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Abstract

Commercially available clinical positron emission tomography (PET) detectors employ
scintillation crystals that are long (=20 mm length) and narrow (4-5 mm width) optically coupled
on their narrow end to a photosensor. The aspect ratio of this traditional crystal rod configuration
and 511 keV photon attenuation properties yield significant variances in scintillation light
collection efficiency and transit time to the photodetector, due to variations in the 511 keV photon
interaction depth in the crystal. These variances contribute significant to coincidence time
resolution degradation. If instead, crystals are coupled to a photosensor on their long side, near-
complete light collection efficiency can be achieved, and scintillation photon transit time jitter is
reduced. In this work, we compare the achievable coincidence time resolution (CTR) of
LGSO:Ce(0.025 mol%) crystals 3-20 mm in length when optically coupled to silicon
photomultipliers (SiPMs) on either their short end or long side face. In this “side readout”
configuration, a CTR of 102+2 ps FWHM was measured with 2.9x.2.9x20 mm3 crystals coupled
to rows of 3x3 mm? SensL-J SiPMs using leading edge time pickoff and a single timing channel.
This is in contrast to a CTR of 13743 ps FWHM when the same crystals were coupled to single
3%x3 mm? SiPMs on their narrow ends. We further study the statistical limit on CTR using side
readout via the Cramér-Rao lower bound (CRLB), with consideration given to ongoing work to
further improve photosensor technologies and exploit fast phenomena to ultimately achieve 10 ps
FWHM CTR. Potential design aspects of scalable front-end signal processing readout electronics
using this side readout configuration are discussed. Altogether, we demonstrate that the side
readout configuration offers an immediate solution for 100 ps CTR clinical PET detectors and
mitigates factors prohibiting future efforts to achieve 10 ps FWHM CTR.

1. Introduction

The reconstructed image signal-to-noise ratio (SNR) improvement offered from time-of-
flight PET (TOF-PET) has spurred considerable efforts to develop PET instrumentation
capable of more precisely estimating the interaction time of 511 keV annihilation photons.
Current state-of-the-art commercial PET systems have ~315-530 picoseconds (ps) full-
width-at-half-maximum (FWHM) timing performance, constraining annihilation events to
lie somewhere within a ~5-8 cm region along system detector response lines (LORS)
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[Jakoby et al. 2011, Miller et al. 2015, Grant et al. 2016, Hsu et al. 2017]. The reconstructed
image SNR improvement this localization provides can be estimated according to the
relationship between assumed patient diameter (D), the speed of light (c), and the CTR of
system (dt) in Equation 1 [Conti 2008].

SNR
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An important and longstanding milestone for TOF-PET is a system capable of 100 ps
FWHM CTR, which would facilitate a 5-fold improvement in image SNR compared to a
PET system with no TOF capability, with the potential for transformational impact in count
starved and contrast limited clinical scenarios of PET imaging. Ultimately these efforts are
geared toward localizing annihilation events along LORs with an accuracy that approaches
the resolution limits dictated by positron range, 511 keV photon accolinearity, and detector
element width, at about 10 ps FWHM CTR. At this level of performance, an estimated >15-
fold improvement in reconstructed image SNR can be realized, or equivalently, effective 511
keV photon sensitivity is boosted by two orders of magnitude.

SNR

With advances in SiPM technology and the discovery of novel scintillation materials,
sub-100 ps FWHM CTR is now achievable with lutetium based inorganic scintillators
[Nemallapudi et al. 2015, Cates et al. 2016, Gundacker et al. 2016a]. However, to date, this
timing performance has only been achieved with very short crystal elements (~3-5 mm
length). In current commercially-available clinical PET systems, at least 20 mm length
lutetium oxyorthosilicate-based crystals are employed to provide adequate detection
efficiency for 511 keV photons. For the standard approach of coupling the photosensor to
the crystal ends (Figures 1(a) and 1(b)), this increase in crystal length (20 mm vs. 3 mm)
significantly reduces and causes variance in light collection efficiency (LCE) at the
photosensor and increases the variance in scintillation photon transit time in the crystal,
thereby increasing the temporal variance of earliest detected scintillation photons - which are
the photons that provide the best estimation of the time of a 511 keV photon interaction. In
this standard configuration, the LCE for 20 mm length crystals is reduced to ~40%
compared to ~70% for the 3 mm length crystal [Pauwels et al. 2009, Gundacker et al. 2013].
The scintillation photon transit time spread is also increased from tens-of-picoseconds to
hundreds-of-picoseconds [Cates et al. 2015]. This light transit time variance is depth-of-
interaction (DOI) dependent, including the travel time of the 511keV photon to a specific
DOl in the crystal element of interaction. As a result of all these temporal smearing
processes and decreased scintillation photon statistics, the CTR performance for 20 mm
length crystals for the standard light readout configuration is typically at least 50% worse
than that achievable for short crystals. Therefore, for long and narrow elements used in a
traditional PET detector design (photosensor coupled to the crystal end), sub-100 ps CTR
has not yet been achieved.
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1.1. Benefits of Side Readout of Scintillation Crystal Elements

