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ABSTRACT: Position sensitive detectors are the key component of gamma-ray imaging systems such
as coded-aperture cameras and emission computed tomography systems. Improving the intrinsic
spatial resolution of detectors is critical to system performances. Recent advance of the GAGG
scintillator production allows variable decay time with different Al/Ga ratios. In this paper, we devel-
oped a novel position sensitive scintillation detector using a side-by-side fast-GAGG/typical-GAGG
(GAGG-F/GAGG-T) phoswich array, which consisting of 12x12 phoswich unit pairs assembled by
the GAGG-F scintillator (decay time constant ~ 50 ns) and the GAGG-T scintillator (decay time con-
stant ~ 90 ns) in a pixel size of 1.35x2.7x4 mm? and coupled to a 8x8 SiPM (MicroFJ-30035-TSV)
array. An experiment was conducted using the irradiation of a >’ Co source (122 keV). Experimental
results demonstrate that events from the GAGG-F and GAGG-T scintillators can be discriminated
with only 7% mis-assignment probability. The 12x12 of GAGG-F and GAGG-T scintillator arrays
are both distinguishable in separated flood maps. The average energy resolutions of GAGG-F
and GAGG-T scintillators at 122keV are 27.58% and 23.51% respectively. The side-by-side
GAGG-F/GAGG-T detector has the advantage of improved intrinsic spatial resolution, no intrinsic
background radiation and uniform detection efficiency.

Keyworbps: Gamma detectors (scintillators, CZT, HPGe, Hgl etc); Scintillators, scintillation and
light emission processes (solid, gas and liquid scintillators)
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1 Introduction

Gamma-ray imaging systems [1-8] such as coded-aperture cameras [1-3], and emission computed
tomography systems (ECT) [4-6] have been used in many areas such as homeland security [1-3],
nuclear medicine [4-6], and radiation therapy [7, 8], et al. Of which, the key component is the
position sensitive detector. Driven by the demanding from high quality imaging, detectors with
high intrinsic spatial resolution are anticipated. Recently, with the development and improvement
of silicon photomultipliers (SiPMs) with advantages of small pixel size, high photon detection
efficiency, low operating voltage and so on [9, 10], one promising detector approach is assembling
pixelated scintillators with SiPM arrays instead of photomultiplier tube (PMT) arrays [6, 10].

To further improve the position decoding capability, the phoswich techniques using side-by-
side phoswich scintillators were explored [11-14]. The phoswich design requires using scintillators
with different decay time constants. A side-by-side LYSO/GAGG phoswich scintillator block
was developed in our previous study [14]. However, the LYSO scintillator containing '"Lu has
background radiation, which will introduce noise events [15]. Although 1761 y background radiation
may not significantly influence the performance of common ECT applications [4, 16, 17], however,
it reduces the imaging quality and restricts the application in low-activity imaging [18-20].

GAGG is a promising scintillator for gamma-ray detectors [21-24], which has advantages of
high density, high Z-effective number, high light yield, relatively fast decay time, non-hygroscopic
and no intrinsic radiation. More interestingly, GAGG scintillator can have different decay times with
different Al/Ga ratios [25, 26]. Base on this property, a side-by-side GAGG phoswich scintillator
detector is proposed in this paper, which can be utilized to build high spatial resolution gamma-ray
imaging systems. Details of the prototype detector are demonstrated in the following sections.



2 Materials & methods

2.1 Phoswich detector design

The GAGG phoswich scintillator block (EPIC-Crystal Inc., Shanghai, China) built with 12x12
phoswich unit pairs has a total size of 33.7x33.7x4 mm?, as shown in figure 1. Reflectors (3M-ESR)
are set between phoswich pairs. Each phoswich pair is assembled by gluing a fast-GAGG (GAGG-
F) scintillator and a typical- GAGG (GAGG-T) scintillator, both with a size of 1.35x2.7x4 mm?.
Table 1 lists parameters of GAGG-F and GAGG-T scintillators. The phoswich scintillator block
is readout by a home-made sparse 8x8 SiPM array (MicroFJ-30035-TSV, SensL). To improve
scintillation light collection for the sparse SiPM array, the gaps between the SiPMs are covered by
3M-ESR reflectors [27]. Three signals including X, Y, and E for position decoding and energy
retrieved are generated by a 64-channel application specific integrated circuit (ASIC) with in-chip
resistor networks [28]. The pulse waveforms of X, Y, and E are digitized with a sampling rate
of 65 MHz by a 12-bit analog-to-digital (ADC) chip (AD9637), and then transferred to a PC for
off-line studies.
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Figure 1. The proposed phoswich scintillator detector: (a) configuration of the side-by-side GAGG-F/GAGG-
T phoswich scintillator detector; (b) the GAGG-F/GAGG-T phoswich array, (c) the phoswich scintillator array
readout by a spare SiPM array; (d) the acquisition board.



Table 1. Parameters of the scintillators [29].

Scintillator ~ Decay time Light output  Density = Peak emission  Reflective
constant (ns) photons (MeV) (g/cm3) wavelength (nm) index
GAGG-F 50 30000 6.6 520 1.91
GAGG-T 90 42000 6.6 530 1.91
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Figure 2. Normalization pulse waveforms of the GAGG phoswich scintillator detector; (b) a pulse waveform.

