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Chapte rr  4 

Characterisatio nn of th e LHC1 pixe l 
detecto r r 

Thee LHC1 pixel detector as an Atlas prototype is introduced in the last section of the 
previoTiss chapter. A complete range of measurements have been carried out to characterise 
thee LHCl pixel detector. To test the functionality of the pixel readout and main detector 
characterisationss (like noise;), the detector was investigated using both electrical pulses 
fromm the test input and signal input from the sensor. Its behaviour as a tracking device 
wass studied using a pion testbeam. In addition radiation damage of the readout chip was 
investigated. . 

Thee outline of this chapter is as follows: first the data-acquisition is described. In the 
followingg section the threshold and delay line calibration is treated. Threshold calibra-
tionn provides also information on the noise and the uniformity of the detector and delay 
calibrationn gives information on the delay uniformity. Then in section 4.4 the testbeam 
resultss are presented. In section 4.5 results from irradiation measurements are presented 
andd in the last section all results are summarised and conclusions are made. 

4.11 Data-acquisitio n syste m 

Thee detector under study was placed in a relatively simple (VME-based) data-acquisition 
systemm as shown in figure 4.1. The system had a "carry around"-like character, which 
meanss that this system could be used in several environments, like; in a probe-station, 
benchh measurements and testbeam measurements. Below a description of the basic setup 
iss given; modifications to the system to meet the experimental environments are mentioned 
inn the relevant sections. 

Inn figure 4.2 (a) a readout card carrying two readout chips is shown. The detectors 
are11 mechanically attached with electric conductive glue to the POB card. The electrical 
connectionss are established through (25 /mi thick) wire bonds. These bonds connect the 
End-of-Columnn (EoO) logic of a chip with the rest of the readout system. Essentially, the 
readoutt card is a fan-out of these signal lines. In addition, resistors are attached on the 
cardd to provide1 the correct input voltages for the chip. Decoupling capacitors an1 needed 
too shield from (radio frequent) noise1. 

Thee readout card is connected to a se>-calleel motherboard (figure 4.2 (b)), which is an 
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Figuree 4.1: Data-acquisition system for the LHC1 pixel detector. The pixel detector is drawn 
inin the upper-left corner of the diagram. 

intermediatee board between the readout card and the VM E board. The function of the 
motherboardd is two-fold. It transfers the supply voltages, digital signals and test pulse to 
thee readout card. Secondly, it collects and multiplexes the data from the two chips. The 
followingg detector parameters are tuned on the motherboard (most of them by remote 
computerr control): 

 Power and ground levels: Three voltage levels are needed in the analog part of the 
chip:: Vdd (3.5 V). Vss (1.5 V) and one ground voltage level. V0 (0 V). The digital 
partt of the chip is powered by Vo and Vss. 

 Sensor bias voltage (0-100 V). 

 Voltages to set the tunable parameters associated with the functionality of the front-
endd readout. 

-- Vt,, bias voltage for the preamplifier and shaper. 

-- Vth. voltage to set the threshold level of the discriminator. 

~~ Vcomp, voltage for the leakage current compensation. 

-- Vdi  voltage1 to set the1 nominal value of the delay. 

-- Vdi,,- voltage to set the 3-bit delay adjust. 

 Analog test input. 

 Digital signals. 
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4.11 Data-acquisition system 

(a)) (b) 

Figuree 4.2: Photograph of a readout card, with two chips glued on it (a). It can be seen that 
oneone chip (left) is bonded to a sensor, the other (right) not. In (b) a motherboard is shown. shown. The 
connectorsconnectors to the readout card (left) and the I/O cable to the VME board (right) are visible. The 
threethree lemo cables connect to test pulse, sensor bias and ground. The dimensions of the readout 
cardcard are 7 x 6 cm2, whereas the board measures 15 x 13 cm2. 

-- Strobe signal. Enables the data latch in each pixel. 

-- Enable signal. Enables the readout of the pixel chips. 

-- Clock-out signal. Clock for transferring the data column-wise to the EoC-logic. 

-- Reset signal. Resets the preamplifier in each pixel. 

Thee motherboard is connected through a twisted pair cable to the VM E board. This 
VM EE board makes all the chip functions compatible to a commercial VM E processor. 
I tt generates the analog voltages through digital to analog converters (DACs) and houses 
bufferss to store the data locally. Furthermore the board performs a zero-suppression on 
thee data, before they are transmitted to the VM E bus. The VM E board is placed in 
thee same VM E crate as the HP workstation1 that ran the data-acquisition program. The 
programm was written in the C language. 

Besidess VM E units, a programmable CAMA C attenuator is used to control the height 
off  the test pulse, generated by a pulse generator. Programmable CAMA C delay-units are 
usedd to control the width and delay of the strobe signal. The limiting factor in the readout, 
timee is the 3.5 MHz clock-frequency. To readout the detector 128 clock-cycles are needed, 
whichh sets the readout time to about 40 /^s. For the measurements with a radioactive 
sourcee the trigger was generated by the data acquisition system: after completion of each 
readoutt cycle a new trigger occurred. 

