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DESY 08-047Study of Miro Pixel Photon Counterfor the appliation to Positron EmissionTomography
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AbstratThe main hallenges posed by the design of future Positron Emission Tomogra-phy mahines are the improvement of the spatial and timing resolution and theombined operation with magneti resonane. The Miro Pixel Photon Counterby Hamamatsu is a good andidate for this appliation. Its small size (down to1�1 mm2) and the high photo-detetion eÆieny in the blue spetral region allowthe diret readout of a highly segmented sintillator matrix improving the spatialresolution of the mahine. Furthermore, this photo-detetor is insensitive to statimagneti �elds up to 5 T, whih makes it a possible andidate for appliations ina magneti resonane environment, though tests in a fast hanging gradient �eldneed still to be performed.The aim of this study is the haraterization of a system omposed by a sintillatorrystal readout via a MPPC. Crystals of 1 � 1 � 15 mm3 and 3 � 3 � 15 mm3 arediretly oupled to a MPPC of the same size ative area and the energy resolution at511 keV is measured. The oinidene time resolution of two so assembled detetorunits is measured. A �rst omparison of the performanes of LSO and LFS rystalsis given.
1 Corresponding author: niola.dasenzo�desy.de
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IntrodutionPositron Emission Tomography (PET) is a non-invasive medial imaging teh-nique [1,2℄. A �+ emitter is used to mark a traer (generally a gluose moleule)whih is injeted into a living organism. The two 511-keV photons, produedby the e+e� annihilation inside the organism, are deteted in oinidene andtheir line of response is identi�ed. The tomographi reonstrution of severallines of response via well established mathematial tehniques allows to re-trieve the 3D image of the organs in whih the traer is absorbed. The typialdetetor blok for ommerial PET onsists of a pixelated BGO rystal, read-out by up to 10 photomultiplier tubes. The signals from the photo-detetorsare weighted by a resistive hain and the interation point in the sintillatoris reonstruted [1℄.The energy resolution at the 511 keV photo-peak and the time response aretwo relevant parameters for the optimization of a PET system. The energyresolution makes it possible to identify and neglet photons whih have under-gone Compton sattering. Compton-sattered photons hange diretion andontribute to the reonstrution of fake lines of response. These events areregarded as bakground to the PET measurements. A standard BGO-basedPET detetor provides 10� 13% energy resolution at 511 keV. The time res-olution inuenes the width of the oinidene window for the two photonsand therefore the bakground aused by random oinidenes. It is determinedby the deay time of the sintillator and the response of the readout photo-detetor. If BGO is used, the time resolution is mainly featured by the deaytime of the sintillator, � 300 ns. A shorter oinidene window (O(10) ns)would be optimal, as it redues the random oinident bakground.The time information an also be used to diretly improve the position reso-lution as done in the Time-of-Flight PET (TOF-PET). A time resolution of500 ps FWHM orresponds to a loalization of the soure in an interval of7.5 m, resulting in the enhanement of the signal to noise ratio of a fator 2[3,4℄.The spatial resolution is mainly determined by the pixel size of the PETamera, as well as by the oupling between sintillator and photo-detetorand by the reonstrution tehniques used. Conerning the pixel size it hasbeen shown that an array of rystals read out by an array of photo-detetorswith the same granularity performs better than the usual light sharing bloks[5℄.Reent developments in PET tehnologies are mainly foused on the improve-ment of energy and time resolution of both the rystals as well as of thephoto-detetors used. Many new fast rystals have been produed in the lastten years. LSO (Lutetium Orthosiliate, or Lu2SiO5) is one of them. It has a2



deay time of 40 ns and emits a photon spetrum peaked at 420 nm wave-length. Even faster rystals are available, featured by a peak light emission inthe blue and ultra-violet spetrum. The harateristis of these fast rystalsditate the requirements for the photo-detetors for PET. They must havea good photo-detetion eÆieny in the blue spetral range and an exellenttime response.The Miro Pixel Photon Counter (MPPC) by Hamamatsu [6℄ is an exellentandidate for this appliation. It is a silion photo-detetor, with a design sim-ilar to the Silion Photomultiplier [7℄, produed in variable size from 1x1 mm2to 3x3 mm2. It onsists of an array of p-n juntion pixels biased above thebreakdown voltage. Eah pixel is passively quenhed with an external resistor.Its response is a �xed amount of harge for eah impinging photon, hene notproportional to the photon energy. The MPPC signal output is the