It has previously been shown that coupling high-aspect-ratio (HAR) (i.e. long and narrow)
crystal elements to a photosensor on their long side (Figure 1(c)) facilitates near complete
LCE, independent of crystal surface finish [Levin 2002]. Another important benefit of this
“side readout” configuration is that it reduces the average and variance in the distance
scintillation photons must travel to reach the photosensor, thereby reducing the overall
scintillation photon transit time jitter. Our group has also shown that this side readout
configuration naturally yields a three-dimensional position sensitive detector (3DPSD)
capable of positioning one or more interactions per 511 keV photon event, with sub-
millimeter positioning accuracy in the depth direction using an energy weighted mean
positioning algorithm [Yeom et al. 2015]. This ability to localize 511 keV interactions in 3D
mitigates the well known parallax error that leads to radial position dependent spatial
resolution within a PET system [Levin 2008]. But note that a 3DPSD is different than a
standard depth-of-interaction (DOI) detector [Rafecas et al. 2003, Lerche et al. 2005, Yang
et al. 2006, Mosset et al. 2006], which assumes annihilation photons interact only once in
the detectors. 3DPSDs enable two important features (1) more accurate positioning of one or
more annihilation photon interactions (=2-interaction inter-crystal scatter events are much
more probable than single-interaction photoelectric events, as the scatter fraction for 511
keV photons is roughly double the photoelectric absorption fraction in LSO) [Pratx et al.
2013] and (2) an estimate of the incoming annihilation photon incident angle for >2-
interaction inter-crystal scatter events, which provides an opportunity to retain a high
fraction of 511 keV photon coincidence event types that are normally rejected [Chinn et al.
20063, Chinn et al. 2006b]. If these normally rejected events can be recovered, and adequate
information extracted from them, then the 511 keV photon system sensitivity can be further
increased by more than an order of magnitude [Levin 2008, Levin 2012]. Another benefit of
a 3DPSD in PET relates directly back to ultra-precise TOF event positioning capabilities. As
a system’s achievable CTR moves below 250 ps FWHM, it becomes important to more
accurately position the first 511 keV photon interaction location in order to accurately
determine the LOR endpoints for more accurately positioning of the TOF-kernel along each
LOR during the image reconstruction process [Spanoudaki et al. 2009]. Accurate positioning
the TOF kernel along every LOR is an important part of optimizing the benefits from
advanced TOF-PET systems.

In summary, coupling photosensors to the long side, as oppose to the short end, of
scintillation crystal element facilitates substantially improved LCE, reduced scintillation
photon transit time jitter, and intrinsic 3D event positioning. If this side-on scintillation light
readout configuration can be translated into a TOF-PET detector in a scalable way, (e.g. one
that does not increase the complexity of the detector readout) it is a highly promising
detector design to mitigate factors currently affecting the timing performance of PET
detectors comprising long and narrow scintillation crystals. This design also enables 511
keV photon sensitivity boosting algorithms via 3D positioning capabilities [Levin 2012]. In
this work, we evaluate the achievable CTR with the side readout configuration using an
advanced lutetium-based inorganic scintillator and a state-of-the-art analog SiPM
technology.
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2. Materials and Experimental Methods

2.1. Scintillation Crystals

The scintillation material used in this work was LGSO:Ce(0.05 mol%) (fast-LGSO). This
material offers a reduced scintillation decay time compared to LYSO:Ce with similar light
output [Loignon-Houle et al. 2017]. Fast-LGSO also exhibits a 10 ps rise time that has been
measured with the time correlated single photon counting setup described in [Gundacker et
al. 2016b]. Figure 2 shows the measured temporal profile for fast-LGSO [Private
Communication, Gundacker 2017]. Two decay time components were found, 37.0 and 11.6
ns, measured with 90.8 and 9.2 % relative intensities. The fitted rise time was 10.3 ps. In
[Gundacker et al. 2016b], the importance of a luminescence temporal profile having a fast
rise time for scintillation detectors achieving sub-100 ps was presented. This material is
therefore a promising candidate material for achieving this level of timing performance. In
Section 3, we further explore the potential CTR well below 100 ps. Crystal elements with
volumes of 2.9x2.9x3, 2.9x2.9x5, 2.9x2.9x10, and 2.9x2.9x20 mm3 were used in
experimental work, and all crystal surfaces were mechanically polished.

2.2. Characterization of Light Output in Side Readout Configuration

The light output from the scintillation crystals coupled on their short end and long side faces
was quantified with a Hamamatsu R9779 photomultiplier (PMT) for the 3, 5, 10, and 20 mm
length crystals (Figure 3(a)). This PMT was previously single photoelectron calibrated using
the methods outlined in [Bellamy et al. 1994]. Therefore, light output from the crystals was
quantified as “number of photons” after correcting for the quantum efficiency of the PMT
over the emissions spectrum of fast-LGSQ. The single photoelectron response measured
from the PMT is shown in Figure 3(b). The anode of the PMT was directly connected to an
Agilent DSO940 2GHz oscilloscope and raw waveforms were digitized at 20 Giga-samples
per second (GSa/sec). The digitized waveforms were integrated, and the number of photons
in each waveform was calculated from the single photoelectron response of the PMT. The
light output of the crystals at 511 keV energy deposition was characterized by fitting a
Gaussian distribution to the resulting 511 keV photopeak, where the fitted mean was taken
as the light output for each crystal. Measurement error was estimated as the square root of
the mean number of photons. Note that the quantified light output was not the absolute light
yield of the scintillation crystals, rather the number of photons that escape the crystal’s exit
face.

