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Abstract

A technology for a km-scale high-energy neutrino telescope can be implemented using an all-digital design
with copper-based links between photomultiplier tubes (PMTs) and the surface. We describe here the main
features of this technology, including general system architecture and specific electronic circuitry for PMT
signal processing. The general performance goal is the capture of PMT information, including waveforms,
with high dynamic range and order 1 ns timing accuracy. Potential benefits of this approach include high
quality data, simpleconnectivity, high reliability, low construction costs, and low power use. This technology
also enables the use of a local time-coincidence among neighboring PMTs to greatly reduce bandwidth and
signal processing requirements. Weare implementing this concept with theconstruction of aprototypestring
of PMTs to bedeployed at theSouth Pole in the1999-2000 season.

—-

When considering a general systems engineering approach to design a km-scale neutrino detector, a de-
centralized architecturebased on asemi-autonomousDigital Optical Module(DOM) concept appearsto offer
reliability and functional advantages. The basic ideas are described elsewhere (Chaloupka 1996, Nygren
1998).

Specifically, thesystem described here isdesigned to achieve the following goals:

� Measure the arrival time and pulse height of PMT signals with timing accuracy limited by the intrinsic
timing jitter of the PMT itself (typically 4 nsec FWHM) and with a dynamic range of at least 100
photoelectrons(p.e.);

� Achieve theaboveby digitizing PMT signalswithin optical modules(OMs) and providing circuitry that
allowseventswithin an OM to bemeasured with nanosecond accuracy relative to asinglesurfaceclock
over a twisted-pair electrical cable;

� Provide waveform information from the PMT over short ( 	 300 nsec) and long ( 	 3 
 sec) time scales
for interesting eventswith largedetected signals, such as largeelectromagnetic showersproduced by �
�
interactions;

� Provideblueor ultraviolet LEDswithin each OM that can bepulsed to givecalibration signalsboth for
local OMsand for OMson neighboring strings;

� Provide links between neighboring OMs on a string that enable “local coincidence” (LC), i.e. nearest-
neighbor or next-to-nearest-neighbor coincidences, to bedetected.



Sucha systemwouldprovide high-quality, detailedinformationfrom eachOM, wouldhave a highdegree
of flexibility in triggering,would not requiretheuseof expensive opticalfiber cables,and,throughthelocal
coincidence,reducetheamountof informationthatneedsto besentfrom OM to surface.

Weareconstructingaprototypestringof DOMsbasedontheseconceptsthatwill bedeployedat theSouth
Polein January2000. This prototypestring is designedto achieve the goalsoutlinedabove, andwill have
someadditionalhardwareandsoftwareto aid in testingtheseconcepts:

� EachDOM will have anindividual twisted-paircableto thesurface,andwill beableto run in a mode
whereevery singlep.e. pulsefrom the PMT will be digitized andsentto the surface. This will be
importantin understandinghow local coincidenceoperationaffectstriggeringandevent-building at the
surface.

� The PMT insideeachDOM will be readout in parallelby an optical transducerthat sendsan analog
pulseto the surfaceover fiber optic cable,in the samemannerasis donein the standardAMANDA
OM design,and thesepulseswill be received and recordedby the full AMANDA dataacquisition
system.This will allow directcomparisonbetweendatarecordedby AMANDA anddatarecordedby
theprototypedigital string.

Figure1ashows a schematicof theDOM string. DOMs arearranged10 m apart,with individual twisted-
pair connectionsto the surface,and local coincidencecablesprovided betweenneighboringDOMs. The
DOM is shown in figure1b. It consistsof an8” HamamatsuPMT mountedin asphericalpressurevessel,with
electronicsboardsto digitizesignalsfrom thePMT andsendinformationto thesurface.

