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1 IntrodutionReently [1℄ we have demonstrated the possibility to read out a drift hamberby means of a diret, pixel segmented ative anode. Images of the interationof 55Fe quanta with the gas were obtained (see Figure 1) with a rather low gasampli�ation fator, sine these quanta reate some 220 primary eletrons ina small volume of argon gas. The aim of the researh presented in this letteris to prove the feasibility of the detetion of single (drifting) eletrons, basedon the same pixel sensor/Miromegas ombination.Our goal is to develop a single-eletron sensitive monolithi devieT imeP ixGrid onsisting of a CMOS pixel matrix T imeP ix overed with aMiromegas [2℄. Eah pixel will be equipped with a preamp, a disriminator, athreshold DAC and time stamp iruitry. Suh a sensor would replae the wires(or GEMs, or Miromegas), anode pads, feedthroughs, readout eletronis andables of TPCs and ould generally be applied in gaseous (drift) hambers.We intend to integrate the Miromegas grid onto the T imeP ix hip by meansof wafer post-proessing tehnology (InGrid).In Setion 2 the test hamber inluding the MediPix2 readout hip and theMiromegas are desribed. In Setion 3 details on single eletron detetion andsignal development are presented. Setion 4 desribes the data readout and theanalysis of the osmi ray traks. It inludes a disussion on the observationof so-alled Moir�e patterns in the deteted hit pixel distribution. The paperends with onlusions on the present work and an outlook to our future plans.
2 The hamber, MediPix2 and Miromegas2.1 The hamberThe test hamber is depited in Figure 2. Above an aluminum base plate, aathode foil is �xed, by means of spaers, forming a drift gap of 15 mm height.By means of a ut-out in the base plate, the MediPix2 hip (mounted on abrass pedestal), is plaed ush with the base plate upper plane. On top of thehip, a Miromegas foil, �xed on a frame, is held in position by means of twosilion rubber strings (see Figure 3). 2



2.2 The MediPix2 CMOS pixel sensorA MediPix2 hip [3℄, [4℄, [5℄ was applied as experimental readout devie. ThisCMOS hip ontains a square matrix of 256� 256 pixels, eah with dimensions55 � 55 �m2. Eah pixel is equipped with a low-noise preamp, disriminator,threshold DACs, a 14-bit ounter and ommuniation logi. One edge of thehip has aluminum bonding pads. The outer dimensions of the hip are 16.12�14.11 mm2. The MediPix2 hip has been designed for X-ray imaging applia-tions. For that partiular appliation, an X-ray semiondutor onverter (i.e. Sior CdZnTe), in the form of a orresponding pixel matrix, is mounted onto theMediPix2 hip, by means of bump-bonding. The assembly of a MediPix2 hipand an X-ray onverter forms a omplete X-ray imaging devie. For eah pixelthe number of absorbed X-ray quanta in a given aquisition time is ounted,and the ombined pixel ontent forms the X-ray image. In our appliation weuse the \naked" MediPix2 hip, without an X-ray onvertor.Originally, eah pixel of the MediPix2 hip is overed for a large part withan insulating passivation layer; the ondutive pad (otagonally shaped, 25�m wide) is large enough to aommodate a bump bond sphere. The eletri�eld in the gap between the MediPix2 and the Miromegas is in the order of7 kV/mm, and disharges were expeted when some 70% of the anode surfaeis overed with an insulating material.In order to prevent these disharges, the MediPix2 wafers were post-proessedby MESA+ [6℄. The post-proessing onsisted of a deposition of a thin alu-minum layer using lift-o� lithography. This allows deposition of metal on theanode matrix without modi�ation of the bond pads. The pixel pads were thusenlarged to reah a metal overage of 80% of the anode plane (see Figure 4).Eletrial tests showed that the preampli�er funtionality was una�eted bythis post-proessing. We have applied both the modi�ed and the non-modi�edversions of the MediPix2 hip.2.3 The MiromegasThe Miromegas is a opper foil, thikness 5 �m, with holes of 35 �m di-ameter in a square pattern with 60 �m pith [7℄. At the foil side faing theMediPix2 hip, poly-imide pillars (height 50 �m, diameter 80 - 140 �m, pith(square) 840 �m) are attahed. The Miromegas, in its frame, was held onthe MediPix2 hip by means of two silion rubber strings. When the voltageon the Miromegas was applied (200 - 500 V), the eletrostati fore pulls themesh towards the hip, and the insulating pillars de�ne the proper gap size.In order to prevent HV breakdowns, a square kapton foil, with a square hole3



