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Abstract

A technolog for a km-scaé high-enegy neutriro telescop can be implemente using an all-digital design
with coppe-basel links betwea photomultiplier tubes (PMTs) and the suface We descrile here the main

features of this technolog, including genera systen architectue and specift electront circuitry for PMT

signd processing The genera performane god is the captue of PMT information including waveforms,
with high dynamt range and orde 1 ns timing accuray. Potentid benefis of this approab include high

quality datg simple connedivity, high reliability, low constructim costs and low power use Thistechnology
also enable the use of alocd time-coincidene amory neighborirg PMTs to greaty redue bandwidh and
signd processig requirementsWe are implementirg this concep with the constructia of a prototype string

of PMTsto be depbyed at the Souh Polein the 1999-20@ season.

When considerig a genera systens engineerig approat to design a km-scaé neutriro detecto, a de-
centralizeél architectue base on a semi-autonomasDigital Opticd Module (DOM) concep appeasto offer
reliability and functiond advantages The bast ideas are describé elsawhere (Chaloupla 1996 Nygren
1998).

Specificaly, the systen describé here is designeé to achieve the foll owing goals:

e Measuethe arrival time ard pulse height of PMT signak with timing accuray limited by the intrinsic
timing jitter of the PMT itsef (typically 4 nsee FWHM) ard with a dynamc range of at leag 100
photoelectroa(p.e.);

e Achieve the above by digitizing PMT signak within opticd modules (OMs) ard providing circuitry that
allows evens within an OM to be measurd with nanosecothaccuray relaive to asingle suiface clock
over atwisted-pai electrica cable;

o Provide waveform information from the PMT over shot (~ 300 nseg and long (~ 3 useq time scales
for interestimg events with large detectd signals sud as large electromagnetishowers producel by v,
interactions;

e Provide blue or ultraviolet LEDs within ead OM tha can be pulsal to give calibration signak both for
locd OMs and for OMs on neighborimg strings;

¢ Provide links betwe@ neighborirg OMs on a string that enabek “local coincidence (LC), i.e. nearest-
neighba or next-to-nearest-nelpor coincidencego be detected.



Sucha systemwould provide high-quality detailedinformationfrom eachOM, would have a high degree
of flexibility in triggering,would not requirethe useof expensve opticalfiber cables,and,throughthelocal
coincidencereducetheamountof informationthatneedgo be sentfrom OM to surface.

We areconstructinga prototypestringof DOMs basedntheseconceptghatwill bedeplg/edatthe South
Polein January2000. This prototypestring is designedo achieve the goalsoutlinedabore, andwill have
someadditionalhardwareandsoftwareto aid in testingtheseconcepts:

e EachDOM will have anindividual twisted-paircableto the surface,andwill be ableto runin amode
whereevery singlep.e. pulsefrom the PMT will be digitized and sentto the surface. This will be
importantin understandingow local coincidenceoperationaffectstriggeringandevent-tuilding atthe
surface.

e ThePMT insideeachDOM will bereadoutin parallelby an opticaltransducethat sendsan analog
pulseto the surfaceover fiber optic cable,in the samemannerasis donein the standardAMAND A
OM design,andthesepulseswill be receved andrecordedby the full AMAND A dataacquisition
system.Thiswill allow directcomparisorbetweerdatarecordecby AMAND A anddatarecordedoy
the prototypedigital string.

Figurelashavs a schematiof the DOM string. DOMs arearrangedlO m apart,with individual twisted-
pair connectiondo the surface, andlocal coincidencecablesprovided betweenneighboringDOMs. The
DOM is shavnin figure1h. It consistof an8” Hamamats®PMT mountedn asphericapressureesselwith
electronicdhoardgo digitize signalsfrom the PMT andsendinformationto the surface.

