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5 Thick monolithic scintillation

crystals for TOF-PET with

depth-of-interaction measurement

This chapter has been published as: R. Vinke, H.T. van Dam, S. Seifert, F.J.
Beekman, H. Löhner, D.R. Schaart, and P. Dendooven, "Thick monolithic scin-
tillation crystals for TOF-PET with depth-of-interaction measurement," in 2010
IEEE Nucl. Sci. Symp. Conf. Record, NM3-3, 2010.

Abstract

Positron emission tomography (PET) detectors based on monolithic scintil-

lation crystals show excellent intrinsic spatial resolution and allow depth-

of-interaction (DOI) reconstruction using a single photosensor array. The

inclusion of time-of-flight (TOF) information in the image reconstruction

significantly reduces the image noise variance, effectively increasing the PET

system sensitivity. For optimal detection efficiency, thick crystals are needed.

However, the attainable spatial resolution decreases as the crystal thickness

is increased. A maximum-likelihood-estimation (MLE) algorithm was devel-

oped to determine the 3D gamma interaction position. We present results on

positioning and timing performance vs. crystal thickness for three monolithic

LYSO crystals (16.2 mm × 18 mm × z, z = 10 mm, 15 mm, or 20 mm)

coupled to a multi-anode photomultiplier (MA-PMT). The positioning perfor-

mance varied with the distance to the MA-PMT. For the 20 mm thick LYSO

crystal the position resolution parallel to the MA-PMT varied between 2.5

and 4.5 mm FWHM with the distance, while the DOI could be reconstructed

with a resolution varying between 2 and 5 mm FWHM. For the 20 mm thick

LYSO crystal in coincidence with a fast BaF2 detector, a coincidence resolv-

ing time (CRT) of 324 ps FWHM was obtained using digital time pickoff.

We observed a signal propagation time variation with gamma interaction po-

sition from 30 ps for the 10 mm thick crystal to 65 ps for the 20 mm thick

crystal. We conclude that thick monolithic scintillation crystals for optimal

detection efficiency show very good timing resolution, which hardly degrades

when increasing the crystal thickness from 10 mm to 20 mm, and allow for

accurate position reconstruction (including DOI) at minimal detector costs

(using a single photosensor array to read out the crystal).
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Chapter 5

5.1 Introduction

Positron emission tomography (PET) detectors based on monolithic scintillation
crystals show excellent intrinsic spatial resolution and allow depth-of-interaction
(DOI) reconstruction using a single photosensor array due to the correlation of the
width of the scintillation light distribution across the sensor array with the DOI.
Including time-of-flight (TOF) information in image reconstruction significantly
reduces the image noise variance, which effectively increases the PET system sen-
sitivity. For optimal detection efficiency, thick crystals are needed. However, the
attainable spatial resolution decreases as the crystal thickness is increased, due
to an increasing fraction of full-energy events for which the gamma photon un-
dergoes multiple interactions within the crystal (producing various scintillation
centers) and due to an increasing spread of the scintillation light distribution. In
the same way, the attainable spatial resolution is better for events close to the
photosensor than events distant from the photosensor, since events close to the
photosensor produce a narrower scintillation light distribution at the photosensor
plane.

In our study of the performance of monolithic TOF-PET detectors, we have
developed a maximum-likelihood-estimation (MLE) algorithm to determine the
3D gamma interaction position [64] as well as digital time pickoff techniques [90]
and combined these to correct for the time walk vs. interaction position. Here we
present results on detector performance vs. crystal thickness.

5.2 Materials and Methods

5.2.1 Experimental setup

The experimental setup, shown in Fig. 5.1, is briefly described; for more details,
see [64]. Polished LYSO crystals (16.2 mm × 18 mm × z, z = 10 mm, 15 mm, or
20 mm) were coupled to a Hamamatsu H8711-03 4×4 multi-anode photomultiplier
(MA-PMT) using optical grease; all other crystal sides were wrapped in reflective
Teflon tape. The last, common, dynode signal served as ’timing signal’; the anode
(’energy’) signals were sent directly to a LeCroy 4300B 16-channel QDC interfaced
to a CAMAC system. The LYSO detector was put in coincidence with a fast
BaF2 detector, having a timing resolution for 511 keV photons of about 180 ps.
The dynode (timing) signals of both detectors were sent to an Agilent DC282
waveform digitizer (4 GS/s per channel, 10 bit voltage resolution, 700 MHz anti-
aliasing filter). The energy and timing information for each event were combined
by synchronizing the QDC and waveform digitizer.
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5.2 Materials and Methods

Figure 5.1: Schematic overview of the experimental setup

5.2.2 Time pickoff method

Fig. 5.2a shows typical timing signals of both detectors. In order to minimize the
influence of the digitizer noise on the timing resolution, the digitizer input range
was set to a low value of 100 mV (∼20% of the 511 keV pulse amplitude for both
detectors). No timing accuracy is lost by this procedure as the first part of the
pulse rising edge corresponds to the earliest detected scintillation photons, and
is thus associated with a minimum time spread. For timing analysis, coincidence
events with energies falling in the FWTM range of the 511 keV photopeak for
both detectors were selected. A timestamp was derived by applying a leading edge
time-pickoff (trigger level 5 mV above a baseline determined for each trace before
the onset of the pulse) to a cubic spline interpolation of each sampled pulse.

