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tA small drift 
hamber was read out by means of a MediPix2 readout 
hip asdire
t anode. A Mi
romegas foil was pla
ed 50 �m above the 
hip, and ele
tronmultipli
ation o

urred in the gap. With a He/Isobutane 80/20 mixture, gas multi-pli
ation fa
tors up to tens of thousands were a
hieved, resulting in an eÆ
ien
y fordete
ting single ele
trons of better than 90% . We re
orded many frames 
ontaining2D images with tra
ks from 
osmi
 muons. Along these tra
ks, ele
tron 
lusterswere observed, as well as Æ-rays.Keywords : Mi
romegas, MediPix2, TPC, single ele
tron, pixel, pixel segmentedanode



1 Introdu
tionRe
ently [1℄ we have demonstrated the possibility to read out a drift 
hamberby means of a dire
t, pixel segmented a
tive anode. Images of the intera
tionof 55Fe quanta with the gas were obtained (see Figure 1) with a rather low gasampli�
ation fa
tor, sin
e these quanta 
reate some 220 primary ele
trons ina small volume of argon gas. The aim of the resear
h presented in this letteris to prove the feasibility of the dete
tion of single (drifting) ele
trons, basedon the same pixel sensor/Mi
romegas 
ombination.Our goal is to develop a single-ele
tron sensitive monolithi
 devi
eT imeP ixGrid 
onsisting of a CMOS pixel matrix T imeP ix 
overed with aMi
romegas [2℄. Ea
h pixel will be equipped with a preamp, a dis
riminator, athreshold DAC and time stamp 
ir
uitry. Su
h a sensor would repla
e the wires(or GEMs, or Mi
romegas), anode pads, feedthroughs, readout ele
troni
s and
ables of TPCs and 
ould generally be applied in gaseous (drift) 
hambers.We intend to integrate the Mi
romegas grid onto the T imeP ix 
hip by meansof wafer post-pro
essing te
hnology (InGrid).In Se
tion 2 the test 
hamber in
luding the MediPix2 readout 
hip and theMi
romegas are des
ribed. In Se
tion 3 details on single ele
tron dete
tion andsignal development are presented. Se
tion 4 des
ribes the data readout and theanalysis of the 
osmi
 ray tra
ks. It in
ludes a dis
ussion on the observationof so-
alled Moir�e patterns in the dete
ted hit pixel distribution. The paperends with 
on
lusions on the present work and an outlook to our future plans.
2 The 
hamber, MediPix2 and Mi
romegas2.1 The 
hamberThe test 
hamber is depi
ted in Figure 2. Above an aluminum base plate, a
athode foil is �xed, by means of spa
ers, 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 pla
ed 
ush with the base plate upper plane. On top of the
hip, a Mi
romegas foil, �xed on a frame, is held in position by means of twosili
on rubber strings (see Figure 3). 2



2.2 The MediPix2 CMOS pixel sensorA MediPix2 
hip [3℄, [4℄, [5℄ was applied as experimental readout devi
e. ThisCMOS 
hip 
ontains a square matrix of 256� 256 pixels, ea
h with dimensions55 � 55 �m2. Ea
h pixel is equipped with a low-noise preamp, dis
riminator,threshold DACs, a 14-bit 
ounter and 
ommuni
ation logi
. One edge of the
hip 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 appli
a-tions. For that parti
ular appli
ation, an X-ray semi
ondu
tor 
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 devi
e. For ea
h pixelthe number of absorbed X-ray quanta in a given a
quisition time is 
ounted,and the 
ombined pixel 
ontent forms the X-ray image. In our appli
ation weuse the \naked" MediPix2 
hip, without an X-ray 
onvertor.Originally, ea
h pixel of the MediPix2 
hip is 
overed for a large part withan insulating passivation layer; the 
ondu
tive pad (o
tagonally shaped, 25�m wide) is large enough to a