of 10.5 � 10.5 mm2, was plaed between the Miromegas and the MediPix2.The hamber was plaed suh that the drift diretion was vertial. The �duialdrift volume of 10.5 � 10.5 � 15 mm3 is hit by a osmi ray partile aboutone per minute [8℄.3 Single eletron detetion; signal developmentA muon, originating from a osmi shower, traversing the drift volume, willreate lusters of eletrons along its trak. The luster density, and the distri-bution of the number of eletrons per luster depends on the gas omposition,gas density and the muon momentum. If argon is the main omponent of thegas (at atmospheri pressure), some 3 lusters per mm are reated for a mini-mum ionising muon, and the average number of eletrons per luster is 2.5 [9℄.Consequently, on average some 7 primary eletrons are reated per trak lengthof 1 mm. The mean distane between two primary eletrons, projeted onto theanode plane, is muh larger than the pixel pith, and therefore typially singleeletrons will enter a Miromegas hole. For this reason the single-eletron re-sponse is essential for the performane of the pixel-segmented anode readout.The ounting of primary ionisation lusters would allow a preise measurementof the energy loss dE/dx [10℄.After an eletron has entered a hole, it will be multiplied, and the number ofeletrons grows exponentially towards the anode pads. The entre-of-gravity ofthe points of eletron-ion separations is positioned at D ln 2= lnM away fromthe anode, where D is the distane between the Miromegas and the anodeand M is the gas multipliation fator. With D = 50 �m and M = 3000 theharge entre-of-gravity is about 4 �m away from the anode. The eletronswill all arrive within 1 ns at the anode. Most of the ions, moving muh slower,arrive within 30 - 50 ns at the Miromegas, depending on the gas ompositionand pressure. If a point harge rosses the avalanhe gap, then the potentialsof both the Miromegas and the anode hange linearly with the distane ofthe point harge to the anode plane. The harge on the anode pad below theavalanhe is the sum of the negative eletron harge and the positive induedion harge. The fast omponent has an amplitude of 10% of the total harge.The latter (slow) omponent dereases during the drift of the ions towards theMiromegas. On adjaent pads, however, the same ions will indue a positiveharge, whih will be at maximum when the ions are halfway (after some 25ns) between the anode and the Miromegas. This harge is only a fration ofthe avalanhe harge, and is bak to zero after the arrival of the ions at theMiromegas. On these pads we may thus expet a bipolar urrent signal.The peaking time onstant of the MediPix2 preamp/shaper is 150 ns. Thisis large with respet to time onstants of the signal development. The4



