
BaBar DIRC Electronics Front-End Chain.P. Bailly1, C. Beigbeder2, R. Bernier2, D. Breton2, G. Bonneaud3, T. Caceres2, R. Chase2, J.Chauveau1, L. Del Buono1, F. Dohou3, A. Ducorps2, F. Gastaldi3, J.F. Genat1, A. Hrisoho2, P.Imbert2, H. Lebbolo1, P. Matricon3, G. Oxoby4, C. Renard3, L. Roos1, S. Sen2, C. Thiebaux3, K.Truong2, V. Tocut2, G. Vasileiadis3, J. Va'Vra 4, M. Verderi3, D. Warner5, R.J. Wilson5, G.Wormser2, B. Zhang1, F. Zomer2.1Laboratoire de Physique Nucl�eaire et de Hautes Energies, Universit�es Paris 6 et 7, CNRS/IN2P3, 75252 Paris, France2Laboratoire de l'Acc�el�erateur Lin�eaire, Universit�e Paris-Sud, CNRS/IN2P3, 91405 Orsay, France3Laboratoire de Physique Nucl�eaire et de Hautes Energies, Ecole polytechnique, CNRS/IN2P3, 91128 Palaiseau,France4Stanford Linear Accelerator Center, Stanford University, PO Box 4349 Stanford CA 94309 USA5Colorado State University, Fort Collins, CO 80523 USAAbstractThe DIRC Front-end electronics chain for the BaBarexperiment is presented. Its aim is to measure to betterthan 1ns the arrival time of Cerenkov photoelectrons, de-tected in a 11,000 phototubes array and their amplitudespectra. It mainly comprises 64-channel boards (DFB)equipped with eight ASIC VLSI full-custom Analog Chips,performing zero-cross discrimination with 2 mV thresh-old and shaping, four ASIC VLSI full-custom Digital TDCchips, performing timing measurements with 500 ps bin-ning and a readout logic selecting hits in the trigger win-dow, and crate controller cards (DCC) serializing the datacollected from up to 16 DFBs onto a 1.2 Gb/s optical link.Extensive test results of the chips pre-production units willbe presented, as well as system tests.I. IntroductionThe DIRC Sub-system of the BaBar Detector [1] is in-tended to provide particle identi�cation, particularly sep-arate � and K mesons to better than three sigmas for mo-menta between 0.15 and 4 GeV/c. Cerenkov photons areinternally reected in 144 quartz bars towards 10,752 pho-tomultiplier tubes (PMT). A water tank is used as leveragebetween the quartz bars ends and the photomultipliers.The Cerenkov angles are deduced from the pattern cre-ated on the PMT wall. The momentum is measured inthe BaBar Drift Chamber. The noise in the DIRC due tothe PMTs themselves is estimated to 1 kHz, the PEP IImachine noise is estimated to 30 kHz including a safetyfactor of ten; for an average BB event, 5.7 primary trackshit the DIRC and produce each 33 photoelectrons to whichmust be added six extra hits from background generated bythese tracks. An equivalent number of background photonsof the order of 200 is generated by secondary interactionsbetween the event tracks and the detector (mostly Comp-ton scatttering in the quartz). Therefore, photomultipli-ers with a 1ns time resolution have been chosen, that the

