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ABSTRACT

The aim of the present work was to investigate the absolute luminescence efficiency (AE) of a lutetium aluminum
Lu3Als0;5:Ce (LUAG:Ce) garnet, doped with cerium, combined with various microelectronic optical sensors. Two
LuAG:Ce samples, with dimensions of 5 x 5 x 10 and 10 X 10 x 10 mm? were examined. The light emitted by
the crystals, was evaluated by performing measurements of the AE using X-rays from 50 to 130 kV. The spectral
compatibility of the LuAG:Ce crystal, with various existing optical detectors, was investigated after emission
spectra measurements. Results were compared with previously published data for commercially available lu-
tetium based and cerium doped crystals, such as, (Lu,Gd)»SiOs:Ce and Lu,SiOs:Ce, frequently used in medical
imaging applications. Absolute efficiency was found maximum at 130 kVp for the 5 X 5 X 10 mm® LuAG:Ce
crystal (31.86 efficiency units-E.U). AE of the 10 X 10 X 10 mm? LuAG:Ce crystal was found higher than both
LGSO:Ce and LSO:Ce crystals (of equal dimensions). The emission spectrum of LuAG:Ce is excellent matched
with the spectral sensitivities of photocathodes, charge coupled devices (CCD), non-passivated amorphous hy-
drogenated silicon photodiodes (a-Si:H) and complementary metal-oxide semiconductors (CMOS) microelec-
tronic devices employed in radiation detection. Considering the higher luminescence efficiency values than
currently used crystals and the spectral compatibility with the various photodetectors, LuAG:Ce single crystal
could be considered for use in imaging detectors, such as, PET/CT scanners.

1. Introduction

in computed tomography (CT), the use of scintillators with afterglow
can result in image blurring [7].

Scintillators, coupled with microelectronic optical detectors, such as
complementary metal-oxide semiconductor (CMOS) and charge-cou-
pled devices (CCD), photocathodes and photomultipliers, are used as
radiation converters in various imaging applications [1,2]. These ma-
terials, even in nanoscale, are widely used in applications such as high
energy physics, homeland security and in various disciplines of medical
imaging [3-16].

Research and development of today's state-of-the-art microelec-
tronic imaging systems require scintillators with properties satisfying
the requirements of numerous disciplines [1,17-19]. In the case of time
of flight positron emission tomography (PET) scanners, there is the
need for dense scintillators with decay time of a few nano seconds and
high light yield [20]. Slow components in the scintillation decay of
these scintillators can degrade the quality of PET images [7]. Similarly,
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Other demanding X-ray imaging applications, with fast framing
rates and short exposure times, investigating dynamic processes (fluid
dynamics, mechanical motions, blood flow, etc.), require also efficient
scintillators [19].

Various scintillating crystals has been used up to now, such as,
bismuth germinate oxide (BGO), yttrium orthoaluminate perovskite
(YAlO3:Ce or YAP), lutetium orthoaluminate perovskite LuAlO3:Ce or
LuAP:Ce, lutetium yttrium orthoaluminate perovskite ((LuY)AlOs:Ce or
LuYAP:Ce), lutetium oxyorthosilicate (Lu,SiOs:Ce or LSO), gadolinium
oxyorthosilicate (Gd,SiOs:Ce or GSO) and various others [21-23].

Besides these, LusAls015 scintillators, activated by cerium (Ce),
praseodymium (Pr) or scandium (Sc) (LuAG:Ce, LuAG:Pr, and LuAG:Sc)
has been used for radiation monitoring and CT applications [18,24].
Lu3Al501,:Ce is one of the most promising materials of the last fifteen
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years and has been thoroughly studied, in single crystal form, from
various research groups [3,25-32]. It has relatively high density of
6.73 g/cm?® (significantly higher than materials such as YAG), effective
atomic number Z = 62.9, and light yield values from 16,700 to
27,000 photons/MeV have been reported [5,30,33-35]. Ce** doped
LuAG has intense and prompt emission with a maximum at around
535 nm, due to the 5d—4f radiative transitions of Ce>" ions [36,37].
LuAG:Ce has relatively fast scintillation response (around 69 ns), slower
than that of LSO:Ce (~40 ns) which has been already successfully ap-
plied in time of flight PET applications [38]. The energy resolution (ER)
has been previously reported 6.5% at 662 keV [38] and the refractive
index with a value of 1.84 [39]. The thermal conductivity of LuAG:Ce
has a value of 9.6 Wm ™! K™, the specific heat is 0.411 J g~ K~ ! and
the thermal expansion coefficient is 8.8 x 10~° (C™') [19,40,41].

