UNIVERSITY OF CALIFORNIASANTA CRUZNoise Studies on Silicon Microstrip DetectorsA thesis submitted in partial satisfactionof the requirements of the degree ofBACHELOR OF SCIENCEinPHYSICSbyTeela Marie Pulliam18 June 1995This thesis of Teela Marie Pulliam is approved by:__________________________________________________Hartmut SadrozinskiGeorge BrownTechnical AdvisorThesis Advisor1994-1995_________________________David E. DorfanChair, Board of Physics iiiTable of ContentsList of Figures............................................................................................................... ivList of Tables................................................................................................................. viAbstract.......................................................................................................................... viiAcknowledgments....................................................................................................... viiiI. INTRODUCTION..................................................................................................... 1II. BACKGROUNDSilicon Microstrip Detectors........................................................................... 2Noise.................................................................................................................. 4III. MATERIALS AND METHODExperimental Set Up........................................................................................ 5The Detector and the Detector Board............................................................ 6Noise Measurement MethodsCalibration Method.............................................................................. 9Occupancy Method.............................................................................. 20IV. RESULTS AND DISCUSSIONMaterials on Top of the Detector................................................................... 246cm Strip Configuration.................................................................................. 2712cm Strip with Four Neighboring Amplifiers Configuration.................. 2812cm Strip - Middle Configuration................................................................ 3012cm Strip - End Configuration.................................................................... 32Occupancy Method.......................................................................................... 33ComparisonsDifferent Configurations..................................................................... 36Occupancy Method - Gaussian and Complementary ErrorFunction................................................................................................. 37Occupancy Method vs. Calibration Method.................................... 42V. CONCLUSION........................................................................................................ 45References...................................................................................................................... 48Appendix....................................................................................................................... 49 ivList of Figures 1 - Interaction area of a colliding particle experiment.......................................... 1 2 - Particle passing through detector....................................................................... 3 3 - Double sided silicon strip detector cross-section............................................. 4 4 - Experimental set up.............................................................................................. 5 5 - The n and p-side of the detector......................................................................... 7 6 - Detector Board....................................................................................................... 8 7 - Detail of detector and read-out electronics....................................................... 9 8 - Delay scan for n and p-side................................................................................. 10 9 - Experimental Threshold Curve.......................................................................... 1110 - [A] Simple square wave signal and [B] corresponding thresholdcurve................................................................................................................... 1111 - [A] Signal with noise added. [B] Noise............................................................. 1212 - Threshold scans for 1fC and 2fC input charges............................................... 1313 - Sample response and small signal gain curve.................................................. 1414 - Sample Graph of Results..................................................................................... 1515 - Noise Comparison for 200 vs. 500 counts/threshold...................................... 1616 - Sigma Comparison for 200 vs. 500 counts/threshold..................................... 1717 - Noise Comparison for Analysis with 8 and 4 input charges.......................... 1818 - Comparison of Noise Measurements done on two different days................ 1919 - Delay scan for a 6cm strip with nearest neighbors to ground....................... 2020 - Graph of ln[N] vs. Qin2....................................................................................... 2221 - Plot of complementary error function and gaussian....................................... 2322 - Material placed directly on top of the detector................................................ 2523 - Added capacitance by placing material on top of detector............................ 2624 - Noise for 6cm strip configuration....................................................................... 2725 - 12cm with 4 neighboring amplifiers configuration......................................... 2926 - Noise for 12cm with 4 neighboring amplifiers configuration........................ 3027 - 12cm - middle configuration............................................................................... 3128 - Noise for 12cm - middle configuration.............................................................. 3129 - 12cm - end configuration..................................................................................... 3230 - Noise for 12cm - end configuration.................................................................... 3331 - Noise obtained for the occupancy method using the gaussianapproximation.................................................................................................. 3432 - Noise obtained for the occupancy method using the complementaryerror function.................................................................................................... 35 v33 - Noise obtained with the calibration method for the differentconfigurations................................................................................................... 3634 - Data for a n-side 12cm-end strip with fits for the gaussianapproximation and the complementary error function.............................. 3835 - Data for a p-side 12cm-end strip with fits for the gaussianapproximation and the complementary error function.............................. 3836 - Data for a n-side 6cm strip with fits for the gaussian approximationand the complementary error function......................................................... 3937 - Data for a p-side 6cm strip with fits for the gaussian approximationand the complementary error function......................................................... 3938 - Data for a n-side 0cm strip with fits for the gaussian approximationand the complementary error function......................................................... 4039 - Data for a p-side 0cm strip with fits for the gaussian approximationand the complementary error function......................................................... 4040 - Noise vs. length for the occupancy method using the gaussianapproximation and the complementary error function fit......................... 4141 - Comparison of the occupancy method using the gaussian fit and thecalibration method........................................................................................... 4342 - Comparison of the occupancy method using the complementary errorfunction fit and the calibration method........................................................ 44 viList of TablesI - Parameters from the fit of the response curve............................................. 14II - Noise results for 6cm and 12cm strips with various materials.................. 25III - Noise for 6 and 12cm strips with and with out Kapton and waterfilm..................................................................................................................... 27IV - Noise for the 6cm strips................................................................................... 28V - Noise for 12cm strips with 4 neighboring amplifiers................................. 30VI - Noise for 12cm strips connected at the middle............................................ 32VII - Noise for 12cm strips connected at the end.................................................. 33VIII - Noise for 0, 6 and 12cm - end strips for the occupancy methodusing the gaussian approximation................................................................ 34IX - Noise for 0, 6 and 12cm - end strips for the occupancy methodusing the complementary error function...................................................... 35X - Noise for 0, 6 and 12cm strips for the calibration method anddifferent configurations................................................................................... 36XI - Noise for 0, 6 and 12cm - end strips for the occupancy methodusing the gaussian approximation and the complementary errorfunction fit......................................................................................................... 41XII - Noise for 0, 6 and 12cm - end strips for the occupancy andcalibration method........................................................................................... 44XIII - The factor B as determined from the linear fit of noise vs. length............ 45XIV - Values of A and B for calibration line 2 when one detector board isconnected........................................................................................................... 49

AbstractSilicon microstrip detectors are examined with an emphasis on noisemeasurement. Two different noise measurement methods; the calibration andoccupancy method, are presented and compared. Both are found to yieldaccurate results. Noise is measured for different strip lengths and configurationswhich are compared in order to examine how noise scales with length andcapacitance.

viiiAcknowledgmentsI would like to thank Hartmut Sadrozinski for providing excitement andguidance in this project. I also would like to offer a special thanks to Bill Rowefor his miracle bonding and all around help and support. A big thank you toTim Dubbs, Wilko Kr�ger and Max Wilder for listening to all my questions andexplaining over and over again. Thanks to Alec Webster for all the support andadvice and to Alex Grillo for lending me your pen again and again.Warm thanks the members of TT an organization I would not have madeit without; Scott Plette and especially Jason Patton for being my faithful labpartner on every occasion.Lavish thanks to David for doing all the dishes while I was working onmy thesis. And last but not least thanks to my parents for all of their love,encouragement and financial support not only through the last four years butfrom the very beginning.

