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The refinement of high-performing scintillator compounds is critical to the advancement of time-of-flight
positron emission tomography (TOF-PET). Here, we characterize 2nd, 4th, and 5th generation cerium-
doped, calcium co-doped lutetium-yttrium oxyorthosilicate (LYSO) crystals developed and supplied by Luxium
Solutions in terms of light yield, emission spectra, non-proportionality, and decay time. Additionally, the
samples are coupled to a Philips 3200 digital photon counter (DPC) for a comparison of performance as a
detector component. The detector sensitivity, energy resolution, and coincidence resolving time (CRT) of the

crystals are measured at —25 °C. The 4th and 5th generation crystals are shown to have similar light yields and
decay times at room temperature, and outperform the 2nd generation crystals in all measured characteristics.
The detectors making use of 5th generation crystals had markedly better sensitivity, energy resolution, and
CRT values than their 4th generation counterparts.

1. Introduction

Scintillation crystals with superior properties are key to improving
image quality in positron emission tomography (PET) detectors [1].
A high light-yield, together with short rise and decay times, allow
for accurate determination of the time of interaction, leading to high-
precision time-of-flight PET (TOF-PET). The timing performance can be
directly measured as the coincidence resolving time (CRT) of a system.
A high light-yield is furthermore crucial to accurate event positioning,
while good energy resolution is important for pulse analysis and event
discrimination.

One envisioned application for PET technology is the enhance-
ment of proton therapy for cancer treatment, which has thus far been
hampered by the lack of methodologies for validation of beam range
during treatment. Proton therapy is seen as a promising technology
in radiation therapy due to its localized deposition of energy, which
has the potential to better spare healthy tissue around the tumor.
Unfortunately, this also has the consequence of delivering increased
dose outside the target area if the beam is off-target compared with
photon-based treatment. Additionally, it is more difficult to verify
beam positioning because traditional methods of verification which
rely on the exit dose cannot be used. Since one of the products of
the interaction of the proton beam with tissue is the generation of
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positrons, PET technology could be employed as a technique for range
verification during treatment [2-8]. It has been shown on the basis of
Monte Carlo simulations that a dual-panel PET detector with a timing
resolution on the order of 200 ps would be compatible with clinical
particle therapy solutions while providing artifact-free images [9,10].
This work describes the selection and characterization of a scintillator
material for use in such a detector.

We determine and compare the characteristics of the 2nd, 4th,
and 5th generations of cerium and calcium-doped lutetium-yttrium
oxyorthosilicate (Lug Y 1),Si05:Ce**, Ca?* (LYSO) crystals developed
and supplied by Luxium Solutions. The generation 2, 4, and 5 crystals
have Ce** concentrations of 0.022%, 0.003%, and 0.25% respectively.
The crystals contain proprietary concentrations of Ca%*. The generation
2 crystals have a very low Ca?* concentration and their scintillation
properties are therefore expected to be close to those of classical, non-
codoped LYSO:Ce. Generations 4 and 5 have a higher Ca®* concentra-
tion, such that a higher light yield and faster decay are expected [11].
Generation 5 has the highest Ca?* concentration of the three genera-
tions. The crystals are etched on all faces except one. The performance
of these materials as scintillators in a PET detector is investigated in a
small-scale setup using a Philips digital silicon photomultiplier model
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DPC-3200-22, which has been extensively used in the past for similar
measurements, e.g. van Dam et al. [12] and Borghi et al. [13].

2. Methods
2.1. Crystal characteristics

Experiments were performed on crystals of two sizes: 3.3 mm X
33 mm x 5 mm and 3.3 mm x 3.3 mm X 3.3 mm. The smaller crystals
were used to measure light yield, emission spectrum, and decay time.
The larger crystals were used in CRT measurements, energy resolution
measurements, and temperature-dependent light yield measurements
performed on the digital photon counter (DPC). A low-activity back-
ground due to the 17°Lu content of the crystals was assumed, and
considered negligible.

