Universit�t BonnPhysikalisches InstitutNoise and Performance Measurementson the BaBar Silicon Vertex TrackerReadout Prototype (AToM) Chip.ByArmin KarcherAbstract:In this thesis calibration and performance measurements performed on acustom integrated circuit for readout of the BaBar Silicon Vertex Tracker (SVT)subsystem are described [1]. This prototype chip was produced using a radiation-softprocess, but contains the full functionality of the chip that will be used in the BaBarexperiment. It is commonly referred to as the AToM (A Time Over thresholdMachine) chip [2].The thesis describes the chip, its properties and its environment, consisting ofboth the SVT subsystem and the Data Acquisition (DAQ) system.

2 Introduction:Modern high energy physics detectors are composed of multiple subsystems,each of which has a specialized task in determining the properties of the observedparticle decay.The design of the entire detector varies greatly with the kind of accelerator atwhich it is placed, and the objectives of the experiment. The most obviousdistinction is the difference between fixed target experiments and colliderexperiments. Most modern collider detectors have a cylindrical symmetry aroundthe beam, while fixed target detectors are built to fit the specific geometry of eachexperiment. When looking at collider detectors one has to differentiate betweenhadron and electron collider detectors. Hadron colliders can reach higher energiesdue to the heavier particles at the cost of higher background rates. In an electronpositron collider the colliding particles annihilate into pure energy, creating a welldefined initial state for the following particle production. In hadron colliders only 2out of 6 quarks of the two hadrons involved in the collision annihilate, the other 4quarks produce massive hadronic background.In modern colliders the size of the beam pipe is minimized both in diameterand wall thickness. Such a beam pipe allows a better decay vertex reconstruction,because the decay particles are deflected by multiple scattering in the beampipe. In anarrower beampipe the point of deflection is closer to the vertex, therefore the errorin the vertex position is smaller. A thin walled beampipe reduces the multiplescattering error even further by reducing the average deflection angle.To take advantage of the narrow beampipe the detector closest to the beamhas to have very high spatial resolution. In most modern collider experiments thisdetector is a silicon microstrip vertex detector (see chapter 2).These detectors have an extremely high number of channels in a very smallvolume. Typical readout pitches are on the order of 100mm. This makes readout byconventional discrete electronics impossible. Some experiments designed their owncustom readout integrated circuits optimized for their specific operatingenvironment, in other experiments pre-existing designs were used. Earlier designshad a switched capacitor array to store analog voltages, so that all channels on onechip could be read out via a single analog bus [3]. Many recent designs have a fullydigital readout, converting the analog data on the front end readout chips. Eachnew design did not only reflect the objectives of the experiment, but also the rapidadvances in semiconductor technology.The location of the detector close to the beam pipe does potentially put thereadout electronics in a high radiation environment. Depending on the colliderintensity this may require expensive radiation hardened processes for the fabricationof the readout chips.The more advanced and complex the circuits are, the harder it is to verify theentire functionality using simulation models. Therefore several iterations ofprototypes are built, first to prove the feasibility of the design, then to check thefunctionality and performance of the actual implementation. The findings on theradiation soft prototypes are then used to optimize the design and fix any problemsbefore the first radiation hardened prototype is fabricated.

3The high integration of the chips makes it impossible to measure vitalparameters directly: the output noise of the preamplifier, for example, can only beinferred by measurements on the chips output, or by probing on test points(picoprobing) within the chip. Picoprobing is time consuming, and only a fewchannels can be measured simultaneously. Thus comprehensive readout and dataprocessing is necessary to measure inaccessible chip parameters.The large number of channels on each chip means that testing even a singlechip produces enormous amounts of raw data. Therefore a sophisticated DAQ (DataAcquisition) system is needed even in the early testing stages. The software has to bepowerful enough to make data visualization manageable, so that problems can beeasily detected.The centerpiece of the BaBar detector [4] is the Silicon Vertex Tracker (SVT), asilicon microstrip detector with the ability to reconstruct particle tracks withoutinformation from the other detector subsystems. A 128 channel full customintegrated circuit (IC) for the amplification, shaping, digitalization and readout ofthe detector will be described. In this thesis functionality tests, as well as noise andperformance measurements performed on the SVT readout chip prototype will bedescribed. The test stand, including both the data acquisition software and hardware,as well as the chip itself, will be discussed in detail.

