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Abstract. The possibilityis investigatedf installinga huge
solarneutrondetectorin lakeslocatedhigh mountains.In-

steadof using corventionalneutronmonitors,®He propor

tional countersare supposedo be placedin the lake watet

High enegy (>100 MeV) neutronsenteringinto the water
arethermalizedand detectedby the countersalignedasfar

apartaspossible.The optimalalignmentof countersvasde-
terminedusingthe Geant3Monte Carlo simulator We have

found, however, the large crosssectionfor thermalneutrons
in water doesnot allow the installationof the countersat

wide separation.With the optimal separatiorof 15 cm, an

extremely large detectorcannotbe realized. A testexperi-

ment hasbeenperformedwith a 3He proportionalcounter

whichis setin awatertankat Mt. Norikurain Japan.

1 Introduction

Thesunis theonly robustnearbyastrophysicahcceleratoof
ions. The study of solarflares,wherehigh enegy particles
are generatedis believed to provide us with fruitful infor-
mation on the problemof cosmic-rayacceleration.On the
otherhand,dueto theinterplanetarymagneticfield, low en-
ey solarcosmic-rayscannotarrive at the earthstraightfor
wardly. To avoid suchpropagatioreffects, obsenationsof
neutralparticleshave beenproposed Ramatyet al., 1983).
Neutronsproduceddy accelerateghrotonsin the solaratmo-
sphere(’solar neutrons’hereatfter)are the bestprobeto in-
vestigatehe acceleratiorof protons(or ions).

At groundlevel, solarneutronsaredetectedvith thetradi-
tional neutronrmonitorsspreadall overtheworld andwith the
specialneutrontelescopeslevelopedby our group. So far,
solarneutronshave beendetectedn associatiorwith anum-
ber of major solarflares(Lockwood and Debrunner1999;
Muraki etal., 1992). Although severalinterestingcandidate
eventsobsenedduringthesolarcycle 23arenow underanal-
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ysis(Tsuchiyaetal., 2001;Flueckigeretal.,2001),it is time
to developdetectorswith alargersensitvity for thenext gen-
eration.

Theideapresentedn this paperis to expandthe concept
of the traditionalneutronmonitor. Neutronmonitorsthem-
sehesaredifficult to enlagebecaus¢hey useamassielead
for producingthermalneutrons.We have studiedthe possi-
bility of substitutingwaterfor lead. Becausehereare usu-
ally lakesin the highmountainsvherethe solarneutrortele-
scopedave beenplaced hugeneutrondetectorcouldbere-
alizedif the substitutionworks effectively. We alsopropose
the useof 3He proportionalcounters,which have a higher
sensitvity to thermalneutronghanBF; counters.

In this paper we first describethe basicpropertiesof the
3He counterdn section-2.In section-3the behaior of ther
mal neutronsin variousmaterials(water lead)is discussec
with the aid of Monte Carlo calculationsusing Geant3. In
section-4the optimal alignment,separatiorof the new de-
tectorsandtheir sensitvity are presented.Someresultsof
testexperimentsat Mt.Norikurais alsopresentedn section-
5. Finally, our conclusionsaresummarizedn section-6.

2 3Hecounter

The helium-3 proportional counter used in this study
(LND25373 producedby LND, Inc.) is a cylindrical tube
with 50 mm diameterand 200 cm length. The tubeis filled

with 3040torr of 3He gas. Theionizationlossof a passing
cosmicray muonis typically belowv 10 keV, which is negli-

gible comparedvith the Q-valuewhich occursin thenuclear
reactiondescribecelow.

