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Abstract: We present an imaging characterization of a 10 × 10 LuYAP array (2 × 2 × 10mm3

pixels) with an innovative dielectric coating insulation (0.015mm thick), in view of its possible use
in a gamma camera for imaging positron emission tomography (PET) or in similar applications,
e.g. as γ-prompt detector in hadron therapy. The particular assembly of this array was realized
in order to obtain a packing fraction of 98%, improving detection efficiency and light collection.
For imaging purpose, the array has been coupled with a selected Hamamatsu H10966-100 Multi
Anode Photomultiplier read out by a customized 64 independent channels electronics. This tube
presents a superbialkali photocathodewith 38%of quantum efficiency, permitting to enhance energy
resolution and consequently image quality.

A pixel identification of about 0.5mm at 662 keV was obtained, highlighting the potentiality
of this detector in PET applications.

Keywords: Gamma camera, SPECT, PET PET/CT, coronary CT angiography (CTA); Scintillators,
scintillation and light emission processes (solid, gas and liquid scintillators)
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1 Introduction

Cerium-doped Lutetium Orthoaluminate LuAlO3:Ce (LuAP) and Cerium-doped Lutetium-Yttrium
Orthoaluminate (Lu0.7Y0.3)AlO3:Ce (LuYAP) are very promising scintillation crystals for nuclear
physics, medical imaging and similar applications.

LuYAP scintillation crystal was planned because the growth process of LuAP crystal was
extremely delicate, owing to the difficulty of stabilizing the lutetium-orthoaluminate phase. A way
to overcome this problem was mixing orthoaluminate crystals with lutetium and yttrium [1]. In
general, lutetium orthoaluminates are not hygroscopic, relatively hard (about 8.5Mho) and free of
cleavage planes thus being relatively easy to cut and polish [2].

The main attractive properties of LuYAP are the high density (7.45 g/cm3 [1]), the short decay
time (about 21 ns) and the good energy resolution (∼8% at 662 keV). These proprieties permit to
reduce crystal thickness without losing efficiency, to ensure high count rate and to achieve a good
energy peak selection for rejecting scattering events. Regarding the intrinsic characteristics, LuYAP
scintillation crystal presents the advantage of a decay time halved with respect to LSO, a scintillator
dedicated for PET [2]. Furthermore, in spite of high light yield, the LSO energy resolution is worse
(10.6% at 662 keV), due to an intrinsic component which is dominant over the statistical one [3–6].

Regarding the light self-absorption, unfortunately a significant reduction of light yield was
observed as function of crystal length. In [7] the authors report a difference ofmore than 50% in light
output, between 1mm and 10mm of crystal thicknesses, even if the LuYAP scintillator is expected
to have a negligible overlap between the emission and the absorption spectra. P. Szupryczynski
et al. [1] explained that the tail of the absorption spectrum becomes higher with the crystal depth
and it starts to overlap with the emission spectrum (peak at 375 nm), indicating the presence of an
additional hidden absorption band not related to the Ce3+ doping.

In this paper a study of the imaging performances of a 10× 10 LuYAP crystal array is presented.
This new array has a coating insulation (0.015mm thick), on each individual 2.0mm × 2.0mm ×
10mm pixels, developed with the aim to produce good light output and uniformity in light response.
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The new packaging guarantees a 98% packing fraction with an increase in detection efficiency of
about 25% with respect to the conventional one (with about 0.2–0.3mm interpixel material [8, 9]).

A study about the photofraction as a function of the position of photons interaction inside the
array was performed, with the aim of identifying the main factors affecting the imaging perfor-
mances.

This crystal array was previously characterized in term of spectroscopic performances in [10]
where the authors have demonstrated that the innovative optical isolation has permitted to obtain
an improvement of light collection. This results in a very good uniformity of light response of a
single pixel corresponding to less than 3.5% variation in energy resolution over the whole array.
Furthermore, when coupled with a dedicated PMT for spectrometry, an energy resolution (ER)
value, for flood field irradiation, of 16.5% at 511 keV was obtained.