ommodate a bump bond sphere. The ele
tri
�eld in the gap between the MediPix2 and the Mi
romegas is in the order of7 kV/mm, and dis
harges were expe
ted when some 70% of the anode surfa
eis 
overed with an insulating material.In order to prevent these dis
harges, the MediPix2 wafers were post-pro
essedby MESA+ [6℄. The post-pro
essing 
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 rea
h a metal 
overage of 80% of the anode plane (see Figure 4).Ele
tri
al tests showed that the preampli�er fun
tionality was una�e
ted bythis post-pro
essing. We have applied both the modi�ed and the non-modi�edversions of the MediPix2 
hip.2.3 The Mi
romegasThe Mi
romegas is a 
opper foil, thi
kness 5 �m, with holes of 35 �m di-ameter in a square pattern with 60 �m pit
h [7℄. At the foil side fa
ing theMediPix2 
hip, poly-imide pillars (height 50 �m, diameter 80 - 140 �m, pit
h(square) 840 �m) are atta
hed. The Mi
romegas, in its frame, was held onthe MediPix2 
hip by means of two sili
on rubber strings. When the voltageon the Mi
romegas was applied (200 - 500 V), the ele
trostati
 for
e 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 pla
ed between the Mi
romegas and the MediPix2.The 
hamber was pla
ed su
h that the drift dire
tion was verti
al. The �du
ialdrift volume of 10.5 � 10.5 � 15 mm3 is hit by a 
osmi
 ray parti
le abouton
e per minute [8℄.3 Single ele
tron dete
tion; signal developmentA muon, originating from a 
osmi
 shower, traversing the drift volume, will
reate 
lusters of ele
trons along its tra
k. The 
luster density, and the distri-bution of the number of ele
trons 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 ele
trons per 
luster is 2.5 [9℄.Consequently, on average some 7 primary ele
trons are 
reated per tra
k lengthof 1 mm. The mean distan
e between two primary ele
trons, proje
ted onto theanode plane, is mu
h larger than the pixel pit
h, and therefore typi
ally singleele
trons will enter a Mi
romegas hole. For this reason the single-ele
tron re-sponse is essential for the performan
e of the pixel-segmented anode readout.The 
ounting of primary ionisation 
lusters would allow a pre
ise measurementof the energy loss dE/dx [10℄.After an ele
tron has entered a hole, it will be multiplied, and the number ofele
trons grows exponentially towards the anode pads. The 
entre-of-gravity ofthe points of ele
tron-ion separations is positioned at D ln 2= lnM away fromthe anode, where D is the distan
e between the Mi
romegas and the anodeand M is the gas multipli
ation fa
tor. With D = 50 �m and M = 3000 the
harge 
entre-of-gravity is about 4 �m away from the anode. The ele
tronswill all arrive within 1 ns at the anode. Most of the ions, moving mu
h slower,arrive within 30 - 50 ns at the Mi
romegas, depending on the gas 
ompositionand pressure. If a point 
harge 
rosses the avalan
he gap, then the potentialsof both the Mi
romegas and the anode 
hange linearly with the distan
e ofthe point 
harge to the anode plane. The 
harge on the anode pad below theavalan
he is the sum of the negative ele
tron 
harge and the positive indu
edion 
harge. The fast 
omponent has an amplitude of 10% of the total 
harge.The latter (slow) 
omponent de
reases during the drift of the ions towards theMi
romegas. On adja
ent pads, however, the same ions will indu
e a positive
harge, whi
h will be at maximum when the ions are halfway (after some 25ns) between the anode and the Mi
romegas. This 
harge is only a fra
tion ofthe avalan
he 
harge, and is ba
k to zero after the arrival of the ions at theMi
romegas. On these pads we may thus expe
t a bipolar 
urrent signal.The peaking time 
onstant of the MediPix2 preamp/shaper is 150 ns. Thisis large with respe
t to time 
onstants of the signal development. The4



