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Abstract

In this work we present the energy and spatial resolutionhiavwe obtained for &-ray detector based on a monolithic LYSO
crystal coupled to an array of 256 SiPMs. Two crystal confijans of the same trapezoidal shape have been tried. Inppmeach
all surfaces were black painted but the exit one facing treqsensor array which was polished. The other approachdadl a
retroreflector (RR) layer coupled to the entrance face ottlistal powering the amount of transmitted light to the plsensors.
Two coupling media between the scintillator and the SiPMyawere used, namely direct coupling by means of opticalsgread
coupling through an array of light guides. Since the sameatjpmal voltage was supplied to the entire array, it wasiedeo
equalize their gains before feeding their signals to thePatuisition system. Such a job was performed by means célalsie
Application Specific Circuits (ASICs). An energy resolutiof about 244 % has been achived for the direct coupling with the RR
layer together with a spatial resolution of approximately m at the detector center. With the light guides couplirggetects
of image compression at the edges are significantly minighizet worsening the energy resolution to about 33.1 % witbedial
resolution nearing 4 mm at the detector center.

Keywords:
Monolithic crystals, SiPMs, ASIC,

1. Introduction s  Since monolithic crystals preserve the light distributitimey
N o ) z allow one to determine the three-dimensional photon impact

Photosensors based on Silicon Photomultipliers (SiPMs), arcoordinates, thus including the Depth of Interaction (DO!)
considered good candidates to substitute the well est@llis The knowledge of the DOI can be obtained through the second
Photomultiplier Tube (PMT) technology”. SiPMs are very, centered moment, namely the light spread (see Fig. 1). &noth
fast, have high gain, almost ufiected by magnetic fieldd ,, _important feature when dealing with continuous crystatias
being easy to manufacture when compared to PMTs. Weg ineir final spatial resolution is not limited by the pixel sias
tend to use arrays of SiPMs for the design of Positron Emisgiojt js the case of crystal arrays, but rather by the accuradyen

Tomography (PET) detectors compatible with Magnetic Resogetermination of the center of gravity of the light distriion ®.
nance (MR) systems. It has been pointed out the convenience

of simultaneously obtain PET and MR imagdfés

Conventional whole-body PET systems, even those enabling
the Time of Flight (TOF) determination, can hardly reachasp X (mm)
tial resolution better than 5 mffl. SiPMs also enable determi-
nation of TOF of the 511 keV annihilation photdfs Since
whole-body systems can fSer from patient motion féects or
restricted access to the imaging organ, SiPMs based detecto
together with monolithic scintillators are best suitaldededi- o
cated systems as are animal or brain detectors where the phys y (mm)
cal limits of PET scanners are reached. SiPMs exhibit thest b
performance in reduced active areas where the intrinsik dar
counts are minimized. This type of detectors, in contrast to
PMTs, account for moderate noisgexts due to thermal exci-
tation which is amplified and output as dark counts. Figure 1: Light distribution produced inside a monolothicS crystal. Anal-

ysis of statistical moments can provide information abouttihed-dimensional

We propose a detector block containing two main COMPO; 1 hact coordinates.

nents namely a SiPM array and a single monolithic crystal.

z (mm)

XYZ impact coordinates

-25

3 In this work we present a study of the spatial resolution and
*Institute for Instrumentation in Molecular Imaging (13M) » border éfect of the SUQQGSt_ed deteCtor_b|0Ck- \_Ne hqve also
Email addressagonzalez@i3m.upv.es (A.J. GonAlez) s analyzed the energy resolution of thetedient configurations.
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In particular, we have used two coupling methods betweer the Although each SiPM has an optimized bias voltage, pro-
monolithic crystal and the SiPMs array namely direct cougpli vided by the manufacturer, the whole SiPM array was pow-
by means of optical grease and coupling via light guitlesn .. ered at the same voltage level, which producekedint gains
addition to the coupling method, we also evaluated the use ain each SiPM output signal. To compensate thefferénces,
a retroreflector (RR) layer located on the entrance face e ththe ASICs programmable cfiients were equalized using the
crystal in order to increase the amount of light transfeteed manufacturer information and tested witNa uniform radi-
the photosensor array without disturbing the light distiitn. = ation over the scintillation cryst&f'%). This is crucial in or-