41. GOAL OF THIS THESIS:. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62. SILICON MICROSTRIP DETECTORS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72.1. SEMICONDUCTOR DETECTORS.........................................................................................................72.1.1. Semiconductors and P/N Junctions..............................................................................................72.1.2. Semiconductor Detector Operating Principles.................................................................................82.1.3. Detector Speed.......................................................................................................................102.1.4. Silicon Microstrip Detector Geometry........................................................................................102.2. DETAILS OF PARTICLE DETECTION WITH SI-MICROSTRIP DETECTORS..................................................102.2.1. Resolution Improvement Using Floating Strips...........................................................................122.2.2. Detector Resolution................................................................................................................132.2.3. System Noise........................................................................................................................132.3. THE DETECTOR READOUT..............................................................................................................142.3.1. Custom Designed Readout Integrated Circuits..............................................................................142.3.2. Zero Suppression...................................................................................................................152.3.3. Data Flow.............................................................................................................................153. THE SILICON VERTEX TRACKER (SVT). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 6 3.1. REQUIREMENTS FOR THE SVT........................................................................................................163.2. LAYOUT OF THE SVT....................................................................................................................163.2.1. Mechanical Design of the SVT.................................................................................................163.2.2. Sense Strip Layout.................................................................................................................183.2.3. Detector Biasing.....................................................................................................................193.2.4. Radiation Length in the Detector...............................................................................................193.3. THE READOUT SYSTEM.................................................................................................................193.3.1. The SVT Readout Chip...........................................................................................................203.3.2. The SVT Design Philosophy....................................................................................................203.3.3. Chip Mounting......................................................................................................................263.4. DATA TRANSMISSION...................................................................................................................273.4.1. The Mux-Card (Data and Command Multiplex Card).....................................................................273.4.2. The Read Out Module (ROM)...................................................................................................273.4.3. The Data Acquisition Board (DAQ board)....................................................................................283.4.4. The Personality Module (PM)...................................................................................................304. MEASUREMENT OVERVIEW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 3 4.1. CALIBRATION MEASUREMENTS.....................................................................................................334.2. PERFORMANCE MEASUREMENTS...................................................................................................345. THE TEST BENCH SETUP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 5 5.1. THE SOFTWARE...........................................................................................................................355.1.1. The Foundation -- The Oasis Software Package............................................................................365.1.2. The Data Transmission Structure...............................................................................................365.1.3. Software Design Philosophy....................................................................................................375.1.4. Levels of Software Functionality...............................................................................................385.1.5. Data Visualization -- The Histoscope Package..............................................................................405.2. THE HARDWARE..........................................................................................................................405.2.1. The Test Board.......................................................................................................................425.2.2. The Test Bench Wiring............................................................................................................435.2.3. The Personality Module...........................................................................................................445.2.4. The DAQ Board.....................................................................................................................445.2.5. The Read Out Controller..........................................................................................................445.2.6. The Minimal Fast Control System............................................................................................455.3. TEST PROCEDURES.......................................................................................................................456. THE MEASUREMENTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 6 6.1. TUNING OF THE TEST BENCH SETUP................................................................................................46

56.2. DIGITAL PERFORMANCE...............................................................................................................466.3. CALIBRATION MEASUREMENTS......................................................................................................476.3.1. The Threshold Voltage............................................................................................................476.3.2. The Calibration Charge injection Voltage...................................................................................486.3.3. Summary of the DAC Measurement Results...............................................................................496.3.4. External Charge Injection Measurement Procedure........................................................................496.4. NOISE AND PEDESTAL VARIATION..................................................................................................526.4.1. Capacitance of the Charge Injection Capacitors............................................................................526.4.2. Simultaneous Measurements on all Channels..............................................................................536.4.3. Results of the Noise and Pedestal Measurements..........................................................................556.5. THE ANALOG TO DIGITAL CONVERSION...........................................................................................616.6. THE TIME STAMP COUNTER...........................................................................................................636.7. CROSSTALK MEASUREMENTS........................................................................................................656.7.1. Crosstalk Measurement Procedure..............................................................................................656.7.2. Readout Influence Measurement Procedure...................................................................................667. CONCLUSION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 7 7.1. THE PERFORMANCE OF THE DIGITAL PART......................................................................................677.2. THE ANALOG SECTION..................................................................................................................67