1I. INTRODUCTIONExperiments in high energy physics involve the observation ofparticles and their interactions. Many of these experiments involve collidersystems, where beams of particles are accelerated to high energies and forcedto interact. When particles collide they break apart or combine together toform other particles. In this way physicists probe the structure of the matteror create particles that would not usually exist in the universe today.The interaction area [figure 1], where the beams of particles collide, issurrounded by detectors designed to measure various properties of theinteraction.

Interaction Area

Other Detectors

Silicon Strip DetectorsParticle Beams

Figure 1 - Interaction area of a colliding particle experiment.Properties of the particles such as energy, position and momentum aremeasured using many different types of detectors. The innermost layer ofdetectors in most collider experiments consists of silicon strip detectors whichprovide a precise measurement of the position of the particles. These aresurrounded by other detectors which measure properties such as the energyof the particles [calorimeters] or the trajectory further away from the collisionpoint [drift chambers].I will examine silicon micro-strip detectors. In particular, I will explorethe noise characterization of these detectors for different lengths andconfigurations. I will also examine and compare two different methods ofmeasuring the noise.I start out with a background section that describes how the detectorsare used, how they work and defines the noise that was measured. In mymaterials and methods section I give a description of the apparatus that wasused to make the measurements and the two methods used to measure noise.

2The results and discussion section presents the results for different detectorlengths and configurations. In the conclusion I discuss future measurementsthat will be made to continue this examination.The detector and experimental set up used for the measurementspresented here were designed for use in a test beam at KEK in Japan. Theywere manufactured for design research and development; not to be used in aphysics experiment.II. BACKGROUNDSilicon Microstrip DetectorsSilicon microstrip detectors are a relatively new development inparticle detection. They can determine the position of a particle to within 10microns or less which is 10 times better precision than with older detectorssuch as wire chambers1.Silicon strip detectors use diodes to detect particles. A diode is adevice that allows current to flow in only one direction. This ability to blockcurrent flow is the reason to use diodes as a measurement device; otherwise,the faint signals caused by particles can be lost in statistical fluctuations in thecurrent.Silicon strip detectors are manufactured by implanting strips of dopedsilicon into a silicon crystal wafer. The implants can be positively ornegatively doped. This is done by adding a very small number of impurityatoms to pure silicon crystal. Silicon crystal has a diamondlike structure:every atom has four equidistant neighbors and shares one of its four outerelectrons with each neighbor2. By adding impurity atoms with differentnumbers of outer electrons, doped silicon can be produced that has an excessof negative or positive charge carriers. For example, adding a small numberof phosphorus atoms, which have five outer electrons, will result in an excessof negative charge carriers since the fifth outer electron will not be bound to aneighbor and can be easily liberated to carry an electronic current. This kindof doping is called n-type since the resulting material has excess negativecharge carriers. Silicon can also be doped with an atom that has only threeouter electrons, such as boron. This results in a empty space where an

1 Litke and Schwarz, p. 77.2 ibid.

3electron wants to be, or a "hole" in the crystal, which functions as a positivecharge carrier. Positively doped silicon is dubbed p-type.Diodes are formed by a junction of p and n-type silicon. At thejunction area the negative carriers [electrons] from the n-type silicon candiffuse into the p-type silicon and be neutralized by the positive carriers[holes], leaving behind ionized impurity atoms on either side of the junction3.These ionized atoms create an electric field which keep holes on the p-sideand electrons on the n-side of the junction. This creates a region around thejunction which is free of charge carriers and has a strong electric field. Thisregion is called the depletion region and can be expanded by placing avoltage with the proper polarity on either side of the diode junction. Apositive voltage is placed on the n-type implant and negative carriers areattracted out of the implant, conversely a negative voltage is placed on the p-type implant to attract positive carriers. The depleted region acts as theparticle detector.A double sided silicon strip detector has implants on both sides. Oneside, the n-side, has n-type implants while the other, the p-side, has p-typeimplants.When a particle passes through the detector it liberates electron-holepairs [figure 2].

+-++--

4amplified and recorded by electronic readout chips located next to thedetector.A double sided silicon strip detector is shown in figure 3.

300 mm

Strip Width (10 mm)N+ typeP+ typeAluminum strips

N type substrateStrip Pitch (50 mm)SiO2 Insulator

P+ isolation implantFigure 3 - Double sided silicon strip detector cross-section.4The substrate, or bulk of the detector, is n-type. On the n-side theimplants are of type n+ [highly doped n-type silicon], which are isolated fromeach other by p+ [highly doped p-type silicon] isolation implants in-betweenthe strips. On the p-side the strips are p+ implants and isolation implants arenot needed since the substrate is n-type. The junction between the p+implants and the n-type substrate is where the diode is formed. Aluminumstrips on top of the implants serve to carry the signal to the readoutelectronics. For AC coupled detectors there is a thin insulating layer of siliconoxide in-between the implants and the aluminum strips. The implants andthe metal strips above them form a 15pF/cm coupling capacitor throughwhich the signal travels.NoiseThe signal caused by a particle5 can easily be affected by noisegenerated by the detector or the electronics used to record it. Therefore, inorder to understand the signal to noise ratio the noise of the system must becharacterized.

4 Drawing by John Nibarger, SCIPP, UCSC, 1995.5 The signal caused by one minimum ionizing particle is around 4fC.

5A simple approximation can be made for the noise charge which onlytakes into consideration the contribution from the electronics and thecapacitance of the strip being measured:Noise = A + BC[1]A is the constant noise contribution from the electronics with out the stripconnected. B is a constant factor that has been found6 to be around 32 e-/pF,and C is the capacitance of the strip.In reality, there are other contributions to the noise. There is acontribution from the electronics that the neighboring strips are connected toand from the resistance of the measured strip. There also is a contribution tothe noise from the bias [leakage] current7. By comparing theoretical valuesfor the noise, obtained from equation 1, with actual measurements one candetermine the magnitude of the other contributions.III. MATERIALS AND METHOD:Experimental Set UpThe experimental set up is shown in figure 4.

DetectorBoardsFan OutBoardCable DriverBoard [VME]DRS[VME]VMEControllerMacintoshClock Module [VME]Digital CableAnalog Cable20 MetersDigital CableDigital CableDigital CableDigital CableAnalog CableAnalog CableAnalog CableAnalog CableDetectorBias VoltageSupply8 ChannelDAC[VME]Clock40MHzScaler/105:DRS Trigger DelayCalibration Trigger DelayFigure 4 - Experimental set up.