Pulse height spectra for each of the samples were measured at
room temperature using a Hamamatsu R1791 photomultiplier tube
(PMT). The crystal to be measured was placed on the window of
the PMT without optical coupling, and a covering of Teflon tape was
arranged to cover the sample and entire window. A 0.9 MBq 2?Na
source was then placed directly on the Teflon covering. A value for the
number of photoelectrons per scintillation event was calculated from
the channel number corresponding to the photopeak and the single
electron response of the PMT. A value for the light yield was obtained
by taking into account the reflectivity and quantum efficiency of the
PMT. A more detailed account of the apparatus and methodology is
presented by de Haas et al. [14].

Pulsed X-ray excited decay time measurements were performed
at room temperature using a time-correlated single-photon counting
method described in [15]. In brief, a start signal was recorded with
the triggering of a PicoQuant LDH-P-C440 M laser diode. This excited a
Hamamatsu N5084 X-ray tube, which emitted a pulse of X-rays incident
on the sample at a distance of 5 cm. An ID Quantique ID100-50
single-photon detector was used to detect the scintillation photons and
generate a stop signal. The processing of start and stop signals was
performed by an Ortec 567 time-to-amplitude converter, and the output
digitized by an Ortec AD 144 16K ADC. The differences between the
timestamps of the corresponding start and stop signals were plotted,
and a decay curve was formed. Fitting the decay curve with an expo-
nential model allowed for a determination of the decay time. It was
ensured that there was at least a factor of 105 more start signals than
stop signals, so that on average for each event only one scintillation
photon would be detected. Were this not the case a bias would be
introduced into the data, since if multiple photons were incident on
the photodetector, only the stop signal of the first would be recorded.

X-ray excited emission spectra were recorded using an X-ray tube
with a tungsten anode operated at 79 kV, producing an average X-
ray energy of 40 keV at a distance of 3 cm from the samples. A
3 mm aluminum filter was used to remove low energy X-rays to
prevent damage to the samples. The resulting scintillation photons were
coupled into an optical fiber, and analyzed by an Ocean Optics QE65-
pro spectrometer. Further description of this setup can be found in van
Blaaderen et al. [16] and van Aarle et al. [17].

2.2. Scintillation detector measurements

The photosensor was a model DPC-3200-22-44 digital SiPM de-
veloped by Philips Digital Photon Counting (PDPC). Fig. 1 shows an
overview of the instrumentation layout. Detailed information regarding
the dSiPM is available elsewhere and will not be discussed in depth
here [18-20]. It consists of 16 dies in a 4 x 4 configuration, each of
which is capable of semi-independent operation. Each die is composed
of four 3.2 mm X 3.8755 mm pixels, as well as a time-to-digital con-
verter (TDC). Each of the pixels contains 3200 single-photon avalanche
diodes (SPADs), which can be individually read out. It is also possible
to selectively disable a specified percentage of SPADs which have the
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Fig. 1. Block diagram of the DPC-3200 readout system.

highest dark count rates. A die is therefore capable of recording one
timestamp and four values corresponding to the number of SPADs
activated in each pixel. Each of the four pixels in a die contains four
sub-pixels, which can be used to set trigger conditions. These sub-
pixels are in turn composed of groups of row-trigger-lines, which can
be grouped and used to set validation conditions.

The event acquisition sequence begins once the trigger conditions
are met. This occurs when a certain number of SPADs are activated in
each sub-pixel, or when photons are detected in a specific combination
of sub-pixels, depending on the trigger logic set. The TDC records a
timestamp when an event is triggered. The trigger must be validated
within a configurable time-window for the event to be recorded. The
validation conditions are met when a specific combination of row-
trigger-line groups defined by a trigger scheme are activated. If the
event is validated, the detector waits for a specified time to allow
photons from the event to accumulate. Finally, the signal is read
out and the sensor is recharged. A coincidence window can also be
implemented to remove events which do not have any corresponding
events within the specified window.