2.3. Coincidence Time Resolution Measurements

To measure the achievable CTR with crystals coupled to photosensors in the side readout
configuration, test boards were designed and assembled for a row of eight 3x3 mm?2 SensL-J
through-silicon-via (TSV) SiPMs. A schematic of the test boards is shown in Figure 4(a),
and a picture of one of the test boards is shown in Figure 4(b). The board was designed such
that up to four channels could be connected to a MAR-6 preamplifier [Minicircuits 2017],
and two of these preamplifiers could read out all eight SiPMs. The “fast outputs” of the
SensL J SiPMs were connected to the preamplifiers, and these outputs served as the timing
channels for the test board. The fast output provides a low capacitance path from the SiPM’s
Geiger-mode avalanche photodiode cells and therefore offers a high-pass filtered output that
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mitigates baseline shifts due to dark noise, minimizing the influence of leading edge time
pickoff estimation of 511 keV interaction time. If desired, the anodes of the SiPMs may be
connected to a resistive mesh with two outputs that optionally provide linear positioning
capabilities via the ratio of amplitudes at the output of the two channels, in addition to
energy information. Altogether, the test boards were designed with the goal of providing any
linear combination of SiPMs to test many possible readout configurations when the sides of
scintillation crystals were coupled to the row of SiPMs.

The experimental setups used to measure CTR with end and side readout configuration are
shown in Figure 5. CTR for crystal/SiPM pairs oriented in the end readout configuration was
measured using SensL-J TSV SiPM evaluation boards with a single 3x3 mm?2 SiPM. The
fast output of each SiPM was amplified with a Minicircuits MAR-6 preamplifier and passed
to an Agilent DS0940 2GHz oscilloscope. Energy signals were taken from the “standard”
output (anode) and passed directly to the oscilloscope. Coincidence processing was
performed using the acquisition software on the oscilloscope, where the acquisition
threshold was placed just below the 511 keV photopeak, and 5000 coincidence events were
recorded for the 3, 5, 10, and 20 mm length crystal pairs. Waveforms from both detectors
were digitized at 20 GSa/sec. Time pickoff was performed in post processing with leading
edge time pickoff. No baseline corrections or advanced digital time pickoff algorithms were
used. Coincidence events within the full-width-at-tenth-max of a Gaussian fit to the 511 keV
photopeak were considered energy qualified and included in CTR analysis.

The same crystals were measured in the side readout configuration using the same
experimental setup, depicted in Figure 5(b), using the test boards depicted in Figure 4. The
3, 5, and 10 mm length crystals were coupled on their long side to 1, 2, and 3, SiPMs
respectively. Note, the 3 mm length crystals are not really in side readout configuration, as it
is essentially a cube, but we also measured CTR with these crystals using the side readout
test board using only 1 SiPM active to compare with the measured CTR using the single
pixel SensL-J evaluation boards (Figure 5(a)). For the 10 mm length crystal coupled to a row
of 3 SiPMs, there was approximately 150 zm of “overhang” at either end 2.9x10 mm? face.

The 20 mm length crystals were coupled on their sides to a row of six SiPMs in the
experimental setup shown in Figure 5(c). This gave an overhang of approximately 250 ym
on either end of the 2.9x20mm? face of the crystal where there was no SiPM. In this setup,
the energy and timing outputs of two groups of three SiPMs were shorted together on the
test board, yielding two energy channels and two timing channels for each detector. The four
energy channels were connected to one oscilloscope and digitized at 20 GSa/sec. Software
on this scope was also used to perform coincidence processing. An external trigger output on
this scope was connected to a second Agilent DSO940 oscilloscope, where timing channels
were digitized at 20 GSa/sec after combining the two timing channels from each detector
into a single channel with a Minicircuits ZX10R-14-S+ power combiner. The external
trigger of the oscilloscope processing the energy channels was used as an auxiliary trigger
for the timing scope. Since these oscilloscopes do not have an external input that serves as a
“busy” or “hold-off” trigger, a conservative hold-off time of 500 ms was implemented in
software on the energy-measuring oscilloscope, to ensure adequate time for the second
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(timing) oscilloscope to receive the external coincidence trigger and write the acquired
waveforms to the hard drive.