6 Spencer et al. SCIPP 94/32.7 The noise from the leakage current, in electrons, is;

N^i = 2iΔt e ⋅F(τ)

, F(t) is some functionof the shaping time of the amplifier and i is the leakage current.

6The Macintosh talks to the VME crate8 which houses the DRS [DigitalReadout Sequencer], the Cable Driver Board, the Clock Module and the DAC[Digital to Analog Converter] through the VME Controller . The Macintosh alsostores and analyzes the data collected.The DRS reads the data collected from the read-out chips located on thedetector board, and passes this data to the Macintosh.The Cable Driver board mediates all the voltages and signals that areneeded to run the read-out electronics on the detector board and sends them tothe Fan Out board in two cables; analog and digital [for the analog and digitalchips]. These cables are 20 meters long to meet specifications for the beam test atKEK.The Clock Module provides the 40MHz clock signal which runs the entiresystem. It also provides the DRS trigger signal which synchronizes the deliveryof data to the Macintosh. In addition, it supplies the Calibration Trigger signalwhich controls a calibration pulse, used for simulating particle signals incalibration and noise measurement..The DAC is a power supply which supplies most of the voltages for theread-out electronics and can be set from the Macintosh.The detector bias voltage is supplied by a HP Parameter Analyzer whichalso monitors the bias current.The Fan Out Board takes the signals from the cable driver board and fansthem out into four pairs of analog and digital cables which can be connected toup to four detector boards at one time.The Detector and the Detector BoardA double sided, AC coupled, silicon microstrip detector manufactured byHamamatsu was used for the experiment. It is 300 microns thick, 6cm long and3.4cm wide. The strips have a pitch of 50 microns and a strip width of 10microns [see figure 3]. The p-side strips are in stereo9 [i.e. at an angle of 10mrad]to the n-side strips, which provides a two dimensional mapping of the particleposition [figure 5].

8 The VME crate is a box which holds various modules and provides them with basic power. Italso, through the VME controller, mediates communication between the modules it housesand the Macintosh.9 Since the p-side strips are not parallel to the n-side strips they provide another spatialcoordinate in order to determine the position of the particle penetrating the detector.

76cm3.4cmn-sidep-sideFigure 5 - The n and p-side of the detector [not to scale].The detector is mounted on a hybrid detector board designed at SCIPP10[figure 6].

ConnectorsAnalogChipsDetectorDigitalChips

Digital CableAnalog CableHybrid Detector BoardCables from FanOut BoardFigure 6 - Detector Board.

10 Santa Cruz Institute for Particle Physics

8There are two pairs of readout chips on either side of the detector; ananalog chip [the LBIC or Low Power Bi-Polar Integrator Comparator chip11] anda digital chip [the CDP or Clock Driven Pipeline chip12], which utilize 64 detectorstrips each13.The analog chip houses an amplifier and a comparator for each of the 64channels. The amplifier takes a current input from a strip and produces a voltagesignal which is presented to the comparator. The comparator has a thresholdthat can be varied [but is common to the chip] and it compares the voltage signalfrom the amplifier against this threshold. The output of the comparator is a logicsignal; a 0 if the voltage signal from the amplifier is lower than the threshold, anda 1 if the signal is higher than the threshold voltage. An output of 1 is considereda hit. This logic signal is passed to the digital chip whose function is to store thesignals. The digital chip has a storage bit for each strip and has a pipeline 80 bitsdeep [see figure 7]..

80Pipeline

. . .. . .. . .

. . .AnalogChipSi Detector

. . .

. . .

. . .1 . . .

. . .StripsAmpComparator

To DRSDigital ChipFigure 7 - Detail of detector and read-out electronics.On every clock cycle the digital chip looks at the output of the comparatorand stores a logic bit [a 0 or 1]. This signal, on the next clock pulse, moves overin the pipeline to make room for the next signal to be read in. A column ofstorage bits that are filled for all strips in one clock cycle are called a time slice.

11 Spencer et al. SCIPP 94/32.12 DeWitt, SCIPP 93/37.13 The chip has 64 channels where each channel can be connected to a detector strip.

9These time slices can be read out of the digital chip by the DRS and passed to theMacintosh for final storage and analysis.Noise Measurement MethodsCalibration MethodTo measure the noise a calibration signal; a current signal presenteddirectly to the input of the amplifier chip is used. In this way the noise from thedetector is still collected, but a controlled, known signal is introduced so that thenoise can be accurately measured. Actual signals caused by particles passingthrough the detector are not used to measure noise since their frequency andpulse height would not be known before they were detected.The calibration signal is produced by four pulsers on the fan-out board.Each pulser provides a signal for sixteen channels, one fourth of the 64 channelsfor each chip. Therefore, we have four calibration lines; calibration lines 0, 1, 2and 3. Calibration line 0 pulses channel 0, 4, 8, 12, 16 etc. where calibration line 1pulses channel 1, 5, 9, 13, 17 etc.The calibration pulse height is set using the DAC . Hardware responsecorrections are needed to obtain the correct input charge for a given voltagesetting on the DAC. These corrections are detailed in the appendix.It is important that the injected calibration signal is seen by the electronics.The digital chip looks at the output of the comparator on the rising edge of everyclock cycle and therefore, there is some �dead� time in which a signal could bepresent and not be recorded. A �delay scan� [figure 8] is made where the delaybetween the calibration pulse and the clock pulse is varied and the occupancy[which is the percent of times that the signal was higher than the threshold] isrecorded.The delay curve for the p-side is much wider than for the n-side. This isbecause the voltage pulse from the amplifier on the p-side is much wider than forthe n-side. The amplifier is designed to work with the p-side of a detector andtherefore with positive signals. It is desirable for the output of the amplifier to bea long pulse so that the comparator does not miss it. The short pulse on the n-side however, is adequate, but not as reliable as the p-side.

1020406080100

occupancy [%]020406080100delay [ns]n-sidep-sideFigure 8 - Delay scan for n and p-side.Since the threshold of the comparator can be varied, one can decide whatsize signals are registered as a hit. The size of the calibration signal can also bevaried.By varying the threshold while injecting a calibration signal of a fixed size,a �threshold curve� is produced [figure 9]. 0.020.040.060.080.0100.0

Occupancy [%]150200250300350Threshold Voltage [mV]50% pt88% pt12% ptFigure 9 - Experimental Threshold Curve.

11Ideally, if there were no noise, one would expect that a signal of constantsize would always be registered as a hit until the threshold reached a level whereit was just bigger than the signal [see figure 10A].

signal

VVoVthresht

Vthresh100Vo[A][B]occupancyFigure 10 - [A] Simple square wave signal and [B] corresponding thresholdcurve.If this were the case, the percent occupancy would sharply drop to zero asthe threshold voltage became greater than the height of the signal [figure 10B].But, as illustrated in the actual threshold curve [figure 9], there is rounding dueto noise.