s« derto compute an accurate energy resolution of the systdm an

2 Materials and Methods w0 therefore achieve a good spatial detector resolution. rEigu
w Top shows the uniform acquisition when a black scintillasor
2.1. Monolithic crystal and optical devices 102 directly coupled to the SiPM array without the gain compen-

Since the dark noise in SiPM devices is proportional te:itssation. Figure 3-Bottom depicts the same type of acquisitio
active area, SiPMs withxd1 mn? active area were selected but when equalizing the fierent gains through the ASIC coef-
(Hamamatsu Photonics, model S10362-11, Japan). An.arrdicients.
of 256 SiPM, with 3 mm pitch, has been developed to cover
the whole scintillator exit surfaé¥). These detectors were ASICO
mounted on a Printed Circuit Board (PCB) wittZgplanarity

average and maximum deviation along the 256 SiPMs @ff33
and 87um, respectively. TheiK andY position accuracy was ifififf
of about 5Qum. o Y

Two trapezoidal crystals manufactured by Proteus (Ohio,
USA) of the same dimensions (&80 for the exit face, 4040
for the entrance face and 12 mm thick) have been tried. In the
first approach, all the crystal faces were black painted Heit t
exit one to the photosensor array which was polished. Ther oth

ASIC3
ASIC1

approach included the RR layer coupled to the entrance face o

the crystal which was also polished. Thus, the formerly ab- éé@iﬁ
sorbed light was retroreflected powering the amount of trans
mitted light to the photosensors. ;

The two types of coupling experiments counted with the di- AsIC2

regt coupllng between th,e scintillator and the SiPM a'rraygjsf Figure 2: Sketch of 4-ASIC readout. Outputs from each ASI€aided, so
optical grease (Rhodorsil Paste 7) and the use of opticeegui  that only one signal is digitalized for each moment.

These guides are optical concentrators which funnel th lig

from a square entrance area of33mn? into a smaller output

area, also squared but ok1 mn? matching the SiPM active _ _ _

area. They work as total internal reflection (TIR) deviéBses 2.3. Center of gravity based spatial resolution

'I_'hese dewces_ constrain the acceptance angle of the NIOMN The scintillation light distribution produced in monolith
light to approximately 1§ compared to 54%6when using the g . ;
direct coupling. s LYSO crystals is ideally described by the inverse square law

s The projection of the normalized one dimensional inverse

22 4 ASIC readout 1o square law onto the abscis¥acan be written as:

The SiPMs matrix is readout through 4 identical Application 3 2 — 2
Specific Integrated Circuit (ASIC) chips called AM{®, (see (X, %) = = > =~ (1)
sketch in Fig. 2). Each AMIC reads 64 SiPM inputs and out- 7 (X = %)? + (2~ 20)°)

puts up to 8 signals each. The AMIC chip is fully scalablg; 4 where x., z. are the impact coordinates, the number of
AMICS are coupled together to read 256 SiPMs in parallelbukcintillation light photons generated at the impact poimd 2
working as a single unit. Each AMIC first makes up to 8 copiesthe plane of photodetector entrance window. This lightitist

of the input signals from each SiPM, which are then multglie tion model (LDM) is subsequently discretiZé®l at the SiPMs
by a diferent weight depending on the copy and SiPM pgsi-array (as it is shown in Fig.4), which is mathematically de-
tion. Finally, all the input signals are added forming 8 &ing scribed for a given SiPM by the integral:

combinations of the 256 input signals. The weights are pro-

grammable via an 12C bus and stored in 8-bit registers. Se- nd+t/2
lecting the proper set of weights allows one to estimate many an(Xc) = f
characteristic parameters of the light distribution, etg cen- "
troids of the light distribution, their standard deviatoiskewr. wheren s the considered SiPM numbelis the SiPMs pitch
ness, eté?, but also compensate gainfidrences between = andt is the size of one SiPM. The set of numbers obtained after
put signals. ue  Integration, are:

2

J(X, ) dx 2
-d—t/2
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Figure 5: Deviation of CoG measured values along the X axisavaragé!®)

Figure 3: Acquisition of unifornf?Na radiation with uncalibrated cfiients value of 4.3 mm for the DOI has been used for the simulation.