The experimental setup in Figure 5(c) allowed the position of interaction to be estimated via
the ratio of the amplitude from the energy channels of the two three-SiPM groups coupled to
each 2.9x2.9x20 mm3 crystal. With this information depth-dependent time pickoff
correction could be implemented, to investigate its effect on achievable CTR with side
readout of 20 mm length crystals. The depth-dependent time pickoff correction is illustrated
in Figure 6(a). Interaction depth was calculated as the normalized ratio of signal amplitude
from the “front” and “back” SiPM groups. Therefore, interaction depth values ranged from
0.5 to —0.5 (front to back). The depth-dependent time correction was performed by only
considering interactions in a very small volume of one crystal (crystal 1) along with
interactions within the entire volume of the other crystal (crystal 2). In this way, a simple
correction could be implemented by fitting a linear curve to a plot of the time difference
between interactions in crystal 1 and crystal 2, as shown in Figure 6(b). The x-axis of Figure
6(b) is the calculated depth-of-interaction, and the y-axis represents the time difference
between the two detectors. With these data, a simple correction can be applied to
timestamps, like a standard time walk correction. This was repeated in depth-value steps of
0.025, separating crystal 1 into 40 sections. This corresponds to ~0.5 mm steps. However,
slight nonlinearity in the calculated depth of interaction exists for events interacting in the
very front or back ends of the crystal, since only two channels are used for positioning, and
interactions at the extrema of the crystal volume will exhibit less uniformity in light sharing
across the two groups of three SiPMs coupled to the 2.9x20 mm? face of the crystals. Light
loss in the regions of overhang at the front and back ends of the crystal can also contribute to
nonuniformity in light collection.

We also validated the measured CTR with side readout of the 2.9x2.9x20 mm3 crystals
using the depth-dependent time pickoff correction. Using the same experimental setup
shown in Figure 5(c), the Ge-68 point source was displaced in 2 cm increments for three
separate measurements, resulting in an expected shift of 133 ps in the mean of measured
CTR distributions (a 2 cm source displacement results in a total change in path length
difference of 4 cm for the two 511 keV photons). The source was positioned with an
accuracy within 1 mm, and the active portion of the source had a 0.25 mm diameter.

While the ideal case for the side readout configuration would have sensors along the entirety
of a long and narrow crystal (see Figures 1(c) and 6(a)), it may also be desired to accomplish
an optimal trade off between achievable CTR and active photosensor area, since an increase
in photosensor area is also associated with a higher detector readout complexity and cost. To
address this, we repeated CTR measurements with 10 and 20 mm length crystals using the
crystal/reflector combinations in a “sparse” SiPM readout configuration, shown in Figure 7,
and the experimental setup in Figure 5(b). In these measurements, we reduce the
photosensitive area coupled to the long sides of the crystals by 30%. In Figures 7(a) and
7(c), the ends of the crystal not connected to SiPMs are left open, and for the configurations
shown in Figures 7(b) and 7(d), the same ends of the crystal are covered with one layer of
ESR reflector. These two cases were tested to investigate whether the improved light
collection from reflector at the end areas of the crystal (where there is no photodetector)
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would outweigh a potential increase in scintillation photon transit time jitter the reflector
might also introduce.

2.4. Analytical CRLB Calculations for Scintillators with Side Readout

The scintillation photon transit time for side readout of crystal elements can be modeled
using an analytical model outlined in [Yang et al. 2012 and Cates et al. 2015]. This model
can also include the travel time of 511 keV photons to interaction locations (weighted by a
material’s linear attenuation coefficient), scintillation luminescence profile, depth-dependent
scintillation photon transit time, and temporal response of the photosensor to calculate the
Cramér-Rao Lower Bound (CRLB) on CTR via the Fisher statistic [DeGroot 2012], which
represents that statistical limit on achievable timing resolution performance for a scintillation
detector. The model builds upon a first formalism to analytically calculate this statistic limit
on CTR for scintillation detectors [Seifert et al. 2012] by including scintillation light
transport for crystal geometries with non-negligible scintillation photon transit time jitter
[Cates et al. 2015].

Recently, researchers have also been investigating the potential for improving CTR by
exploiting prompt emissions such as hot intra-band luminescence, Cherenkov yield from the
primary photoelectron, or other methods that exploit sub-ps optical phenomena [Lecoq et al.
2014, Gundacker et al. 2016b, Dolenec 2013, Kwon et al. 2016, Brunner et al. 2017, Tao et
al. 2016, Tao et al. 2017]. The ultimate goal of efforts to develop TOF-PET detectors with
the ability to localize 511 keV photon interactions along LORs with an accuracy that
approaches the spatial resolution limits dictated by positron range, 511 keV photon
accolinearity, and detector element width [Levin et al. 1999]. This would correspond to
about 10 ps FWHM CTR. However, improving CTR below 35 ps FWHM would already
facilitate localization along the LOR as good as the reconstructed spatial resolution of
current commercial systems (~5 mm) and still provide substantial SNR improvement. We
calculated the CRLB to investigate potential for improved CTR for a population of prompt
photons with a detector having a crystal with 10 ps rise time and optimized light transit time
jitter and light collection efficiency in side readout configuration. For LSO and similar
scintillation materials, an estimated 15-20 Cherenkov photons are produced for 511 keV
photoelectric interactions between wavelengths of 250-600 nm [Lecoq et al. 2010, Brunner
et al. 2014]. If ~90% LCE reported in [Levin 2002] for 20 mm length crystals coupled to
photosensors on their side is assumed, this provides roughly 10 prompt Cherenkov photons
available for detection in the photosensor. In these calculations photosensor PDE and single
photon time resolution were parametrically varied.

