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Abstract. Solarneutronswere detectedby the Yangbajing
solar neutrontelescopdocatedin Tibet(N30°, E90°, 4300
m above sealevel) in associatiorwith X3.3 solar flare on

November28th 1998. The detectionof solar neutronswas
possibleusinga capability of the telescopevhich caniden-

tify the incoming direction of neutrons. In this event, so-

lar neutronsarrived at the top of the the atmospheravith a

large zenithangle53°. It hasbeenshavn by a Monte Carlo

simulationin this paperthatevensolarneutronswith alarge

zenithanglecanbe detectedwing to large anglescattering
of neutronsby air nuclei. The enegy spectrumof neutrons
wasobtainedby assuminghatsolarneutronswvereproduced
atthestarttime of BATSE hardX-rays.

1 Introduction

Solarflaresare one of the mostenegetic and drastic phe-
nomenain nature.In solarflares,electronsandions areac-
celeratedo high enegies. X-raysandgamma-raysesulting
from the acceleratiorof electronshave alsobeenobsenred.
Theacceleratioormechanisnfor electronshasbeenrevealed
gradually beingbasedon several obsenationalresults. On
the otherhand,the acceleratiomechanisnof ionshasbeen
notwell understoodBecauseons have heavier masseshan
electrons their radiationsare quite faint. In orderto eluci-
datethe puzzleof how ions areacceleratedo high enegies
nearthe solarsurface,otherinformationmustbe used.
Neutronsare also producedby flares. They resultfrom
nuclearinteractionsbhetweenacceleratedons andthe solar
atmosphereNeutronscantravel directly from the flare site
to the earth without being disturbedby the interplanetary
magneticfield. Thereforejf we canmeasurdhe production
time of neutronswe will be ableto reply to the questionof
whetherions are acceleratedgimultaneouslywith electrons
or not. However neutronshave massand cannottravel with
thespeedf light. A new capabilitywasrequiredfor thenew
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neutrondetectordn orderthatthey canmeasurehe enegy
of neutrons.In addition,the solarneutrondetectorat Yang-
bajing hasthe capability of measuringincoming direction
of neutrons.This capability canreducethe hugeamountof
backgroundgroducedy galacticcosmicrays,which would
otherwiseswampthe signalsfrom the sun. Otherdetectors
installedat Gornegrat, Norikuraand MaunaKeaalsohave
thecapabilityto measurehearrival directionof incidentneu-
trons.

In this paperaftergiving aninterpretatiorof thesolarflare
of November28th 1998in Section2, obsenational results
aregivenin Section3. The detectiorof solarneutrongs dis-
cussedn Section4. In section5 we summarizeour results.

2 Flareof November 28th 1998

OnNovember28th1998,a X3.3/3N solarflarewasobsened
atN17E32on the solarsurfacein Active Region 8395. Ac-
cordingto GOESsatellitedata,the flare onsettime andthe
maximumtime were4:54 UT and5:52 UT respectiely. A
complicatedloop structurewas obsened by the soft X ray
telescop®nboardYohkoh (Masuda1999).Theloop started
growing at~ 5:30UT (Sakurai,1999)andthermalemission
from the loop reacheda maximumintensityat ~ 5:50 UT.
Yohkoh detectedhard X ray emissiong93 - 252 keV) be-
tween5:39UT and5:43UT (Yoshimori,1999). CGRO/BATSE
alsodetectechard X ray emissiong(30 - 58 keV) with the
peakintensity at 5:40:46 UT. The NobeyamaRadio helio-
graphdetectedadioemissionsatafrequeng of 17GHzand
34 GHz andthemaximumemissiorwasobsenedat 5:39:51
UT (Fujiki, 1999).

The NAO investigatorshave madean analysisbasedon
their magnetogramiHa and Yohkoh soft X-ray data. They
proposeda scenaridfor this eventin which the flare trigger
hadalreadystartedat05:06UT. Theinteractionbetweertwo
loopsdrove aflow andtriggeredanotherintersectiorof two
loopsat 05:32UT, andthis becomeghe origin of the large
flare. Detailscanbe seenin their paper(Hui Li etal.,2000).
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Fig. 1. Schematiosziew of the Tibet solarneutrondetector The de-
tectorhasan areaof 9 m? andscintillatorswith a thicknessof 40
cm. Using the detector obsenationsof solarneutronsat Yangba-
jing have beenmadecontinuouslysinceOct., 1998.
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3 Observation of neutronsat Yangbajing, Tibet

Yangbajingis oneof the mostsuitableplacesfor observing
solarneutronsbecausef its high altitude, with vertical at-

mosphericdepth600g/cm?. The Tibet solarneutrondetec-
tor wasinstalledat Yangbajingin Oct. 1998. A schematic
view of the Tibet solarneutrondetectoris shavn in Figure
1. The Tibet solarneutrondetectorhasthreeimportantca-

pabilitiesfor observingsolar neutrons;(1) measurementf

the kinetic enepgy of incidentneutrons(2) measuremenf

thearrival directionof incidentneutronsand(3) rejectionof

chagedparticles which aremainly composedf muonsand

electrons. The arrival directionsare measuredising4 lay-

ersof proportionalcounters Detaileddescription$ave been
publishedelsavhere(Katayoseet al., 1999; Tsuchiyaet al.,

2001).