Figure 2 shavs a block diagramof the electronicscontainedinsidethe DOM. The PMT is poweredby
a custombasecircuit with high voltageproducedon the baseand CPU-controlled.The voltagedivider has
very high resistancend actiely stabilizeddynodesto producelow power consumptiorand high dynamic
range. PMT signalsare routedthrougha transformercouplinginto a customintegratedcircuit, the analog
transienwaveformdigitizer (ATWD). Whentriggered this circuit takes 128 sampleof the voltageat eachof
its inputs,with samplewidth typically 3 nsandexternallyadjustableThe ATWD recevesbothamplifiedand
unamplifiedsignhalsfrom the PMT atseparaténputs,allowing highdynamicrange(> 100p.e.)to beachieved.
Anothercopy of thePMT signalgoesinto a shapingamplifierandis thendigitizedfor ~ 3 usecwith 30 nsec
samplewidth by an8-bit flashADC. A field-programmablgatearray(FPGA)controlsreadoubf the ATWD
andflashADC in responsdo informationfrom the trigger circuit. A low-powver CPU s usedto startup the
DOM at power-on, programthe FPGA,andprovide slov controlfunctions(high voltage,thresholdsyoltage
monitoring, etc.). The FPGA s alsousedto provide high-speedcommunicationso the surfacethroughthe
ADC/DAC andline driver/receier shawvn in thefigure. Only a singletwistedpair runsfrom the DOM to the
surface,providing bothDC powver andcommunications.

To determinethe arrival time of PMT signalsin the DOM relative to a masterclock on the surface,an
extremely stablelocal clock is usedto clock the CPU and FPGA. This clock is a precisionToyocomfree-
running oscillatorrunningat ~ 18 MHz that hasshort-termstability of order 10!, sowill drift no more
thanl nsecover atime intenal of aminuteor more;thereforesynchronizatiomwith the suriaceneedbe done
only at 1 minuteintenals. During this time calibration,communicationsvill be turnedoff for a brief time,
a pulsewill be sentfrom the surfaceto the DOM, its time of arrival measuredy the local clock, and after
afixed, precisedelay anidenticalpulsewill be sentto the surface,andthe surfacearrival time measuredby
the masterclock in the sameway (figure 3). Provided that the twisted-paircableis symmetricin response,
ascurrentevidenceindicatesthatit should,this providesan unambiguousvay of relatingthe local clock in
the DOM to the masterclock on the surface(Stokstadl998). The remainingunknavn, the PMT transittime,
will be measuredisingthe LED pulsercircuit on boardthe DOM. The maintechnicaldifficulty is the long
risetime of apulsethattraverse2 km of twistedpair, whichis of orderl usec.The solutionis to samplethe
waveform of the receved calibrationpulseandfit the leadingedgeto its characteristi@xponentialshapeto



determinethe starttime of the pulseto accurayg of afew nsec.Ourtestsindicatethatwith properlydesigned
line drivers/recaiers,the signal/noiseon thetwistedpair cableusedwill beadequat¢o dothis.

The surface systemwill includea compactPClI cratewith customfrontendand readoutboards,and be
operatedoy a PC runningLinux (seefigure 4). The systemwill performsoftwaretriggeringof the digital
string,eventbuilding, anddisk andtapestorageof events,will controlthetime calibrationof the DOM string
in synchronizatiorwith a GPSclock,andwill receve triggerinputsfrom AMAND A andfrom SPASE (South
Poleair shaver experiment)to enabledirectcomparisorof DOM datawith datafrom theseexperiments.

As of thiswriting (May 1999)we have constructegrototypeDOM electronicdhoardsandhave begunto
testthem. Designandconstructiorof the surfacereadoutsystemis underway aswell. We will beintegrating
the electronicawith the phototubeassemblyfor 50 DOMs in July andAugust,andwill deplgy a stringof 42
DOMsin January2000.
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Figurel: a. Schematiof the DOM string shaving connectiondetweerthe variouscomponentsh. Scale
drawing of a DOM shawing boardplacement.
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Figure2: Simplified block diagramof the DOM electronics.Somecircuitry (e.g. analogoptical link, boot
ROM andPLD, slow controlcircuitry, etc.)is notshawvn for clarity.
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Figure3: The “reciprocalactie pulsing” (RAP) methodof mappinglocal time within a DOM to a master
clock time on the surface. (1) Surfacesendspulsedown the cableat time t=0, andrecordsthe masterclock

time. (2) DOM recevespulseat time t.,;,1., andrecordsthe local clock time. (3) After a fixedtime tgelay,

DOM sendsa pulseidenticalto the original surfacepulseup the cable. (4) Surfacerecevesthis pulseand
recordsmasterclock time; total time elapsed= (2 X tcaple + tdelay)- tecable CANNOW be calculated andthe
masterclock time correspondingo the local time recordedin step(2) is known. Electronichardware and
softwarefor transmitting,receving, andanalyzingtime calibrationpulsesmustbe identicalat both endsof

thecable.
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Figure4: Schematiof thefrontendandDAQ electroniconthe surface.