For the experiments described in this work, the following settings
were used: the DPC was set to first photon triggering, the validation
requirement was set to scheme 4, the integration time was set to 165 ns,
and the coincidence time window was set to 4 ns. The over-voltage was
set to 2 V. The noisiest 5% of SPADs were deactivated. These settings
mimic those of van Dam et al. [12], who measured the CRT of small
Ca?*-codoped LSO:Ce crystals in a similar setup.

The measurements were conducted in a light-tight, temperature
controlled chamber. The temperature was stabilized to —25 °C+0.5 °C
using a Peltier element. Eljen EJ-550 silicone grease was used to opti-
cally couple the polished faces of the crystals to the tile, and teflon tape
was wrapped around the crystals to increase the number of scintillation
photons incident on the sensor.

Due to the mismatch between the crystal and pixel faces - 3.3 mm
X 3.3 mm and 3.2 mm X 3.8755 mm, respectively - a fraction of the
scintillation photons would be lost with a one-to-one crystal to pixel
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Fig. 2. Curve for the determination of the number of SPADs available to detect light from the coupled crystal. The line of best fit through the saturation-corrected calibration

curve had its error minimized with a value of available SPADs of about 4900.

coupling. A coupling of one crystal to two pixels - 6.4 mm X 3.8755 mm
- was investigated, however this too was found to lose a considerable
number of photons to neighboring deactivated pixels. The best timing
performance was achieved by coupling crystals to the center of dies,
one-to-one. The large number of photons detected with respect to the
other two methods more than compensated for the additional electronic
jitter associated with activating all four pixels in the die. This is a
key difference from van Dam et al. [12], whose 3 mm X 3 mm LYSO
crystals would likely have a more favorable light distribution over a
single activated pixel.

Saturation effects were dealt with using the method described by
van Dam et al. [21]. The crosstalk probability was taken to be 0.18, and
the dark counts were assumed to be negligible since the measurements
were performed at —25 °C [12]. A value for the total number of
available SPADs which scintillation photons can activate is required
for the correction. To this end, low-activity sources at various energies
from 31 keV to 662 keV were used to generate calibration curves.
The number of SPADs activated at the center of the photopeaks of
the pulse height spectrum of these sources were measured. Data for
higher-energy sources was also taken, however the saturation effects
became so pronounced that the photopeak could not be resolved with
a Gaussian fit. The value for the available number of SPADs was then
determined by choosing a number which minimized the error of a
straight-line fit to the saturation-corrected data (Fig. 2). This method
was used for each generation of LYSO crystals, since their unique light
yields resulted in inherently different calibration curves.

Energy resolutions were measured twelve at a time by arranging
the crystals as shown in Fig. 3. A 0.9 MBq 22Na source was placed
in the centre of the detector. Four crystals from each generation were
measured at varying distances of approximately 14-17 mm from the
source, and energy spectra were recorded. A calibration curve was
generated using sources which had emissions between 31 keV and 662
keV. After correction for saturation, values of the slope and intercept for
the calibration curve were used to convert values for numbers of SPADs
activated to keV (Fig. 4). The energy resolution of the crystals was then
obtained by taking the FWHM of the Gaussian fit to the photopeak of
the measurement after energy calibration, and using the equation:

AE
ERe.v = ? €))

No significant scattering from neighboring crystals was detected in this
configuration, and scattered events were expected to occur outside the
photopeak.

The temperature-dependent light yield was measured using the
same configuration. A Peltier element was used to achieve an accurate
and constant temperature over the detector tile for the duration of each
measurement. Light yield measurements were taken between —30 °C
and 25 °C. It should be noted that the dark count map was measured at
—25 °C and was not updated at each temperature interval. It is possible
that some SPADs that had low dark count rates at —25 °C may have
had disproportionately larger dark count rates at higher temperatures,
and that the inhibit map did not accurately disable the noisiest 5%
of SPADs. This effect is expected to be of minimal importance to the
results.