(Top) and equalized cdigcients (Bottom). The XY representation reduces
when equalizing as arffect of the programmed cfiients range.

13 3. Experimental results

137 The experimental acquisitions were carried out using two de
Je n-d+ % - Xc n-d- % — X:\}es tector modules working in coincidence. The SiPMs array in
an(Xc) = - (Arctan(ﬁ) - Arctan(?))m the detector block under analysis was always gain-equbéize
3)uw described above. The reference detector was a detectde bloc
The Center of Gravity (CoG) of recorded impacts, is thenusing an H8500 (Hamamatsu Photonics, Japan) position-sensi
computed with the equation: 12 tive PMT and a monolithic crystal with a thickness of 12 mm.
1 In order to test the spatial and energy resolution, a pdist-I

N s 2?Na source of 1 miof diameter was utilized. The source
Z an(Xc) - N us was collimated using a Tungsten block of 3 cm thickness and
Xeoa(Xe) = n=-N (4« an aperture of 1.2 mm in diameter. The source and collimator
N 1wz were moved across the studied detector block in steps of 5 mm
Z an(Xc) we  With a digital controlled motorized positioning system (C8VI
n=—N

1w Germany) and, thus, up to 9 data points were analyzed along

where A is the total number of SiPM in every row of thes the X direction.
direction. Since < d, the measured CoGftiers from the real
impact point everywhere except fgg = n- d andx; = n-d/2s:  3.1. Energy resolution
for N — oo. Ergo, a periodic error due to the dead area omn.the The energy resolution was determined for the four experi-
computed CoG with period is generated. The magnitudesof mental set-ups namely, direct coupling and coupling thihoug
the error is also dependent on the width of the LDM, thus withlight guides with and without RR. Such a resolution was eval-
DOL. 155 uated using the collimatetfNa source placed at the detector
For a finite set of detectors, in our detector block onlyssl6center. A squared region of interest surrounding the imaged
SiPMs in X direction for a given row contribute to the LDM source of approximately>& mn? was considered during the

3
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data analysis. The bias voltage of the SiPM array was set t8.2. Spatial resolution

70.8 Vand 71 V for the direct coupling and the light guides  gigre 7 shows the variation of spatial resolution alongthe
coupling experiments, respectively. 102 axis, for the 9 measured point positions and for the four Bxpe
13 mental configurations. In all cases, the variation is relatih
104 the predicted model depicted in Fig. 5, and the spatial vesol