61. Goal of This Thesis:In this thesis both the environment of the SVT readout chip and the customintegrated circuit itself will be described, as far as this is necessary to understand thevarious performance measurements which were done during the course of thisthesis. The description of the SVT detector subsystem is at sufficient depth toilluminate underlying performance requirements for the AToM chip [2].An extensive set of measurements was performed, first testing thefunctionality and performance of the chip, then measuring system noise and otherchip specific parameters. In this thesis the result from these measurements as wellas the methods and apparatus used to make them will be described.During the course of the thesis there will be a clear distinction betweencomponents and procedures that will be used in the BaBar experiment, andpreliminary prototypes. The differences in functionality will be explained so that thereader will become familiar with both the test setup and the chip’s intendedenvironment in the experiment.All of the custom readout electronics that were used during the chip testingwill be described extensively, as this introduction is needed to understand theprocedures used for the measurements and the various technical hurdles. Theseelectronic components are prototypes of the components that will be used in theexperiment. The functionality is sometimes very similar, or identical (as in case ofthe chip itself), and sometimes additional requirements arose between design of theprototype and completion of this thesis.The software package that was written and used to test the chip has beenwritten specifically for the existing data acquisition (DAQ) system with the readoutchip testing in mind. It will be used in various stages of testing (e.g. subsystem test ofthe SVT system in early 97), but will not be incorporated in the final data-flowsoftware for the BaBar experiment because the software framework for the BaBarDAQ system has not yet been completed.The main objective of this thesis will be to discuss the test apparatus and theperformance measurements on the AToM chip. This prototype of the SVT readoutchip has the full functionality of the final chip. At most two more sets of prototypeswill be manufactured before the final chip is commissioned. The measurementsdone for this thesis are the most comprehensive tests done to date on the full chipprototype. Individual parts of the measurements have been repeated elsewhere, andtheir results will be cited where applicable.In the next chapter a summary of the operating principles of silicon vertexdetectors in general will be given. The chapter will discuss spatial resolution limits,system noise components and detector speed, as well as basic readout principles.Chapter three will concentrate on the specific features of the Silicon VertexTracker and the readout system. The description includes many details of the finaldetector that are relevant to this thesis only in terms of explaining requirementsand design decisions.In chapter four a short overview over all measurements, that were takenduring the course of this thesis, will be given.

7In chapter five the test bench setup that was used to obtain the measurementswill be discussed in detail. Both software and hardware components in whosedesign, realization, or debugging I had a major responsibility will be treated withparticular detail.In chapter six the set of measurements performed during this thesis isdescribed, the results are evaluated, plotted and discussed.In chapter seven the results of the measurements are compared with othermeasurements, simulations and requirements.2. Silicon Microstrip DetectorsTo understand the design issues involved in the design of the SVT readoutchip one has to be aware of the operating principles of the SVT. To give the reader abetter understanding of those principles this chapter gives a general overview of thetheory of Si-microstrip-detectors.2.1. Semiconductor DetectorsSi-microstrip detectors used in high energy physics detectors are a special caseof a large class of devices called semiconductor detectors. Other popular examplesare the Charge Coupled Device (CCD) found in many video cameras or astronomicaltelescopes, or the photo diode which isused anywhere from domestic securitysystems to CD players. Another well-known semiconductor detector is theGe pin diode, which is most often usedin high resolution spectroscopy.2.1.1. Semiconductorsand P/N JunctionsSemiconductors are column IVelements with a relatively small bandgap between the valence band and theconduction band. In the case of siliconthis gap is 1.1 eV [5]. At roomtemperature a pure semiconductor hasessentially no free charge carriers, andis therefore an insulator. By addingsmall amounts of impurity atoms theelectrical behavior of thesemiconductor can be controlled.When adding column V impurities(such as phosphorus) each impurityatom introduces an electron asessentially free charge carrier. Thebinding energy of those electrons totheir atoms is only about 0.05 eV. On

X umX umX umX um

DopantConcentrationCarrierDensityElectric FieldStrengthElectricPotential

Depletion ZoneFigure 1 : Various quantities across anunbiased np junction.