Owing to the differing timing performance between different pairs
of dies, it was not possible to take advantage of the crystal arrangement
depicted in Fig. 3 to measure the coincidence resolving time. Instead,
crystal pairs were measured one at a time, using the same pair of dies.
The setup was otherwise the same, with the exception that the source
was placed directly between the crystals, at a distance of 12 mm, so
that coincident events could be detected. Only events that were located
within the full-width-at-tenth-maximum (FWTM) of the obtained full-
energy peak were accepted. A coincidence filter was applied to the data
offline.

Timestamp differences between detected photons in each event
were plotted, and the resulting histogram was fit with a Gaussian
curve (Fig. 5). The full-width-at-half-maximum (FWHM) of this fit was
obtained, which is defined as the CRT of the detector.

3. Results and discussion
3.1. Crystal characteristics

The light yield of eight crystals of each generation were measured
with a PMT as described in 2.1 (Fig. 6). The averages of the results for
generations 2, 4, and 5 are shown in Table 1. The generation 4 and 5
crystals showed a higher light yield than the generation 2 crystals.

Fig. 7 shows the emission spectra of the three generations of crys-
tals. It can be seen that generation 4 crystals peak at around 425 nm
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Fig. 3. Image of a DPC tile with twelve crystals positioned over the centers of dies. During measurements, a source would be placed in the center of the configuration.
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Fig. 4. Calibration curve for a detector using a generation 5 crystal.
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Fig. 6. Light yield measurements for the three generations of LYSO crystals at room temperature using a PMT.

- slightly shorter than the peak wavelength than the generation 2 and
5 crystals. The Philips DPC has a sharp drop-off in PDE around this
region [22].

The non-proportional response of the materials shown in Fig. 8
was measured using 137Cs, 22Na, 133Ba, 0Co, and 24'Am sources.
The horizontal line indicates uniform proportionality. It can be seen
that the response is relatively uniform between 500 keV and 1 MeV
but sublinear at lower energies. A dip can be seen at 81 keV, which
is likely due to altered ionization cascades near the lutetium K-edge
(63.3 keV). This reduces scintillation efficiency due to changes in en-
ergy deposition mechanisms. These results are consistent with previous
work in the field [23-25]. The generation 5 crystals showed improved
non-proportionality over the other two generations.

Fig. 9 shows decay time measurements for eight crystals from each
generation. The average values for generations 2, 4, and 5 are shown
in Table 1. The generation 4 and 5 crystals performed similarly, with
a noticeably faster decay than the generation 2 crystals. Given the
degree of uncertainty and the range of values for each crystal in the

generations, it is not possible to make a statement regarding whether
generation 4 or generation 5 has a faster decay time.

3.2. Scintillator detector results

A temperature-dependent measurement was also carried out on the
DPC, which showed no significant change in light yield between —25 °C
and 30 °C for any of the generations. It can be seen in Fig. 10 that the
light yields of the various generations rise and fall together at each
temperature point. These slight variations of the observed light yield
are attributed to the adjusting of the bias voltage of the DPC between
measurements at different temperatures.

It can be seen from Fig. 10 that the generation 5 crystals appear to
emit more light than their generation 4 counterparts, contrary to the
results of the experiments conducted using the PMT (Fig. 6). This is
partially attributed to the better matching of the scintillation photon
emission spectrum to the photodetection efficiency (PDE) curve of the
DPC in generation 5, which can be seen in Fig. 7. Another contributing
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Fig. 7. Emission spectra for the different generations of crystals. The normalized PDE of the DPC is displayed alongside the spectra for comparison.
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Fig. 8. Non-proportionality curves for the various generations of LYSO crystals, measured using a PMT at room temperature. '3’Cs, 22Na, 133Ba, ®Co, and 2*'Am sources were
used. The solid line at 1 marks the reference level corresponding to normalization at 662 keV. The dip observed at 81 keV is attributed to changes in electron cascade processes
near the lutetium K-edge at 63.3 keV, which affect ionization density and scintillation efficiency.

factor could be the difference in Teflon wrapping between the two ex-
perimental setups. The crystals were tightly wrapped when coupled to
the DPC, however when measured by the PMT they were covered along
with the surface of the PMT. A larger fraction of scintillation photons
may therefore have been absorbed by any impurities on the Teflon or
surfaces of the crystals while coupled to the DPC, which would have
a disproportionately larger impact on the shorter wavelength of the
generation 4 emission spectrum.