3. Results

3.1. Light Output for End vs. Side Readout

The measured light output for the 3—-20 mm length fast-LGSO crystals coupled to the
Hamamatsu R9779 PMT on their narrow ends or long sides is shown in Figure 8(a). For end
readout, the measured light output decreases by 37% over the different crystal lengths
studied, whereas the mean light output values with side readout differ by less than one
percent.
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3.2. Coincidence Time Resolution Measurements

Measured CTR with 3-20 mm length crystals coupled on their narrow ends to a single 3x3
mm? SiPM is shown in Figure 9(a), and CTR with the same crystals coupled on their long
side to a row of SiPMs is shown on Figure 9(b), both as a function of bias voltage. In Figure
9(b), the 3, 5, 10, and 20 mm length crystals were side-coupled to a row of one, two, three,
and six 3x3 mm? SiPMs, respectively. Measured CTR with side readout for the 20 mm
length crystals with and without the time walk correction is shown, denoted “NC” for “not
corrected” and “C” for “corrected”.

The magnitude of influence capacitive shaping and cumulative noise had on CTR is shown
in Figure 10. CTR measurements with the 2.9x2.9x3 mm3 crystals were repeated using the
experimental setup shown in Figure 5(b) with an increasing number of SiPMs (1-to-8)
connected in parallel to a single timing channel. In this way, the light collection and transit
time jitter remained constant, while the the amount of dark noise and capacitive shaping on
the timing channels increased. The black markers in Figure 10 represent measured CTR with
one, two, four, and eight SiPMs, with a linear fit shown in red. Also included in this figure
are the best CTRs with the 5, 10, and 20 mm length crystals using side readout, being
coupled to two, three, and six SiPMs. The best measured CTRs match the linear fit of the 3
mm length crystal measurements with multiple SiPMs within experimental error. Therefore,
the effects of multiple SiPMs is the major contributor to degraded CTR with longer crystals.
After extracting the contribution to CTR that the increased noise adds from the 5-20 mm
length measurements with side readout, the resulting values fall within 85+2 ps, the CTR
result achieved with the 3 mm length crystal, within experimental error. Therefore, the same
CTR achieved with 3 mm length crystals is achievable with 20 mm length crystals using side
readout, when the increased sensor noise is accounted for. This is opposite of the case where
crystals are coupled to an SiPM on their narrow end, where increasing crystal length
decreases light collection efficiency and significantly increases scintillation photon transit
time jitter.

The measured CTR distributions from the validation measurements, where the Ge-68 source
was displaced resulting in an expected shift in CTR distributions of 133 ps, are shown in
Figure 11. The means of the CTR distributions are correctly displaced, within the
experimental error of the measurement. A linear fit to the calculated mean of each CTR
distribution yields a slope of 30.6+6.03 cm/ns corresponding to the speed of light, within the
experimental error of the linear fit.

3.3. Coincidence Time Resolution Measurements with Sparse Sensor Readout

The measured CTRs with sparse sensor readout configurations are shown in Figure 12(a).
With two 3x3 mm? SiPMs centered on the side of 2.9x.2.9x10 mms3 fast-LGSO crystals
with and without the remaining area of the side covered in ESR reflector 120+2 and 100+2
ps FWHM were measured, respectively. For the case of a row of four SiPMs centered on the
side of 20 mm length crystals with and without ESR reflector on the remaining area of the
crystal side, 135+2 and 110+2 ps FWHM were measured respectively. While placing
reflector on the open areas of the crystal side coupled to SiPMs improved the 511 keV
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photopeak amplitude by ~10%, measured CTR was degraded by about 20 ps for the 10 mm
length crystals and 25 ps for the 20 mm length crystals.

A disadvantage of leaving the area of the crystal sides not coupled to the SiPMs open was a
degraded 511 keV photopeak energy resolution, shown in Figure 12(b). In this figure, the
recorded energy spectra for 20 mm length crystals coupled to a row of six SiPMs (blue) is
compared to only four SiPMs (green) are compared at an SiPM bias of 31.5V. The lower
limit of the x-axis was the acquisition threshold used in CTR measurement. A best fit of a
Gaussian curve to the 511 keV photopeak with the 20 mm length crystal coupled to 4 SiPMs
yields an energy resolution of 20% (not corrected for saturation). When six SiPMs are
coupled to the side of the 20 mm length crystals an energy resolution of 10% was calculated.
This broadening of the 511 keV photopeak with four SiPMs and no reflector on the
remaining exit surface of the crystals is due to events with interactions that occur near the
extremities of the crystal, where a substantial amount of light loss occurs. The 10 mm length
crystals with two SiPMs mounted on the side face, and no reflector on the exposed ends
exhibited the same behavior.

3.4. Cramér Rao Lower Bound Calculations

Figure 13 shows the calculated CRLB on FWHM CTR for two 3x3x20 mm? fast-LGSO
crystals coupled to a photosensor on their 3x20 mm? sides, where 10 Cherenkov photons
have been incorporated into the temporal emissions profile used for the calculation in the
manner described in [Gundacker et al. 2016b]. The primary factor limiting CTR with this
small prompt photon population, having minimal transit time jitter due to crystal side
readout, is the photosensor’s SPTR. When 10 prompt photons are available for detection in
combination with the scintillation photons in the 10 ps rise time of fast-LGSO, the statistical
limit on CTR reaches 35 ps FWHM when the photodetector SPTR is less than 80 ps
FWHM, over a wide range of sensor PDE values.