'Thee data-acquisition program ran also on OS9 and SunOS. 

53 3 



Characterisationn of the LHC1 pixel detector 

4.22 Testbench measurements 

4.2.11 Test measurements 

Thee sensor can be checked by measuring the leakage current. In figure 4.3 the leakage 
currentt through the sensor as a function of the sensor bias voltage is shown. The leakage 
currentss approximate in first order a square root dependency on the bias voltage. This is 
explainedd by the fact that the leakage current is proportional to the volume of depletion 
regionn and thus (according to equation 3.4) on the square root of the bias voltage. The 
sensorr bias voltage was set to 50 V in further measurements. 
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Figuree 4.3: Leakage current (I/eak) through the sensor as a function of the sensor bias voltage 
(Vbios)-(Vbios)- A square root function (f{x) = P2 + Pl^/x) is fitted to all data points up to a bias 
voltagevoltage of VUas = 40 V. 

Readout,, chips were studied with and without sensor. The bump-bonded detectors that 
weree delivered by the vendor (GEC-Marconi) were first tested in a probe-station before 
beingg glued and wire-bonded to a readout card. Therefore a readout system was set up in 
combinationn with the probe-station and the detectors were exposed aproximately uniform 
too /3-radiation from a 90Sr source. The bump-bond yield and the number of noisy pixels 
perr detector were checked by producing a hitmap. In figure 4.4 (a) a hitmap from a good, 
bondedd detector is shown. Bad bump-bonded pixels can also suffer from excessive noise, 
i.e.. they are always in a "switched on" mode. These pixels can be masked, but add to the 
inactivee area of the sensor. The masked pixels are indicated in figure 4.4 (a) by the bigger 
blackk boxes. In figure 4.4 (b) the pixel content distribution is shown. The distribution 
hass a mean value of 62 hits per pixel and an RMS of 12, which is reasonable close to the 
RMSS of 7.9 expected from Poisson statistics. Most non-uniformity of the pixel response 
iss from bad bump bonds as can be seen in the right upper corner of the hitmap. 

II xVndf 45.2J / 38 
-- PI 1.711 
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Figuree 4.4: Hitmap from a source, in which the size of each box indicates the response of the 

pixelspixels (a). Apart from the last column, the detector shows a good uniformity. The thick black 

pixelspixels are masked. In (b) the pixel content distribution is shown for the hitmap in (a). 

4.2.22 Threshold cal ibrat ion, uniformity and noise 

Ca l i b ra t i o n n 

Thee threshold level of the discriminator in each cell is set through the reference; voltage 
(V(Vtth)h) of the discriminator. To express the threshold in electrons, it must be calibrated. If 
thee threshold is expressed in the number of electrons, an easy comparison can be made 
withh MI P signals from the sensor and with noise charges. Photons from a source deposit 
aa well-defined energy in the sensor and are therefore suitable for a threshold calibration. 

AA suitable source is Cadmium (109Cd): it has two spectral lines of photons of 22 keV 
andd 25 keV. Photons of 22 keV and 25 keV produce a signal of respectively 6077 and 6900 
electronss in the silicon sensor. These signals are expected to lie within the dynamical 
rangee of the threshold. Besides photons the source emits electrons. These electrons, with 
energiess in the range between 2 and 88 keV were stopped in a 1 mm plastic layer that 
coveredd the source. 

Too measure the precise response to the source the DAC on the VM E board which 
setss the threshold was replaced by an external L2 bits CAMA C DAC unit. The DAC on 
thee VM E board with 8 bits was not accurate enough to separate the two spectral lines. 
Furthermore,, the strobe length was increased to 2 ^s. because of the limited activity of 
thee radio-active source (120.4 kBq). In figure 4.5 (a) the number of counts in one pixel 
ass a function of the applied threshold is shown. The plot shows that the response drops 
beloww 10% around 2400 mV. 

Iff  the rate is (numerically) differentiated, two peaks appear in the tail of the distribu-
tionn corresponding to the two different gamma lines of the 109Cd source. This is shown in 
figuree 4.5 (b). where a Gaussian is fitted to the two peaks. The mean value of each fitted 
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Figuree 4.5: Integrated response to a lmCd source in one pixel of a C-type detector (a) and the 
differentiateddifferentiated response (b). A Gaussian distribution is fitted to the peaks in (b). 

distributionn provides a calibration point. 
Where11 a photon signal provides an absolute; energy calibration for a single threshold 

value,, test pulses are used to calibrate the entire dynamical range of the threshold. To do 
so.. the response (i.e. the number of times a pixel is on) to an increasing test pulse height 
iss recorded (for a given threshold value) as shown in figure 4.6 (a). The threshold value at 
whichh the response is 50% is taken as one calibration point. These points are determined 
att a large number of threshold values, resulting in a calibration curve. In figure 4.6 (b) 
thee calibration curve and the two calibration points from the photon signals for one pixel 
aree shown. As can be seen from this figure1, the calibration shows a linear region at low 
andd moderate threshold voltages followed by non-linear region at higher threshold. The 
dynamicall  range of the threshold covers the region from 2000 up to 16000 electrons, but 
thee threshold is used up to 9000 electrons. 