LuAG:Ce, besides in single crystal form, has been alternatively
fabricated in order to optimize its scintillator properties, such as the
light yield and to minimize manufacturing costs [42-46]. For example,
LuAG:Ce, has been fabricated using the liquid phase epitaxy method,
for optoelectronic applications [46]. Also, has been used as phoswich
(phosphor sandwich) in order to detect different components of io-
nizing radiation. In these experiments the luminescent properties of
composite scintillators, based on single crystalline films of LuAG:Ce has
been investigated [24,39,47,48]. LuAG:Ce has been also studied for
applications in light emitting diodes (LEDs) and electromagnetic ca-
lorimetry [5,34,49,50].

The purpose of the present study was to examine the spectral
matching efficiency of LuAG:Ce crystal samples, for applications in
medical imaging detectors, using X-ray radiation. The spectral
matching of the examined samples emitted spectra with various mi-
croelectronic optical sensors was determined, by performing spectral
and efficiency measurements. The efficiency of the examined samples
were compared with commercially available mixed oxyorthosilicate
lutetium based, cerium doped (Lu,Gd),SiOs:Ce (LGSO:Ce) and LSO
single crystals.

2. Materials and methods

LuAG:Ce polished single crystals were purchased from Advatech UK
Limited with dimensions of 5 x 5 X 10 mm and 10 x 10 x 10 mm.
The crystals were irradiated with X-rays from 50 to 130 kVp with a BMI
General Medical Merate unit [51]. An additional filtration equal to
20 mm Al was added at the exit of the X-ray tube to account for the
attenuation of a human body and in order for the results to be com-
parable with published data [52].

2.1. Absolute efficiency (AE)

The efficiency of a scintillator to emit light, after ionizing radiation
exposure, can be experimentally determined by calculating the absolute
luminescence e_fﬁciency (na), defined as the ratio of the err_litted light
energy flux YA over the radiation exposure rate, X that is
[13-15,21,52,53]:

ny = W/X )

n, is expressed in efficiency units (E.U.) yW x m~2/(mR x s™1).
The light flux measurements were performed using a light integrating
sphere (Oriel 70451 barium sulfate coating) which was coupled to a
photomultiplier tube (PMT) (EMI 9798B) with ES-20 photocathode.
The spectral sensitivity of the photocathode is shown in Fig. 2a. The
PMT was connected to a Cary 401 vibrating reed electrometer. The
radiation exposure rate incident at the scintillator surface was mea-
sured by means of an RTI Piranha P100B dosimeter.

2.2. Spectral matching factor (a,) and effective efficiency (1)

The efficiency of an optical sensor to capture the light emitted from
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a scintillator, can be determined through the spectral matching factor
a,, which is:

a= [ HWswad [ ¢@dr -

where ¢, (A) is the light spectrum emitted by the crystal and Sp(A) is the
normalized spectral sensitivity distribution of the sensor [53].

The emitted light was measured by a grating optical spectrometer
(Ocean Optics Inc., HR2000). The spectral sensitivities of the optical
detectors were obtained from manufacturers' data and published lit-
erature [54-58]. The term effective efficiency was initially introduced
by Cavouras et al. [59] in order to evaluate the degradation of the
absolute luminescence efficiency when coupled to particular optical
sensors. The effective efficiency n.s was calculated as the product of n,
with the spectral matching factor, that is [21]:

Nefr = Nyl 3)

2.3. Ionizing radiation absorption efficiency

The radiation detection properties of a scintillator can be quantified
by the quantum detection efficiency (QDE) and the energy absorption
efficiency (EAE) [60,61]. QDE corresponds to the fraction of incident
photons interacting within the scintillator mass [62]. EAE is calculated
using the energy absorption coefficient depicting the energy locally
deposited at the sites of primary photon interactions. It excludes all
types of secondary photons originating from the point of initial photon
interaction (Compton scattering, K-fluorescence, Bremsstrahlung), thus
it is a useful parameter in estimating the efficiency in projection ima-
ging modalities. QDE and EAE were evaluated analytically following
previous studies [60,61]. Total attenuation and total energy absorption
coefficients of the examined crystals were calculated using tabulated
data from tables of X-ray mass attenuation coefficients and mass energy
absorption coefficients of lutetium, aluminum and oxygen of the Na-
tional Institute of Standards and Technology (NIST) of the US Depart-
ment of commerce [58,62].

