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Fig. 4 Spread in gain for 128 ASIC channels coupled to SiPM arrays. A geometry of five NEMA cubes (22Na
sources) with a total activity of approximately 3 MBq is employed. a Position of the 511-keV peak in the
energy value spectrum for different SiPM types. b Position of the 1275-keV peak in the energy value
spectrum. Measurements were conducted using 110 µm BaSO4 as segmentation layer and SiPM arrays from
Broadcom, KETEK, SensL, and Hamamatsu. c Position of the 511-keV peak in the energy value spectrum for
different segmentation layers. d Position of the 1275-keV peak in the energy value spectrum for different
segmentation layers. Measurements were conducted with two KETEK PA3325-WB-0808 SiPM arrays. All
positions are plotted against the applied offset-corrected overvoltage Uov_cor

S14161-3050-HS-08 array in Fig. 5. The channel spread in peak position and energy reso-
lution shows a Gaussian behavior with few outliers. For the CRTs, which were calculated
as mean of the CRTs of the respective channel with its coincident channels, a longer tail
of the distribution is visible towards lower values.
Determining these performance parameters globally, operating two Hamamatsu

S14161-3050-HS-08 SiPM arrays at a range of overvoltages shows an improvement in
CRT (FWHM and FWTM) and energy resolution for higher overvoltages before deterio-
rating again (see Fig. 6). The reported Gaussian excess factor gaussexc show an increased
contribution of non-Gaussian tails to the time difference spectra for higher overvoltages
(see Fig. 6c). Triggering on higher thresholds vth_t1 further improves the CRT (FWHM
and FWTM). The energy resolution is rarely affected by this parameter change. Generally,
these effects are observed for all investigated SiPM types and segmentation layers. The
point of transition from the negative to the positive influence of higher overvoltages and
discriminator thresholds vth_t1 varies according to the SiPM type and scintillator array
used.
To compare the influence of the investigated parameters, the lowest CRT (FWHM)

achieved with each configuration along the investigated range of overvoltages is reported
together with the corresponding energy resolution in Tables 2 and 4. Depending on the

Fig. 5 Uniform channel performance. A geometry of five NEMA cubes (22Na sources) with a total activity of
approximately 3 MBq is employed. a Position of the 511-keV peak in the energy value spectrum. b Position of
the 1275-keV peak in the energy value. c Coincidence resolution time (CRT) computed as the mean of the
CRTs of this channel with all its coincident channels. d Energy resolution (dE/E). Measurements were
conducted with two Hamamatsu S14161-350-HS-08 SiPM arrays at 4 V overvoltage and vth_t1 = 50. BaSO4
powder (360 µm) mixed with an epoxy was used as segmentation layer. The scintillator array used consists of
8 × 8 needles with a size of 3 mm × 3 mm × 12 mm
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Fig. 6 Impact of the trigger threshold on CRT and energy resolution. Measurements were conducted with
two Hamamatsu S14161-3050-HS-08 each coupled to an 8 × 8 12-mm-high LYSO scintillator array featuring
360 µm BaSO4 powder mixed with epoxy as segmentation layer. Single scintillator needles had a size of
3 mm × 3 mm × 12 mm. A geometry of five NEMA cubes (22Na sources) with a total activity of
approximately 3 MBq is employed. a Coincidence resolution time (CRT - FWHM). b Coincidence resolution
time (CRT - FWTM). c Gaussian excess factor (gaussex). d Energy resolution (dE/E)

SiPM type, changing the threshold vth_t1 results in a CRT (FWHM) improvement of
approximately 3 ps to 9 ps (approximately 1% to 3% relative improvement). Triggering
on a higher threshold, also leads to slightly lower Gaussian excess factors, i.e., a more
Gaussian behavior of the tails of the coincidence time difference histogram, especially
for KETEK and SensL SiPMs (see Table 3). Among the different scintillator arrays, both
scintillator types employing BaSO4 powder mixed with epoxy as segmentation layer out-
perform the type featuring ESR foil. A segmentation layer of 360 µm BaSO4 reaches
approximately 100 ps to 200 ps lower CRTs (FWHM) than a segmentation layer of 67 µm
ESR foil (see Table 2). This is equal to a relative performance gain of approximately 29%
to 43% depending on the SiPM type. The CRT (FWTM) shows a similar behavior (see

Table 2 Coincidence resolution time (FWHM)
KETEK SensL Hamamatsu
PA3325-WB-0808 Array-J-30020-64P-PCB S14161-3050-HS-08

Threshold vth_t1
10 273.8 ± 0.7 ps 265.2 ± 0.6 ps 224.1 ± 0.7 ps
20 271.4 ± 0.7 ps 265.4 ± 0.6 ps 221.2 ± 0.7 ps
30 268.6 ± 0.7 ps 263.7 ± 0.6 ps 221.1 ± 0.7 ps
40 266.1 ± 0.6 ps 262.8 ± 0.6 ps 219.9 ± 0.7 ps
50 264.6 ± 0.6 ps 262.4 ± 0.6 ps 220.0 ± 0.7 ps

Segmentation layer
BaSO4 (360 µm) 264.6 ± 0.6 ps 262.4 ± 0.6 ps 220.0 ± 0.7 ps
BaSO4 (110 µm) 282.8 ± 0.6 ps 306.5 ± 0.6 ps 242.9 ± 0.5 ps
ESR (67 µm, glued) 371.4 ± 0.8 ps 463.4 ± 0.8 ps 328.1 ± 0.7 ps