Uniformit y y 

Thee threshold uniformity between the pixels in a single chip is determined using the 
electricall  test pulses in the same manner as done for the electrical calibration. The 
distributionn of these threshold values is plotted in figure 4.7. The distribution has an R.MS 
off  320 electrons around the nominal value of 3837. which yields a threshold uniformity of 
10%. . 

Noise e 

Thee response of the detector to the photon source provides information on the noise 
off  the detector as well. Since the width of a spectral line of the Cadmium source is 
negligible,, the width of the fitted Gaussian represents the noise of the detector. The 
differentiatedd spectra are produced for a number of pixels on the detectors resulting in a 
noisee distribution as shown in figures 4.8 (a) and (b). 

56 6 



4.22 Tes tbench measurements 

20000 2500 30000 3500 4000 

testt input [ e" ] 

(a) ) 

2 2 
o o 

test-pulsee calibration 

18000 2000 2200 2400 2600 2800 
threshol dd  [mV ] 

( I . ) ) 

Figuree 4.6: The response to an increasing pulse height on the test input in a single pixel (Vth 

== 2 V) is shown (a). The threshold value at which the response is 50% is taken as a point for 

thethe calibration in (b). The calibration curve has been fixed to an absolute energy scale by the 

absoluteabsolute calibration with the source. 
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Figuree 4.7: Threshold distribution for 2032 pixels, 

uniformityuniformity of 10%. 

ThisThis distribution shows the threshold 

Thee equivalent noise charge (ENC) for a C -type detector is determined as: 

ENCc_fwpee = 218  31 e" 

Andd the ENC for an A-type detector is: 

ENC C A—type A—type 2244 1 e" 

Notee that the noise of an A-type detector does not differ significantly from the noise in 
aa C-type detector, despite the aim of the design of an A-type detector to decrease the 
inter-pixell  capacity and thereby the noise (section 3.4.2). An explanation for this has not 
beenn found yet. 

AA way to interpret the importance of the noise is by expressing the noise in the signal-
to-noisee ratio: S/N. A minimum-ionizing particle creates a signal of 25 x 103 electrons in 
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aa 300 /Jin thick sensor. Therefore the measured noise of about 220 electrons corresponds 
too S/N = 115. 

Thee noise caused by the electronics is determined without sensors bump bonded to 
tin11 readout chip. The response of a single pixel to an increasing test input height is 
determinedd and plotted in figure 4.0 (a). In figure 4.8 (c) the response of a pixel cell 
too the test pulse is plotted after numerical differentiation. A Gaussian distribution is 
fittedd to the distribution and the sigma of the fit corresponds to the noise1 of the pixel. 
Performingg this measurement for a number of pixels on the chip, the noise distribution of 
thee pixel chip is obtained as shown in figure 4.8 (d). Again, this distribution is fitted and 
thee noise1 obtained from the1 fit is: 

EN(\„„,„ (;,, = 80 3 r 

Thee noise1 for a separate readout chip is smaller than for a bonded assembly as can be 
expected,, since there is no additional capacitive load at the front end input. 

4.2.33 Timin g 

Delayy calibratio n 

Thee timing in the readout is shown in the diagram of figure 4.9. Since the time between 
twoo collisions is only 25 ns. the data is stored on chip until an external trigger is received. 
Thee trigger in Atlas is designed to have1 a latency of 2 /is. Each pixel has therefore a 
delayy line to butter the data locally until the trigger signal arrives. The delay line is 
requiredd to IK1 uniform, since1 the1 dispersion in the delay is one of the limiting factors of 
thee width of the strobe. The width of the strobe signal determines the time window in 
whichh the detector can be read out. Besides the delay line non-uniformity, also the time-
walkk (discussed later) and tin1 dispersion in the arrival of the trigger signal are1 important2. 

Thee average value of the delay was measured by varying' the time between the test-
pulsee and the applied strobe signal. The1 time at which the pixel responded to 50% of the1 

testt pulses is taken as a calibration point for the value1 of the delay setting. As can be1 

seenn in figure1 4.10 (a) the dynamical range lies between 1.5 and 3 //s. 

Delayy adjus t and uniformit y 

Too decrease1 the spread in delay e)f individual pixe-ls, fast pixels [69] are1 extra delayed. 
Eachh pixel has a 3-bit delay fine-tuning, which means that the added delay can be chosen 
inn 8 steps, whereas the step-size can he1 set via V(u„. 