preamp/shaper output is therefore proportional to the avalan
he 
harge, andthe dis
riminator threshold 
an be expressed unambiguously in the number ofele
trons appearing at the input pad.Although the design value of the input noise equivalent of the pixel preampswas 90 ele
trons, the thresholds were set at 3000 ele
trons in order to limitba
kground hits due to (digital) feedba
k noise, possibly 
aused by the 4 mmlong bonding wires.The average of the number of ele
trons in an avalan
he, initiated by a singleele
tron is the gas multipli
ation fa
tor M [9℄. The 
u
tuations in the numberof ele
trons in an avalan
he follow an exponential fun
tion [11℄:p(n) = 1M e� nMwhere p(n) equals the probability to have an avalan
he with n ele
trons intotal. The avalan
he distribution is shown for several values of the gain M inFigure 5. Sin
e the preamp noise is small with respe
t to the threshold, andsin
e there is no ele
tron atta
hment, we apply the simple exponential distri-bution instead of approa
hes like the Polya distributions [12℄ whi
h in
ludeseveral 2nd order e�e
ts.With a threshold set at T ele
trons, avalan
hes smaller than that are notdete
ted. The eÆ
ien
y � to dete
t single ele
trons is then given by:� = e� TMIf, for instan
e, the threshold is set to a value that equals the gain, the eÆ
ien
yequals 1/e = 0.37. In Figure 6 the eÆ
ien
y 
urve is depi
ted as a fun
tion 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 dis
harges and ageing and b) limitthe ion spa
e 
harge. With the present MediPix2, with its lowest threshold of3000 ele
trons, a gain of 10k would 
orrespond to a single ele
tron eÆ
ien
yof 0.74. For this reason we used He mixtures whi
h allow a high gain, with asmall risk of dis
harges.Due to dis
harges, four MediPix2 
hips were destroyed within 24 hours ofoperation. The MediPix2 
hip has no prote
tion 
ir
uitry at its pixel inputpads other than the sour
e and drain di�usions of the transistors responsiblefor leakage 
urrent 
ompensation. We noti
ed some damage of the pixel pads,probably due to a high temperature in the dis
harge region. For InGrid,we intend to eliminate dis
harge damage by a) 
overing the bottom of theMi
romegas with a (high) resistive layer, limiting the parti
ipating 
harge, b)
overing the anode pads with a (high) resistive layer, in 
ombination with 
)a prote
tive network, for ea
h pixel, 
onne
ted to the anode pad.5



4 Results4.1 Cosmi
 ray tra
ks and data readout; 
alibrationThe MediPix2 sensor 
an be externally enabled and stopped, followed by areadout sequen
e in whi
h the pixel 
ounter data is transfered to a 
omputer.We enabled the 
ounters during an exposure time of 15 or 60 s, followed byre
ording the image frame in the form of 65k 
ounter 
ontents. No trigger wasapplied.The (positive) 
harge signals on the Mi
romegas were read out by means of alow-noise 
harge sensitive preamp, with a de
ay time 
onstant of 1 �s. Signalsfrom an 55Fe sour
e 
ould be re
orded, and the preamp was 
alibrated with
harge signals from a blo
k wave, inje
ted by means of a 10 pF 
apa
itor.Together with the known number of primary ele
trons 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 Mi
romegas and �1000 V on the drift 
athode plane. This isexpe
ted given the large density of primary ele
trons in the intera
tion point[1℄ and the gain at this voltage of about 1k. We then in
reased the voltageon the Mi
romegas to �470 V, 
orresponding to a gain of approximately 19k.With a threshold setting of 3000 e�, we expe
t a single ele
tron eÆ
ien
y of0.85, and 
osmi
 rays were observed.Some typi
al events are shown in Figures 7-9. Figure 7 shows a 
osmi
 eventwith environmental ba
kground. Figure 8 shows a 
osmi
 muon that kno
ksout a delta ele
tron. Figure 9 shows a sele
ted 
osmi
 muon. The sele
tion
uts are des
ribed below. In this event the e�e
t of di�usion 
an be observedin the spread of the hits along the tra
k.A sele
tion 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 theineÆ
ient upper left 
orner of the dete
tor were removed. First, a straightline was sear
hed using a Hough transform. Pixels within a distan
e of 20pixels are asso
iated to the tra
k. The following quantities were 
al
ulated:the number of asso
iated pixels, the r.m.s. of the distan
e to the tra
k, thetra
k length in the dete
tor plane Ld (in mm). The full 3D tra
k length L(in mm) is estimated as L = qL2d + 152. The tra
k is split into two equalparts and the minimum r.m.s. value of the two parts is 
al
ulated. Clustersare formed by stepping along the tra
k and grouping all hits within a distan
eof 5 pixels. The number of 
lusters is 
ounted.The following 
riteria were applied to sele
t an event:6