3. Results and discussion

Fig. 1 shows the variation of absolute luminescence efficiency of the
two LuAG:Ce single crystals. Results are shown for the X-rays from 50 to
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Fig. 1. Absolute luminescence efficiency comparison of the 5 x 5 x 10 and
10 x 10 x 10 mm® LuAG:Ce crystals with previously published data for
LGSO:Ce and LSO:Ce single crystals.
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Fig. 2. Normalized emitted light spectrum of the LuAG:Ce crystal and spectral sensitivity of various light detectors.

130 kVp. Fig. 1 also shows a comparison of the emission performance
with previously published data, for LGSO:Ce and LSO:Ce crystals of
equal dimensions (10 x 10 x 10 mm?>) [21]. AE of all crystals are
increasing up to the X-ray tube voltage setting of 130 kVp. Absolute
efficiency maximized at 130 kVp for the 5 x 5 x 10 mm?> crystal with a
value of 31.86 E.U. The 10 x 10 x 10 mm® LuAG:Ce crystal showed
higher absolute luminescence efficiency (30.03 E.U, at 130 kVp) than
both LGSO:Ce and LSO:Ce, across the examined energy range [21,62].
The AE value of the 10 x 10 x 10 mm?® LSO:Ce scintillator sample
(standard scintillator in PET scanners), which has been measured under
the same conditions, was found equal to 18 E.U. and that of LGSO:Ce
was equal to 25.39 E.U. These differences can be attributed to the non-
proportionality of this crystal's light yield in this energy range [5,27].
Non-proportionality of the light yield values for LuAG:Ce and LSO:Ce at
16.6 keV, with deviations from unity of about 22% and 45%, respec-
tively has been reported [5,27,63-65].

Fig. 2 shows the emitted optical spectrum of LuAG:Ce crystal, nor-
malized to unity and the normalized sensitivity of various optical
photon detectors. The LuAG:Ce spectrum shows a maximum at
~525 nm, lying within the green region of the spectrum, resulting in a
mean light photon energy (E; = hc/A) of 2.37 eV. The emission around
500-550 nm is attributed to the 5d—4f transition of Ce®* ions [33].

Table 1 shows the spectral matching factors values of the LuAG:Ce
with optical detectors. Such detectors are various types of photo-
cathodes, position sensitive and silicon photomultipliers (SiPMs), used
in indirect nuclear medical imaging detectors. LuAG:Ce exhibits ex-
cellent compatibility with a non-passivated amorphous hydrogenated
silicon photodiode (a-Si:H) (0.99), employed in photodiodes and thin
film transistors of flat panel detectors. Furthermore, shows excellent
compatibility when coupled with a hybrid complementary metal-oxide
semiconductor (CMOS) (0.98), used in digital radiography and mam-
mography systems. Furthermore, with photocathodes, incorporated in

various types of photomultipliers, such as gallium arsenide photo-
cathodes GaAs (0.97). The same value was found for the spectral
matching when coupled with microelectronic charge-coupled devices
(CCD) having broadband anti-reflection coating (0.97). LuAG:Ce also
showed excellent compatibility with a monolithic (0.25 pm) (0.92) and
a high resolution RadEye CMOS (0.89), as well as with a CCD having
traditional polygates (0.87). It was found with good compatibility with
Hamamatsu MPPC silicon photomultipliers (0.79 for S10985, 0.79 for
$10362-11-050U and 0.78 for S10362-11-100U) and with Sensl's silicon
photomultiplier MicroFM-10,035 (0.79). The rest of the Sensl's silicon
PMTs show moderate values, for example 0.59 for the MicroFC-30035.
It was found incompatible with Hamamatsu flat panel position sensitive
photomultipliers, such as the H8500C-03 (0.38).

Fig. 3 shows the effective luminescence efficiency of the LuAG:Ce
crystal with various optical detectors. The best effective luminescence
efficiency was found for the non-passivated amorphous hydrogenated
silicon photodiode (a-Si:H) (matching factor 0.99) and the worst with
the flat panel PS-PMT H10966A (0.29) which is shifted to higher wa-
velengths. Taking into account these data and the higher luminescence
efficiency values of LuAG:Ce compared with other widely used lutetium
based and cerium doped crystals could be efficiently coupled to various
types of optical photon detectors and especially to silicon photo-
multipliers in combined PET/CT detectors.