preamp/shaper output is therefore proportional to the avalanhe harge, andthe disriminator threshold an be expressed unambiguously in the number ofeletrons appearing at the input pad.Although the design value of the input noise equivalent of the pixel preampswas 90 eletrons, the thresholds were set at 3000 eletrons in order to limitbakground hits due to (digital) feedbak noise, possibly aused by the 4 mmlong bonding wires.The average of the number of eletrons in an avalanhe, initiated by a singleeletron is the gas multipliation fator M [9℄. The utuations in the numberof eletrons in an avalanhe follow an exponential funtion [11℄:p(n) = 1M e� nMwhere p(n) equals the probability to have an avalanhe with n eletrons intotal. The avalanhe distribution is shown for several values of the gain M inFigure 5. Sine the preamp noise is small with respet to the threshold, andsine there is no eletron attahment, we apply the simple exponential distri-bution instead of approahes like the Polya distributions [12℄ whih inludeseveral 2nd order e�ets.With a threshold set at T eletrons, avalanhes smaller than that are notdeteted. The eÆieny � to detet single eletrons is then given by:� = e� TMIf, for instane, the threshold is set to a value that equals the gain, the eÆienyequals 1/e = 0.37. In Figure 6 the eÆieny urve is depited as a funtion ofthe gainM for a threshold T = 3000. We would like to keep the gas gain as lowas possible in order to a) limit the risk of disharges and ageing and b) limitthe ion spae harge. With the present MediPix2, with its lowest threshold of3000 eletrons, a gain of 10k would orrespond to a single eletron eÆienyof 0.74. For this reason we used He mixtures whih allow a high gain, with asmall risk of disharges.Due to disharges, four MediPix2 hips were destroyed within 24 hours ofoperation. The MediPix2 hip has no protetion iruitry at its pixel inputpads other than the soure and drain di�usions of the transistors responsiblefor leakage urrent ompensation. We notied some damage of the pixel pads,probably due to a high temperature in the disharge region. For InGrid,we intend to eliminate disharge damage by a) overing the bottom of theMiromegas with a (high) resistive layer, limiting the partiipating harge, b)overing the anode pads with a (high) resistive layer, in ombination with )a protetive network, for eah pixel, onneted to the anode pad.5



4 Results4.1 Cosmi ray traks and data readout; alibrationThe MediPix2 sensor an be externally enabled and stopped, followed by areadout sequene in whih the pixel ounter data is transfered to a omputer.We enabled the ounters during an exposure time of 15 or 60 s, followed byreording the image frame in the form of 65k ounter ontents. No trigger wasapplied.The (positive) harge signals on the Miromegas were read out by means of alow-noise harge sensitive preamp, with a deay time onstant of 1 �s. Signalsfrom an 55Fe soure ould be reorded, and the preamp was alibrated withharge signals from a blok wave, injeted by means of a 10 pF apaitor.Together with the known number of primary eletrons per 55Fe quantum, thegas ampli�ation an be measured.With a He/Isobutane 80/20 mixture, we observed signals from 55Fe events with�390 V on the Miromegas and �1000 V on the drift athode plane. This isexpeted given the large density of primary eletrons in the interation point[1℄ and the gain at this voltage of about 1k. We then inreased the voltageon the Miromegas to �470 V, orresponding to a gain of approximately 19k.With a threshold setting of 3000 e�, we expet a single eletron eÆieny of0.85, and osmi rays were observed.Some typial events are shown in Figures 7-9. Figure 7 shows a osmi eventwith environmental bakground. Figure 8 shows a osmi muon that knoksout a delta eletron. Figure 9 shows a seleted osmi muon. The seletionuts are desribed below. In this event the e�et of di�usion an be observedin the spread of the hits along the trak.A seletion to obtain a sample of lean osmi events was made. For thedata a map of the noisy pixels was made. The signal from the edges and theineÆient upper left orner of the detetor were removed. First, a straightline was searhed using a Hough transform. Pixels within a distane of 20pixels are assoiated to the trak. The following quantities were alulated:the number of assoiated pixels, the r.m.s. of the distane to the trak, thetrak length in the detetor plane Ld (in mm). The full 3D trak length L(in mm) is estimated as L = qL2d + 152. The trak is split into two equalparts and the minimum r.m.s. value of the two parts is alulated. Clustersare formed by stepping along the trak and grouping all hits within a distaneof 5 pixels. The number of lusters is ounted.The following riteria were applied to selet an event:6