4. Discussion

As demonstrated by earlier work [Levin 2002], measured light output for side readout of
long and narrow scintillation crystals is substantially improved compared to the case where a
crystal is coupled to a photosensor on its narrow end (Figure 8(a)). For context, consider that
in recent years significant effort has been put forth to improve LCE with end-coupled
scintillation crystals by exploiting photonic crystal techniques [Knapitsch et al. 2014], and
simulated gain in LCE for optimized nanoimprinted structures predict 15-30% improvement
compared to a polished exit coupled to a sensor with an optical glue [Knapitsch et al. 2016].
In Section 3.1 we showed that >50% improvement in LCE can already be achieved with the
side readout orientation of a 20 mm length crystal, compared to end readout of a crystal with
the same length. We also note that scintillation photon transit time jitter before
photodetection is reduced in this side readout orientation. In an end readout configuration a
large variance exists in scintillation photon transit time due to scintillation photons initially
traveling towards or away from the photosensor. Since the average scintillation photon path
length to the photodetector is substantially reduced with side readout of cyrstal elements,
this variation in scintillation photon transit time is also significantly reduced. The improved
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LCE and transit time jitter when long crystals are coupled on their side overcomes
limitations to CTR imposed on a HAR crystal geometry read out on its narrow end.

The achievable CTR for 3-20 mm length crystals using side readout was shown to differ by
<20 ps when a depth-dependent time correction was applied to measurements with 20 mm
length crystals (Figure 9(b)). The measured CTRs in Figure 9(b) increase from 8612 to 102
+2 ps FWHM as crystal length is increased from 3 to 20 mm length, even though the light
output and scintillation photon transit time jitter for these to crystal geometries do not differ
significantly, as shown in Figures 8(a) and 8(b). This is expected, since more SiPM pixels
are connected to a single channel for timing with the side readout configuration, as the
crystal length increases. Connecting the SiPMs in parallel to a single output results in
capacitive shaping of the signal that degrades signal rise time and amplitude, which reduces
SNR [Bieniosek et al. 2015]. This increase of the total detector capacitance could also
potentially influence the single photon time resolution (SPTR) of the device [Acerbi et al.
2014]. A second effect is that the dark noise from the SiPM pixels is all being added into a
single channel. As mentioned in Section 2.3, the fast output of the SensL-J SiPMs provides a
low capacitance path that minimizes the effects of baseline shifts due to dark noise that can
reduce the accuracy and precision of leading edge discrimination for estimation of 511 keV
time of interaction. However, as the number of SiPMs tied to a single channel increases, the
ability to perfectly compensate for the effects of cumulative dark noise on baseline stability
will eventually degrade [Cates et al. 2017]. Data in Figure 10 further clarified that the major
contribution to the degraded CTR from 3 to 20 mm length crystals using side readout is
effects resulting from multiplexing many SiPMs to a single channel of readout. When the
measured CTRs are adjusted for these effects, the same timing performance is calculated for
3-20 mm length crystals, within experimental error.

A sparse sensor readout (i.e. reading out a smaller effective photosensor area) (Figure 7)
could potentially mitigate these effects degrading CTR associated with reading out a larger
effective photosensor area, but this will come with a trade-off of potentially increased
scintillation photon transit time (Figures 7(b), 7(d), and 12(a)) or reduced light collection
efficiency (Figures 7(a), 7(c), and 12(b)). Reducing the side area coupled to SiPMs by 30%
degraded CTR by <10 ps FWHM. However, the 511 keV photopeak energy resolution was
significantly blurred (>20%). In future work, will investigate optimized sparse sensor
readout configurations. An implementation of a depth-dependent energy correction may also
recover energy response with sparse sensor side readout over “open” regions of the crystal
exit surface.

The greatly improved LCE and minimized scintillation photon transit time jitter for side
readout of HAR crystals also presents a unique opportunity to exploit a small population of
prompt photons. Ongoing efforts to improve the SPTR of SiPMs can facilitate a CTR within
a range of a few tens-of-pecoseconds for a wide range of PDE already achieved with state-
of-the art SiPM technologies (Figure 13). However, excellent SPTR is required to push the
statistical limit to this level, <80 ps FWHM. Interestingly, this level of performance has been
demonstrated with the Philips DPC 3200 digital SiPM. A timing response of approximately
80 ps FWHM was reported in an experiment where ~5 photons were incident on a pixel of
the digital SiPM from a picosecond laser source [Liu et al. 2016]. SPTR at this level has also
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been reported for 1x1 mm2 FBK NUV SiPMs [Acerbi et al. 2014a]. At the level of SPTR
that is currently achieved with single Geiger-mode cells of ~20 ps FWHM [Acerbi et al.
2014b], the statistical limit on CTR is lowered to <20 ps FWHM. Ongoing development of
large area SiPMs with digital readout architectures capable of reading out individual Geiger
cells may approach or surpass this level of SPTR in the future, as the number of Geiger-
mode cells tied to a single time-to-digital converter can be greatly reduced, minimizing the
influence of noise and capacitance on SPTR. It is promising that the side readout detector
configuration can potentially offer the photon statistics necessary to achieve < 35 ps FWHM
CTR with future technologies that improve the SPTR of analog and digital SiPMs. As
[Gundacker et al. 2016b] demonstrated, many hundreds of prompt photons would be
required to achieve this level of performance for end-coupled HAR crystal elements =10 mm
in length, due to larger scintillation photon transit time jitter.