Front-end electronics should not degrade signi�cantly [2].The Level 1 trigger is built from Drift Chamber, Calorime-ter, and Muons Detector ags. Its latency is 12 �s, withan uncertainty of 1 �s. On receipt of the Level 1 trigger,raw data are pulled from the Front-end electronics, afterselection within the corresponding time-window. Pipelin-ing is avoided using the accurate time information thatis provided by the DIRC Front-end chips. Therefore, thedataow from the Front-end electronics to DAQ is reducedby a factor of ten.II. System DescriptionA full description of the system is given in [3]. TheFront-end electronics, shown Figure 1, is installed veryclose to the detector, in order to save cables and keep therequired single electron sensitivity. It is therefore highlyintegrated. CMOS electronics is used wherever possible,housed in 192 DIRC Front-end Boards (DFB). Twelve Front-end VME mechanics crates are linked to the data acqui-sition system by twelve BaBar standard 1.2 Gbit/s opti-cal �bers. The 1 Gbit/s stream is paralleled in the 16-slotcrates at 59.5 MHz. Six readout modules [4] equipped withPower PC 604 chips process the DIRC data for data-blockbuilding, detector calibration, and other purposes. Thereal-time commands such as Level 1 accept, fast strobes,are dispatched through the BaBar Electronics under con-trol of a Fast Control Timing System housed in the VMEDAQ crates.III. Photomultipliers Electronics.The DIRC PMT base system comprises printed circuitboards equipped with surface mounted components allow-ing to operate the phototubes around 1.1 kV. Boards areovercoated with an insulating coating on both sides.1
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A molded plastic base housing has been designed andpassed the SLAC �re requirements. A custom high voltagesmall size connector has also been designed. A distributionboard feeds 16 PMT channels. The planned base currentis 150 �A.The High Voltage System, in the electronics house, com-prises 56 high voltage channels per sector, sent to the front-end through twelve 56-way high voltage cables. The volt-age can be set between 1 kV and 1.6 kV.IV. Analog chip.The PMT signals are ampli�ed, thresholded and pulseshaped by an 8-channel analog chip [5,6] shown Figure 2.A digital pulse timed with the peak of the input pulse isoutput by a zero-cross discriminator, as well as a pseudo-gaussian pulse shaped at 80ns peaking time. The AnalogChip block-diagram is shown Figure 4.A. Zero-Crossing DetectionA time resolution better than 800 ps over an ampli-tude range of 20 is achieved using the crossing of a zerolevel from the di�erentiated input pulse. In practice, in-stead using two discriminators, one for arming, the otherfor timing, a single hysteresis comparator is used, wherethe hysteresis is set equal to the threshold. Therefore, thetrailing edge is synchronous with the zero-crossing of theinput pulse. This edge is pulse-shaped as a 5ns digital pulsesent to the TDC chip. A �rst ampli�cation stage, commonto all channels is implemented with a programmable gain.The comparator hysteresis is kept constant, the e�ectivethreshold being obtained by changing the gain of the inputampli�er, corresponding to a threshold between 1 and 10mV. The dead time after a zero- crossing detection is 80ns.B. Pseudo-Gaussian Pulse ShapingA CR-RC pulse shaper peaking at 80ns provides amaximum output proportional to the input charge. Ana-log voltage gain is set between 2.5 and 25. A multiplexerselects the channel to be output towards the ADC. Use ismade of ICON active resistors [7] wherever high values areneeded. The analog chip is manufactured by AMS (Aus-tria Mikro Systems) using a 1.2 �m 2-poly 2-metal CMOSprocess. Total power is 200 mW. The chip area is 14 mm2.It is housed in a 68 pin package.C. ResultsThe Analog Chip time walk as a function of the inputpulse amplitude is showed Figure 3. It is less than 800 pson an amplitude range of 20.V. Digital ChipThe digital chip [8,9,10] is a 16-channel TDC with500 ps binning input bu�ering and selective readout of

Figure 2. BaBar DIRC Analog Chip.

Figure 3. Analog Chip Time Walk.3



the data in time with the trigger. The digital chip block-diagram is shown Figure 6. A binning of 500 ps has beenchosen, with a full-scale of 32 �s in order to cope with a �rstlevel trigger latency of 12 �s, or higher. The selective read-out process extracts data in time within a programmablewindow available at any time in an output FIFO.Sixteen channels have been integrated in a single 0.8�m CMOS mixed-design chip housed in a 68-pin package,manufactured by ATMEL-ES2. The die size is 36 mm2,power less than 60 mW at 100 kHz average rate input onall channels, and 60 MHz clock frequency. The DigitalChip is shown Figure 5.A. TDC FunctionThe TDC section uses sixteen independent digital de-lay lines to digitize time with 500 ps binning [8]. A cali-bration channel allows to tune the chip delays on the 60MHz reference clock, in order to cope with supply, tem-perature and process variations. Coarse time is measuredwith a fast counter common to all channels, providing the11 most signi�cant bits. Double pulse resolution (equal tothe conversion time) is 32 ns.B. Input Bu�eringAn internal bu�ering is implemented with sixteen in-dependent four-deep dual-port channel FIFOs in order tostore data before a readout is requested, limiting the de-tector dead-time to less than 0.1% at 100 kHz input rate.Data stay there until the selective readout process de-scribed below transfer them to a common Latency FIFO.C. Selective ReadoutThe selective readout process [9] extracts data fromthe input FIFOs as soon as possible and builds a time-ordered list stored in an intermediate FIFO during theLevel 1 trigger latency. Data beginning to be candidatefor a possible incoming trigger are stored into an outputFIFO, until they get out of the trigger resolution window.Therefore, at any time, the set of data in time with anincoming trigger is available in the output FIFO. A block-diagram is shown Figure 9. In order to sort the inputFIFO data compatible with the 100 kHz maximumrandominput rate with an acceptable dead-time, time has beensliced in 256 ns frames, within which the arithmetics isperformed in parallel using 15 comparators. In addition,possible errors from the wrap-around of the 11-bit coarse-time count are avoided.D. MeasurementsThe tests performed on the prototype chips have shownthat the process uniformity within a chip allows to inte-grate 16 channels on a single die, keeping integral linearityunder 100 ps RMS with the proposed calibration scheme.Figure 7 shows the di�erential linearity histogram for allchannels of the preproduction run. An histogram of theselective readout window showing a peak of events syn-chronous with the trigger among random events is shown