12Since this noise causes the rounding of the threshold curve [i.e. we getfigure 9 not figure 10B], the size of the spread due to the rounding, G, is equal tothe amplitude of the noise: G = V2 - V1. Conventionally V1 is taken as thethreshold voltage at the 88% occupancy point and V2 at the 12% occupancy point[these are marked in figure 9]. This gamma is the full-width-half-maximum[FWHM] of the noise distribution, which is 2.35 times sigma.The noise distribution is the derivative of the threshold scan. A deltafunction, which is the signal without the noise, is the derivative of a thetafunction [or a step function, figure 10B]. The noise has a gaussian distribution.The derivative of an error function:

erf(z) = 2π − z2ez∞∫ dz, z = x − μσ

[2] is a gaussian:

PG(x,μ,σ ) = 1σ 2π e− 12 x− μσ( )2

[3]An actual threshold scan [figure 9] is the complementary error function:

erfc(z) = 1− erf(z)

[4]Where sigma, s, is the noise, m is the median [which also is the 50% pointof the threshold scan] and x is the threshold voltage. Sigma and mu are obtainedby fitting the threshold scan to a complementary error function.The measured sigma may be taken for the noise of the detector, but thereare other things to consider. For example, the calibration signal is measured aftergoing through the amplifier. The amplifier converts the current signal collectedfrom the silicon strip, or injected at the input to the amplifier, into a voltagesignal which can be compared against the threshold voltage. So the sigma, ornoise, that we obtain from the threshold scan is the noise at the input to thecomparator. We want to measure the noise at the input of the amplifier, i.e. thenoise of the detector. In order to do this we must find out how the amplifierchanges the signal, i.e. find the gain of the amplifier.Gain, in general, is defined as the ratio of output over input. In this casewe define the small signal gain [equation 5] as the difference in output voltage ofthe amplifier over the difference in input charge collected from the detector orinjected at the input to the amplifier.

Small Signal Gain = Δoutput voltage Δinput ch arg e mVfC

[5]

13To obtain this number we take threshold scans for varying input charges [figure12].02040608010050100

Occupancy [%]150200250300350400output voltageThreshold Voltage [mV]1fC input charge50%Dinput charge = 2fC - 1fCD2fC input chargeFigure 12 - Threshold scans for 1fC and 2fC input charges.The difference in output voltage is taken as the difference in the 50%points of the two curves.In practice, threshold scans are taken for five or more input charges andthe 50% points are plotted versus the input charge [figure 13]. This is called theresponse curve. Taking the derivative of the response curve gives us the smallsignal gain.As can be seen in figure 13, the response curve, for small input charges, isfairly linear but then begins to turn over. It can be fit to equation 6 whichapproximates its observed behavior. It is linear for small Q and saturates forlarge Q.

V = A +B 1+ BC⋅Q 2 − 12

[6]Where A, B and C are parameters. Table I lists experimental values for theseparameters for different strip length.

14050100150200250300350

[mV] or [mV/fC]4000.511.522.5Input Charge [fC]Response [mV]Small Signal Gain [mV/fC]3Figure 13 - Sample response and small signal gain curve.Table I - Parameters from the fit of the response curve.strip length [cm]ABC

0n-side47560132 p-side436001506n-side45560143p-side4457815712n-side57488122p-side68658142

The slope of this curve at any point is the small signal gain at that point.

dV dQ =

B^3 C^2Q^3 1+ B C⋅Q 2 − 32

[7]Values for A, B and C from the fit of the response curve are used tocalculate the small signal gain for different input charges.Now the noise at the input to the amplifier can be computed. The noise isthe ratio of sigma and small signal gain;

noise = σ sm.signal gain

.[8]

15 The response, the small signal gain, the sigma and the noise curves as afunction of input charge are presented together in figure 14.50100150200250300350400450

[mV] or [mV/fC]

[100mV] or [fC]00.050.10.150.20.250.30.350.40.511.522.53Input Charge [fC]response [mV]sm. signal gain [mV/fC]sigma [100mV]noise [fC]3.5Figure 14 - Sample Graph of Results.The noise measured should be independent of the input charge used. Thisis true in figure 14 for small input charges, but the 3fC point is lower than theothers. This is due to the fact that the response curve is not fit well for largeinput charges. The rounding of the response curve at high input charges is notwell understood. Whereas, the small differences in the noise for lower inputcharge is mostly statistical.

ConsiderationsNumber of Counts/Threshold. We found that in taking a threshold scan, thenumber of counts per threshold used greatly affected the noise measurement.This is mostly due to the statistical error for different counts. We took thresholdscans with 200 counts/threshold and then 500 counts/threshold which havestatistical errors of 7% and 4.5% respectively. Figure 15 is a plot of the noise vs.input charge for the different situations.The effect is from the fit of the threshold scan to a complementary errorfunction. Since there is a larger error on the occupancy points for 200counts/threshold the fit is worse than for 500 counts/threshold. This can be seen

16by comparing the sigma�s which are computed from the fit of the threshold scan[figure 16].00.050.10.150.20.250.3

noise [fC]0.511.522.53input charge [fC]n-side 500 counts/threshn-side 200 counts/threshp-side 500 counts/threshp-side 200 counts/threshFigure 15 - Noise Comparison for 200 vs. 500 counts/threshold [6cm strips].

00.050.10.150.20.250.3

sigma [100mV]0.350.40.511.52input charge [fC]n-side 500 counts/threshn-side 200 counts/threshp-side 500 counts/threshp-side 200 counts/thresh2.53Figure 16 - Sigma Comparison for 200 vs. 500 counts/threshold [6cm strips].

17The trend of the data is the same for the noise and the sigma. Since noiseis sigma divided by small signal gain and the noise and sigma exhibit the samebehavior, we can infer that the small signal gain for 500 and 200counts/threshold is the same. We then know that the response is also similar forboth cases since the small signal gain is the derivative of the response. Theresponse and the sigma both are obtained from the fit of the threshold scan, butthe sigma is more sensitive to errors in the occupancy.Different Number of Input Charges. To examine how sensitive the fit of theresponse curve is, the difference in noise depending on the number of inputcharges used in analysis of the data is examined. The number of input chargesused give the number of points that define the response curve. If the fit of theresponse curve changes the values for the small signal gain will also change.Data was usually taken for eight different input charges; approximately2/3, 3/4, 7/8, 1, 1.25, 1.5, 2 and 3 fC. In figure 17 the noise obtained for analysisof the same data run with all eight input charges and with only four; 2/3, 1, 1.5and 2 fC is shown to match. Therefore we can conclude that the fit of theresponse curve did not change significantly.