sum of theharges of all pixels, whih to �rst order is proportional to the inident uxof photons. The gain of the devie ranges between 105 and 106. The MPPCshows a high sensitivity in the 420 nm spetral region, with a photo-detetioneÆieny ranging between 25% and 65% depending on the pixel size. Thetypial low dark urrent (< 1 �A), the low bias voltage (�70V) and the highgain largely simplify the readout eletronis.In an earlier publiation it has been shown that MPPC an be used to read outthe blue light produed in an organi sintillator with a good light yield [8℄.The extension of that measurement to inorgani sintillators, with possibleappliation to PET is the topi of this work. A �rst haraterization of abasi detetor unit is presented. A LSO rystal (1 � 1 � 15 mm3 or 3 � 3 �15 mm3) is read out by a MPPC with an ative area of the same size ativearea. The energy resolution of one detetor unit is measured at 511 keV.The time resolution of two detetor units in oinidene is disussed. A �rstomparison between LSO (from Heilger Crystals) and LFS-7 (Lutetium FineSiliate, developed by General Physis Institute, Mosow [9℄) is presented.1 The experimental setupThis study is based on �ve samples of 1x1 mm2 MPPCs (400 pixels) and �vesamples of 3x3 mm2 MPPCs (3600 pixels). The MPPCs are ustom pakagedand the ative silion is proteted by a speial plasti. The suggested operationvoltage is 76 V and 69.9 V, respetively, with a spread of 0.1 V between the�ve piees in eah sample. The dark rate at 0.5 pixels is estimated to be 220-250 kHz and 3.2-3.3 MHz, respetively. The gain of the devies operated atnominal voltage is about 7� 105.Two pairs of 1�1�15 mm3 and 3�3�15 mm3 LSO rystals and one pair of3� 3� 15 mm3 LFS rystals are wrapped in a 2-mm thik Teon layer. One3



Fig. 1. Setup for the energy and time resolution measurements of LSO rystals.The sintillators (white) are diretly read out by the MPPC and aligned with a22Na soure positioned in the middle. The setup allows a reproduibility of themeasurements of 3% for the 3� 3 mm2 detetors and 10% for the 1� 1 mm2 ones.end of the rystal is left free and oupled with optial grease to an MPPC ofequal ative area.The setup is shown in Fig. 1. Two speial holders (gray) are mahined to�x the photo-detetor to the rystal front fae. The preision in the relativealignment between the MPPC and the rystal is about 0:3 mm. The holders arepositioned fae to fae on a rail (red) on either side of the 22Na soure (orangedisk). The setup has one degree of freedom whih allows to vary the distanebetween the two detetors as well as the distane between the detetors andthe 22Na soure.The signals from the MPPCs are digitized without any ampli�ation. Forthe energy resolution measurement the integration is performed using a VMEQDC Leroy 1182, gated by a oinidene of the two MPPC signals generatedusing standard NIM logi. For the time resolution measurement the signals aredigitized using a 4-GHz True-Analog Bandwidth osillosope (TDS7404B byTektronix) and stored for o�ine analysis. In this ase the trigger oinideneis generated internally in the osillosope.In aquisition mode the osillosope provides a sampling rate of 20 GS/s.The time resolution of eah signal is 100 ps as two hannels are used at thesame time. The aquisition rate is quite poor (�1 Hz), however storing thewaveforms allows large exibility in the subsequent studies.2 Energy resolutionThe energy spetrum of 511 keV photons measured with one detetor is pre-sented in Fig. 2. The photo-eletron peak is learly separated from the energyontinuum of Compton-sattered photons. The energy resolution of the dete-4
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Fig. 2. Energy response to a 22Na soure (left) of 3�3�15 mm3 LSO rystal oupledwith a 3� 3 mm2 MPPC (3600 pixels), and (right) of 1� 1� 15 mm3 LSO rystaloupled with a 1� 1 mm2 MPPC (400 pixels).tor is extrated using a Gaussian �t to the photo-eletron peak. The soureof systemati error are the alignment of the rystals with the soure, theoupling with the photo-detetors and the wrapping. The systemati error isextimated repeating the measurement many times. The FWHM/mean of the�t is quoted. An energy resolution of 10:0%�0:3%(stat)�1%(sys) is obtainedfor the 3� 3� 15 mm3 system (Fig. 2.a), while 14%� 0:4%(stat)� 2%(sys)is measured with the 1 � 1 � 15 mm3 system (Fig. 2.b). The lower statis-tis of Fig. 2.b with respet to Fig. 2.a is due to the redued aeptane ofthe 1� 1� 15 mm3 system. The rather large systemati unertainties of the1� 1� 15 mm3 system measurements are due to a still imperfet setup of thetest system; improvements are possible, espeially onerning the tehnialreproduibility and the rystal-MPPC oupling.The measured energy resolution allows an eÆient separation between thephoto-eletri peak and the Compton sattered events. It has been shownin similar experiments [11,12℄ that the traditional SiPM (from CPTA andMEPHI) oupled to a 3 � 3 � 15 mm3 rystal provides a resolution of �25-35%, due to the poor photo-detetion eÆieny in the blue spetral region.Furthermore, LSO rystals show �10% energy resolution at 511 keV when readout by a traditional photomultiplier tube [3℄ (LSO intrinsi energy resolutionis �9% [10℄). The results obtained indiate that the MPPC provides a energyresolution for PET appliation whih is ompetitive with that of PMT withthe advantage of an easy diret oupling to a small rystal.The �nite number of pixels of the MPPC auses its response to be non-linearat high photon uxes 2 . The e�et of the non-linearity of MPPC on the energysale is investigated measuring the response of this system to 137Cs (611 keV),122Ba (80 keV, 320 keV) as well as 22Na(511 keV). Fig. 3 shows a linearresponse in the region of interest, up to 611 keV. In fat the photon ux2 The photon ux is de�ned as the number of photons per mm2 per ns. A SilionPhotoMultiplier is in the linear region for uxes of the order of 1�Ap�r � 400 �500 ns�1 mm�2 - Ap being the area of a single pixel, �r its reovery time and � thedetetion eÆieny. 5
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Fig. 3. Energy response to various gamma ray soures of a 3 � 3 � 15 mm3 LSOrystal oupled with a 3� 3 mm2 MPPC (3600 pixels). The system shows a linearbehavior.from the rystal is low, although their integral number is large. The photonsare emitted in a wide time window, of the order of the deay time of thesintillator (40-50 ns), while the typial reovery time of the MPPC is onlyabout 4 ns. The onsequene is that the pixel reovers faster ompared to thelight emission rate and the saturation mehanism is strongly suppressed. Thesignal orresponding to the photo-eletri interation of a 511 keV photon inLSO is shown in Fig. 4. The amplitude, resaled to the single photo-eletronsize, gives an indiative order of magnitude of the time distribution of thedeteted photons 3 . The instantaneous amplitude never exeeds 500 photo-eletrons. The probability that two or more photons are deteted in the samepixel is hene minimal in this setup, as a maximum ux of 500 photo-eletronsis distributed on 3600 pixels and on a total ative area of 3� 3 mm2.The measurements were repeated for the 3 � 3 � 15 mm3 LFS rystal. It3 The integral is diretly proportional to the total number of photo-eletrons.
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Fig. 4. Signal of a 511 keV photon deteted (photoeletri e�et) by a 3�3�15 mm3LSO rystal oupled with a 3�3 mm2 MPPC (3600 pixels). The amplitude is shownin unit of a single photo-eletron signal. 6
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Fig. 5. Energy response to a 22Na soure of a 3�3�15 mm3 LFS rystal oupled witha 3�3 mm2 MPPC (3600 pixels). The obtained resolution is 11%, omparable withinsystemati unertainties to the reaults obtained for the same-size LSO rystal.shows an energy resolution of 11% (Fig. 5), omparable, within the systematiunertainty, to the same-sized LSO rystal.3 Time resolutionThe time resolution of the system is determined measuring the time di�erenebetween the two signals of two bak to bak sattered photons. As an estimateof the time resolution the FWHM of the time di�erene distribution is taken.For the measurement of the signal timing a �xed-amplitude threshold is used inthis study, instead of the onstant fration disriminator method, traditionallyused in TOF-PET system. This is justi�ed due to the fast response of the LSOrystals together with the fast rise time of the large photo-eletron signal ofthe MPPCs, and signi�antly simpli�es the readout eletronis. It requires thealibration of eah detetor ell to the same light yield whih is easily ahievedtuning the bias voltage of the MPPCs.The two signals from the detetor elements are diretly sent to the inputs of theosillosope, where they are disriminated if above a tunable threshold. Thisthreshold is kept at �4 mV (or �13-15 pixels). The minimum allowed thresh-old is onstrained by the eletroni noise level (2:0� 0:5 mV orresponding to10� 1 photo-eletrons). A oinidene is formed after the disrimination andused as trigger to store the full signal waveform, starting onsiderably beforethe trigger time. The o�ine analysis is, hene, independent on the oinidenethreshold.The timing measurement is mainly inuened by the seletion of the signalsand the timing threshold, as it was previously shown in [13℄. Figure 6 illustratesthe improvement of time resolution obtained when applying an energy ut of�1� around the photo-eletri peak value. When seleting only events with7
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Fig. 6. Time resolution of a system of two 3 � 3 � 15 mm3 LSO rystal read outdiretly by the MPPCs of the same size. The total sample, without uts, is shownas a blak line. The sharp signal peak (green) orresponds to the events whithenergies near the 511 KeV photo-eletri peak in both rystals. The blue bakgroundorresponds to the events in whih one of the two photons looses energy by theCompton e�et.