Thee algorithm e)f delay tuning is shown in figure1 4.10 (b). In this figure the delay of 
thee pixels in one- readout chip is shown. If no additional elelay is added to the pixels, 
thee delay distribution is according to the left most distribution in the1 pleit. The delay 
aeljustt voltage1 (V,/j„ ) is chosen I such, that the range e-ewers the fastest tt) the1 slowest pixel. 
Finallyy to vach pixel a suitable1 elelay is addeel by writing the correspemeling 3-bit. code1 te) 
eachh pixel. 

2Here.. the non-uniformity in the trigger is discarded in the1 timing measurements of die LHCl detector. 
Itt is expectoel to he negligible. 
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Figuree 4.8: Noise measurement. In (a) and (b) the noise distributions for a C-type and an A-type 
detectordetector respectively are shown, which are determined using a Cadmium source. The electronical 
noisenoise measurement is done by numerically differentiation of figure 4.6 (a). In (c) and (d) the 
noisenoise is derived from the test pulse response. A Gaussian distribution is fitted to the differentiated 
responseresponse (c) to obtain the noise for one pixel. The noise distribution for a number of pixels is 
shownshown in (d). 

Thee optimal delay distribution is shown in figure 4.10 (b) where 99% of the pixels 
respondedd within a time window of 30 ns. Theoretically, the time window can be as small 
ass the width of the untuned delay distribution divided by the number of adjust steps. 

Inn figure 4.11 (a) the principle of timewalk is depicted. Low signals are slow due to the 
factt that the threshold of the comparator is reached later. A measurement of timewalk 
forr 2048 pixels is plotted in figure 4.11 (b).The plot shows that timewalk can be expected 
forr low input signals only. Note further that this measurement was done for delay lines, 
ass the pixels respond within a narrow band. 
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Figuree 4.9: Timing diagram of the pixel readout with the indication of the typical time scale. 
IllustratedIllustrated is the non-uniformity in the delay-lines of the pixels and the minimal strobe width 
thatthat can be applied to readout the chip. 
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Figuree 4.10: In (a) the delay calibration is shown. shown. The actual delay is adjusted by a variation in 
thethe delay current. The effect of delay adjust is shown in (b). 

4.33 Testbeam measurements 

4.3.11 Experimenta l setu p 

Too study the pixel-detector as a tracking device, the detector was tested in a 120 GeV 
pionn testbeam in the H6 beam-line at CERN [70]. The experimental setup consisted of a 
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Figuree 4.11: The principle of timewalk (a) as explained in the text. In (b) a measurement of 
timewalktimewalk after delay adjust for 2048 pixels is plotted. 

beam-telescopee and the pixel detectors that were subjected to the tests described before. 
Thee setup is schematically drawn in figure 4.12 (a). 

scintillators s 

pixell detectors under study 

stripp detectors scintillator 

veto o 

scintillator r stripp detectors 

(a) ) 

controll room 

Figuree 4.12: Schematic drawing of beam-telescope in (a) and the trigger logic used in setup (b). 

Thee pixel detectors were placed in the centre of a microstrip detector telescope, which 
actedd as a reference. The pitch of the strips was 10 fim and 40 /im, which enabled to 
predictt the intersection of tracks with the pixel detector with a resolution of 4 fim. For 
betterr understanding of the results, it is useful to note the coordinate axes as given in 
figurefigure 4.12 (a). The beam-direction is along the x-axis, whereas the ^-direction points 
alongg the column direction (i.e. the most segmented direction) and the indirection is 
parallell to the rows. 

Thee (analog) readout of the strips was done using Amplex amplifiers [71] and a VME-
basedd readout system [72]. For triggering a set of small scintillators was used as indicated 
inn figure 4.12 (b), reducing the effective beam-area to ~ 1.5 mm2 as can be seen from the 
beam-profilee in figure 4.13. 
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Figuree 4.13: Beam-profile in the LHC1 detector, defined by the trigger scintillators. 

Thee same data-acquisition system for the pixel system was used as in the bench-
measurements,, with the addition of a Gassiplex amplifier [73] in combination with an 
ADCC to measure the pulse height as collected on the backplane of the sensor (i.e. a signal 
summedd over all pixels). Also a TDC was added to the DAQ. This unit measured the 
timingg signal from the fast-OR directly from the LHC1 readout chip. 

4.3.22 Efficiency and cluster size 

Thee amount of testbeam data was sufficient to apply stringent cuts on the quality of the 
tracks:: events were selected such, that only one track per event was reconstructed using 
thee strip planes. Furthermore, tracks were required to be in areas on the strip detectors 
withh full efficiency. Finally, cuts were applied on the chi-square of the track fit. 

Inn addition to the binary position information of the readout chip, the signal on the 
backsidee of the sensor has been measured (and registered as a number of ADC counts). 
Thee charge that is produced by a traversing particle is distributed over more than one 
pixel,, called charge sharing between pixels. On the backside, the entire signal is collected 
sincee it is not segmented. 