00.050.10.150.20.250.3

Noise [fC]0.511.522.53Input Charge [fC]n-side analysis with 8 input chargesn-side analysis with 4 input chargesp-side analysis with 8 input chargesp-side analysis with 4 input chargesFigure 17 - Noise Comparison for Analysis with 8 and 4 input charges [6cm strips].

18Consistency Over Time. To check consistency data was collected with the sameconditions two days apart [Figure 18]. The results for the different days areconsistent to within 5%, implying that our measurements are only valid to 5%.00.050.10.15

noise [fC]0.20.250.30.511.5input charge [fC]22.53n-side taken on 17 Mayn-side taken on 12 Mayp-side taken on 17 Mayp-side taken on 12 MayFigure 18 - Comparison of Noise Measurements done on two different days [6cmstrips].Grounded Neighbors. We attempted to isolate a single strip by connecting itsnearest neighbors to ground. In this way the noise contribution of theneighboring amplifiers can be eliminated.The nearest neighbors were connected at the end of the detector to a largegrounded plane on the detector board and noise measurements were taken. Inanalyzing the data it was found that the signal had been greatly distorted by pickup of the clock signal. The ground plane acts like an antenna, picking up andadding the high frequency clock signal to the pulse we were trying to measure.This can be seen by looking at a delay scan for this configuration [figure 19].

19

20Gaussian ApproximationThe noise distribution as a function of threshold voltage can beapproximated by a gaussian14;

N = Noe− 12 VTσ 2

,[9]where N is the occupancy at a certain threshold, No is the occupancy at athreshold of 0 Volts, Vt is the threshold voltage in mV, and s is the noise in mV.We would like the noise in fC so that we can compare with the noise measuredusing the calibration method. Vt can be converted into an equivalent inputcharge. Looking at the response curve [figure 13] the input charge for any giventhreshold in mV can be read off. The gaussian equation then becomes;

N = Noe− 12 Qinσ 2

[10]where Qin is the equivalent input charge and s is now the noise in fC.The occupancy for various thresholds is measured. The noise is a fairlysmall signal and so we must take a large number of counts in order to obtainenough statistics. This gives us the values for N and Vt.Taking the natural log of both sides of the gaussian gives:

ln N[ ] = − 12σ 2 Qin2 + ln No[ ]

[11]Plotting ln[N] vs. Qin2 a straight line is obtained [figure 20], where the

slope = − 12σ 2

and the y intercept = ln(No).With the value for the slope obtained from a linear fit of the data one cansolve for sigma to obtain a value for the noise in fC:

σ = 1 − 2⋅slope

[12]The occupancy for zero input charge, No [ N(0) = No ] can also becomputed.One can see that figure 20 is not really a straight line. This is because theequation used to fit the data is only an approximation. Therefore, the value forthe noise that is obtained from a straight line fit to all the data is not veryaccurate. We can claim that the approximation breaks down for small inputcharges, and use only the fairly linear points in figure 20 [the points from Qin2 =

14 Rice, p. 282.

210.1fC2 up] to do the linear fit. In this way a more accurate value for the noise isobtained.

Spieler, p. 5.

The bandwidth is the frequency range that the amplifier will pass.

23IV. RESULTS AND DISCUSSIONAll of the following noise measurements were made using the calibrationmethod unless otherwise noted. The measurements are from the same detector,read-out chips, and strips. Only one calibration line was measured in order tominimize systematic errors and the time for data collection. All measurementswere taken with the detector fully depleted at a bias voltage of 80 Volts. For thecalibration method, all noise figures are quoted at 1fC input charge and averagedover all channels with the same strip length, unless otherwise noted.Materials on Top of the DetectorA new development in hardware for silicon strip detectors is a detectorboard made out of Kapton [a type of plastic] instead of G-10 [a fiberglass materialwhich is used to make circuit boards]. This Kapton hybrid is much smaller thanthe current detector board and can be mounted directly on top of the detector.However, having material on top of the detector could possibly change thecapacitance between strips and therefore the noise. To investigate this possibilityvarious materials were placed directly on top of the detector [figure 22] and thenoise was measured [table II]. The materials used were G-10 , alumina[aluminum oxide] and aluminum. Measurements were taken for both 6cm and12cm strips.

6cm4.5cmDetectorMaterialFigure 22 - Material placed directly on top of the detector.

24Table II - Noise results for 6cm and 12cm strips with various materials.noise [fC]

6cm stripsp-side0.175

6cm w/ G-10(354mm thick, 2in long)p-side0.1796cm w/ Alumina(630mm thick, 2in long)p-side0.1836cm w/ Aluminum(373mm thick, 2in long)p-side0.18112cm stripsp-side0.28312cm w/Aluminum(630mm thick, 4in long)p-side0.30412cm stripsn-side0.44012cm w/Aluminum(630mm thick, 4in long)n-side0.452

The differences in noise when these materials were placed on the detectorwere from 2 to 7 percent, and we know that we already have a 5 percent error onour measurements. Therefore, we can conclude that the noise did not changewhen materials were placed on the detector.The fact that the noise did not change was a surprising result. It wasexpected that by placing material directly on top of the detector the capacitancefrom each strip to its nearest neighbors would change and therefore the noisewould change. But, even when aluminum was placed on top, which would havethe most drastic effect since it is a conductor, there was no change in the noise.To try to explain the invariance of the noise in this situation, one cancalculate of what one would expect the change in capacitance, to be with aconductor placed on top of the detector. The conductor is not sitting flat ortouching the detector; there is air in between. The situation looks approximatelylike that drawn in figure 23.

26Table III - Noise for 6 and 12cm strips with and with out Kapton and water filmnoise [fC]

6cm strip0.175

6cm with water film and Kapton0.24612 cm strip0.30412 cm with water film and Kapton0.392

This increase in noise is from both the effect of the water film, since ofwater is quite large, and the Kapton.6cm Strip ConfigurationNoise measurements were made for 6cm strips [figure 24 and table IV].These strips are all connected to their amplifier as were all of their neighbors.00.10.20.30.40.50

noise [fC]816243240485664channel numbern-side noise [fC]p-side noise [fC]Figure 24 - Noise for 6cm strip configuration.

27Table IV - Noise for the 6cm strips.noise [fC] n-side0.251 p-side0.175

The noise across the channels is fairly uniform with a standard deviationof about 4%.The noise for the n-side of the detector is larger than for the p-side. This isbecause the n-side has a higher capacitance than the p-side for a bias voltage of80V18. The capacitance depends on the size of the depletion region, whichdepends on the bias voltage. At a bias voltage of 80V the detector has justbecome fully depleted. If the bias voltage is increased the capacitance for the nand the p-side level out and become equal. We chose to run the detector at 80Vbecause applying a much higher voltage to the detector could damage it bybreaking down the coupling capacitors between the implants and the metalstrips.12cm Strip with Four Neighboring Amplifiers ConfigurationTwo strips were wire bonded19 together effectively making a 12cm-longstrip. Seven strips still connected to their amplifiers were left in between eachpair. The strips were connected at the far end of the detector, away from theelectronics, and one of the pair was disconnected from its amplifier [figure 25].