Thermalneutronsare capturedoy 3He throughthe reac-
tion,>He+ n— 3H + p. TheQ-valueof thereaction,765keV,
is sharednto thekineticenegiesof *H andp. Thecrosssec-
tion of thisreactiorrapidlyincreasesvith decreasingeutron
enegy: ~10? barnsat 100 eV and~10* barnsat 0.01eV.
The crosssectionis slightly higher (lessthanfactor2) than
thatof theBF; counterghatareusedin corventionalneutron
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Fig. 1. Typical simulatedtracksof neutronsn waterandlead. Thethreeleft panelsshav thetracksin waterandtheright panelshavs the
tracksin lead. Note thatthe horizontalscaleis differentfor the two materials.Eachpanelcorrespondso a singleincidentneutronwith an
enegy of 100MeV. A neutronis injectedat the position(0, 0) into the dowvnwarddirection.

monitors. However, because 3He countercanbe operated
with a high pressurge.g. 3000torr), a high detectioneffi-
ciengy canbeachieved. In the caseof LND25373,morethan
50%o0f neutronswith enegy belowv 0.5eV aredetectedvhen
they passb cm (diameterof the counter)in thecounter

3 Thermal neutronsin water and lead

Primary solar neutronswith enegies belov 100 MeV suf-

fer heary attenuatiorin theatmospheref theearth(Shibata,
1994)aswell asdecayingduringtheirflight betweerthesun
andthe earth. Thereforefor ground-basedbsenations,the
usefulenegy rangeis abose 100 MeV. To detectsuchhigh

enegy neutronghrougha nuclearcapturereaction thermal-
izationof the neutronds a crucialprocessAt the sametime,
thermalizedheutronamustdiffusethroughthe materialuntil

they meetone of the counters. Material with a large cross
sectionfor higherenegy neutronsand small crosssection
for lower enegiesis ideal.

Secondarneutrontracksbothin waterandleadweresim-
ulatedusing Geant3.Sometypical tracksfor neutronswith
anincidentenegy of 100MeV areshavn in Fig-1. Thermal
neutronsveretrackeddown to anenegy of 10~2 eV. Appar
ently, the total diffusion pathlengthis longerin lead. This
meansthat neutronshave a chanceto meeta proportional
countemwith alargerprobability Thatis thereasorwhy lead
is choserasa producerfor neutronmonitors(Hatton,1971).
In spiteof its disadwantagesadetectousingwateris capable
of enlagingtheareaup to thesizeof alake. To optimizethe
detectiorefficiencgy of the detectoycounteramustbealigned
atintenalsof theorderof atypical diffusionlength. The av-
eragedistribution of thermalneutronsin wateris presented

in Fig-2,wherethe numberdensityof neutronswith enepies
belov 1 keV is plotted. When 100,000100 MeV neutrons
wereinjected,6,400low enegy neutronswerefound at the
maximumcontourof Fig-2. Neutronswere countedin ev-
ery5cm x 5 cm x 5 cm cubic volume. From Fig-2, it
canbe seenthat the optimum separatiorof the countersis
aboutl5 cm at a depthof 30 cm. In further simulationswe
fixed the separatiorat this value. Fig-2 alsoindicatesthat
neutronsare widely distributedin the vertical direction. It
would thereforebe effective to install countersalignedin the
vertical direction. Of course,suchan alignmentmalesthe
physicalareaquite small, but it would achieve a higherde-
tection efficiengy. If we definethe sensitvity as (physical
areak (efficiency), ahigherefficienoey maycompensatéor a
smallerarea.

4 Properties of the new detector

We have simulatedtwo casesf counteralignment. Oneis

horizontaland the otheris vertical as showvn in Fig-3. In

both casesthe separationwas fixed at 15 cm asdescribec
in section-3.For the horizontaldesign,countersvereplaced
at a depthof 30 cm wherethe numberof thermalneutron
reachesa maximum. Vertically incidentneutronswere uni-

formly injectedinto the waterwithin the areashavn shadec
in Fig-3. In the caseof horizontalalignment,six counters
wereplacedin amannersimilar to anexisting neutronmon-
itor. In the caseof vertical alignment,900 counterg(30x 30
array)wereused.Althoughthedetectionefficiency becomes
smallernearthe edgeof the arrays,the effect becomesey-
ligible if we usealarge numberof counters.Thisis becauss
the typical diffusion length of thermalneutrons,15 cm, is
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Fig. 2. Numberdensityof low enegy neutrong< 1 keV) in water
6,400low enegy neutronsverefound at the darkestcontourwhen
100,000neutronswith 100 MeV wereinjected. The contourlevel
is linearly scaled. The numberof neutronswas countedin every
5cm x 5cm x 5 cm cubic volumealongthe x-z plane. (The z-
axisis definedastheinjectiondirectionandthe x-axisis arbitrarily
definedin the horizontaldirection.)