8the other hand column III impurities can accept additional electrons, thus creatingholes as effective positive charge carriers. Usual semiconductors have dopantconcentrations anywhere between 1013/cm3 to 1018/cm3.When a part of the semiconductor with column V impurities (n-doped) is indirect contact with a part with column III impurities (p-doped) the contact area iscalled a N/P junction. The absence of electrons on one side, and holes on the othercauses a diffusion current, electrons drift across the boundary and combine withholes and vice versa. This process leaves the junction area clear of free chargecarriers, but slowly builds a space charge, which in turn creates an electric field. Thediffusion process reaches equilibrium when the electric field is strong enough tocreate an equal but opposite flow of charge carriers. If the n-dopant concentration islower than the p-dopant concentration the number of holes diffusing into the n-doped region is higher than the number of electrons diffusing into the p-dopedregion, thus creating an asymmetrical charge carrier free region, and anasymmetrical electric field (see Figure 1).The area around the N/P junction which is free of charge carriers is called thedepletion zone. When an external voltage is applied, positive on the p-doped side,negative on the n-side, the electric potential across the junction grows, increasingthe size of the depletion zone. This is referred to as reverse biasing the junction.The exact width of the depletion zone can be calculated using the followingformula [5]:

2Ks eo NA + ND e NA ND(fB+VR)

a) W =Where NA is the acceptor (p-), ND the donor (n-) doping concentration, Ks isthe dielectric constant of the semiconductor, eo the permittivity of free space, fB theintrinsic potential across the junction and VR the reverse bias voltage.2.1.2. Semiconductor Detector Operating PrinciplesThe active volume of any such detector is the depletion zone at a P/Njunction, typically the junction between a highly doped p-layer (up to 1017/cm3) on amuch lower doped substrate (as little as 1013/cm3). The depletion zone can beincreased in size by choosing a low bulk doping concentration and reverse-biasingthe detector. The voltage needed to deplete the entire detector is called the depletionvoltage, it can be several kV on Ge-pin diodes, but is typically only 60V on a 300mmthick Si-microstrip detector, depending on the dopant concentration chosen (see2.1.1 a).Ionizing particles interact in several ways, leaving behind a trail of electron-hole pairs. The interaction responsible for almost the entire energy loss is coulombscattering. The energy T transferred to an electron at distance b from the particletrack can be approximated, considering the electron as free. This approximation isvalid only for energy transfers much bigger than the ionization energy of theelectron [6].

9 2e4mec2b2b2 b) T =

Where b is the distance of the electron from the particle track, b the usual v/c(v is the speed of the particle), me is the electron mass, and e the electron charge.Integrating over the probability of such an interaction and refining theapproximation for bound electrons leads to the well known Bethe-Bloch-Formulafor the average energy loss [7]. dE Z 1 1 2mec2b2g2 Tmax d dx A b2 2 I2 2 - b2 -

= Kz2- ln c)Where the maximum energy transferred on a single electron is: d) Tmax=2mec2b2g21+2 gme/M + (me/M)2

The definitions used in c) and d) can be found in Table 1.In thick samples (several mm) theenergy loss distribution is a gaussian. Inthin samples, such as si-microstripdetectors however, a single interactionwith a large energy transfer makes up anappreciable part of the overall energy loss,the statistics of large numbers is no longerapplicable. This leads to the asymmetricalLandau distribution of the energy lossprobability, where the most probableenergy loss is lower than the averageenergy loss [8]. This means that in thinsamples the most probable energy loss isno longer a linear function of the samplethickness, but depends on the asymmetryof the distribution. In silicon the mostprobable energy loss is 280 eV/mm for a 300mm thick detector [7].The scattered electron dissipates the absorbed energy within a few mm of itsoriginal site by ionizing other electrons. The energy needed to create an electronhole pair in a silicon crystal is about 3.6 eV [7], therefore a minimum ionizingparticle creates about 77 electrons hole pairs per mm in silicon. That corresponds to23000 electrons in a 300 mm thick detector.Under normal circumstances these electrons would eventually recombinewith the ionization sites. In a semiconductor detector however this is avoided by thedepletion of the detector. No free charge carriers are available for recombination inthe active detector volume. Impurities or errors in the crystal lattice structure,however, can capture electrons or holes for several micro seconds. The so causedTable 1 : Symbol DefinitionsSymbolDefinitionK4p NA re2 me c2reClassical electron radiusmeElectron masszCharge of particle in unitsof electron chargeAAtomic mass of mediumZAtomic number of mediumbv/cg(1-v/c)-1/2IMean excitation energydDensity effect correction toionization energy lossMIncident particle mass