18 Nibarger, Thesis.19 Wire bonding is a method of connecting strips together with thin [1mil diameter] gold oraluminum wire. The wires are ultrasonically fused to the strips which have gold pads at bothends of the detector designed specifically for this. The strips are also connected to theelectronic chips in this way. The wire bonding done for the measurements presented in thispaper were highly unusual and difficult.

28^{StripsAnalogChipFigure 25 - 12cm with 4 neighboring amplifiers configuration. Two 6cm stripsbonded together [highlighted ones] to form a 12 cm strip.The noise was then measured for this configuration. The results arepresented in figure 26 and table V. The noise for the 12cm strips is higher thanfor 6cm strips, which is expected due to the increase in resistance and capacitancefor a longer strip. In this configuration there is a noise contribution from fourneighboring amplifiers since the 12cm strips have four 6cm neighbors. The noisefor this configuration will be higher than if we had a detector with 12cm strips,where the 12cm strip would have two 12cm neighbors, but by how much still hasto be determined.In figure 26 the noise is presented for 0, 6, and 12cm strips. A 0cm strip isa channel that has been disconnected from the detector, therefore only the noisefrom the electronics is measured.}

2900.10.20.30.40.508

noise [fC]16243240485612cm n-side12cm p-sidechannel number64n-side0cmp-side6cm n-side6cm p-side}Figure 26 - Noise for 12cm with 4 neighboring amplifiers configurationTable V - Noise for 12cm strips with 4 neighboring amplifiers.noise [fC]

n-side0.440 p-side0.283

12cm Strip - Middle ConfigurationTwo 6cm strips were connected together near the electronics forming12cm strips with the read-out electronics in the middle [figure 27]. In order to dothis it was necessary to remove the bonds to the analog chip on the strips inbetween the two test strips. These interior strips were left floating. The nearestneighbors to the test strips were also connected together at the end of thedetector, forming effective 12cm neighbors. With 12cm neighbors there is a noisecontribution from only two neighboring amplifiers which would be the case if wehad an actual 12cm long detector. There only is a noise contribution from anamplifier when it is bonded to a strip.

30AnalogChipStripsFigure 27 - 12cm - middle configuration. Two 6cm strips bonded together nearthe electronics [shaded black] to form a 12 cm strip with 12cm nearest neighbors[shaded gray].We measured the noise for this configuration [figure 28 and table VI].00.10.20.30.4

noise [fC]0.5081624324048channel number5664n-sidep-side12cm n-side12cm p-side0cm6cm n-side6cm p-side}Figure 28 - Noise for 12cm - middle configuration.

31Table VI - Noise for 12cm strips connected at the middle.noise [fC] n-side0.389 p-side0.227

This configuration eliminates the contribution of two extra amplifiers butcreates floating strips in between and around our test strips. Floating strips posea problems since we do not know how to determine the capacitance they have.The nearest neighbor to a strip gives the largest noise contribution. The floatingstrips are at least one strip away from our test strips [the 12cm ones], and so theirunknown contribution to the noise should not be a large effect, but we have nottested this hypothesis.12cm Strip - End ConfigurationThe pair which was connected in the middle was disconnected andreconnected at the end instead. The strips in-between were left floating and theneighbors connected to form 12cm strips [figure 29].

AnalogChipStripsFigure 29 - 12cm - end configuration. Two 6cm strips bonded together at the endof the detector [shaded black] to form a 12 cm strip with 12cm nearest neighbors[shaded gray].

32The noise for this configuration was measured [figure 30 and table VII].00.10.20.30.40.508 noise [fC]1624324048566412cm n-sideChannel Numbern-sidep-side12cm p-side0cm6cm n-side6cm p-side}Figure 30 - Noise for 12cm - end configuration.Table VII - Noise for 12cm strips connected at the end.noise [fC]

n-side0.444 p-side0.265

This configuration is also complicated by the unknown capacitance offloating strips.Occupancy MethodWe used the occupancy method to determine the noise for the 12cm - endconfiguration.

33Gaussian ApproximationFigure 31 and table VIII illustrate the results that were obtained using agaussian approximation to analyze the data.

Figure 31 - Noise obtained for the occupancy method using the gaussianapproximation.Table VIII - Noise for 0, 6 and 12cm - end strips for the occupancy method usingthe gaussian approximation.noise [fC] n-sidep-side

0cm strip0.0970.089

6cm strip0.2330.16712 cm strip - end0.3780.241

Complementary Error FunctionA numerical solution to the complementary error function was used to fitthe data. The results are presented in figure 32 and table IX.

3400.10.2

noise [fC]0.30.40.5081624channel numbern-sidep-side32404812cm n-side12cm p-side6cm n-side6cm p-side} 0cm5664Figure 32 - Noise obtained for the occupancy method using the complementaryerror functionTable IX - Noise for 0, 6 and 12cm - end strips for the occupancy method usingthe complementary error function.n-sidep-side

noise [fC]N�onoise [fC]N�o

0cm strip0.0990.240.0980.38

6cm strip0.2530.440.1710.8212 cm strip - end0.4390.500.2670.78

For the p-side of the detector, the output of the amplifier is a longer pulsethan for the n-side and so there is a greater chance that an incoming pulse will berecorded in the digital chip. Therefore, the value for N�o for the p-side is largerthan for the n-side.The N�o�s for the 6 and 12cm strips are fairly similar, while the values forthe 0cm strips are significantly lower. The 0cm strips have low noise and so all ofthe data points are in the low input charge range where the behavior of the

35response curve is not known. Therefore, the noise and N�o for these channels arenot very well measured.ComparisonsDifferent ConfigurationsThe noise obtained using the calibration method for the differentconfigurations can be compared [figure 33 and table X].05001000150020002500 noise [e-]3000024681012w/ 4 ampsLength [cm]n-sidep-sideendmiddlew/ 4 ampsendmiddle14Figure 33 - Noise obtained with the calibration method for the differentconfigurations.Table X - Noise for 0, 6 and 12cm strips for the calibration method and differentconfigurations.noise [fC]

n-sidep-side

0cm706.25681.25

6cm1625.01100.012cm w/ 4 neighboring amplifiers2746.61766.512cm - middle2428.21417.012cm - end2718.71706.3