Distance
18 mm 277.3 ± 0.4 ps - -
38 mm 264.6 ± 0.6 ps 262.4 ± 0.6 ps 220.0 ± 0.7 ps
58 mm 245.3 ± 0.8 ps 253.3 ± 0.8 ps 224.4 ± 0.7 ps

Clinical (19 mm height)
ESR (155 µm, air-coupled) 317.3 ± 1.9 ps 325.1 ± 1.7 ps 247.5 ± 2.4 ps

Parameter study for multi-channel configurations featuring SiPMs by different vendors. Table reports the lowest CRT achieved in
coincidence measurements of two times 64 channels with the corresponding settings and materials used. If not indicated
differently, data were acquired at vth_t1 = 50, vth_t2 = 20, vth_e = 15, with 360 µ m BaSO4 for scintillator segmentation, a
scintillator height of 12 mm, and at a distance of 38 mm. The overvoltage setting varies according to the parameter setting and
SiPM type used. For the clinical configuration (19-mm high scintillator), only two times 16 channels were read out
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Table 3 Coincidence resolution time (FWTM) and Gaussian excess factors gaussexc
KETEK SensL Hamamatsu
PA3325-WB-0808 Array-J-30020-64P-PCB S14161-3050-HS-08

CRT (FWTM) gaussexc CRT (FWTM) gaussexc CRT (FWTM) gaussexc

Threshold vth_t1
10 524.6 ps 5.07% 528.9 ps 9.38% 424.1 ps 3.80%
20 514.2 ps 3.89% 514.6 ps 6.34% 420.1 ps 4.13%
30 511.4 ps 4.40% 517.2 ps 7.56% 416.7 ps 3.36%
40 501.6 ps 3.40% 504.3 ps 5.22% 417.0 ps 4.02%
50 503.6 ps 4.39% 507.7 ps 6.12% 416.4 ps 3.82%

Segmentation
layer

BaSO4
(360 µm)

503.6 ps 4.39% 507.7 ps 6.12% 416.4 ps 3.82%

BaSO4
(110 µm)

542.6 ps 5.23% 604.9 ps 5.29% 464.9 ps 4.97%

ESR (67 µm,
glued)

715.1 ps 5.61% 896.7 ps 6.13% 609.6 ps 8.37%

Distance
18 mm 539.6 ps 6.71% - - - -
38 mm 503.6 ps 4.39% 507.7 ps 6.12% 416.4 ps 3.82%
58 mm 463.8 ps 3.68% 477.2 ps 3.32% 419.9 ps 2.64%

Clinical (19 mm
height)

ESR (155 µm,
air-coupled)

601.9 ps 4.04% 617.2 ps 4.11% 462.3 ps 2.43%

Parameter study for multi-channel configurations featuring SiPMs by different vendors. Table reports the CRT (FWTM) and
Gaussian excess factors corresponding to the lowest CRTs achieved in coincidence measurements of two times 64 channels (see
Table 2). If not indicated differently, data were acquired at vth_t1 = 50, vth_t2 = 20, vth_e = 15, with 360 µ m BaSO4 for
scintillator segmentation, a scintillator height of 12 mm, and at a distance of 38 mm. The overvoltage setting varies according to
the parameter setting and SiPM type used. The error on the reported CRTs (FWTM) is less than 0.1 ps. For the clinical configuration
(19-mm high scintillator), only two times 16 channels were read out

Table 3). Comparing the corresponding energy resolutions, an absolute improvement of
up to approximately 2.5% can be reported (see Table 4). Here, the thicker BaSO4-layer of
360 µm shows better performance results (approximately 6% to 14% relative performance
gain) than the thinner layer of 110 µm. For different segmentation layers, different mean
channel raw hit rates and mean channel coincidence rates, respectively, are reported (see
Fig. 7a, b).
Triggering at larger distances between sensor and the employed multi-source geometry

leads to an improvement of the CRT (FWHM) and energy resolution by about 10 ps to
20 ps and 1.7% for a distance variation of 20 mm (see Tables 2 and 4). Moving the detector
stacks from the farthest to the closest distance corresponds to a three- to fourfold increase
of the mean channel raw hit rate and an about seven-fold increase of the mean channel
coincidence rate, measured at 2 V (see Fig. 7c, d).
Due to limited availability of materials, the parameter study was only partly performed

for the Broadcom AFBR-S4N44P643S SiPM arrays. Here, triggering on a higher thresh-
old vth_t1 improved the lowest CRT (FWHM) achieved by up to approximately 25 ps,
which corresponds to approximately 9% relative performance gain (see Table 5). The cor-
responding CRT (FWTM) is improved as well. The corresponding energy resolution only
showed minor fluctuations less than 0.3% (absolute change). Again, the scintillator type
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65. Morháč M, Kliman J, Matoušek V, Veselský M, Turzo I. Background elimination methods for multidimensional

coincidence � -ray spectra. Nucl Inst Methods Phys Res Sect A Accelerators Spectrometers Detectors Assoc Equip.
1997;401(1):113–32. https://doi.org/10.1016/S0168-9002(97)01023-1.

66. Ryan CG, Clayton E, Griffin WL, Sie SH, Cousens DR. SNIP, a statistics-sensitive background treatment for the
quantitative analysis of PIXE spectra in geoscience applications. NIM B. 1988;34(3):396–402. https://doi.org/10.1016/
0168-583X(88)90063-8.
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