� the number of assoiated pixels larger than 5 and the fration of assoiatedpixels to the trak to the total number of pixels hit larger than 80%;� Ld larger than 2.75 mm (i.e. 50 pixels);� the r.m.s. less than 4 ;� the number of assoiated pixels per millimeter of 3D trak length should beless than 4.In total 164 events were seleted in the data. The distributions of some physialquantities are shown in Figure 10.A simulation programme was written generating osmi minimum ionisingpartiles with an angular distribution/ os2 �. The muon was traked throughthe sensitive volume of the detetor. Clusters were generated with an averageof 1.4 per mm and per luster 3.16 eletrons were generated using a Poissoniandistribution [13℄. The eletrons were drifted toward the MediPix2 detetor witha di�usion onstant of 220 �m per pm. IneÆient zones of the MediPix2detetor in the region between the pixels and below the pillars were put in.The detetor is assumed to have an eÆieny of 100% in the eÆient zones.Note that multiple hits on a single pixel are at present not separated. Thesame seletion uts were applied to data and simulation.The distribution of the minimum r.m.s. is sensitive to the di�usion onstant.Data give an average value of 2.0 pixels (simulation 2.4). This implies thatthe di�usion onstant is slightly better than 220 �m per pm. The observednumber of pixels hit per mm is 1.83 on average (2.70 simulation). The numberof lusters per mm is 0.52 (simulation 0.60). The average 3D trak length is16.5 mm. The number of lusters per mm agrees within 15% with the sim-ulation, the number of eletrons within 35%. Note that a 100% eÆieny isassumed for the detetor. IneÆienies have also more impat on the numberof eletrons than on the number of lusters. If we take into aount system-ati unertainties on the expeted number of lusters and eletrons per mm,unertainties on the eÆieny and operating onditions of the detetor, we�nd the agreement reasonable. Later experiments will fous on a more preisequantitative understanding of the detetor.4.2 Moir�e e�etsFigure 11 shows an image, obtained after irradiating the hamber with �'sfrom a 90Sr soure. The top-left orner of the image is learly less eÆient.This is due to the non-atness of the Miromegas in its frame. Apparently,the eletrostati fore ould not entirely eliminate the warp in the Miromegasfoil. Here, the pillars are not in ontat with the MediPix2 surfae. The gap iswider and the gain is redued. The dead regions due to the pillars are learly7



visible as well.Figure 12 shows the image, taken with a non-modi�ed MediPix2 sensor, afterirradiating the drift volume with the 90Sr soure. Band-shaped regions with aredued eÆieny are learly visible. Note that these bands are present in twoperpendiular diretions. The same e�et is visible in an image (Figure 13)whih is the sum of all osmi rays obtained during one night of data taking,again with a non-modi�ed MediPix. The orresponding image from a modi�edMediPix2 is shown in Figure 14, where bands are still present, but muh lesspronouned. The bands an well be explained in terms of a Moir�e e�et: thepixel size of the MediPix2 sensor (55 � 55 �m2) does not math the pith ofthe holes in the Miromegas (60 � 60 �m2). Consequently, the hole positionwith respet to its nearest pixel entre, shifts when one follows a pixel row orpixel olumn. The relative hole position repeats after 6060�55 = 12 pixels.The Moir�e e�et an be understood in terms of the pixel signal amplitudebeing dependent of the relative position of a Miromegas hole and the pixelpad. Suh a variation ould not be explained by the harge sharing betweentwo or four pixels for avalanhes (with a ertain width), loated in the regionnear a pixel edge, beause we did not observe the onsequent e�et of havingsigni�antly more lusters with two, three or four hit pixels in the same lesseÆient regions.Instead, the less eÆient regions an be explained by the partly insulator-overed anode. If a Miromegas hole is loated above the joint of two pixels,or above the four adjaent orners of four pixels, the drifting eletron willbe pulled towards one pad whih is relatively far away. Along this drift paththe eletri �eld is less strong, and the gain is smaller. This e�et explainsthe di�erene in the amplitudes of the Moir�e e�et when using modi�ed ornon-modi�ed MediPix2 sensors.The probability for two-fold lusters was found to be homogeneous, and notsubjet to the Moir�e e�et, but the measured value was found to be signi�-antly higher than the MonteCarlo simulation (30% and 10%, respetively).We explain this by the ourrene of very large but not rare avalanhe harges,following the distribution shown in Figure 5. A neighbouring pixel an be hitdue to apaitive rosstalk, in spite of the (positive) indued harge.5 Conlusions and OutlookWe have demonstrated that single eletrons an be deteted with an assemblyof a CMOS pixel hip and a Miromegas foil, with an eÆieny larger than0.9, in a He based gas mixture. Bubble hamber like images of osmi ray8