Thee backplane signal is plotted in figure 4.14 (a) for events with single pixel and double 
pixell clusters on the front side. Both distributions exhibit a Landau shape. 

Thee most probable value is higher for larger clusters. This is also shown in figure 4.14 
(b),, where the mean value is plotted versus the cluster size. The error bar in this plot 
iss the width of the distribution. The larger clusters have a higher mean, due to the fact 
thatt clusters with more than two pixels are likely due to <5-rays in the sensor. The (5-rays 
cann travel over a large distance within the silicon, forming large clusters. 

Doublee pixel clusters are mostly caused by charge sharing. The cloud of charge carriers 
aroundd the particle track can be sufficiently large to fire two pixels when a track is near 
thee border of a pixel. 

Thee cluster geometry depends on a number of variables (like sensor bias, threshold 
value,, etc.), but for a typical set of detector parameters the cluster size distribution is 
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shownn in figure 4.15. This figure shows the total cluster size, the size in the ^-direction 
andd the cluster size in the y-direction. The distribution in figure 4.15 shows that the 
probabilityy for a cluster of 2 pixels in z is about 10 times higher than in y. This agrees 
withh the aspect ratio of the pixels: the dimension in y is ten times larger than the 
dimensionn in z. Pixel clusters of more than two pixels are rare: typically in order of 1%. 

Thee forming of clusters is even better illustrated in 4.16. The figures show the impact 
pointss for single pixel and double pixel clusters for the detector types C and A. For the 
A-typee detector the dotted implants are clearly visible. Whereas the C-type detector 
showss a rectangular shaped implant. 

Thee efficiency of the pixel detectors is defined as the ratio between the number of hits 
inn the pixel detector and tracks through the telescope. In figure 4.17 (a) the efficiencies 
forr all cluster geometries are shown as a function of the sensor bias voltage. The detector 
iss more than 99.9% efficient at a bias voltage above 40 V. The figure shows also the 
contributionn of the different cluster sizes. The fraction of double pixel clusters is at a 
maximumm at a bias voltage of 40 V. When the bias voltage is further increased, the 
chargee sharing decreases, due to the strong electrical field across the sensor. 

Thee efficiency as a function of the threshold is plotted in figure 4.17 (b). The plot 
showss a plateau of an efficiency of more than 99.9%. Again the contributions from different 
clusterr sizes are shown as well. As can be expected the average cluster size decreases as 
thee threshold increases until a threshold of about 10 000 electrons, which is the end of the 
dynamicall range of the threshold. Above the dynamical range the efficiency drops rapidly 
too zero. (Note that the chip can still cope with signals higher than 10 000 electrons.) The 
dynamicall range is independent of the sensor and therefore figure 4.17 applies for both 
detectorr types. 

4.3.33 Spatia l resolutio n 

Thankss to the precise tracking resolution provided by the beam-telescope, the spatial 
resolutionn of the pixel detector could be determined by measuring the residuals, i.e. the 
distancee between the predicted impact point of the track and the actual reconstructed 
hitt coordinates. In detectors with analog readout the pulse height information is stored. 
Thiss can be used in case of charge sharing to reconstruct the hit position with higher 
accuracyy through the determination of the center of gravity of a cluster of fired readout 
channels.. In binary readout this method can not be applied and the hit position is simply 
thee center of the cluster. The definition of spatial resolution is usually taken as the RMS 
off the residual distribution: 

RMSRMS =  ̂ J(x - x)2 ^ i \f  ̂ (4.r 

wheree x = 0 for an aligned detector. A detector with binary readout and without charge 
sharingg shows a residual distribution, which is box-shaped. The box is then as wide as 
thee pitch of the detector. The RMS from this distribution can be calculated as: 

RMS RMS 

wheree / is the pitch. 

FTWFTW22 i 
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4000 0 

(a) ) (b) ) 

Figuree 4.14: Signal height (in ADC counts)as measured at the backplane for single pixel (light 
shaded)shaded) and double pixel clusters (dark shaded) (a). In (b) the signal height (in ADC counts) 
versusversus the cluster size is plotted. 
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Figuree 4.15: Bar-chart for the cluster size: all clusters (full line), cluster size in z (dashed line) 

andand cluster size in y (dotted line). 