Figure2 shows a block diagramof the electronicscontainedinsidethe DOM. The PMT is poweredby
a custombasecircuit with high voltageproducedon thebaseandCPU-controlled.The voltagedivider has
very high resistanceandactively stabilizeddynodesto producelow power consumptionandhigh dynamic
range. PMT signalsareroutedthrougha transformercouplinginto a customintegratedcircuit, the analog
transientwaveformdigitizer(ATWD). Whentriggered,thiscircuit takes128samplesof thevoltageateachof
its inputs,with samplewidth typically 3 nsandexternallyadjustable.TheATWD receivesbothamplifiedand
unamplifiedsignalsfromthePMTatseparateinputs,allowing highdynamicrange( � 100p.e.)to beachieved.
Anothercopy of thePMT signalgoesinto ashapingamplifierandis thendigitizedfor 	 3 
 secwith 30nsec
samplewidth by an8-bit flashADC. A field-programmablegatearray(FPGA)controlsreadoutof theATWD
andflashADC in responseto informationfrom the triggercircuit. A low-power CPUis usedto startup the
DOM at power-on,programtheFPGA,andprovide slow controlfunctions(high voltage,thresholds,voltage
monitoring,etc.). TheFPGA is alsousedto provide high-speedcommunicationsto the surfacethroughthe
ADC/DAC andline driver/receiver shown in thefigure. Only a singletwistedpair runsfrom theDOM to the
surface,providing bothDC power andcommunications.

To determinethe arrival time of PMT signalsin the DOM relative to a masterclock on the surface,an
extremelystablelocal clock is usedto clock the CPU andFPGA.This clock is a precisionToyocomfree-
runningoscillator runningat 	 18 MHz that hasshort-termstability of order ����� ���

, so will drift no more
than1 nsecover a time interval of aminuteor more;thereforesynchronizationwith thesurfaceneedbedone
only at 1 minuteintervals. During this time calibration,communicationswill be turnedoff for a brief time,
a pulsewill be sentfrom the surfaceto the DOM, its time of arrival measuredby the local clock, andafter
a fixed,precisedelay, an identicalpulsewill besentto thesurface,andthesurfacearrival time measuredby
the masterclock in the sameway (figure3). Provided that the twisted-paircableis symmetricin response,
ascurrentevidenceindicatesthat it should,this providesanunambiguousway of relatingthe local clock in
theDOM to themasterclockon thesurface(Stokstad1998).Theremainingunknown, thePMT transittime,
will bemeasuredusingtheLED pulsercircuit on boardtheDOM. The main technicaldifficulty is the long
risetimeof apulsethattraverses2 km of twistedpair, which is of order1 
 sec.Thesolutionis to samplethe
waveformof the received calibrationpulseandfit the leadingedgeto its characteristicexponentialshapeto



determinethestarttimeof thepulseto accuracy of a few nsec.Our testsindicatethatwith properlydesigned
line drivers/receivers,thesignal/noiseon thetwistedpair cableusedwill beadequateto do this.

The surfacesystemwill includea compactPCI cratewith customfrontendandreadoutboards,andbe
operatedby a PC runningLinux (seefigure 4). The systemwill performsoftware triggeringof the digital
string,eventbuilding, anddisk andtapestorageof events,will controlthetimecalibrationof theDOM string
in synchronizationwith aGPSclock,andwill receive triggerinputsfrom AMANDA andfrom SPASE(South
Poleair shower experiment)to enabledirectcomparisonof DOM datawith datafrom theseexperiments.

As of this writing (May 1999)we have constructedprototypeDOM electronicsboardsandhave begunto
testthem.Designandconstructionof thesurfacereadoutsystemis underwayaswell. Wewill beintegrating
theelectronicswith thephototubeassemblyfor 50 DOMs in July andAugust,andwill deploy a stringof 42
DOMsin January2000.
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Figure1: a. Schematicof theDOM stringshowing connectionsbetweenthevariouscomponents.b. Scale
drawing of aDOM showing boardplacement.
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Figure2: Simplifiedblock diagramof the DOM electronics.Somecircuitry (e.g. analogoptical link, boot
ROM andPLD, slow controlcircuitry, etc.) is notshown for clarity.
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Figure3: The “reciprocalactive pulsing” (RAP) methodof mappinglocal time within a DOM to a master
clock time on thesurface. (1) Surfacesendspulsedown thecableat time t=0, andrecordsthemasterclock
time. (2) DOM receivespulseat time t ��� �"!$# , andrecordsthe local clock time. (3) After a fixed time t %"#&!'�&( ,
DOM sendsa pulseidenticalto the original surfacepulseup the cable. (4) Surfacereceives this pulseand
recordsmasterclock time; total time elapsed= ( )+*-,���� �"!$#/.0,�%1#�!'�&( ). t ��� �"!$# cannow be calculated,andthe
masterclock time correspondingto the local time recordedin step(2) is known. Electronichardwareand
softwarefor transmitting,receiving, andanalyzingtime calibrationpulsesmustbe identicalat bothendsof
thecable.
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Figure4: Schematicof thefrontendandDAQ electronicson thesurface.