g ] O 105 tion values are correlated with the amount of light that hesc
DC LG . A
AE=331% | 30 ae=431% | 195 the photosensors entrance window. The best spatial resusut
% ] 17 can be found at the center of the detector, inasmuch as is the
60 12 18 UNique point where the symmetry of the light distribution is
30 110 1o preserved. For the direct coupling a spatial resolution.ef 4
2 . 20 + 0.1 mmwithout RR and 2.2 0.1 with RR is obtained. In the
§ 0 T 2k S M Sk Ok 0 Tk kM Sk Sk Tk K oo experiment with coupling through light guides, a spatialore
QO 40)DC+RR LG+RR x2 lution at the center of 6.4 0.1 without RR and 4.4 0.1 with
DE=244% | 16|  AE=34,9% 23 RR was found. The restricted acceptance angle for lighteguid
24 COUpling worses the spatial resolution, but improves whi t
8 25 addition of the RR layer.
;] 1k 2k 3k 4k 5k 6k 00 1k 2k 3k 4k 5k 6k 7k 8k
ADC Channel 18 16
144 DC 14 LG N
12 12 1
104 10 —
Figure 6: Energy spectra and Gaussian fit to the 511 keV pe@kstBnds for 8] 8 . ]
the direct coupling and LG for the light guides coupling pestively. ’g 6 v 6 ]
E 44 4 N
Figure 6 shows the results of energy resolution for the four = 12 20 o 0 " 10 20 12 % o 6 10 20
configurations and a Gaussian fit to the experimental data de- g 14 DC+RR 14 LG+RR
picted with a solid line. When the RR is introduced in the sys- L 12 12
tem, we observe an increase of the energy gain, which is of 12 12
about a factor 2 for both cases, direct coupling and coupling . .
using the light guides. 4 4
Direct coupling constrains the acceptance angle (AA) of the e P TS T S S —
incoming light to the photosensors to 54.@hile light guides X position (mm)

to approximately 18 The solid angle that covers the scintilla-
tion light is related to the acceptance angle through theequ

tion: Figure 7: Variation over th& axis of the spatial resolution for the four experi-
mental set-ups.

Q = - Si(AA). (5)206 Although the energy and spatial resolution worsens with the

In terms of the fraction of scintillation light that reachiae® YS€ of the light guides, theffects of compression at the edges
re significantly minimized, as shown in Fig.8. However, the

) . o i o

?hn;riggg gvflr:j(?roev(v;tog otl:]:Iir? épx] darlr?g/oaf oeréilf]pllii ; )\(AF/)I?; tégtil_ﬁcrease of scintillation light with the RR pronounces theder

cal guides. Transmissiorffiiency of light guides is of abotit effects.

70%19, In the case of direct coupling, the fraction of sam-

pled scintillation light is even smaller, since 89.9% of gf®-,, 4. Conclusions

todetection surface is dead area, so approximately 1.8 Beis t

amount of light digitalized with respect to the total sdiation;,, In this work we have describedftérenty-ray detector block

light produced in the crystal. Suclifect degrades the signal configurations for their use in PET systems, compatible with

to noise ratio, fiecting energy resolution and also the spatialMR scanners.

resolution as it will be observed later. 215 An array of 256 SiPMs is the base of our photosensor de-
In these plots it is also observed that the light guides;salvice. The gain dispersion between them has been compensated

though they allow to focus the scintillator light from a3mn?.;  through 4 programmable ASICs, showing the convenience of

region to the SiPM active area ok1 mn?, they result on & using that kind of devices as readout electronics for SiP#&ta

poorer energy resolution compared to the case of direct:€oRET detectors. In this work, they have also been used todecor

pling either with or without the RR. Thisflect is most likely. the planaiXY position.

due to the transmission losses which worsens the light@elle Two coupling methods between the SiPM array and the

tion. 22 monolithic LYSO crystal have been studied. The couplindwit

4
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the 9 test positions and for the four experimental set-ups. 217
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light guides reduces theffect of compression, at the costjzg)f
poor statistics that can be partially compensated with g&.u
of a retrorreflector layer at the entrance of the crystal. dikes

rect coupling approach, nevertheless, shows the bestyea

spatial resolution since light with larger acceptance@aogh bgz
collected by the system. Errors in estimating the centeraf-g-
ity due to the presence of dead area limit the spatial reisolest
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[9]

(10]

(11]

Analysis of higher order moments may help to determinézzthtflz]

degree of symmetry breaking in the sampled distributiowl,,an
therefore, improve the spatial resolution. The low sdatiibrs:
light collection, constrains the energy resolution. 293

We suggest further studies using smaller SiPMs array @gﬁtcr{w]

thus reducing dead area, improving light collection andehg
fore both energy and spatial resolutions of the detectarkizto
Moreover, in the case of coupling through light guides, tmaiz/;ﬁ

will also increase.
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