2.2 Experiment

The scintillator detector module is placed in a black box. The SiPM-supplied voltage is 29 V and
the working temperature is ~ 23°C. Waveforms were acquired with a >’Co source (about 1.8
uCi) put on the top of the scintillator detector. Figure 2(a) shows normalized waveforms of the
GAGG-F/GAGG-T phoswich detector in afterglow mode (the display mode in an oscilloscope).
Energies of X, Y, and E are calculated by integrating four samples before and 26 samples after
the maximum deviation sample [30]. Then, the Anger logic position of each gamma-ray event
is generated. The ratio (r) of the pulse waveform integration value (four samples before and 36
samples after the maximum deviation sample) to pulse peak value as shown in figure 2(b) is utilized
to determine the scintillator types. A bi-Gaussian mixture model as shown in equation (2.1) is
used to fit the distribution curve of r. GAGG-F and GAGG-T scintillators are distinguished using
the crossover point of two Gaussian curves. Then, the flood maps of GAGG-F and GAGG-T are
produced using events with r below and up the cut value respectively. Crystal position maps for
GAGG-F and GAGG-T arrays are created by a self-development automatic program [31], based
on which, the energy spectrum of each scintillator is produced. Each energy spectrum is then
fitted with a Gaussian function to retrieve the photoelectric peak (1) and the energy resolution
(FWHM=2.3550"/u).

(r—u,)* (r—up)’
f(r)=A1exp (— 20_% + Aj exp (— 20_23 ) 2.1)




3 Results

3.1 Scintillator discrimination

The histogram of r with all the events acquired from the GAGG-F/GAGG-T phoswich detector
block and its fitted result are shown in figure 3. The bi-Gaussian mixture model fitted result of
the histogram is A; = 13033, y; = 14.64, o = 0.68, Ay = 13773, up = 16.87, 0» = 0.85. The
intersection point of two Gaussian curves is 15.62 in this platform. The distinguish leads to a
clear separation of two kinds of scintillators. The probability of GAGG-F being mis-classified as
GAGG-T is 7.4%, and the probability of GAGG-T being mis-classified as GAGG-F is 7.0%.
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Figure 3. The distribution curve of » and its bi-Gaussian fitted result.

3.2 Position decoding

The 3’Co flood map (~ 5M events) of the phoswich detector has high overlap as shown in figure 4(a).
After the discrimination of scintillator types, two flood maps including GAGG-F flood map (r <
15.62) and the GAGG-T flood map (r >15.62) are generated as shown in figure 4(b)&(c). 12x12
scintillator array can be clear discriminated both in the GAGG-F and the GAGG-T flood maps. The
flood maps have slight overlap at the border where the SiPM array has relative poor decodability.
Experimental results indicate that the proposed detector has as intrinsic spatial resolution as the
same size of the scintillator, i.e. 2.7x1.35 mm?.

3.3 Energy resolutions

Figure 5(a) and (d) show the segmentation results of the GAGG-F flood map and the GAGG-T
flood map respectively figure 5(b)&(e) illustrate photoelectric peaks of the 12x12 GAGG-F and
12x12 GAGG-T scintillators respectively. Figure 5(c)&(f) present energy resolutions of the 12x12
GAGG-F and 12x12 GAGG-T scintillators respectively. Figure 6 shows the typical spectra for
GAGG-F scintillator and GAGG-T scintillator and their Gaussian fitted result. The average values
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Figure 4. (a) GAGG-F/GAGG-T flood map, 2.7 mm pixel size in horizontal and 1.35 mm pixel size in
vertical; (b) GAGG-F flood map (r < 15.62); (c) GAGG-T flood map (r >15.62).
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Figure 5. Results for the 12x12 GAGG-F array (row one) and the 12x12 GAGG-F array (row two):
segmentation maps (a&d), photoelectric peaks at 122 keV (b&e), and energy resolutions at 122 keV (d&f).

and standard deviation values are given in table 2. The average photoelectric peaks of GAGG-F
and GAGG-T scintillators at 122 keV are 11234126 and 1569+179, respectively. The photo electric
peak ratio of GAGG-F:GAGG-T is 0.72:1. The average energy resolutions of GAGG-F scintillators
and GAGG-T scintillators at 122 keV are 27.58%=1.44% and 23.51%=+1.07%, respectively.
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Figure 6. Typical spectra of the GAGG-F scintillator (a) and GAGG-T scintillator (b).

Table 2. Result of average photoelectric peaks and average energy resolutions.

Scintillator ~ Average photoelectric ~ Average energy
peak resolution

GAGG-F 1123+126 27.58%=+1.44%

GAGG-T 1569179 23.51%=+1.07%

4 Discussion and conclusion

We have developed a gamma-ray position sensitive scintillation detector built with a side-by-
side GAGG-F/GAGG-T phoswich scintillator array and decoded by a sparse SiPM array. We
demonstrates that signals of GAGG-F and GAGG-T can be distinguished by using the ratio of the
pulse integration value to pulse peak value. GAGG-F and GAGG-T scintillator arrays (12x12 for
both) with 1.35x2.7x4 mm? pixels could be discriminated in separated flood maps. The average
energy resolutions at 122 keV are 27.58% and 23.51% for 12x12 GAGG-F and 12x12 GAGG-T
scintillators respectively.

Compared to our previous LYSO/GAGG phoswich design [14], the proposed GAGG-F/GAGG-
T phoswich design has no intrinsic background radiation which can be used for low activity ECT
imaging and coded-aperture cameras. Meanwhile, GAGG-F scintillator and GAGG-T scintillator
have the same density and effective Z number, i.e. they have uniform detection efficiency which can
make the normalization simply.

In conclusion, we developed a side-by-side GAGG-F/GAGG-T phoswich scintillation detector
which has high intrinsic spatial resolution, no intrinsic background radiation and uniform detection
efficiency. The proposed detector is suitable for high spatial resolution gamma-ray imaging systems.
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