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Abstract

Low-costground-level detectorsfor � -e decayeventscounteventsdueto a narrow bandof the differential
muonspectrum,unlike mostcosmic-rayparticledetectors,which respondto all eventsabove a thresholden-
ergy. Mu-e detectorsof modestsize(0.2 cubicmeters)andmass(200kg) nearsealevel have high counting
rates(3 events/sec),increasingby a factor3 at mountainaltitudes. An economicaldesignis presentedem-
ploying mineral-oil-basedscintillator, two 127mmdiaPMTsandstandardbuilding-construction materialsfor
the � -edetector, andCMOSintegratedcircuitsfor thespecialdelayed-coincidence electronicswhichprovides
NIM- level � andelectronpulsesandan analogpulsewith heightproportionalto decaytime. Applications
includesearchexperimentsfor the Cowan Effect, ground-level monitoringof solarmodulationeffects,and
perhapsasanovel detectorelementfor air-shower arrays.

1 Motivation:
In connectionwith earliercosmicray experimentsby the group in 1992,expecteddiurnal variationsof

intensityfor galacticdarkmatterwerecalculatedasa functionof siderealtime. Noticing thatthetimeof peak
intensitycoincidedwith peaksin � -e decayratesreportedby a groupfrom CatholicUniversity led by Clyde
Cowan[Cowan& Ryan,1965;Buckwalter, Cowan& Ryan,1966;Ryanet al, 1966],we hopedto reproduce
the effect in Arizona [Bowen, 1999;Young,McGuire & Bowen, 1999], andperhapsexplain the resultsby
theexistenceof a stronglyinteractingcomponentof darkmatter. Cowan’s groupemployed � -e decaytargets
rangingfrom 227kg to 650kg of plasticor liquid scintillators.At Arizonawe still possesseda largesupply
of mineraloil-basedliquid scintillatorfrom anexperiment30yearsago.

2 Experimental Design:
2.1 Detector: We have built a large volumeliquid scintillator detectoron Mt Lemmonat 2700m, or
������� g/cm� . Themaindetectoris comprisedof over 820kg of 90%mineraloil, 10%Naptha,anda solute
of 2.5 g/l 2,5-Diphenyloxazole(PPO)and0.5 g/l 1,4-Bis-[2-(5-Phenyloxazolyl)]Benzene (POPOP)equally
dividedinto 4 separatecells. Eachliquid cell is 0.58m squareand0.69m deep,with two downwardlooking
127mmRCA 8854photomultipliersmountedinsideon thelid. Thetotal scintillationtargetmassis then205
kg. Whenclosedlight tight, thesphericalPMT facesdip into theliquid surface,with thephotocathodebeing
mostlyimmersedin liquid.

The total detectoris composedof four suchcells, arrangedin a squarewith eachside facing roughly
in cardinaldirections. The entireunit is raisedfour feet from the concretefloor to lessenthe likelihoodof
detecting� -e decaysin thefloor. CounterT2, a0.82m square,2 cm thick plasticscintillator, is locatedat the
centerof the target array, 1.15m above the liquid surface. CounterT1, a 0.60m square,2 cm thick plastic
scintillator, is 0.71m furtherabove. Eachscintillator is mountedinsidea white box viewedby one127mm
RCA 4522PMT.

Themainstructuralsupportconsistsof four 4 by 4 in woodposts,with three2 by 10 in rafterssupporting
the detectorweight. Eachdetectorcell is constructedof 1/2in CDX plywood, with two 0.15mm sheetsof
polypropylene folded into the cornersto form (without any cuts) a liquid-tight lining inside the cell. The
plywood interiorsof all cellsarepaintedwith a white elastomericroofingpaintdesignedto reflectsunlight.
Extrarigidity is givento thestructurewith metalanglesupportsat thetops,middle,andbottomof theoutside
corners.



2.2 Trigger and Data Acquisition Electronics: PMT signalsareconductedinto aseparatecounting
roomvia 50	 cables.Eachof theeighttargetscintillatorPMTsis terminatedat its thresholddiscriminatorin
a 50	 resistancewhich alsoservesasa 
���
 resistancedivider. The1/10amplitudePMT signalsaresplit in
resistive dividersandsentto individual inputsof two CAMAC ADCs, onegatedby themuonsignalandthe
otherby theelectronsignal.Signalsfrom countersT1 andT2 aresentdirectly to themuon-gatedADC.