Inn the case of charge sharing the residual distributions show not a perfect box, but 

aa box smeared with a Gaussian distribution. This distribution is fitted to the residual 
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Figuree 4.16: Impact points for single cluster hits (a) and double pixel clusters (b) in an C-type 
detector.detector. Impact points for an A-type detector are shown in (c) and (d) for single and double 
pixelpixel clusters respectively. Lines are drawn to indicate the implants and the pixel edge. 
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Figuree 4.17: Sensor bias scan (a) and threshold scan (b) for a C-type detector. 

distribution.. The fitting function is then defined as: 
(z+I/2)2 2 

he—^~he—^~ z<-l/2 
hh -1/2 <z<l/2 

( z - l / 2 ) 2 2 

hh e 2°2 z > 1/2 

(4.3) ) 



Characterisationn of the LHCl pixel detector 

AA Gaussian distribution is fitted to the residuals from double pixel clusters. In order to 
obtainn the spatial resolution of the pixels ((Jpixrl). the fitted residual distribution {<j Jlt) 
andd the spatial resolution of the telescope {crtdesr(JJH, = 4/i-in) were deconvolved as follows: 

°lis<l°lis<l  = °)d ~ Vllcropc (4-1) 

Inn figure 4.18 (a) and (b) the fit results of residuals in the ^-direction of single pixel 
clusterr and double pixel clusters are shown. It is clear that the double pixel clusters give 
aa higher resolution. A similar fit was applied to the residuals in ^/-direction. The spatial 
resolutionn is calculated to be. using (4.4) 

""  z,nmfjle. 11 

VzAoubleVzAouble = 6 

<7y.smgU<7y.smgU = 1 4 6 

Vy.doubh:Vy.doubh: = ^ 

Thee expected value (for single pixel clusters) given equation 4.2 and a pixel size of 
500 x 500 juin2 is 14.4 //m in the z-direction and 144.3 //m in the ^/-direction. The fitted 
valuee for the ^-direction is lower than expected due to charge1 sharing. 

4.3.44 Angula r scan 

Thee spatial resolution was measured for tracks perpendicular to the detector. In a collider, 
weree particles are bent by a magnetic field, perpendicular incidence is not very likely. It 
iss therefore useful to measure the spatial resolution as a function of the incident angle. 
Thee interesting angle is in the x-z plane as shown in figure 4.19. 

Furthermore,, since the cluster geometry is important, the average spatial resolution 
iss expected to be sensitive to the applied threshold setting, which determines the relative1 

fractionn of single and double hits (as already shown in figure 4.17). Tin1 results above1 

wen11 obtained at a threshold of 3250 electrons. In figure 4.18 (c) and (d) the residual 
distributionss for the z-dircction are shown for tracks that enter the detector under an 
anglee of 10 degrees. At this angle a Gaussian is fitted to the residual distribution in single1 

pixedd clusters. The residuals from double pixel clusters show a box-like distribution. 
AA complete angular scan has been carried out. The1 cluster geometries and the residuals 

att angles from 0 to 20 degrees have been studied. In figure 4.20 (a) the distribution of the 
clusterr sizes in the 2-directiem as a function of the incident angle1 is shown for a threshedel 
off 3250 electrons. For perpendicular tracks the fraction of double pixel clusters is 30%, 
butt at an angle of 4° this fraction is 50%. The fraction of double1 pixel clusters is dominant 
fromm an angle of 4° up to 17°. The pixel clusters of size three are dominant at angles 
largerr than 17°. The overall efficiency remained above 99% at, any angle1. 

Thee observed geometrie:al pattern in the data is compared with a simple1 Monte Carle) 
program.. The free parameter is the width of the charge sharing region (2 x w), which is 
centredd at the pixel edge as shown in figure 4.19. Charge is shared such that the charge 
collectionn efficiency drops linear from z = —w (100% efficient) to z = +w (0% efficient) 
forr a pixel with coordinate1 z < 0. The charge collection efficiency for a pixel with a 
coordinatee z > 0 increases {0% -» 100%) from z = -w to z = +w. Outside the area 
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Figuree 4.18: Fitted residuals in the column direction of the pixel detector for single pixel clusters 
(a)(a) and double pixel clusters (b). In (c) and (d) the fitted residuals for tracks, with an incident 
angleangle of 10' are shown for single pixels and double pixel clusters respectively. 

\-w,w]\-w,w] the charge collection efficiency is set to 100%. Furthermore, the pulse is assumed 
too be constant and no threshold variation is put into the program. 

Ass can be seen in figure 4.20, the Monte Carlo program describes the data reasonably 
well.. The width of the charge sharing region is determined to be 16 pim, which is substan
tiall compared to the 50 /Jin pitch. The importance of the cluster geometry is shown in 
figuree 4.21. Here the spatial resolution is plotted as a function of the angle. The residuals 
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Figuree 4.19: Cross-section of the pixel sensor in the x — z plane. Indicated are the charge 
sharingsharing regions and a track traversing the sensor under an angle a. 

aree plotted either to a Gaussian or a "box+Gaussian'', which ever gave the best chi-square 
fit.. The average resolution shows two minima at 4° and 17". These arc1 optimal angles 
wheree two cluster types have a relative probability of 50% and where the resolution is the 
highest. . 