36We have converted the noise in fC into the noise in electrons20.Looking at figure 33 one can see that, in general, the noise for a strip scaleswith the length of the strip. The graph shows the noise scaling linearly withlength of the strip, but we must be careful in making comparisons. The 6cmstrips have all of their neighbors connected to an amplifier, where the 12cm stripshave their nearest neighbors connected to an amplifier and their next nearestneighbors floating. This poses a problem since we do not know the contributionto the noise from the next nearest neighbors if they are floating. We do knowthat the contribution from the next nearest neighbors is small, compared to thecontribution from the nearest neighbors, if they are connected to an amplifier.We would like to assume that the contribution is small also if the next nearestneighbors are floating, but we have not shown this.The noise for the 12cm strips with 4 neighboring amplifiers has the highestnoise of all the 12cm configurations. This is possibly due to the contribution ofthe two extra neighbors, although the difference in noise between thisconfiguration and the 12cm strips connected at the end of the detector is withinour error [5%]. The 20% difference in noise for the 12cm - end and 12cm - middleconfigurations is significant. These two configurations both have floating stripsand so are directly comparable. The noise is lower for a 12cm strip connected atthe middle than for one connected at the end because the resistance for the 12cm- middle configuration is lower than for the 12cm - end configuration.Occupancy Method - Gaussian and Complementary Error FunctionThe data for a 0, 6 and 12cm strip for the n and p-side with both thegaussian approximation and complementary error function fit are shown infigure 34 to 39.

20 This is easily accomplished by dividing the noise in fC by 1.602*10-4 fC/e-.

0.0010.010.11

Occupancy0.000.200.400.600.801.00Qin2OccupancyApproximationNumerical SolutionFigure 35 - Data for a p-side 12cm-end strip with fits for the gaussianapproximation and the complementary error function.

3810-40.0010.010.110.00

Occupancy0.200.400.600.801.00Qin2OccupancyApproximationNumerical SolutionFigure 36 - Data for a n-side 6cm strip with fits for the gaussian approximationand the complementary error function.

390.0010.010.110.000.020.040.06

Occupancy0.080.10OccupancyApproximationNumerical SolutionQin2Figure 38 - Data for a n-side 0cm strip with fits for the gaussian approximationand the complementary error function.

0.0010.010.1

Occupancy10.000.020.040.060.080.10Qin2OccupancyApproximationNumerical SolutionFigure 39 - Data for a p-side 0cm strip with fits for the gaussian approximationand the complementary error function.

40The noise obtained for the occupancy method using the gaussianapproximation and the complementary error function fit can be compared [figure40 and table XI].

Figure 40 - Noise vs. length for the occupancy method using the gaussianapproximation and the complementary error function fit.Table XI - Noise for 0, 6 and 12cm - end strips for the occupancy method usingthe gaussian approximation and the complementary error function fitnoise [e-] GaussianApproximationComplementaryError Function

0cm stripn-side606.25617.98 p-side556.25611.746cm stripn-side1456.251579.28p-side1043.751067.4212 cm strip - endn-side2362.502710.32p-side1506.251666.67

Here, again, we present the noise in electrons instead of fC.

41The noise obtained using the gaussian fit is on average 10% lower than thenoise obtained using the complementary error function fit. When using thecomplementary error function we obtain a fit that seems to match the data well[see figures 34-39]. But, we are fitting the data in a range where the correctbehavior of the response curve is not known. When fitting the data to thegaussian only the points for higher input charge are used; the sharp rise for smallinput charge is not included, so the data is fit in a range where we do haveexperimental points for the response curve.Assuming that a complementary error function describes the noisedistribution perfectly, a theoretical curve can be fit with a gaussian and the sigmaobtained from the fit can be compared to the theoretical sigma. It is apparentfrom figure 21 that depending in which range the complementary error functionis fit, a different slope and therefore sigma will be found. We are interested incomparing this result with the those obtained from the gaussian fit to the data.Therefore, the range for which the data was fit using the gaussian approximationcan be used to fit the complementary error function. This range is (Qin/sigma)2between one and seven. We find that, in this range, the slope of the gaussian thatis fit to the theoretical complementary error function is 10% less than thetheoretical value. Therefore the gaussian approximation is underestimating thenoise by 10%.This explains the on average 10% difference between the noise for thegaussian and complementary error function fit, and shows that the fit of the datato the complementary error function gives the correct figure for the noise.Occupancy Method vs. Calibration MethodThe results for the occupancy method, with the gaussian and with thecomplementary error function fit can be compared to the results for thecalibration method.Figure 41 and table XII shows the results for the gaussian fit and thecalibration method.

300002468101214length [cm]n-side Calibration Methodp-side Calibration Methodn-side Gaussianp-side Gaussian

Figure 41 - Comparison of the occupancy method using the gaussian fit and thecalibration method.Figure 42 and table XII shows the results for the complementary errorfunction fit and the calibration method.

05001000

noise [e-]150020002500300002468length [cm]101214n-side Calibration Methodn-side Complementary Error Functionp-side Calibration Methodp-side Complementary Error Functionn-side calibration y = 677.08 + 167.71xn-side comp. error function y = 589.69 + 174.36xp-side calibration y = 650.00 + 85.417xp-side comp. error function y = 587.81 + 87.911xFigure 42 - Comparison of the occupancy method using the complementaryerror function fit and the calibration method.

43Table XII - Noise for 0, 6 and 12cm - end strips for the occupancy and calibrationmethod.noise [e-]

Occupancy Method

CalibrationMethodGaussianComp. ErrorFunction

0cm stripn-side706.25606.25617.98 p-side681.25556.25611.746cm stripn-side1625.001456.251579.28p-side1100.001043.751067.4212 cm strip - endn-side2718.752362.502710.32p-side1706.251506.251666.67

We also see an average of 10% difference in the noise between thegaussian and the calibration method. Following the argument presented abovewe can conclude that the noise found using the calibration method is correct.The noise obtained for the calibration method and the noise obtainedusing the complementary error function fit for the occupancy method agreewithin an average of 5%.Although, as mentioned before, the noise for 12cm - end strips is notdirectly comparable with the 0 and 6cm strips because of its floating next nearestneighbors, we can still draw some conclusions from the linearity observed infigure 41 and 42. If we assume that the noise is described by equation 1, we cancalculate how well the data matches the theoretical constants A and B.From equation 1 we have: y = A + BC where A = 600e- and B = 32 e-/pF.In figure 41 and 42 a linear fit for the data gives us the equation y = A + Dxwhere x is the length of the strip. The values of A for the calibration method andfor the occupancy method are reasonably close to the theoretical value.Comparing the two equations, we know Dx must equal BC and from thiswe can solve for an experimental value for B and compare it to the theoretical