� the number of asso
iated pixels larger than 5 and the fra
tion of asso
iatedpixels to the tra
k 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 asso
iated pixels per millimeter of 3D tra
k length should beless than 4.In total 164 events were sele
ted in the data. The distributions of some physi
alquantities are shown in Figure 10.A simulation programme was written generating 
osmi
 minimum ionisingparti
les with an angular distribution/ 
os2 �. The muon was tra
ked throughthe sensitive volume of the dete
tor. Clusters were generated with an averageof 1.4 per mm and per 
luster 3.16 ele
trons were generated using a Poissoniandistribution [13℄. The ele
trons were drifted toward the MediPix2 dete
tor witha di�usion 
onstant of 220 �m per p
m. IneÆ
ient zones of the MediPix2dete
tor in the region between the pixels and below the pillars were put in.The dete
tor is assumed to have an eÆ
ien
y of 100% in the eÆ
ient zones.Note that multiple hits on a single pixel are at present not separated. Thesame sele
tion 
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 p
m. 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 tra
k length is16.5 mm. The number of 
lusters per mm agrees within 15% with the sim-ulation, the number of ele
trons within 35%. Note that a 100% eÆ
ien
y isassumed for the dete
tor. IneÆ
ien
ies have also more impa
t on the numberof ele
trons than on the number of 
lusters. If we take into a

ount system-ati
 un
ertainties on the expe
ted number of 
lusters and ele
trons per mm,un
ertainties on the eÆ
ien
y and operating 
onditions of the dete
tor, we�nd the agreement reasonable. Later experiments will fo
us on a more pre
isequantitative understanding of the dete
tor.4.2 Moir�e e�e
tsFigure 11 shows an image, obtained after irradiating the 
hamber with �'sfrom a 90Sr sour
e. The top-left 
orner of the image is 
learly less eÆ
ient.This is due to the non-
atness of the Mi
romegas in its frame. Apparently,the ele
trostati
 for
e 
ould not entirely eliminate the warp in the Mi
romegasfoil. Here, the pillars are not in 
onta
t with the MediPix2 surfa
e. The gap iswider and the gain is redu
ed. 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 sour
e. Band-shaped regions with aredu
ed eÆ
ien
y are 
learly visible. Note that these bands are present in twoperpendi
ular dire
tions. The same e�e
t is visible in an image (Figure 13)whi
h 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 mu
h lesspronoun
ed. The bands 
an well be explained in terms of a Moir�e e�e
t: thepixel size of the MediPix2 sensor (55 � 55 �m2) does not mat
h the pit
h ofthe holes in the Mi
romegas (60 � 60 �m2). Consequently, the hole positionwith respe
t 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�e
t 
an be understood in terms of the pixel signal amplitudebeing dependent of the relative position of a Mi
romegas hole and the pixelpad. Su
h a variation 
ould not be explained by the 
harge sharing betweentwo or four pixels for avalan
hes (with a 
ertain width), lo
ated in the regionnear a pixel edge, be
ause we did not observe the 
onsequent e�e
t of havingsigni�
antly more 
lusters with two, three or four hit pixels in the same lesseÆ
ient regions.Instead, the less eÆ
ient regions 
an be explained by the partly insulator-
overed anode. If a Mi
romegas hole is lo
ated above the joint of two pixels,or above the four adja
ent 
orners of four pixels, the drifting ele
tron willbe pulled towards one pad whi
h is relatively far away. Along this drift paththe ele
tri
 �eld is less strong, and the gain is smaller. This e�e
t explainsthe di�eren
e in the amplitudes of the Moir�e e�e
t when using modi�ed ornon-modi�ed MediPix2 sensors.The probability for two-fold 
lusters was found to be homogeneous, and notsubje
t to the Moir�e e�e
t, but the measured value was found to be signi�-
antly higher than the MonteCarlo simulation (30% and 10%, respe
tively).We explain this by the o

urren
e of very large but not rare avalan
he 
harges,following the distribution shown in Figure 5. A neighbouring pixel 
an be hitdue to 
apa
itive 
rosstalk, in spite of the (positive) indu
ed 
harge.5 Con
lusions and OutlookWe have demonstrated that single ele
trons 
an be dete
ted with an assemblyof a CMOS pixel 
hip and a Mi
romegas foil, with an eÆ
ien
y larger than0.9, in a He based gas mixture. Bubble 
hamber like images of 
osmi
 ray8