5.2.3 Position determination

The detector response was calibrated as function of gamma beam position by scan-
ning a pencil beam (∼1 mm diameter) across the 16.2 mm × 18 mm front surface
(XY-scan) and one of the 18 mm × z side surfaces (YZ-scan) of the crystal. An
MLE algorithm combining information from these two scans allowed to reconstruct
the 3D interaction position of the gamma photons inside the crystal (see [64] for
this method). For position analysis, only events with energies falling in the FWTM
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Figure 5.2: a) Typical 511 keV LYSO (blue) and BaF2 (red) timing signals. Dots:
digitizer sampled points. Lines: cubic spline interpolation. b) Coincidence timing
spectrum for the 16.2 mm × 18 mm × 20 mm LYSO detector in coincidence with
the BaF2 detector. A Gaussian fit (solid line) gives a FWHM of 324 ps.

range of the 511 keV photopeak were taken into account.

5.3 Results and discussion

5.3.1 Energy resolution

The energy resolutions of the 16.2 mm × 18 mm × z LYSO detectors were about
11%, a value typical for LYSO and thus indicating good light collection and de-
tection efficiency.

5.3.2 Timing

Fig. 5.2b shows the timing resolution for the 16.2 mm × 18 mm × 20 mm crys-
tal detector in coincidence with the BaF2 detector. A coincidence resolving time
(CRT) of 324 ps FWHM was obtained. Quadratic subtraction of the 180 ps tim-
ing resolution of the BaF2 detector results in a single detector resolution of 270 ps
FWHM (and a CRT of 380 ps FWHM for two such detectors). Comparable timing
resolutions were obtained for the smaller crystal detectors (see Table 5.1). We at-
tribute the minor variation in resolution to small differences in the assembly of the
detectors, leading to differences in optical coupling and crystal surface reflection
properties.

Average signal propagation times inside the LYSO crystals are determined as
the center of the timing spectra (deduced from a fit with a Gaussian). Fig. 5.3
shows the results as function of the gamma beam excitation depth in the side-
surface scan, which corresponds to the DOI for beams entering the crystal front
surface.
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5.3 Results and discussion

Table 5.1: Coincidence Resolving Times (CRTs) for the LYSO detectors.

Crystal thickness [mm] FWHM CRT [ps]

10 332 ± 1
15 333 ± 1
20 324 ± 1

Figure 5.3: Average signal propagation time (arrival time) as a function of distance
to photosensor. The timing distributions were merged for beam positions in the
central 10 mm y-range of the crystal. L indicates the crystal thickness. Error bars
indicate the 95%-confidence bounds.

Close to the photosensor, an appreciable time walk of about 8 ps/mm is ob-
served. At a large distance from the photosensor, reflections from the crystal
surface opposite to the photosensor boost the early arrival of scintillation photons,
flattening the time walk behavior. The overall detector timing resolution might
be improved by applying a position-dependent correction to the timing. For the
present detector this gives no improvement. However, this might be an interesting
opportunity for monolithic crystals read out by a semiconductor photosensor array
on the front side of the crystal, facing the gamma photon source (to improve the
positioning performance, see next section). Since the majority of gamma photons
interact at small DOI (due to the exponential attenuation law), and thus close
to the photosensor for such a configuration, the propagation time variation effect
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Figure 5.4: Position resolution in the y-direction vs. distance from photosensor
for beams entering the crystal side surface at the center of the 18 mm y-range. L

indicates the crystal thickness. Error bars indicate the 95%-confidence bounds.

on the overall timing resolution will be larger, and a correction more important.
Earlier, we showed that excellent timing resolutions can be obtained for monolithic
crystals coupled to SiPM arrays [90], thus making such a correction feasible.

5.3.3 Positioning

Fig. 5.4 shows the spatial resolution in the y-direction, determined using beams
entering the crystal side surface. The spatial resolution degrades as the distance to
the photosensor increases. Still, a reasonable spatial resolution of 4.6 mm FWHM
is obtained at 19 mm from the MAPMT, even in the presence of the reflective
crystal side surfaces. Fig. 5.5 shows the DOI resolution determined using beams
entering the crystal side surface. The DOI resolution decreases as the distance to
the photosensor increases. Still, a DOI resolution of 5.3 mm FWHM is obtained
at 15 mm distance from the photosensor for the 20 mm thick crystal. Closer to
the crystal front surface, the DOI reconstruction performance quickly deteriorates
for the 15 and 20 mm thick crystals due to edge artifacts.
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Figure 5.5: Depth resolution vs. distance from photosensor. The depth reconstruc-
tion results were merged for beam positions over the entire 18 mm y-range of the
crystal. L indicates the crystal thickness.

5.4 Conclusions

We have shown that monolithic LYSO scintillation crystals with a thickness rel-
evant for PET (until 20 mm) exhibit good energy and timing performance. The
overall detector timing resolution may be further improved by applying a position-
dependent correction to the timing. The DOI can be reconstructed with good reso-
lution using only a single photosensor array (in contrast to PET detectors based on
conventional segmented scintillation crystals, for which costly crystal and detector
arrangements are necessary). The positioning performance degrades as the crystal
thickness is increased, but might still be at an acceptable level if maximum de-
tection efficiency is required at minimal detector costs (using a single photosensor
array to read out the crystal). There is a trade-off between the crystal thickness
(and thus the detection efficiency) and spatial resolution. Since semiconductor
light sensors are essentially transparent to gamma rays, the spatial resolution can
be improved by placing such a photosensor on the front surface of the crystal (fac-
ing the gamma beam), such that most gamma rays interact at a small distance
from the photosensor. For such a configuration, a correction for the time walk
vs. position-of-interaction may allow to maintain excellent timing resolution. For
a crystal read out by photosensor arrays at two opposing sides, the positioning
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performance is expected to improve even more. In the near future, the positioning
and timing performance will be tested for a monolithic scintillation crystal read
out by a SiPM array, whereby the SiPM array faces the gamma photon beam.
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