smallerthanthesizeof arrayswe propose Thereforewe re-
gardthe detectionefficienciesobtainedusingsimulationsas
beinguniform overthearray

The detectionefficienciesare summarizedn Fig-4 asa
function of the incidentneutronenepgy. As expectedfrom
section-3higherefficiengy is obtainedwith theverticalalign-
ment. If we assumethe use of 1000 counters,the physi-
cal coveragebecomes800m? and22.5n? for the horizontal
and vertical casesrespectiely. Combinedwith the detec-
tion efficiency, the sensitvity becomesomesquaremeters
at100MeV, whichis comparablevith the sensitvity of cur
rently operatecheutronmonitors.In caseof the 6NM64 neu-
tron monitor, the physicalareais 6 m? andthe efficiency is
0.25at100MeV. Thisresultsin asensitvity of 1.5m?, same
orderof our waterdetectors.

neutron

200cm

Fig. 3. Simulatedset-upsof the®He countersn water Top: For the
caseof 'Horizontal’ alignment. The counterswerefixed at 30 cm
underthe watersurfaceat intervals of 15 cm. Neutronswere uni-
formly injectedin a 200 cm x 15 cm areaon the surfaceasindi-
catedby theshadov in thefigure. Bottom: For thecaseof 'Vertical’
alignment.Thecountersvereagainplacedat 15 cmintervals. Neu-
tronswereinjectedin anareal5cm x 15cmonthesurface.

5 Test experiments

FromNovember2000,we have continuouslyoperateca®He
counterplacedin thewatertankatthe Mt. Norikuracosmic-
ray obsenatory (137°.5E,36°.1N, 2770a.s.1.). The countel
is containedn a stainlesssteelwaterproofpackagewith an
amplifierandadiscriminatorcircuit (Fig-5). High voltageis
generatedby a DC-DC corverterin the package.Througha
half yearof winter, thecounterasgivena stableoutputeven
underthe severeconditionsexisting on the high mountain
(-25°C minimumtemperature).

Becauseahe counteris placedin deepwater (200 cm be-
low the surface),the countingrateis smallasexpectedirom
Fig-2. Theabsolutecountingrateexpectedrom cosmic-ray:
will be calculatedusinga simulationto validatethe simula-
tionresultsdescribedbove. More detailedtestsof thecount-
ing rateareplannedaftertheice in thetankmelts.
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Fig. 4. Detectionrefficiengy of thewaterneutrondetectorasafunc-
tion of theincidentneutronenegy. Resultsfor thetwo alignments
arepresentedBecausehe efficiengy is definedas(Numberof de-
tectedthermalneutrons){Numberof incidentneutrons)it becomes
>1.0 whenmultiplicity is large. This definition is consistenwith
thatusedfor traditionalneutronmonitors.

6 Conclusions

A new generationsolar neutrondetectorusing a hugevol-
ume of lake waterhasbeenstudied. The wateris supposed
to work asa producerof thermalneutronsasis the casewith
leadin traditionalneutronmonitors.However, aMonteCarlo
studyshovedthe thermalneutrongdid not spreadn thewa-
ter aseffectively asin lead. This is mainly becausef the
differenceof the crosssectionfor thermalneutronsbetween
waterandlead. The relatively large crosssectionin water
preventsthermalneutronsfrom arriving at countersaligned
atwide separationEvenwhenusing10003He countersthe
sensitve areaof the detectoris only sameorderof thatof a
6NM64 neutronmonitor.

Although water is not a good producerof thermal neu-
trons,it would be worth consideringhe possibility of using
naturalmaterialgrocks,for example)to realizeanextremely
large areaneutrondetectoifor the next solarcycle.
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