The Tibet solarneutrondetectorhasa capabilityto mea-
surethe enepgy of neutronsin a wide range. The measure-
mentof low enegy solar neutronsis achieved using the 9
scintillation countersin the upperpart (SeeFig. 1), while
the detectionof high enepgy solarneutronds realizedin the
lower part by a sandwichdetectorconsistingof wood and
proportionalcounters. The wood is usedto absorblow en-
ergy protons.In this event,no remarkableenhancemenvas
obsened in the data obtainedfrom the plastic scintillator.
Probably the weak neutronsignalsmusthave beenmasled
by thelargebackground.

3.1 Dataanalysisusingthe ability of measuringdirection
of incomingneutrons

Using the directionalinformation,we comparedhe flux of
neutronsfrom the north andthe southdirections. Threedi-
rectionaldatafor northandsouthweresummedup indepen-

dently (seeFig. 2). In this event,solarneutronsenterednto

the top of the atmospherevith a fixed incidenceangle53°.

Accordingto a Monte Carlo simulation, the solar neutrons
musthave a broadangulardistribution with apeakat ~ 30°.

Thusit is reasonabléo usethe mostsoutherndatafrom the

25 directions. The resultsare shavn in Figure 3 for com-

parison. Figure 3 representshe statisticalsignificanceof 3

minute countingrate for the solardirection (south)andthe

anti-solardirection (north). As showvn in Figure 3, a 4.20

excesswas clearly seenin the datafrom the southin the
time intenal between5:38 UT and5:41 UT, while —0.40

decreasavasobseredfor the dataof the northerndirection.
From this, we can say that solar neutronscertainly arrived
andweredetectedy the Tibet neutrontelescopewhich has
ahigh sensitvity.
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Fig. 2. Assemblyof datawhich usedin the analysisof directional
data. Thetwo shadecdareasverecompared.The numberdravn in
thefigurerepresentthemeasurableangeof theanglesustainedy
thetelescope.

4 Discussion
4.1 Attenuationof solarneutronsat Yangbajing

Solarneutronsareattenuatedby theatmospherasaresultof
nuclearinteractionswith air nuclei. However, solarneutrons
are not only absorbedn the atmospherdout also scattered
elastically Owing to scatteringwith air nuclei, the attenua-
tion of solar neutronsdecreasesignificantly andthe effect
is called“the refractioneffect of solarneutronsn the atmo-
sphere”.This wasfirst pointedoutby Smartetal.(1995)and
comparedvith obsenationalresultsobtainedrom theNorth
Americanneutronmonitorsatthetime of the 1990May 24th
solarflare. FurthermoreGalicia et al.(2000)appliedthe re-
fractioneffectto thesamesventasSmartetal. andfoundthat
the increasef the neutronmonitorswere consistentwith
their calculationstaking into accountthe refraction effect.
The refractioneffect arisesfrom the diffraction processe-
tweenneutronsandtheair nucleiandit makesthepathlength
of solarneutronsshorterthanotherwiseexpected.For exam-
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Fig. 3. The statisticalsignificanceof 3 minute averagecounting
ratesare shavn for the south (top panel) and the north (bottom
panel) direction. The horizontal and vertical axes shav univer-
sal time andsignificance. The vertical dashedine representshe
BATSE flare onsettime (5:31:36UT). A 4.20 excesscanbe seen
from the dataof the southdirection.

ple,in this event,theair massalongtheline of sightfrom the
sunto thedetectomas997g/cm?, if we useasimpleformula
600/cos53°. However, if solarneutronsarescatteredy 6°

after eachscatteringwith an attenuationlength 100g/cm?,

the total pathlengthturnsout to be 747g/cm?. Therefore,
evenonthebasisof a simplemodel,it is foundthatthe path
lengthis shorterthantheresultobtainedwithout considering
therefractioneffect.