The energy resolution of four crystals of each type was measured in
a range of energies between 31 keV and 662 keV by arranging the setup
depicted in Fig. 3 and placing a source in the center of the tile. Example

spectra can be seen in Fig. 11, and the average of each generation
across the energy range is shown in Fig. 12. The purpose of this study is
directed toward PET applications, and therefore the energy resolution
at 511 keV is of particular interest. The energy resolutions measured
at 511 keV for generations 2, 4, and 5 are given in Table 2. Since the
energy resolution is dominated by the light yield, the trends and rela-
tive differences between the generations were expected, given the light
yield measurements conducted on the DPC and the non-proportionality
measurements conducted on the PMT previously. As anticipated, the
energy resolutions of the crystals are proportional to the inverse of the
square root of the light yield; however, the fifth-generation crystals
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exhibit improved energy resolution beyond this trend, which can be
attributed to their superior non-proportionality [26].

CRT measurements can be seen in Fig. 13. The best value of CRT
obtained was 126.3 + 0.7 ps FWHM from a generation 5 crystal. For
reference, van Dam et al. [12] obtained values between 120 ps and
131 ps FWHM using pairs of LSO:Ce,0.2%Ca crystals and a similar but
distinct setup using the same DPC model. Additional measurements
were carried out on the same samples described in that paper, using
the crystal-to-die coupling used for the other crystals in this work,
and values of 136.4 ps, 129.6 ps, and 123.2 ps FWHM were obtained.
The measurements were repeated with the same crystals and crystal-
pixel coupling used by van Dam et al. and were measured to be 147.6
ps, 135.9 ps, and 129.2 ps FWHM respectively. It is thought that the
discrepancy between the latter values and the ones reported by van
Dam et al. [12] is due to degradation of the optical quality of the sample
surfaces, which was visually apparent.

3.3. Cramer—Rao lower bound analysis

Cramer-Rao lower bound (CRLB) analysis was carried out to deter-
mine the contributions of the various properties of the crystals to the
CRT obtained with the crystal-detector combination. Custom Python
code was developed for these calculations and is available at https:

//doi.org/10.6084,/m9.figshare.28945925 [27]. The CRLB on the time
of interaction © equals the minimum value of the variance that any
unbiased estimator of © can achieve. The CRLB can thus be used
to calculate the best CRT that can be obtained, given the pertinent
properties of the crystal and photosensor. A complete discussion of
the CRLB analysis in this context is given by Seifert et al. [28] and
has been summarized by Schaart [1]. The parameters needed to com-
pute the CRLB on the CRT are the number of detected photons, the
scintillator rise time and decay time constants, and the single-photon
time resolution (SPTR) of the photsensor. The light yields and decay
times for the calculations were measured directly by the DPC and PMT
setups respectively for each generation. The SPTR of two pixels in
coincidence on the DPC has been measured by Brunner et al. [29] and
Liu et al. [30], and found to be around 100 ps. This value was therefore
taken as the SPTR for the calculation. Rise time data on the various
generations was unavailable, and so was approximated to be 50 ps for
all crystals. This choice was informed by previously reported values
for similar crystals [11,15,31-37]. Based on the measured parameters,
the calculated CRLB values for generations 2, 4, and 5 using first-
photon triggering were 125 ps FWHM, 124 ps FWHM, and 119 ps
FWHM, respectively. CRLB analysis thus predicted that generation 5
crystals would offer the best CRT performance, but did not anticipate
the measured difference in CRT measurements between generations
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2 and 4. Although accurate values for the Ca®* concentration of the relative to the other two. While rise time is not determined in this work,
crystals were not available, it is known that the generation 2 crystals several studies have measured rise times in LSO and LYSO samples
had the lowest concentration, generation 5 crystals had the highest with and without Ca®* co-doping [38-41]. These measurements allow
concentration, and generation 4 had an intermediate concentration for the hypothesis that a sufficiently high Ca?* concentration improves
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Table 1
LYSO light yield and decay time comparison. The values presented are the averages for
each crystal. The errors are given as one standard deviation of the measured data, and
thus represent the variation across the investigated crystals.
Gen. Light yield (photons/MeV) Decay time (ns)
2 21,700 + 200 359 + 0.8
4 22,900 + 200 333+ 0.3
5 22,500 + 300 33.6 = 0.9
Table 2