2 Materials and methods

The LuYAP crystal was grown by Filar Opto Materials, Italy [11] and the 100 pixels, 2.0mm ×
2.0mm× 10mm length each, were supplied by SAESGetters, Italy [12]. Thematrix was assembled
by Crytur (Cz) [13] by using coatingsmade of light reflectingmetal layers and adhesive filmswith an
overall thickness between pixels as small as 15 microns, and without any optical light guide. From
this specific assembly a detection area of about 20.2 × 20.2mm2 is obtained, which corresponds to
a 98% packing fraction, with a strong advantage in term of detection efficiency. The overall array
is encapsulated in a 0.5mm thick Al foil, except for the side coupled to the PMT.

A selected Hamamatsu H10966-100Multi Anode Photomultiplier (MA-PMT) [14] was used in
order to study the imaging performances of the array. The H10966-100 tube was chosen because it
is equipped with a super-bialkali (SBA) photocathode (38% peak QE at 380 nm), to enhance energy
and consequently image quality. Furthermore this MA-PMT is based on metal channel dynode
technology for charge multiplication that permits to reduce the charge spread with an advantage
for spatial resolution. A crystal-PMT direct coupling is considered in order to maximize the light
collection to improve energy and spatial resolution.

A 64-independent channel electronic readout based on a FPGA controller was realized at the
Laboratory of Microelectronics, University of Rome “Roma Tre” to read-out individually the PMT
anodes [15]. Figure 1 shows the crystal as coupled with the PMT, the electronic readout and a detail
of the LuYAP array.

Utilizing flood field irradiations with radioactive sources in the 122–662 keV energy range
and also just selfactivity, the array characterization in terms of energy resolution and imaging
performances was done. Each image was acquired for one hour. The event rate of selfactivity was
evaluated to be about 860 ev/s [10]; this value has influenced the activity and positioning of the
sources utilized for the flood field irradiations.

The images were reconstructed applying the Anger algorithm [16] on the 8 × 8 anodic outputs,
registered for each event (list mode acquisition).

To highlight the imaging performances of the array, a scanning on the crystal surface was
operated, utilizing a 1mm collimated 99mTc source, in order to guarantee the irradiation of the
pixel centre. The 140 keV energy was selected to facilitate the collimation of the source that at
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higher energies should be difficult. Each spot was acquired fixing the same number of events. In
this case the image was integrated in order to obtain a 10 × 10 image pixel, 2mm size each.

The cross-talk between neighbouring pixelswas evaluated in terms of the variation of photofrac-
tion as a function of the pixel position inside the array. To do that, from the flood irradiation images,
obtained without energy window selection, the events occurring inside a single pixel were selected
by a Region of Interest (RoI) procedure. The pulse height distribution of the selected events was
utilized to calculate the photofraction, as the ratio between the number of events in the photopeak
and the total number of events. To operate this, a pixel positioned at a corner of the array was
selected, representing the situation with minimum number of neighbouring pixels involved (3);
subsequently a pixel positioned at the centre of the array was utilized, representing the situation
with maximum number of neighbouring pixels (8) and finally, as intermediate situation, a pixel
positioned at the edge was studied (5 neighbouring pixels). The pulse height distributions were
compared with one obtained from an individual pixel coupled to a R6231 PMT [10], utilized as
reference.

Figure 1. On the left, experimental setup for imaging evaluation: picture of the LuYAP array coupled to
the Hamamatsu H10966 MA-PMT and electronic readout; the coupling was realized with non-curing grease
and without additional optical guide. On the right, a detail of the crystal array. The reader can notice that a
negligible gap is visible between crystals, owing to the innovative assembling.