44value. The capacitance for a n-side strip is 2pF/cm and for a p-side strip it is1.2pF/cm 21. The calculations for B are presented in table XIII.Table XIII - The factor B as determined from the linear fit of noise vs. length.B[e-/pF]

n-sidep-side

Calibration Method8471

Gaussian Approximation7366Complementary Error Function8773

One can see that the values for B in table XIII are much larger than thetheoretical value of 32e-. This shows us that there is a large contribution to thenoise from the neighboring amplifiers and the resistance.The value of B for the calibration method and the complementary errorfunction fit are approximately the same which confirms the fact that they bothprovide the correct results for the noise. Again, we see that the values for thegaussian approximation are 10% less than the others.V. CONCLUSIONWe can draw some conclusions from the data presented here.We have been able to determine noise, using three different methods to anaccuracy of 5%.We have found that the calibration method and the occupancy methodwhen the complementary error function is used to fit the data provides a reliableresult for the noise. The occupancy method, when the gaussian approximation isused to fit the data, gives a value for the noise which is 10% too low.The occupancy method provides a more real measurement of the noisethat is present during a collider experiment. In an experiment, the detectors aresitting, waiting for a particle to pass through and provide a signal. For the

21 Barberis, p. 92 - 94.

45occupancy method we are also just sitting, waiting and collecting noise; we arenot introducing anything artificial to an experimental situation. But, for theoccupancy method, in order to convert the threshold voltage into an inputcharge, the response curve generated by the calibration method must be used. When the gaussian is used to determine the noise for the occupancymethod the data is fit in a range for which the response curve is experimentallyknown. But, the gaussian fit totally ignores the behavior of the data for smallinput charges.When the complementary error function fit is used to determine the noisethe sharp rise in the occupancy for small input charges is taken into account. Forthis method the behavior of the data better described, but we are in a regionwhere the response curve is not experimentally known.The noise measurements taken with material placed on top of the detectordid provide conclusive results. In order to see an effect the material would haveto be very close [within 10mm] to the detector. For all practical purposes thematerial placed on the detector would be far enough away so that any effect isnegligible. This has positive implications for the design of new detector hybridswhich are made of Kapton or alumina, hold all the readout electronics, but sitdirectly on top of the detector. A detector board like this is now being designedfor the ATLAS experiment at CERN.We have attempted to determine how noise scales with the length of thedetector. Due to bonding difficulties, for certain configurations, some strips havebeen left floating. We do not know how to calculate what effect these floatingstrips have on the capacitance and therefore the noise of other strips. Thisproblem along with larger statistical and systematic errors than were expectedhave left many of our results inconclusive. To get around the problem posed byfloating strips a means of grounding the disconnected strips so as to avoid clockpickup needs to be investigated. With grounded neighbors the change incapacitance and therefore in noise can be calculated and predicted.There are many new measurements that we would like to make to workaround some of the problems we discovered and to investigate new properties ofthe detector.

46A measurement for 6cm strips with floating next nearest neighbors will bemade to compare with the results for 12cm strips with floating next nearestneighbors. We would then have noise measurements for 0cm, 6cm and 12cmstrips which are comparable. From this we could start to determine how noisescales with the length of the detector.In order to find the contribution of floating next nearest neighborsmeasurements for 6cm strips with floating nearest neighbors can be compared tomeasurements of 6cm strips with neighbors connected to amplifiers.We would also like to investigate how noise scales with the resistance ofthe detector. We have two detectors, one with a strip resistance22 of 50 ohms/cmand one with a resistance of 90 ohms/cm. Noise measurements for the sameconfigurations on both of the detectors will be made and compared.We also will do SPICE simulations for all of these configurations andcompare that output to the measurements. Using simulations theories can betested and new characteristics of the detector[which is the resistance of thedetector that was used for the measurements presented in this paper] can bediscovered and understood.

22 The detector that was used for the measurements presented in this paper has a strip resistanceof50ohms/cm.

47ReferencesE. Barberis et al., �Capacitances in silicon microstrip detectors.� NuclearInstruments and Methods in Physics Research A 342 (1994) 90-95.Joel DeWitt, "A Pipeline and Bus Interface Chip for Silicon Strip Detector Read-Out," SCIPP 93/37.Robert Johnson, "Capacitance of Detectors Covered by Dielectrics," U.C. SantaCruz, March 6, 1995 (unpublished paper).A. M. Litke and A. S. Schwarz, �The Silicon Microstrip Detector," ScientificAmerican, May 1995.John Nibarger, "Capacitance Measurement Techniques for Silicon MicrostripDetectors", U.C. Santa Cruz, Bachelor of Science in Physics Thesis.Kimberly J. Noble, �A Correction For The Calculation Of The Input ChargeDuring Calibration Runs,� U.C. Santa Cruz, March 28, 1995 (unpublished paper)S.O. Rice, Bell Systems Technical Journal 23, 282 (1944).Spencer et al., "A Fast Shaping Low Power Amplifier-Comparator IntegratedCircuit for Silicon Strip Detectors," SCIPP 94/32.Helmuth Spieler, �Power Requirements for Front-End Electronics in the SiliconTracker,� Lawrence Berkeley Laboratory, 6 September 1991.

48Appendix A - Input Charge Corrections23In order to determine the charge presented to the input of the amplifier fordifferent voltage setting of the DAC we made measurements of the pulse heighton the detector board for a given voltage setting. The results were fit to a linearfunction of the form

Vm = AVcal +B

[15]where Vm is the measured voltage for a DAC setting of Vcal. We found that thevalues for A and B were dependent on the chip type, calibration line, fan-outboard and the number of detector boards connected. The measurementspresented in this paper were taken on strips from calibration line 2 and with onlyone detector board connected to the set up. Table XIV shows the values for Aand B for both the n and p-side for this situation.Table XIV - Values of A and B for calibration line 2 when one detector board isconnected.chiptypeA[mV/V]B[mV]

n63.15-38.21 p63.09-38.50

Using these values for A and B we can calculate the input charge.

Q_{in} = 84 3⋅1000

AV_{cal} +B

[ ][16]where Qin is the input charge in fC; 84 is the value of the calibration capacitor infF; 1/3 is due to the fact that a voltage divider is limiting the signal to thecapacitor and 1/1000 assures that our value for Qin is in fC.The value for Qin calculated from equation 16 is the actual charge that isinjected by the calibration capacitors. But there is another effect to consider. Thecalibration pulse is delivered to 16 channels at one time which reduces the chargeseen at the input to the amplifier for each strip. Therefore, the best estimate ofthe input charge that the amplifier for each of the 16 strips sees is

23 For a more detailed discussion see Noble [1995].

Qeffective = Qin

1+exp[− m1(Qin + m 2)]

[17]where Qin is calculated from equation 16, m1 = 0.29 and m2 = 5.30.Qeffective is the value for the input charge that is used in all of the dataanalysis calculations.