tra
ks have been obtained and even Æ-ele
trons 
ould be observed. The devi
eallowed to re
onstru
t the number of primary ionisation 
lusters per unit oftra
k length, giving the possibility of a measurement of the ionisation lossdE/dx.For the future T imeP ixGrid, the grid holes are pre
isely 
entered above thepixel pads, eliminating the non-homogeneity of the eÆ
ien
y. The fa
t that thenon-modi�ed MediPix 
ould stand the strong ele
tri
 �eld, together with itsstrong Moir�e e�e
t makes us 
on�dent that we 
an apply a pixel 
ir
uit withsmall pads, provided that the grid holes are well 
entered above the pads. Thepad 
apa
ity 
an be kept small, simplifying the pixel input 
ir
uit. The inter-pad 
apa
ity is then also small, redu
ing the 
rosstalk between neighbouringpixels. A very small pad may redu
e the maximum radiation dose, due toageing, and an optimum must be found.The 
ombination of a pixel sensor and a Mi
romegas o�ers an instrument
apable to give a full 2D image of all single ele
trons in a gaseous volume.By repla
ing the MediPix2 sensor with a T imeP ix 
hip, a full 3D image isexpe
ted to be within rea
h. These 
ir
uits will open new possibilities forparti
le dete
tion, in terms of position resolution, tra
k separation and energyloss measurements. As an other example, the polarisation of X-ray quanta
an be measured [14℄, after its intera
tion with gas, from the dire
tion of thephoto-ele
tron, whi
h is registered a

urately with the new devi
e. Appliedwith a thin drift spa
e of one mm, the devi
e 
ould be used as a fast vertexdete
tor in high radiation environments.6 A
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Fig. 1. Image a
quired with the Medipix2/Mi
romegas prototype TPC [1℄.

MediPix2 pixel sensor
Brass spacer block
Printed circuit board
Aluminum base plate

Micromegas

Cathode (drift) plane

55Fe

Baseplate

Drift space: 15 mm

Fig. 2. The layout of the 
hamber with the MediPix2, the Mi
romegas and the driftgap.
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Fig. 3. The mounting of the Mi
romegas onto the MediPix2 sensor.

Fig. 4. The Medipix2 
hip before (a) and after (b) the wafer post pro
essing. Theoriginal pad (Al, 25 x 25 �m) is 
overed with an aluminum pad of 45 x 45 �m. Notethat no Mi
romegas mesh has yet been mounted on the 
hips shown in this �gure.
12



Fig. 5. Probability distribution for the number of ele
trons in an avalan
he forseveral values of the gas gain M .

Fig. 6. Single ele
tron dete
tion eÆ
ien
y as a fun
tion of the gas gain for a thresholdset at 3000 e�.
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Fig. 7. Image re
orded from the MediPix2/Mi
romegas prototype TPC showing
osmi
s 
harged parti
le tra
ks together with some ba
kground. All the hit pixelsduring an a
quisition time of 15 se
onds are shown.
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Fig. 8. Image re
orded from the MediPix2/Mi
romegas prototype TPC showing a
osmi
 
harged parti
le tra
k together with a Æ-ele
tron.14
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Fig. 9. Image re
orded from the MediPix2/Mi
romegas prototype TPC showingsele
ted 
osmi
s 
harged parti
le tra
ks. The sele
tions and noise �ltering are de-s
ribed in the text.
            Data                       Simulation
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 # clusters/mmFig. 10. Distributions of some quantities used in the analysis for sele
ted 
osmi
 data(left) and in the simulation (right). Top: the minimum of the two r.m.s. values fora tra
k. Centre: the number of re
onstru
ted ele
trons per mm of 3D tra
k length.Bottom: the number of re
onstru
ted primary 
lusters per mm of 3D tra
k length.15
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0 50 100 150 200 250Fig. 11. Superimposed images re
orded from the MediPix2/Mi
romegas prototypeTPC after irradiation with �'s from a 90Sr sour
e.
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Fig. 12. Superimposed images re
orded with a non-modi�ed MediPix2 sensor afterirradiation with �'s from a 90Sr sour
e. 16



0

100

200

0 50 100 150 200 250

 pixel number x

 p
ix

el
 n

um
be

r 
y

Fig. 13. Superimposed images re
orded with a non-modi�ed MediPix2 sensor duringone night of 
osmi
s data taking.

0

100

200

0 50 100 150 200 250

 pixel number x

 p
ix

el
 n

um
be

r 
y

Fig. 14. Superimposed images re
orded with a modi�ed MediPix2 sensor during onenight of 
osmi
s data taking. 17