LYSO generation comparison when coupled with a Philips 3200-22-44 DPC. The values presented are the
averages for each crystal or crystal pair. The errors on the experimental results are given as one standard
deviation of the measured data, and thus represent the variation across the investigated crystals. The errors
on the CRLB predictions are calculated by evaluating the CRT assuming a lower limit of 20 ps and an upper

limit of 80 ps for the rise time (see text for further explanation).

Gen. Photopeak position Energy resolution at CRT (ps FWHM) CRLB prediction
(No. activated SPADs) 511 keV (% FWHM) (ps FWHM)

2 2667 + 30 10.4 + 0.3 146.0 + 0.3 125 + 10

4 2519 + 69 10.7 + 0.1 135.7 + 0.5 124 + 10

5 2912 + 18 9.5+ 0.1 127.4 + 0.7 119 + 10

LSO 2605 + 190 10.5 = 0.7 129.7 + 5.4 124 + 10

the rise time by several tens of picoseconds, even though further
investigations may be required to confirm this trend. For this reason,
the generation 2 crystals may have a rise time more similar to a classical
material without co-doping (between 50 ps and 100 ps), whereas the
generations 4 and 5 crystals may have a shorter rise time (< 50 ps). The
improved CRT performance of generation 4 over generation 2 could be
explained by this [42]. An error of 10 ps was determined for the CRLB
calculations by evaluating the CRT using a value of 20 ps as the lower
limit on the rise time, and 80 ps as the upper limit. A difference in rise
time on the order of tens of picoseconds due to Ca%* co-doping would
therefore explain the CRT improvement between generation 2 and 4
crystals.

4. Conclusions

We characterized 3.3 mm X 3.3 mm X 3.3 mm and 3.3 mm X 3.3 mm
X 5 mm LYSO crystals from Luxium Solutions’ 2nd, 4th, and 5th
generations in terms of light yield, decay time, non-proportionality,
and emission spectrum. We then coupled the crystals with a Philips
3200-22-44 DPC and measured the number of SPADs triggered per scin-
tillation event, the temperature dependence of the number of detected

SPADs, the energy resolution at 511 keV and other energies, and the
CRT. This was done with the aim of determining which of the materials
would yield the best performance when incorporated into a dual-panel
PET detector utilizing the Philips 3200-22-44 DPC (see Table 2).

The latter two generations are found to have markedly better char-
acteristics, with similar improvements in light yield and decay time.
When coupled to the DPC however, the generation 5 crystals signifi-
cantly outperform the generation 4 crystals due to the better matching
of the emission spectrum with the PDE of the detector. Additionally,
this poorer performance may be further explained by the shorter wave-
lengths in the spectrum of the generation 4 crystals (Fig. 7), being more
susceptible to absorption by any imperfections on the Teflon wrapping
or crystal surfaces. Were the crystals intended for use with an SiPM
with a different PDE curve, it is possible that the generation 4 crystals
would be the optimal choice, given their slightly higher light yield.

It should be noted that the uncertainty in each set of measurements
was found to be very low. The uncertainties were determined by
calculating the standard deviation of each set of measured data, and so
they do not account for potential systematic errors. Nevertheless, this
demonstrates a high level of consistency and uniformity across crystals
within the same generation.
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