Thee same angular scan was performed but with a high threshold of 7700 electrons. As 
alreadyy can be seen from figure 4.17 (b) the threshold has a clear impact on the cluster 
sizess and therefore spatial resolution. An angular scan at higher thresholds shows the 
samee kind of pattern as for lower thresholds, but the points with the optimal resolution 
aree shifted towards higher angles. At all thresholds the average resolution lies between 9 
andd 14 im\ at any angle. 

4.3.55 Timin g resolutio n 

Thee timing characteristics were also studied in the testbeam. Both the timing of the 
front-endd electronics and the digital delay line were studied. 

Delayy lin e 

Thee most important factor of the timing is the resolution of the internal delay line. In the 
previouss section, the delay adjust and delay uniformity were determined using externally 
generatedd test pulses (see section 4.2.3). In the testbeam the delay non-uniformity was 
investigatedd by measuring the efficiency a t a fixed strobe width. The time difference 
betweenn the strobe signal sent to the readout chip and the arrival time of the trigger signal 
fromm the scintillators is varied (figure 4.12 (b)). In this way a delay scan is obtained. 
Inn figure 4.22 (a) the efficiency as a function of the strobe delay is plotted. In this 
measurementss the applied strobe width was fixed to 60 ns. The distributions display a 
plateauu of 99% with a width of 30 ns. The difference in time between the strobe width 
andd the width of the full-efficiency plateau gives the delay spread of the detector, which 
iss in this case 30 ns [69]. 

Besidess the efficiency, also the distributions of the different cluster geometries are 
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Figuree 4.20: Distribution of cluster 
sizesize as a function of the incident an-
glegle (a) of the particle track for a low 
thresholdthreshold (3250 e~). The lines are 
obtainedobtained from simulation. 

Figuree 4.21: Resolution for different 
clustercluster size (in z) and their average as 
aa function of the incident angle (a) of 
thethe particle track for a low threshold 
(3250(3250 e~ ) . (The line is drawn to guide 
thethe eye). 

shown.. For both detector types the same pattern is observed. The delay scan shows a 
longg tail at longer delays, which is due to charge sharing. In figure 4.22 (b) the residuals 
aree plotted for the tracks, which were reconstructed in the tail of the delay scan. When the 
pixell detector was operated at full efficiency, the residuals were centred around Az - 0.0 
/zm.. The residuals in the tail of the delay scan show that single pixel clusters are off centre 
byy ~ 25 /mi. This is explained by the fact the those were in reality double pixel clusters 
wheree only one of the pixels responded. The double pixel clusters show residuals around 
0.00 /an. This means that approximately only double pixel clusters arc reconstructed at 
longg delays. From this it can be concluded that the signals from double pixel clusters are 
slowerr due to timewalk, the lower signal needs more time to reach the threshold. 

Fast-OR R 

AA fast-OR signal is generated just after the comparator (as explained in section 3.4.2) 
andd is therefore a measure of the timing of the front-end electronics. The fast-OR. signal, 
createdd in a fired pixel is fed to the periphery of the chip. Using a CAMAC TDC measure
mentt unit, the time difference between the trigger signal and fast-OR signal is measured. 
Inn figure 4.23 (a) the time difference between the fast-OR and the trigger signal is shown 
forr all clusters, single pixel clusters and double pixel clusters. As can be seen from the 
figure,figure, double pixel clusters have a wider distribution with a higher average value. Again 
thiss is explained by the fact that double pixels are slower. This is shown in figure 4.23 (b): 
thee fast-OR is slower when the residual is larger for single pixel clusters, but this is the 
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Figuree 4.22: Delay scan (a). The residual distribution for single pixel clusters and double pixel 

clustersclusters in the tail of the delay scan is shown in (b). 
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Figuree 4.23: Fast-OR measurement for any cluster, single pixel clusters and double pixel clusters 

(a)(a) and the fast-OR signal for single pixel clusters and double pixels as a function of the residual 

(b)-(b)-

oppositee for the double pixel clusters. The width of the TDC distributions corresponds 
too the resolution of the fast-OR contributes and thus to the overall timing resolution. 
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4.44 Irradiation measurements on the readout chip 

Althoughh the LHC1 readout chip is designed nor made as radiation hard, studying the 
radiationn hardness of the electronics is a useful exercise since the LHC1 is also used in 
heavy-ionn experiments, where a considerable amount of radiation can be expected. Two 
readoutt chips were therefore irradiated without being bump-bonded. The chips were 
placedd in a standard DAQ setup under bias. The irradiation was done using an X-ray 
machinee (type SEIFERT RP149), which produced X-rays of 10 keV. This machine focused 
itss X-ray beam on a well defined spot, with a diameter of - 1 cm, on the chip. It was 
checkedd that the End-of-Column logic was not irradiated, because when this part of the 
chipp breaks down pixel behaviour can not be observed anymore. The chip was irradiated 
withh 1 krad/min and measured at several doses until the chip was completely dead. The 
numberr of dead pixels was determined at several doses by the number of pixels that failed 
eitherr the delay scan or the threshold scan. The results for two chips are shown in figure 
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Figuree 4.24: Percentage of dead pixels for two irradiated readout chips as a function of the total 

dosedose (a). A clear breakdown of the chips can be seen at 50 and 65 krad respectively. In (b) a 

comparisoncomparison between a non-irradiated chip with no delay adjust (right) and an irradiated chip (55 

krad)krad) with delay added (left distribution) is shown. 