Indeed Monte Carlosimulationstakingaccountof there-
fraction effect shav an interestingresultconcerningthe at-
tenuationof solar neutronsat Yangbajing. In Figure 4 we
presentthe resultsof a Monte Carlo simulation. As shavn
in Figure4, theattenuatiorof solarneutronswvith anincident
angleof lessthan30° is almostthesamen bothcalculations.
However, for solarneutronswith theincidentangleover 30°,
theresultsof the calculationdeviate strongly In this event,
the incidentangleof solarneutronswas53°. It wasfound
from the presentalculationthat solarneutronswith the en-
ergiesof 200,500and800MeV hada highersurvival prob-
ability thanthe previous estimations.For neutronswith an
angleof incidence53°, the probabilitiesare 3, 7, 10 times
higherthanthey would be without including the refraction
processThus,it appearsik ely thatsolarneutronsarrived at
Yangbajingwith a flux detectabléby the neutrontelescope
evenwith anincidentangle53° andin winter.
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Fig. 4. Attenuationcurve expectedor solarneutronsat Yangbajing.
Figure (a) representshe resultof a Monte Carlo simulationtaking
accounbf therefractioneffect, while Figure(b) correspondso the
resultwithout taking accountof therefractioneffect.

4.2 Neutronspectrumatthetop of the earths atmosphere

Theenegy spectrunof neutronsatthetop of theatmosphere
wasderivedusingl minutecountingratedatafrom thesouth-
erndirection. The resultsaregivenin Figure5. Whenthe
spectrumof neutronsvasderived, we assumedhat protons
andelectronsvereacceleratect the sametime andthe pro-
ductionof neutrondook placeattherisetime of X ray emis-
sion(30- 60keV) impulsively. Thus,theneutronproduction
time wasassumedo have occurredat5:37:50UT. Thetime
is shavn in the top panelof Figure5 by the dashedines.
The countswithin the two vertical solid lines were usedfor
deriving the enegy spectrumof the neutrons. The interval
correspondso thetime betweerb:38:19UT and5:41:19UT.
Thisimpliesthatsolarneutronswith theenegy betweem00
MeV and 2 GeV were obsered. The thresholdenegy of
the higher part of the detectorwas setat 230 MeV, so the
obsenedrangesf neutronenegiesareconsistentvith each
other

5 Summary

A X3.3solarflaretook placeat 4:54UT on 1998 November
28th. Yangbajingn Tibetwasthe mostsuitableplacefor ob-
servingsolarneutrons. Fortunately the Tibet solar neutron
detectorwas installedjust beforethe November1998flare
andcouldobtaindataatthetime of thesolarflare. In thedata
fromtheplasticscintillator(40 ~ 160MeV), only aweakex-
cessof solarneutronswvasfound. The signalobtainedfrom
thedetectomwasthesamdevel asthebackgroundo lessthan
20 ~ 30. However, a clearexcesswasfoundwhenwe use
thecapabilityof thetelescopéo measuréncomingdirection
of neutronsand discriminatethe background. A clear sig-
nal was obsened only in the datafrom the solar direction
(with 4.2¢ statisticalsignificance) put notin the datafrom
theanti-solardirection. This is a definiteconfirmationof the
detectionof solarneutrons.However, thereappearedo be a
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Fig. 5. Top panelrepresentd minutecountingrate. In the bottom
panel,theneutronspectrunobtainedby the presenexperimentwas
shavn in comparisorwith pastevents. We canobsere from the
figure that presenspectrumwashardbut the intensitywaslow. In

thetop panel,theverticaldashedine indicatesthe productiontime
of neutrons(assumedo be 5:37:50UT). The enegy spectrumof

neutronsvasderivedusingtheeventsdetectedn theperioddefined
by thetwo solid lines.

problemassociatedvith the attenuatiorof solarneutronsn
the atmospheresincethe solar neutronshad enteredwith a
largeincidentangle(53°). In this paper it hasbeendemon-
stratedthatsolarneutronsanpenetrateéhethick atmosphere
and arrive at the detectorif accountis taken of a ‘refrac-
tion’ effect. Therefractioneffectis significantnot only for
this event, but couldbeimportantfor othersolarneutronob-
senationswhich have beenmadein the early morning, late
eveningandalsoin thewinter season.

In thetime interval between5:38 UT and5:41 UT when
a clearsignalwasobtainedradio andhard X-ray emissions
werealsodetectedThiscorrelationbetweenX-ray andradio
datasuggests$o usthatthecommencemenf the protonand
electronacceleratiorhappensat the sametime. If the simul-
taneousacceleratiorand impulsive productionof neutrons
took placeatthesolarsurface,solarneutrongletectedy the
Tibet solarneutrontelescopenusthave an enegy between

400MeV and2 GeV.

Thedetectiorof solarneutronsn thiseventwasmadepos-
sibleby themeasurementf thearrival directionof solarneu-
trons. Thereforejt wasdemonstratethatthe ability to mea-
surethe arrival directionof solarneutronds very usefulfor
solar neutronobsenations. We believe that solar neutrons
were producedin sucha moderatelevel solar flare (X3.3)
andarrived at Yangbajingdueto the refractioneffect in the
atmosphere.This was determinedby usingthe directional
informationfrom the Tibet solarneutrontelescope.

The authorsthankto Prof. Sir lan Axford for readingthe
manuscript.
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