3 Results and discussions

3.1 Pulse height analysis

In figure 2 the pulse distributions integrated over the LuYAP array, measured with a flood field
irradiation with 57Co, 133Ba and 137Cs radioactive sources, are reported. In particular, on the
right the details of the 270–380 keV and 662 keV photopeaks are shown with an expanded vertical
scale. The energy resolution seems to be not so good, even if the principal features of all radioactive
sources are well visible. Furthermore, the 57Co emission at 122–136 keV is very close to the limit
of the detection scale, owing to threshold of the electronics; as a consequence, the image obtained
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at this energy by applying an energy window will be affected by this cut. At 662 keV an energy
resolution of 27% was obtained.

From the pulse height distribution at 662 keV a photofraction of 34%was obtained, higher with
respect to the 17.8% reported in XCOM for LuYAP [17]. This result highlights how the crosstalk
between the pixel changes the response of the overall crystal. This phenomenon will be detailed in
section 3.3.

3.2 Imaging analysis

The profile of the charge distribution, or Point Spread Function (PSF), along one anodic row is
reported in figure 3. It corresponds to an energy window around 662 keV (main emission of the
radionuclide 137Cs). In particular, the PSF is obtained by selecting, via software, from the whole
events of the acquisition, the events with the maximum charge in correspondence of the anode #4
(central anode). Subsequently a mean value of PSF was calculated utilizing only these selected
events. In the y-axis, the signal amplitude (Volt) proportional to the charge collected by the anode
is reported. The distribution of the average values of the amplitudes has a maximum at 3.3V, well
below the electronics saturation value (10V). The Full Width Half Maximum (FWHM) value is
estimated to be less than one anodic unit, i.e. less than 6mm, because on the anodes close to the
anode with the maximum charge, the value of the charge is on average less than 10% of the peak.
This FWHM value indicates an undersampling condition of the PSF that could compromise the
event position reconstruction at this energy.

Figure 2. Pulse height distributions of the LuYAP array coupled to a H10966-10MA-PMT. On the left, pulse
height distributions obtained from the irradiation of the crystal with 57Co, 133Ba and 137Cs radionuclides
and, on the right, expanded vertical scale showing the details of the 270–380 keV and 662 keV photopeaks.

In spite of the undersampling condition, the pixels identification was very good as demonstrated
in figure 4 where the images (left) and relative profiles (right) are reported, corresponding to the
irradiations shown in figure 2 and to the selfactivity contribution. The profiles are obtained in
correspondence of a central pixel row. The images were integrated over 1 hour and the resolution
is 0.125mm/px.
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Figure 3. Profile along a row of the average PSF calculated on the events centred on the anode #4, from
flood field irradiation with an un-collimated 137Cs source. An energy selection at 662 keV photon energy
(±10%) was implemented.

The image produced by133Ba irradiation (figure 4 centre) shows a bad contrast with respect to
one from 137Cs irradiation. This is highlighted also by the increased background contribution well
visible in the image profile. Since the visible emission of 133Ba ranges between 80 keV to 380 keV,
the scattering of the photons has a different spatial distribution inside the array, as a function of
photon energy, contributing to the image noise. Another factor affecting the contrast of the image
obtained from the 133Ba source is the depth of interaction that, depending on photon energy range,
introduces PSFs with different FWHM thus influencing the evaluation of the scintillation event
position. From the images obtained by flood field irradiation with the different radioactive sources,
the intrinsic spatial resolution (SR) was evaluated and reported in table 1.

Table 1. Intrinsic spatial resolution as a function of photon energy.

Photon Energy
(keV)

Intrinsic SR±standard deviation
(mm)

122 0.83±0.12
270–380 0.50±0.05
662 0.35±0.05

The intrinsic contributionwas calculated by subtracting 0.1mm, due to electronics readout [18].
Operating a linear regression procedure of these values, represented in log-log scale, the following
power law was obtained, with a coefficient of determination R2 = 0.9972:

Spatial Resolution = 9.55 ∗ Energy (keV)−0.506 .