energies near the photo-eletri peak value a sharp time di�erene distributionis observed (green). Its FWHM is measured to be 647�3 ps, estimated with agaussian �t in the interval �2� around the mean value. The main bakgroundof the measurement are events in whih one or both photons undergo Comp-ton sattering. The timing spread of these events is widely distributed andruins the time resolution of the system (blue). This e�et an be diretly ex-trapolated from the signal shapes observed in the osillosope. Photons whihundergo Compton sattering are observed as signals of smaller amplitude andslope as ompared to signals from photons depositing their full energy insidethe rystals. The inuene of the hosen threshold on the time resolution isshown Fig. 7. The time resolution degrades fast with inreasing oinidenethreshold, as the measurement beomes more sensitive to the variation of therise time of the signals. The improvement in the observed time resolution whenseleting events from the photo-eletri peak is almost a fator of 2.In a similar study of the timing properties of LSO rystals readout by photo-multipliers [4℄ a time resolution of 475 ps is quoted. The result obtained hereusing MPPCs is somewhat worse but of the same order of magnitude. However,the oinidene threshold would have to be lowered to below the amplitudeof a signal orresponding to a single photo-eletron, in order to fully bene�tfrom the fast intrinsi time resolution of the MPPC. This region is outside thedynamial range of the urrent instrumentation, but will be analysed after theimprovements of the present setup. 8



4 ConlusionThis study demonstrates that the tehnologial ahievements in the photo-detetor development open the possibility of the design of new generationPET mahines, with improved spae resolution and sensitivity. The energyresolution of a 3�3�15 mm3 LSO rystal, diretly read out by a MPPC withan ative area of the same size, reahes 10% FWHM and the timing resolution650 ps. Sligthly worse results -� 14% energy resolution - are obtained with the1�1 mm2 rystals and photo-detetors, mainly due to systemati e�ets in thealignment of the setup. The study thus shows that MPPC are ompetitive withtraditional photo-detetors urrently used in Positron Emission Tomography.In addition, they would allow a signi�ative simpli�ation of the tehnologialdesign and of the readout eletronis.More systemati studies of the 1 � 1 mm2 MPPC as well as of the energyand timing behaviour of the LFS rystals are needed. The next step is theonstrution of a small size prototype onsisting of two matries of 6x6 rys-tals eah, for a total of 72 hannels with individual readout. The purposes ofsuh prototypes are manifold. First the hannel-to-hannel homogeneity andreproduibility of the onept has to be tested. A solution for the neessarymulti-hannel readout has to be found, in order to make thi PET onept sal-able to a larger prototype for ommerial use. Furthermore, the alibration andmonitoring requirements of a multi-hannel detetor need to be addressed aswell as the stability of operation. Last not least, a small prototype will give theopportunity to test the improvement of time resolution in the 2D and maybe3D spatial reonstrution of a non-point-like radioative soure.
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Fig. 7. Time resolution as a funtion of the hosen �xed-amplitude threshold fora system of two 3 � 3 � 15 mm3 LSO rystals oupled to 3 � 3 mm2 MPPC 3600pixels using �x-amplitude threshold. Results obtained with (points) and without(triangles) energy ut are shown. 9
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