Figure 8. The calibration process has been found sta-ble and transparent, no di�erences have been found intime measurements with or without the phase-lock run-ning. Crosstalk between adjacent channels is less than 125ps, and power less than 60 mW at 100 kHz input rate. Ayield of 90 % has been obtained on the hundred measuredparts. VI. DIRC Front-End BoardThe DIRC Front-end Board (Figure 11) processes 64PMTs inputs. It houses eight analog chips, four digitalchips, one 8-bit ash ADC, and a set of FPGAs used forserial protocol encoding and decoding, multi-event bu�ersand control registers implementation, tests and diagnosticfunctions. It is connected to a custom crate backplane, theProtocol Distribution Board (PDB), described in sectionVII through one single 96-pins connector interfacing clocks,serial data input and output lines and supplies. The gainof each channel is set on-board within 5% of the nominalvalue. A unique ground plane is used as a voltage referencefor all input signals. Such a grounding scheme, combinedwith a copper shield housing the analog chips and inputcircuitry, allows to operate thresholds down to 1 mV, theactual limit reachable on the analog chips test benches.The DFB receives either run-time commands (BaBardetector global commands) such as L1 trigger accept, read-out and calibration strobes, clear multi-event bu�ers, syn-chronization, and sub-system commands [11] used for ini-tialization such as calibration control, threshold registersloading, trigger window loading, or hardware tests.A dedicated software has been written that allows tobuild time and charge histograms and derive statistics forthe 64 channels.VII . DIRC Crate ControllerTwelve DIRC Crate Controllers (DCC) interface theGlink �ber optics coming from the six readout modules inthe DIRC DAQ VME crate to the DIRC Front-end crates.The DCC comprises mainly the Glink interfaces, calledDIRC Glink Boards, (DGB), and the DIRC MonitoringBoard (DMB) that manages DIRC Detector environmentalcontrols such as High Voltage status, magnetic �eld sen-sors, hygrometry, and temperature of the Front-end crates.It is interfaced to the system using the CAN-bus standardadopted within BaBar. The DMB monitors also the statusof the Glink interface, and generates a digital pulse thattriggers the light pulser for the DIRC detector calibration.This pulse in synchronous with a Calibration strobe sentby the Fast Control Distribution System of BaBar. DGBand DMB are connected together with on-boards connec-tor. The PDB backplane distributes the 60 MHz demulti-plexed bit stream from the 1.2 GHz sent through the �beroptics to the fourteen DFBs. The DMB houses also a pulsegenerator used to calibrate the DIRC detector.4



Figure 4. Analog Chip Block-Diagram.