Standardwidth NIM pulsesaresentfrom the 8 discriminatorsto a speciallybuilt NIM module(the � -e
module),whereseparatedelay-gatingcircuitry is providedfor eachcell andtriggerselectionis done.A trigger
is possiblefrom thesequenceof a muonpulsein onecell of themaindetector, anda decayelectronpresent
in thesamedetector0.6-6.6 � s later. First, theNIM discriminatorpulsesfrom thetwo PMTsin a singlecell
areANDed. Theoutputof theAND passesthrougha0.5 � sdelayline anda0.10 � sunivibratordelaybefore
triggeringa6 � sdelayedgate.Thestabilityof thesedelayswasfoundto becritical for astabletriggeringrate.
Thegateopeningunclampsanintegrator, andbeginsthecharging of a micacapacitorto measuretime delay.
A muon-gatingpulseis alwayssentto themuonADC whenthegatingcircuit is quiescent(i.e., gateclosed).
If a secondAND outputpulseoccurswithin the6 � s open-gateinterval, (a) it is routedto theelectronADC
gateandto theCAMAC trigger, (b) it stopsthecharging of theintegrator, and(c) it initiatesanearlyresetof
thegateandit dischargesthecapacitor. Stableunivibrator delaysareobtainedusingmica timing capacitors
andCMOSHarrisCD74HC4538Eunivibrators.

The mineral-oil-basedscintillator hasa relatively slow scintillator decaytime of ��� 
�� s, which is quite
adequatefor the2.2 � s decaytime of � -e decay. However, thePMTspro-
vide pulsesonly a few nanosecondsin width for eachphotoelectronwhen
thePMT outputis fed directly into a 50	 cable.Therefore,an integrating
R-L-C network or amplifier mustbe insertedbetweenthe PMT and50	
cable. We founda simple,passive series-parallelcircuit quitesatisfactory
[Harnwell, G.P., 1938]. If, in the circuit of Figure1, �������� ��� , the
desiredtime constantand ��� � 
�	 , thePMT cablewill be perfectlyter-
minatedin 50	 resistance,yet an � / � integratedsignalwill appearat the
output. Analysisshows that an identical integratedsignalappearsat the
��� junction,sothetwo junctionsmaybeconnected,if desired,depending
uponthesourceimpedancedesiredfor thediscriminatoroutputload.

Figure 1: L-R-C integrator

As mentionedabove, the � -e strobeoutputsfor muonandelectroneventsaresentto two separateLeCroy
ADCs. WhenthemuonADC is strobed,thecomputeris notifiedandthemuonpulseheightsareread. The
computer, a Pentium166Mhz running Linux 2.0.21,waits 6� s for notificationof the electronADC being
strobed.If this occurs,electronpulseheightsarereadandtheevent is stored.At this time, anOrtecAD811
ADC is readto give informationon which cell containedthe event, andthe decaytime of the muon. If no
electronis reported,thedataacquisitionprogramstartsagain,clearsthe muonADC registersandwaits for
anothermuon.

2.3 Detector Backgrounds: Two effectsare the principal causesof backgroundcounts: PMT after-
pulsingandaccidentalcoincidences.To reducetheresponseto PMT afterpulsing,two PMTswereinstalledin
eachcell, andacoincidencewasrequired(resolvingtime ����
 
�! s) for boththemuonsignalandtheelectron
decaysignal. As the afterpulsingdecreasedin frequency with increasingtime following a true scintillation
pulse,a delay(0.6 � s in this case)furtherreducedthefrequency of afterpulses,which wasevidentby several
successive peakson theexponential� -e decaycurve. It is alsopossibleto programthecomputerto remove
timesliceswhereafterpulsingappears.

Theaccidentalpulse-pairrate,A, in counts/ s, thesecondpulsebeingin the6 � s gate,is given by "#�
� �%$ , where ��� counts/ s of thecell (after theAND betweenits PMTs) and $ � gatelengthin seconds.
For theconditionsof Mt. Lemmon, �&��' (�
 counts/ s and $ �*)+
,��
.-0/ sec,so "*� 0.6 counts/ s. The
� -e decaytriggerrateis � ��
 events/ s,so � ) % of thetriggersareaccidentals.In Tucson,�1�2��
 
 counts



/ s, andthe � -e decayrate ��' events/ s, so "���
435
�) events/ s, giving a 2 % background.Sincetherange
of a decayelectronwith maximumenergy is ��
436' m in liquid scintillator, thesecondpulseof anaccidental
pulsepair will oftenhave a pulseheightexceedingtheupperlimit for decayelectrons.As a result,many of
theaccidentalscanberemovedby thecomputerprogram.Onthemountain,thetwo-fold ratewas,onaverage,
91% of thesinglesrate,soif PMTswith very little afterpulsingwereavailable,asingePMT wouldsuffice for
eachcell.

2.4 Detector Tuning Results: Thedetectorwastunedto setPMT outputlevelsapproximatelyequalas
well aseachcell triggeringonanequal,majorshareof decayelectrons.Two-fold ratesfor PMT pairswereset
atabout320counts/ s,a3-fold increaseoverwhatwassatisfactoryin aprototypedetectorat720m altitude.

3 Conclusions:
A 200kg � -edetectoris closeto anoptimalsizefor operationin anaturalCRbackground,astheaccidental

rateincreaseswith thesquareof thesinglesrate,placinganuppersizelimit, andthedecayelectronshouldbe
well-containedfor mostevents,placinga lowersizelimit.
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