traks have been obtained and even Æ-eletrons ould be observed. The devieallowed to reonstrut the number of primary ionisation lusters per unit oftrak length, giving the possibility of a measurement of the ionisation lossdE/dx.For the future T imeP ixGrid, the grid holes are preisely entered above thepixel pads, eliminating the non-homogeneity of the eÆieny. The fat that thenon-modi�ed MediPix ould stand the strong eletri �eld, together with itsstrong Moir�e e�et makes us on�dent that we an apply a pixel iruit withsmall pads, provided that the grid holes are well entered above the pads. Thepad apaity an be kept small, simplifying the pixel input iruit. The inter-pad apaity is then also small, reduing the rosstalk between neighbouringpixels. A very small pad may redue the maximum radiation dose, due toageing, and an optimum must be found.The ombination of a pixel sensor and a Miromegas o�ers an instrumentapable to give a full 2D image of all single eletrons in a gaseous volume.By replaing the MediPix2 sensor with a T imeP ix hip, a full 3D image isexpeted to be within reah. These iruits will open new possibilities forpartile detetion, in terms of position resolution, trak separation and energyloss measurements. As an other example, the polarisation of X-ray quantaan be measured [14℄, after its interation with gas, from the diretion of thephoto-eletron, whih is registered aurately with the new devie. Appliedwith a thin drift spae of one mm, the devie ould be used as a fast vertexdetetor in high radiation environments.6 AknowledgementsWe thank the MediPix Collaboration for providing us with several wafers withMediPix2 hips, for the readout software and hardware. We would like to thankArnaud Giganon, Wim Gotink, Joop R�ovekamp and Tom Aarnink for theirreative and essential ontributions to the realisation of the test detetors.Referenes[1℄ P. Colas, A.P. Colijn, A. Fornaini, Y. Giomataris, H. van der Graaf, E.H.MHeijne, X. Llopart, J. Shmitz, J. Timmermans and J.L. Visshers, Thereadout of a GEM or Miromegas equipped TPC by means of the MediPix2CMOS sensor as diret anode, Proeedings of the 10th Vienna Conferene onInstrumentation, Vienna, Feb 2004, Nul. Instr. and Methods A 535 (2004)506-510 9
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Fig. 1. Image aquired with the Medipix2/Miromegas prototype TPC [1℄.
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Fig. 2. The layout of the hamber with the MediPix2, the Miromegas and the driftgap.
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Fig. 3. The mounting of the Miromegas onto the MediPix2 sensor.

Fig. 4. The Medipix2 hip before (a) and after (b) the wafer post proessing. Theoriginal pad (Al, 25 x 25 �m) is overed with an aluminum pad of 45 x 45 �m. Notethat no Miromegas mesh has yet been mounted on the hips shown in this �gure.
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Fig. 5. Probability distribution for the number of eletrons in an avalanhe forseveral values of the gas gain M .

Fig. 6. Single eletron detetion eÆieny as a funtion of the gas gain for a thresholdset at 3000 e�.
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Fig. 7. Image reorded from the MediPix2/Miromegas prototype TPC showingosmis harged partile traks together with some bakground. All the hit pixelsduring an aquisition time of 15 seonds are shown.
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Fig. 8. Image reorded from the MediPix2/Miromegas prototype TPC showing aosmi harged partile trak together with a Æ-eletron.14



0

100

200

0 50 100 150 200 250

 pixel number x

 p
ix

el
 n

um
be

r 
y

Fig. 9. Image reorded from the MediPix2/Miromegas prototype TPC showingseleted osmis harged partile traks. The seletions and noise �ltering are de-sribed in the text.
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Fig. 12. Superimposed images reorded with a non-modi�ed MediPix2 sensor afterirradiation with �'s from a 90Sr soure. 16
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Fig. 13. Superimposed images reorded with a non-modi�ed MediPix2 sensor duringone night of osmis data taking.
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Fig. 14. Superimposed images reorded with a modi�ed MediPix2 sensor during onenight of osmis data taking. 17