Figure 5. BaBar DIRC Digital Chip.5
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Figure 10. DIRC Front-End Board Block-Diagram.
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Figure 12. Time Histogram from Single Photo-Electrons.A. DIRC Glink Board.The DGB (Figure 12) receives two �bers optics for con-trol (Clink) and data exchange (Dlink). It converts the 1.2Gbit/s stream into sixteen 60 MHz streams linked to theFront-end cards by point to point connexions. Synchro-nization allows to perform time measurements with therequired accuracy. Clock jitter measured at the end of a30 m �ber after clock recovery in the receiver chip is 124 psRMS in presence of data exchange. The main componentsof the DGB are:-1 The Glink transmitter/receiver chips from Hewlett-Packard, that perform multiplexing and demultiplexingfunction, clock recovery, error detection, and link control.-2 The Optical transmitter/receiver from Finisar.-3 Two pipe-line registers, one for each data stream.B. DIRC Monitoring Board.The DMB includes a microcontroller chip Motorola68HC705X32, the CAN bus interface, a pulse generatorwhose delay with respect to a global calibration strobecommand is programmable with 500 ps steps, and the sen-sors for detector slow controls.C. Backplane.The Protocol Distribution Board (PDB) is a 19 slotsbackplane, allowing to connect up to 16 DFB cards andthe crate controller. The two remaining slots are used for

Figure 13. Charge Histogram from Single Photo-Electrons.debugging purposes. Clocks are sent using ECL di�erentiallevels, data serial lines are standard TTL levels.VIII. Results.Extensive tests with the actual DIRC PMTs and aLED light source tuned to generate single photons eventshave been performed with the full Front-end electronicschain. The analog chip time walk can be seen on Figure 3as a function of the input amplitude: after an initial walk-time of 2 ns very close to the threshold, a negligible e�ectis obtained between 10 and 100 mV. The charge and timespectra shown on Figures 12 and 13 have been obtainedwith a threshold set to 2 mV. A threshold of 1 mV can beused without digital to analog crosstalk or unstabilities.A BaBar run-time value of 3 mV is foreseen. Measure-ments synchronous and asynchronous with respect to theLED pulse gave satisfactory results, both in accuracy ande�ciency. IX. Conclusion.The DIRC Electronics Front-End Chain performs sub-nanosecond timing with single photo-electron over 10,000channels. It makes use of two custom VLSI chips, a sin-gle comparator zero-crossing discriminator, and a digitalTDC. The TDC chip delays are locked on the 60 MHz10



system clock. The discriminator chip integrates a pulseshaper used to build single photo-electron response of thephotomultipliers during calibration runs. The digital chipintegrates a selective readout of data compatible with anincoming Level 1 trigger reducing the dataow by a fac-tor of 10. Both chips can process input signals up to an100 kHz average rate. Chips are housed on a 64-channelboard read by a Crate Controller connected to the DataAcquisition system using the Glink standard at 1.2 Gbit/slinks. This complete electronic chain for 11,000 channelsoccupies a volume of about 1m3 and dissipates less than 5kW. References[1] BaBar Technical Design report, SLAC-R-95-457, March 1995.[2] The DIRC Electronics Group.BaBar DIRC note 29, DIRC Electronics Requirements,Feb 1996.[3] The DIRC Electronics Group.BaBar DIRC note 324, DIRC Electronics, Oct 1996http://www-lpnhep.in2p3.fr/babar/local/elec/fdr/ds.ps[4] G. Haller.BaBar DAQ Readout Module.http://www.slac.stanford.edu/BFROOT/doc/electronics/ReadoutModule/rom.html[5] A. Ardelean, R.L. Chase, A. Hrisoho, S. Sen,K. Truong, G. Wormser.A discriminator and shaper circuit realized in CMOS tech-nology for BaBar.Proceedings of the 7th Pisa meeting on Advanced Detec-tors, Livorno, Italy, May 1997, and LAL -RT-97-xxhttp://www.slac.stanford.edu/BFROOT/doc/electronics/[6] The DIRC Electronics Group.Analog Chip FDR Documents. June 1997.http://www-lpnhep.in2p3.fr/babar/local/elec/fdr/anachip/anachip.html[7] F. Anghinol� et al.ICON, A Current Mode Preampli�er in CMOS Technol-ogy for use with High Rate Particle Detectors.IEEE 0-7803-0513-2/92 $0:3:00[8] J.F. Genat.High Resolution Time to Converters, Nuclear Instrumentsand Methods, Vol A315, pp 411-414, 1992.[9] P. Bailly, J. Chauveau, J.F. Genat, H. Lebbolo,B. Zhang.A 500 picosecond resolution TDC for the DIRC at BaBar
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