si 0.320
AmorSi 0.580
MAMORAY 0.873
E/S 20 0.965
AgfaGS 0.960
KodakGR 0.965
FujiUM 0.896

Table 1 : Spectral matching factors of the LSO:Ce screen

4 CONCLUSIONS
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In the present study, a LSO:Ce powder scintillator screen of 25 mg/cm? coating thickness was prepared and
examined under X-ray mammographic conditions. The X-ray quantum detection efficiency and the X-ray
energy absorption efficiency were found higher than currently employed materials (e.g. Gd,0,S:Tb and
CsI:T1) for detection of X-rays used in mammographic applications. The absolute luminescence efficiency
maintains high values, within the mammographic energy range, while the intrinsic conversion efficiency
was found close to that of Csl:Tl but lower than that of Gd,O,S:Tb. The emission spectrum of LSO:Ce
screen showed excellent spectral compatibility with currently used detectors. Taking also into account its
very fast response this phosphor could be considered for applications in X-ray mammographic imaging
systems.
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