10reduction in signal height is less important than the noise current caused by therandomly released charge carriers.The electric field in the detector (see Figure 1) causes the electrons and holesto drift towards the anode and cathode, respectively. For E-fields < 0.2v/mm the driftvelocity can be calculated as:e) vd = m eWhere m is the mobility of the charge carriers: (1350 cm2/v sec for electrons,480 cm2/v sec for holes [6] in lightly doped silicon). For higher E-fields the driftvelocity approaches a maximum drift velocity of about 8.5 106 cm/sec for electrons,4.45 106 cm/sec for holes.2.1.3. Detector SpeedThe charge collection time is limited only by the drift time of the holes in thesilicon. At a depletion voltage of 60 V on a 300 mm detector the field strength in thedetector is 2 kV/cm. That corresponds to a drift velocity of 27 mm/ns for electrons,and 9.6 mm/ns for holes. For a 300 mm detector this corresponds to a chargecollection time of 30 ns at the cathode and 11 ns at the anode. Thus a silicon vertexdetector is among the fastest detectors.2.1.4. Silicon Microstrip Detector GeometrySi-microstrip detectors are thin (typically 300mm thick) detectors used to detectthe particle position.A typical doublesided detector has a lowdoped n-bulk withhighly doped p- and n-sides. Both n-side and p-side of these detectors areseparated into long,narrow (20-50mm wide)strips (see Figure 2). Then-side strips areorthogonal to the p-sidestrips, forming a twodimensional readoutgrid. This does notprovide a true twodimensional readout.Each side supplies only one dimensional information leading to ambiguities as soonas several particles are recorded at the same time.2.2. Details of Particle Detection with Si-Microstrip DetectorsA typical minimum ionizing particle ionizes about 23000 electrons when ittraverses 300mm of silicon. If it traverses the detector at an angle the distance withinthe detector is longer, so the total deposited charge is proportionally higher, but thecharge on any given channel might be considerably less. This reduces the resolution

n-bulkn-dopedp-dopedAlAlFigure 2 : Drawing of a simplified silicon microstripdetector with double sided readout

11of the detector by diminishing the signal to noise ratio, and increases the demandson the dynamic range of the readout electronics.The p-side consists of highly p-doped strips separated by the n-doped bulk.This creates insulating p-n-p junctions between the strips which allow anindependent measurement of the charge collected by each strip.The n-side is more complicated. Between the strips there is no insulating p-njunction. The high resistivity of the n-bulk silicon is not enough to separate thestrips from each other, because the surface layer between the Si and the SiO2 alwayscontains virtually free electrons [5]. These electrons reduce the resistivity betweenneighboring n-strips so far that individual readout is impossible. Therefore narrowp-doped strips (p-stops) are implanted between the n-strips creating insulating n-p-njunction between the strips. Figure 3 shows a simplified drawing of both the detectorp- and n-side.There are two different options for detector readout: The readout strips can beDC coupled to the preamplifier. In this case there is no insulating SiO2 layer, asshown in Figure 3, between the silicon readout strips and the aluminum strips thatare connected to the preamplifier input. This creates a somewhat simpler detector,increasing the yield in the detector production, but also increasing the detectornoise, because the strip leakage current is integrated along with the detector signal,making it necessary to subtract the quiescent leakage current from the signal.In the AC coupling scheme theinsulating layer creates a capacitivecoupling between the detector and thepreamplifier. This layout is oftenpreferred, because it has superiornoise characteristics and allowssimpler preamplifiers, because nocurrent is superimposed on the signal.In order to fully deplete thedetector a bias voltage has to beapplied between the two detectorsides. To achieve this the readoutn-bulk Siliconn+ Sin+ Sip+ SiSiO2

Aln-siden-bulk Siliconp+ Sip+ Sip+ SiSiO2

Alp-sidep-stops

Figure 3 : Simplified drawing of the two detector sides

Bias VoltagePreamplifiersCoupling Capacitor(Al-Strip)Bias ResistorsReadout StripsFigure 4 : Schematic of the Biasing Circuitry