The exponent indicates a behaviour very close to the Poisson law. The Spatial Resolution, even if it
would be correct to call it error in the crystal pixel identification, is very low (∼ 0.35mm in FWHM
at 662 keV). The results are very encouraging also in comparison with those obtained in other
studies, as for example in [19] where the author reports a spatial resolution of 1.65mm at 511 keV.
To support these results, a scanning on the crystal surface was operated. In this scanning a 1mm
collimated 99mTc source was utilized, in order to irradiate the area of a single pixel. In figure 5 the
images (on the top) and the relative pulse height distributions (on the bottom) are shown. The pulse
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height distributions demonstrated the good light uniformity response of a single pixel, as reported
in [10] where a 3.5% variation in energy resolution on the whole array was obtained. In this case
the energy resolution seems to be not so homogeneous, probably due to the imperfect single pixel
irradiation, as visible in the images where more than one pixel is involved, and to the inhomogeneity
of the single anode gain of MA-PMT. This problem does not occur with a mono-anode PMT, e.g.
the Hamamatsu R6231 tube dedicated for spectroscopy and utilized in [10].

3.3 Photofraction analysis

Starting from images obtained by flood field irradiation with a 137Cs source radionuclide, the pulse
height distribution from a single crystal pixel was isolated and analysed. The selection of events
occurring in a single crystal pixel was obtained defining a RoI of a 2 × 2mm2 into the image.

Figure 4. Images and relative profiles in correspondence of a central pixel row coming from selfactivity
(top), 133Ba flood irradiation (centre) and 137Cs flood irradiation (bottom). The acquisition time was 1 hour
and the resolution is 0.125mm/px.

In figure 6 (left) the image of flood field irradiation of the array is reported, where the position
of the selected pixels is highlighted; on the right, the corresponding pulse height distributions are
shown and compared with one obtained from an individual pixel coupled to a R6231 PMT [10].

The pulse height distribution from the corner pixel has a behaviour very close to the one from
the individual pixel, because the number of neighbour pixels is minimum (only 3), except in the zone
between the Compton edge and the full energy peak. In fact, this zone is “filled” by events coming
from Compton scattering process in the selected pixel that are absorbed in the neighbour pixels;
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they are registered as events with energy slightly lower than the full peak one. As a consequence, the
phototofraction is enhanced to 30% with respect to 20% from the individual pixel. With increasing
the number of neighbour pixels, this effect is enhanced also by the absorption in the considered
pixel of the Compton scattering events from the adjacent pixels, registered as nearly full energy
peak contribution, making flat the region on the left of the full energy peak (see continuous black
line in figure 6). A photofraction value of about 34% is reached for pixels at the edge and at the
centre of the array.

Figure 5. Scanning on the crystal surface operated with a 1mm collimated 99mTc source. The irradiation
has interested the pixels along one diagonal of the array. On the top the image and on the bottom the relative
pulse height distributions.

Figure 6. Left: 137Cs flood field irradiation image where the selected pixel involved in the RoI selection
are indicated. Right: Pulse height distributions observed in the selected pixels compared with one obtained
from an individual pixel coupled to a R6231 PMT [10].

4 Conclusion

A 10 × 10 LuYAP:Ce crystal array with innovative assembling was tested in order to quantify its
imaging performances. The effect of the new assembling, in term of homogeneity in light output
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response has permitted to improve uniformity in energy resolution and to enhance spatial resolution
(0.35±0.05mm at 662 keV) and consequently pixel identification.

The coupling of the array to a Hamamatsu H10966-100MA-PMTwith high quantum efficiency
has permitted to study and individuate both the contribution of the single pixels and the multiscat-
tering reabsorption events (crosstalk between the pixel) in the pulse height distributions. The study
of this phenomenon is important because it results in a false position in the image reconstruction.
As a consequence, the authors are developing a study based on Monte Carlo simulation, with the
aim of identifying the main factors affecting the imaging performances of the array. Furthermore,
a LUT procedure could be implemented in order to improve the energy resolution. In any case the
array shows a good energy resolution also in imaging configuration that permits to optimize the
energy windowing, as typically operated in a PET application, in order to limit the scattering events
influencing the random and false coincidences.
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