4.244 (a). The plot shows a slow increase of dead pixels followed by a sudden death. 
Thee breakdown of the chip occurs at almost the same dose, i.e. 50 and 65 krad. It was 
foundd that the signal of the pixels no longer coincides with the strobe signal, i.e. the 
weakestt part of the readout chip is the delay adjustment. This is shown in figure 4.24 (b). 
Delayy distributions are shown for one chip at an irradiation dose of 55 krad with delay 
adjustmentt and at 0 krad without adjustment. Although the nominal value of the delay 
iss not equal for both measurements, the width of the distribution, representing the delay 
dispersionn is the same. This means that the delay adjustment does not function anymore 
att 55 krad. 
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4.55 Conclusion s 

Inn this chapter an evaluation has been presented of the LHC1 pixel detector. The LHCl 
detectorr has proven to he an efficient detector. The threshold can be set in the range 
fromm 2000 to more than 10000 electrons and has a 10% uniformity in the linear range ( 
beloww 9000 electrons). The noise was measured to be of the order of 220 electrons giving a 
signal-to-noisee ratio of about S/N = 115. From the much larger threshold-non-uiiiforinity 
itt can be concluded that in the future design, threshold tuning is more needed than noise 
reduction. . 

Thee use of external test pulses is crucial to tune the timing of the chip, despite the 
factt that the flip-flop for the connection to the test signal occupies 25 x 50 //m2 surface 
(i.e.. F)r/( of the pixel surface). Tin1 feature of delay adjust for individual pixel cells proves 
too be essential and performed in testbeam measurements as expected. The width of the 
delayy distribution can be reduced to 30 ns. The delay dispersion consists primarily of the 
non-uniformityy of the delay line and non-uniformity in the fast-OH signal is marginal. 

Thee spatial resolution was measured and it has been shown that, the resolution depends 
onn the cluster geometry. The average spatial resolution in the angular scan remained 
betweenn 0 and 14 /mi in the most segmented direction of the detector. To obtain a good 
understandingg of the resolution the information on the cluster geometry is indispensable. 
Thee spatial resolution in the row direction was 140 /mi. Measurements showed surprisingly 
almostt no difference in the different types of detectors (A type and C type). 

Finally,, the radiation tolerance was determined to be in the order of several tens of 
krad.. This is clearly a low dose, but the readout chip was not designed in radiation 
tolerantt techniques and it was never the aim of the detector. The LHCl chip would 
survive11 only one week in the Atlas B-layer. 

4.5.11 Outlook 

Afterr the results, presented in this chapter, wen1 obtained, the LHC experiments have 
almostt completed their design for pixel detectors. It turned out that the pixel readout 
chipp for the Alice experiment is more comparable to the LHCl chip than the Atlas pixel 
chip:: the Alice pixel chip is largely based on the LHCL The1 two experiments have 
differentt approaches to the problems that one faces in an enviroment with exposure to 
highh radiation. To make the chip radiation tolerant, the Alice collaboration has chosen 
too design the chip in the deep-submicron technology. It is shown that a readout chip, 
producedd in commercial 0.25 //m technology is radiation tolerant up to 20 Mrad [74]. 
Thee Alice readout cell measures 400 x 50 /um2 and has all the functionality of the LHCl, 
withh the addition of a 3 bit threshold trim and a leakage current compensation on a 
pixel-by-pixell basis. For the sensor conventional p on n type silicon will be used. An 
advancedd leakage current compensation mechanism in the front-end electronics will be 
usedd to monitor the leakage current per pixel and compensate the current accordingly. 

Thee Atlas collaboration designed their readout chip in the (expensive) DMILL pro
cess.. The Atlas collaboration now considers the deep-submicron technology as a fall-back 
option,, since the availability of the DMILL process is not guaranteed. In addition, the 
componentt density in this process is rather low. The dimensions of the Atlas pixel is 
4000 x 50 /im2, which is larger than the original specifications of 300 x 50 /urn2. Concerning 
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thee sensor design, the Atlas pixel detector will be different from the LHCl deteetor as 
well.. The sensor in Atlas will consist of n implants on n-type bulk. It is believed that 
usingg this technology the sensor can be kept under control after high levels of irradiation, 
longg after type inversion. However, using an n on n sensor implies the use of complicated 
isolationn techniques in the form of p-type structures between the n implants. This p-type 
isolationn technique is still under study. 

Thee design for the Alice chip in particular shows that the trend in pixel devices is to 
putt more and more intelligence into a single readout channel. 
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