12strips have to be connected to a bias line, which supplies each detector side with thedepletion voltage. To prevent signal loss into the bias line the readout strips have tobe connected to it via a large resistor, so that the peaking time of the preamplifier isshort compared to the RC constant of the system. On the other hand the resistor hasto be small enough to allow for a maximum leakage current of 100 nA withoutsignificant voltage drop. Figure 4 shows the schematic of two AC coupled detectorstrips and their respective biasing resistors.There are several different options for the resistor implementation on the n-and p- side:1. On n- or p-sides a poly-silicon strip can be used as a resistor, connecting the biasline to the readout strips. The resistance can be calculated from the dimensionsof the resistor and the specific resistance of poly silicon.2. On the n-side the surface conductivity can be exploited to form simple channelresistors. The resistance can be calculated by the channel dimensions and thesurface layer sheet conductivity, which is process dependent.3. On the p-side punch-through biasing is often used: A p-doped bias line is runacross the detector close to the end of the readout strips. The punch througheffect described below1 controls the resistivity. [5]On both sides a guard ring surrounds the entire active area of the detector.This ring gracefully degrades the electric field at the detector edge. This avoids a highelectric field at the corners of the detector, thus preventing a current flow at thedetector edge.2.2.1. Resolution Improvement Using Floating Strips A common technique used to improve the resolution is the use of unbondedsense strips between the bonded readout strips. Sense strips and readout chips areidentical, except that readout strips are connected to a preamplifier, while sensestrips are left floating. This increases the resolution at constant readout strip pitchwithout requiring additional electronics. The two track resolution (ability to separatetwo tracks) is not affected.If an unbonded channel is hit its charge is shared with its neighbors bycapacitive coupling. The center of the charge distribution can then be calculated, andthe beam position can be found within a fraction of the readout strip pitch.The s of the charge distribution of an orthogonal track is typically on theorder of 10 mm, therefore the entire charge is injected in no more than 2 strips at a 50mm strip pitch. Tracks with a low angle to the detector on the other hand deposit

1 The punch through effect is a breakdown condition of an insulating pnp junction. A potential differenceacross a junction increases the size of the space charge region. If the n-layer is only lightly doped, as inour case, the space charge region of the pn-junction reaches the np-junction. This creates a continuousdepletion zone connecting both p-regions, thus allowing a current to flow.The voltage at which punch-through occurs can be calculated as: e QB QBKse0 2 NA

a) Vp= WB +

Where QB is the total number of impurities in the n-region, WB is the width of the n-region and NA isthe dopant concentration in the sense strip.

13more total charge due to the longer track in the detector, but this charge is spread outover many channels. Therefore the signal height in any given channel for an angledtrack can be an order of magnitude smaller than for an orthogonal track, dependingon detector geometry. This means that orthogonal tracks profit from dense strippitches, which increase the median finding precision, while angled tracks can beread with more accuracy using wider strips, because the signal of angled tracks isstronger in wider strips. The unbonded sense strips benefit both the orthogonaltracks by decreasing the strip pitch, and the angled tracks by inducing strongersignals in the readout strips. A wider sense strip pitch increases the ratio of tracksthat deposit charge in only one channel, which makes it impossible to find themedian, thus limiting the resolution to the sense strip pitch.2.2.2. Detector ResolutionThe theoretical spatial resolution of a silicon vertex detector is limited by twofactors. For orthogonal tracks the limiting factor is given by the displacement of thecenter of the charge distribution by single high energy electrons. The probability of a5 mm displacement is on the order of 10% for a 300 mm detector [6]. The transfer of alarge amount of energy (>100 keV) onto a single electron has a low probability (<10%for a 300 mm detector), but those electrons then travel tens of microns until theyrange out, depositing a large charge relatively far away from the original particletrack.For angled tracks the high energy electrons have even more severeconsequences, because a high energy electron near the end of the track can pull thecenter of the charge distribution over by tens of microns.The second limiting factor is the variation in the generation of charge itself.This does not have an influence on orthogonal tracks, but the center of the chargedistribution for an angled tracks will depend on the charge distribution along thetrack. The energy deposited in a certain length of silicon by a particle variesaccording to the Landau distribution [8]. The statistical fluctuation in energy losscauses an identical fluctuation in deposited charge, thus introducing an error intothe position of the center of the charge distribution.The theoretical limit in the resolution strongly depends on the angle of thetrack. For orthogonal tracks the theoretical limit is only a couple of microns [6],while the limit for tracks at an angle of less than 45ß is about 10mm.In practice, the resolution is a result of sense strip pitch, readout strip pitch,and detector thickness. It is also influenced by the total system noise, including thepreamplifier noise, and the readout precision (step size of the ADC).2.2.3. System NoiseThe system noise is the sum of the noise contributed by the detector and thereadout electronics. The detector inherent noise itself is a sum of severalcontributions: The first contribution is the thermal generation of electron-hole pairsat impurities or lattice defects (shot noise) [6]. The noise current can be calculated as[9]:a) Inoise= (2 e Idc B)1/2