Table 2 shows energy absorption efficiency values of the 10 mm
thick LuAG:Ce crystal and comparison with (Lu50%,Gd50%),SiOs:Ce
and LSO. Values are shown in the range 50 to 130 kV. EAE requires
calculations of the mass energy absorption and attenuation coefficients
for the examined single crystals. The values of the coefficients were
calculated from tabulated data. Energy absorption efficiency values, at
40 kVp, for all three crystals are almost equal, LGSO (0.877), following
LSO with 0.875 and LuAG with 0.872. The difference from unity is
explained considering the fact that EAE does not include the effect of
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Table 1

Spectral matching factors.
Optical detectors LusAl50;,:Ce Optical detectors LusAl50;,:Ce
CCD broadband AR coating 0.97 GaAsP phosphor photocathode 0.84
CCD infrared (IR) anti-reflection (AR) coating 0.77 Extended photocathode (E-S20) 0.78
CMOS hybrid with blue anti-reflection (AR) coating 0.81 Si PM MicroFC-30035-SMT 0.59
Hybrid CMOS blue 0.98 Si PM MicroFB-30035-SMT 0.52
CMOS (monolithic 0.25 pm) 0.92 Si PM MicroFM-10035 0.89
a-Si:H passivated 0.80 Si PM S10985-050C 0.79
a-Si:H_non-passivated 0.99 Si PM S10362-11-025U 0.77
CCD with indium tin oxide (ITO) gates with microlenses 0.83 Si PM S10362-11-050U 0.79
CCD with indium tin oxide (ITO) gates 0.75 Si PM S10362-11-100U 0.78
CCD with polygates 0.59 Flat panel PS-PMT H8500C-03 0.38
CCD no poly-gates LoD 0.82 Flat panel PS-PMT H8500D-03 0.30
CCD with traditional poly gates 0.87 Flat panel PS-PMT H10966A 0.29
CMOS (photogate array 0.5 pm) 0.76 Flat panel PS-PMT H8500C 0.37
CMOS RadEye HR 0.89 Bialkali photocathode 0.31
GaAs photocathode 0.97 Multialkali photocathode 0.58

scattered, K or L-fluorescence, and bremsstrahlung radiations inter-
acting within the crystal. Thereafter the higher percentage of the hea-
vier lutetium in LuAG and LSO result in higher EAE and almost iden-
tical values across the examined energy range. The presence of
gadolinium in LGSO results in moderate energy absorption across X-ray
energies.
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4. Conclusion

In the present study the absolute luminescence efficiency and the
spectral compatibility of LuAG:Ce crystals were investigated under
conditions usually met in X-ray imaging conditions. Efficiency values
were compared with previously published data for LGSO:Ce and LSO:Ce
single crystals, of equal coating thickness. Peak absolute luminescence
efficiency was obtained at 130 kVp for the 5 x 5 X 10 mm® LuAG:Ce

crystal (31.86 E.U). The luminescence efficiency of the
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Fig. 3. Effective efficiency of the LuAG:Ce crystal combined with various light detectors.
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Table 2
Energy absorption efficiency of a 10 mm thick LuAG:Ce crystal and comparison
with LGSO:Ce and LSO:Ce single crystals.

X-ray tube voltage X-ray energy absorption efficiency

LusAl50;,:Ce (Lu50%,Gd50%),Si0s:Ce Lu,SiOs:Ce
50 0.872 0.877 0.875
60 0.857 0.861 0.862
70 0.840 0.723 0.846
80 0,788 0.614 0.795
90 0.682 0.543 0.688
100 0.619 0.511 0.624
110 0.585 0.500 0.590
120 0.567 0.498 0.572
130 0.558 0.501 0.563

10 x 10 x 10 mm® LuAG:Ce crystal was found higher than both
LGSO:Ce and LSO:Ce crystals, in the whole X-ray tube voltage range.
The emission spectrum of LuAG:Ce showed an excellent match with the
spectral sensitivities of photocathodes, charge-coupled devices, non-
passivated amorphous hydrogenated silicon photodiodes (a-Si:H) and
complementary metal-oxide semiconductors, employed in microelec-
tronic radiation detectors. Considering the high luminescence efficiency
values and the spectral compatibility with various photodetectors,
LuAG:Ce could be potentially considered for use in medical imaging
modalities, such as PET/CT scanners.
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