4.1. Potential Scalable Detector Design

Our proposed detector readout configuration is very different from the conventional PET
detector that uses crystal elements coupled on their narrow ends to phototdetectors, with
scintillation light sharing between elements and/or charge readout multiplexing of readout
channels. Here we discuss some aspects of a scalable detector design having photosensors
coupled to the long side of elements in a scintillation crystal array. In Figure 14(a), a
detector comprising a 4x4 array of long and narrow crystals, end coupled to a 4x4 array of
SiPMs with conventional readout is depicted. This results in four energy and position
channels (their sum representing total deposited energy from one or more 511 keV photon
interactions), and for TOF capable PET detector designs, typically a dedicated timing
channel is used. A detector of equivalent sensitive area with crystals of the same geometry
coupled to SiPMs on their long sides is illustrated in Figure 14(b). The conceived detector
design would be implemented with edge readout, as outlined in [Levin et al. 2002]. In this
configuration, it is important that the dead space between rows of scintillator pixels caused
by the photosensors and readout is minimized. This can be accomplished by mounting
SiPMs onto thin flexible circuits, where a ex-circuit thickness <100 zm can be used. As an
example, the Sensl-J TSV SiPMs used in this work have a total sensor thickness of 640 tm,
including the 350 gm glass window, 70 gm silicon, and 220 tm solder ball. Therefore, even
with off-the-shelf sensors, a good packing fraction (~74%) can be achieved (Figure 15(a)),
so detection efficiency would not be sacrificed much in an edge mounted detector design.
This is calculated with an assumed 100 zm reflector around the other faces of the crystals, in
addition to the dimensions shown in Figure 15(a) (9/(3.795*3.2)=74%). An improved
packing fraction could be realized with a modified SiPM package (Figure 15(b)), where the
glass plate between the silicon and crystal is removed, leaving only optical coupling media
between the two, and the solder volume used to reflow the sensors to the flexible circuit is
reduced. In this proposed assembly (Figure 15(b)), the packing fraction is improved to ~86%
(9/(3.255*3.2)=86%), which is within 5-10% of the packing fraction achieved for a
conventional commercially-available block detector.

Like the traditional detector design in Figure 14(a), the proposed detector employing side
readout crystal elements in an array (Figure 14(b)) would multiplex the many energy and
timing signals down to just a few channels of readout. This could be accomplished with
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mixed analog-digital signal processing, similar to what has been presented in [Cates et. al
2017]. In that work, we showed after timestamps have been encoded in a digital pulse, many
timing channels can be combined with no degradation in timing performance. The energy
and position signals could then be processed through their own multiplexing scheme before
being combined with the timing signals to form a single channel of readout for each row of
segmented crystals (4 readout channels total in the design depicted in Figure 14(b)). For
example, if energy is encoded via time-over-threshold, then each energy pulse could then be
given a characteristic delay via an active delay chip, resulting in a digital pulse output
represented in Figure 14(b) after being combined with the multiplexed timing signal. Here
the leading edge of the first digital pulse encodes time of interaction via leading edge
discrimination, the distance between the first and second pulse identifies which crystal the
event occured in, and the width of the second pulse identifies deposited energy. In this work,
we have presented single-pixel, proof-of-concept measurements with the side readout
configuration. There are a lot of important considerations when moving from single pixel
measurements to a modular design (ex. minimizing scintillation light crosstalk between
crystals in a pixelated array, optimizing the number of channels which can be connected to a
leading edge discriminator before multiplexing, etc.). Such aspects of a modular design are
under development, and we will report on them in future work.

Comparing this proposed new detector design to the conventional PET detector, it requires
no increase/change in crystal volume (the most expensive aspect of a PET detector). It has
the same or slightly reduced number of readout channels (e.g. 4 vs. 5) and a similar packing
fraction, with a trade off being a moderate increase in photosensor area. With this trade off
comes ~100 ps FWHM CTR and 3D positioning capabilities, offering the potential to
greatly improve reconstructed image SNR in the manner described in Section 1.1.

5. Conclusions

Coupling photosensors to the long side of scintillation crystal elements, as opposed to their
narrow end, offers near complete light collection, substantially reduced scintillation photon
transit time jitter, and intrinsic 3D positioning capabilities. A 20 mm length fast-LGSO
crystal coupled to a photomultiplier on the long side exhibited the same light output as a 3
mm length crystal coupled on its end. A CTR of 102+2 ps FWHM was measured for two 20
mm length crystals coupled to a row of SensL J TSV SiPMs on their long sides, using a
single timing channel and simple leading edge time pickoff. It was further shown that when
the effect of increased noise associated with combining multiple SiPMs to a single channel
on CTR was accounted for, 20 mm and 3 mm length crystals achieve the same timing
performance in the side readout configuration. The number of SiPMs coupled to the side of
crystal elements can also optionally be decreased by 30% to reduce cost and complexity of a
detector employing the side readout configuration, with a minor degradation in CTR (10-
20%). This scintillation light readout strategy offers an immediate solution for 100 ps
FWHM CTR clinical TOF-PET detectors with 3DPSD and a pathway for ongoing and
future efforts to develop detectors capable of 10 ps FWHM CTR.
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Figure 1.