14where e is the electron charge, Idc the dc current (in the case of the detector thisis the leakage current), and B is the limiting bandwidth of the amplifier ormeasurement. Even after a large radiation dosage the leakage current is usually notthe dominant noise source. The noise voltage can be calculated by multiplying thenoise current with the bias resistor value.a�) Vnoise= (2 e Idc B)1/2 RThe second contribution to detector generated noise is the thermal orjohnson noise of the bias resistors as follows [9]:b) Vnoise= (4 k T R B)1/2where k is Boltzmann�s constant, T the temperature and R the bias resistor.To calculate the the equivalent noise charge (ENC) the noise voltage is multiplied bythe input capacitance.The readout electronics contribute to the noise mainly due to the noise of thefirst input transistor. Transistor noise voltage is comprised of two maincomponents: the serial or current noise and the parallel or voltage noise. Bothcontributions depend strongly on the IC process, and transistor parameters [9]. For asilicon FET preamplifier the noise is calculated in [10]. c) ENC = k T + CD+ e Ig TM16 0.7 CD 1/2 CI 1/2 2 14 3 wT TM CI CD 15

1/2Where wT is the gain-bandwidth product, TM the peaking time, CI thepreamplifier input capacitance, CD source (detector) capacitance, and Ig the gateleakage current. Usually the leakage current is small, so the first summand isdominating. At CI <<CD the inner sum can be simplified to CD /CI . The noise is thendirectly proportional to CD . Even though all possible steps are taken to minimize thetransistor noise, this is the dominating factor in the entire system noise.2.3. The Detector Readout2.3.1. Custom Designed Readout Integrated CircuitsMany different options for the readout of silicon microstrip detectors havebeen developed and used in the last decade. The design goal is always the same: toachieve the highest possible channel count in the smallest possible area, consume aslittle power as possible and to be resistant against radiation damage. The optimumtradeoff between all those parameters is different in every experiment. Therefore anew readout chip was designed for many of the recent experiments, each of themoptimized for it’s working environment.A common architectural element in these recent designs is the compressionof the data from multiple channels (128 channels in this experiment) onto a singlereadout bus. This can be done either analogically or digitally [3]. A switched capacitorarray is often used to temporarily store analog voltages, then connect one channelafter another onto an analog readout bus. The digital approach requires digitizing ofthe analog data on chip, then storing it, until it can be read out on a, digital (in ourcase serial), bus. To keep the chip small enough different approaches have been

15taken to simplify the ADC and the preamplifier. The design of the SVT readout chipwill be explained in detail below.2.3.2. Zero SuppressionIn any detector system data from channels containing no interestinginformation has to be suppressed. This zero suppression is performed bydifferentiating between hits and background noise based on a certain criteria. Insome cases these criteria can be complicated, taking into account all neighboringchannels, but usually it just means that the signal in a certain channel has to riseabove a threshold in order to be read out.The large amount of data generated by thousands of channels requires zerosuppression early in the data flow system to prevent inevitable bandwidthproblems. In a digital system this can be done on the readout chip itself, if thethreshold is set on that chip. This allows the chip to distinguish a real signal frombackground noise. In analog systems, or digital systems where the threshold is notset on-chip, all data has to be sent further before the zero suppression can occur.2.3.3. Data FlowThe data from many (on the order of 100) detector channels is read out byeach readout chip. It is then passed on to the next higher level, where data frommany chips is gathered on data acquisition (DAQ) boards. These boards are asspecialized as the front end chips that they are connected to. They digitize data andperform zero suppression, if this has not occurred before. They also process andreformat the digital data before passing it on to the next link in the readout chain,the read out controller.