Short and long scintillation crystals with standard light readout at the end of the crystal are
shown in (a) and (b). In (c), an alternative scintillation light readout configuration is
depicted, where light is readout by a photosensor coupled to the side of the crystal.

Phys Med Biol. Author manuscript; available in PMC 2018 June 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Cates and Levin

Page 17

3} 1,=37.0ns R =90.8% =
bt 1,=11.6ns F-12=9.2%

=

3 25f %°=1.085 (+/- 6=0.0318)

8 oL #event=315810 _
o

@

Q9 1.5f .
=

=

€ 1 7
8) .- i

= 0.5 3 e

0 = 1 1 1 1 1 L L
100 150 200 250 300 350 400 450 500
Time (ns)

o 200/

O

=
8 150~
kS

S 100+ -
= t.=10.3ps P=100.0%
=]
Z 5ol %°=1.155 (+/- 6=0.0797) |
104 105 106 107 108 109 110
Time (ns)
(b)
Figure 2.

The full temporal luminescence profile for LGSO:Ce(0.05 mol%) (fast-LGSO) is shown in
(a), and magnified view of the rising edge of the temporal profile is shown in (b). A two-
component decay fit yielded measured 37.2 and 11.8 ns with 90.6 and 9.4% relative
intensities, respectively. The measured rise time was 8.9 ps [Gundacker 2017].
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Figure 3.
An experimental setup used to quantify light output of fast-LGSO crystals in “end readout”

and “side readout” with a Hamamatsu R9779 PMT is shown in (a). In (b), the multi-
photoelectron charge spectrum for the PMT used is shown.
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Figure 4.

In (a), a schematic of the circuit designed to test the achievable CTR with the side readout
configuration. One of the printed and assembled test boards is shown in (b).
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Experimental setups to measure CTR with crystals and SiPMs oriented in end (a) and side

(b) readout configuration. Side readout experiments were performed using the test board
shown in Figure 4(b), where a row of SiPM pixels were connected together and coupled to
the long side of the crystals. An experimental setup used to measure CTR with side readout
using depth-of-interaction corrected time stamps is shown in (c).
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Figure 6.

An illustration of the procedure used to make the depth-dependent time walk correction on
timestamps for the side readout of 20 mm length crystals. “Signal,” and “Signal,” refer to
the energy signals from the anodes of two groups of three SiPMs. Likewise with “Signals”

and “Signals”.
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Ilustrations of side readout configurations used to measure the achievable CTR for “sparse”
sensor readout. 20 mm length crystals were tested with with four 3x3 mm?2 SiPMs in the
center of the crystals with (a) and without (b) ESR reflector on the “open” area at the bottom
of the crystal. A similar sensor/reflector arrangement was also tested for 10 mm length
crystals with two SiPMs ((c) and (d)).
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Measured light output at 511 keV energy deposition for fast-LGSO crystals coupled to a
Hamamatsu R9779 PMT on their narrow ends or long sides.
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33

Measured CTR for fast-LGSO crystals with 3-20 mm lengths in end readout is shown in (a).
In (b), the measured CTR with the same crystals using side readout is shown. 20 mm length
crystals in side readout are denoted both “NC” for “not corrected” and “C” for “corrected”

for the case without and with a time walk correction. Error bars represent a 95% confidence

interval on the fit to the CTR distributions.
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Figure 10.
Measured CTR for 2.9x2.9x3 mm3 fast-LGSO crystals is shown as the number of 3x3 mm?

SiPM pixels connected together to a single output was increased (black), with a linear fit to
these data (red). Also shown are the best CTR values for 5, 10, and 20 mm length crystals
with side readout arranged according to the number of SiPM pixels they were coupled to.
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Figure11.
CTR distributions from validation measurements, where a Ge-68 source was displaced by

known distances of 2 cm, resulting in an expected shift of CTR distributions of 133 ps.
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Figure 12.

1 1.2 14
Normalized Amplitude

Measured CTR for sparse sensor readout configurations with 10 and 20 mm length crystals
are shown in (a). The terms “OB” and “CB” are used to denote open and closed bottom,
where the portion of the scintillation light exit interface of the crystal not coupled to SiPMs
is either left open or covered with ESR reflector. An example of the affect on the 511 keV
photopeak with a 20 mm length crystal having sparse sensor readout and OB (green) and

one where the bottom is covered by SiPMs.
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Figure 13.

Calculated CRLB for 3x3x20 mm3 fast-LGSO crystals considered 10 prompt Cherenkov
photons, where SPTR and PDE are parametrically varied.
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A traditional PET detector design with an array of long and narrow scintillation crystals
coupled end-on to an array of SiPMs is shown in (a). In (b), a proposed detector design
employing side readout of the same crystal array, with very thin SiPM devices mounted on a

very thin flex circuit.
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Figure 15.
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End-on view of a row of crystal elements coupled to SiPMs on their side, showing the
achievable packing fraction with off-the-shelf version of the sensors used in this work (a)
and a greatly improved packing fraction if the optical window could be removed in a future

design (b).
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