DetectorsReadoutChipsDataTransmissionSystemDAQboardsReadOutControllersOnlineProcessingand StorageAnaloglinesAnalog orDigital busLong distancebus (e.g. fiberoptical link)Comercialbus(e.g.VME)Network(e.g. ethernet,token ring)

Figure 5 : Data Flow Block Diagram

16The read out controller (ROC), typically a single-board-computer with astandard bus (such as VME) to the data acquisition boards. From this computer thedata is sent to the online processing facility, usually a farm of workstations. Thiscomputing facility separates out interesting events, extracts salient parameters fromthe data, and sends it to temporary or permanent storage.3. The BaBar Silicon Vertex Tracker (SVT)3.1. Requirements for the BaBar SVTThe BaBar experiment measures CP violation by observing the timeevolution of the B B-bar final state. This requires extremely precise spatialresolution, both to identify the originating vertex for the majority of the particlesand to reconstruct the time at which any decay has taken place. In order to be able toreconstruct the timing from the spatial information the collider was designed toproduce B B-bar pairs that are not at rest in the lab frame of reference. This isachieved by colliding a 9.00 GeV electron beam with a 3.109 GeV positron beam [4].Any particles so produced have a strong boost along the beam axis. A cylindricalcoordinate system is used to describe the detector and the interactions. The positiveZ direction is the direction of the electron beam. A measurement of the Z-coordinate with an accuracy of 100 mm is sufficient to calculate the decay time withan accuracy of 100 mm/c = 0.3 ps.The BaBar SVT system has to deal with many requirements that were notimposed on other silicon vertex detector systems. The main purpose of the SVT is topinpoint the secondary vertices with extremely high precision. The designrequirement is to determine those vertices with better than 90mm accuracy [1]. Thisis no easy task, because the decay takes place well within the beam pipe, introducingadditional errors by multiple scattering in the beam pipe.Another important requirement for the SVT is the ability to reconstructentire tracks without information from the other detector subsystems. Thisenhances the precision for the secondary vertex position in events where sometracks have a low transverse momentum, and therefore never enter the detectorsubsystems that are located further away from the beam axis [1].3.2. Layout of the SVT3.2.1. Mechanical Design of the SVTThe B-factory collider beam energy asymmetry requires an asymmetricaldetector. The angular acceptance in the forward region has to be much higher thanin the backward region to achieve a homogenous acceptance in the particle’s frameof reference [4]. Figure 6 shows the relationship between the polar angles in thelaboratory frame of reference and the center of mass system. For photons the boostbg can be calculated as the energy in the center of mass system divided by themomentum difference.

17The SVT is a silicon microstrip vertex detector using a total detector area ofabout 1 m2. It consists of a total of 5 layers: 3 barrel shaped inner layers with 6modules each, and 2 outer layers which are comprised of 16 and 18, respectively,bridge like detector modules. The overall mechanical design is shown in Figure 7.The entire detector rests on two gimball rings, which are mounted on the twobending magnets closest to the interaction region (B2 magnets). The gimball ringsare fixed to the detector cooling and support cones, which in turn support thedetector modules. The space frame, an external carbon fiber skeleton, givesadditional structural strength.The fully assembled detector is inserted in the support tube, a carbon fiberpipe that gives mechanical support to the B2 magnets. The entire assembly is burieddeep in the final detector assembly, making it virtually impossible to access duringregular maintenance.The asymmetry of the detector was one major design parameters requiringextremely large angular acceptance in the forward region. This made it necessary tominimize the size of the readout electronics in order to get adequate angularacceptance.In the design of the position of the actual detector layers two parametersplayed a mayor role: The decreasing sensitivity at low angles, and the requirementto be close to the beam pipe to reduce the influence of multiple scattering on thevertex resolution. This led to three barrel shaped inner layers, to bring those 60o 60o θlab 80o 80o 70o 70o 50_o 50o 40_o 40o 30_o 30o 20_o 20o 10_o 10o 0_o 0o FORW ARD POLAR

ANGLES BACKW ARD POLAR

ANGLES 90o γ cosθcm 9GeVon3.109GeV

.7 .5 .5

.2 .2 0 .4 .4 .1 .1 .6 .6 .3 .3

.7.8 .8 .9 .85 .92 .94 .96 .98.99 .9.85.92.94 .96.98 Υ(4)βγ = 0.56

Channel 64

20 40 60 80 100 120 140 160 180 200

Threshold [DAC counts]

Injected calibration charge [DAC counts]

Hit count

Charge = 5

20 40 60 80 100 120 140 160 180 200

Threshold [DAC counts]

Channel #

Hit count