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Abstract. Solarneutronsweredetectedby the Yangbajing
solar neutrontelescopelocatedin Tibet(N����� , E����� , 4300
m above sealevel) in associationwith X3.3 solar flare on
November28th 1998. The detectionof solarneutronswas
possibleusinga capabilityof the telescopewhich caniden-
tify the incoming direction of neutrons. In this event, so-
lar neutronsarrived at the top of the the atmospherewith a
largezenithangle �	� � . It hasbeenshown by a MonteCarlo
simulationin this paperthatevensolarneutronswith a large
zenithanglecanbedetectedowing to largeanglescattering
of neutronsby air nuclei. Theenergy spectrumof neutrons
wasobtainedby assumingthatsolarneutronswereproduced
at thestarttimeof BATSEhardX-rays.

1 Introduction

Solar flaresare one of the most energetic and drasticphe-
nomenain nature.In solarflares,electronsandionsareac-
celeratedto high energies.X-raysandgamma-raysresulting
from theaccelerationof electrons,have alsobeenobserved.
Theaccelerationmechanismfor electronshasbeenrevealed
gradually, beingbasedon several observationalresults. On
theotherhand,theaccelerationmechanismof ionshasbeen
not well understood.Becauseionshave heavier massesthan
electrons,their radiationsarequite faint. In order to eluci-
datethepuzzleof how ionsareacceleratedto high energies
nearthesolarsurface,otherinformationmustbeused.

Neutronsare also producedby flares. They result from
nuclearinteractionsbetweenacceleratedions and the solar
atmosphere.Neutronscantravel directly from the flaresite
to the earth without being disturbedby the interplanetary
magneticfield. Therefore,if we canmeasuretheproduction
time of neutrons,we will beableto reply to thequestionof
whetherions areacceleratedsimultaneouslywith electrons
or not. However neutronshave massandcannottravel with
thespeedof light. A new capabilitywasrequiredfor thenew
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neutrondetectorsin orderthat they canmeasurethe energy
of neutrons.In addition,thesolarneutrondetectorat Yang-
bajing has the capability of measuringincoming direction
of neutrons.This capabilitycanreducethe hugeamountof
backgroundproducedby galacticcosmicrays,which would
otherwiseswampthe signalsfrom the sun. Otherdetectors
installedat Gornergrat,Norikura andMaunaKeaalsohave
thecapabilitytomeasurethearrival directionof incidentneu-
trons.

In thispaper, aftergivinganinterpretationof thesolarflare
of November28th 1998 in Section2, observational results
aregivenin Section3. Thedetectionof solarneutronsis dis-
cussedin Section4. In section5 we summarizeour results.

2 Flare of November 28th 1998

OnNovember28th1998,aX3.3/3Nsolarflarewasobserved
at N17E32on thesolarsurfacein Active Region 8395. Ac-
cordingto GOESsatellitedata,the flare onsettime andthe
maximumtime were4:54 UT and5:52 UT respectively. A
complicatedloop structurewasobserved by the soft X ray
telescopeonboardYohkoh(Masuda,1999).Theloopstarted
growing at 
 5:30UT (Sakurai,1999)andthermalemission
from the loop reacheda maximumintensityat 
 5:50 UT.
Yohkoh detectedhardX ray emissions(93 - 252 keV) be-
tween5:39UT and5:43UT (Yoshimori,1999).CGRO/BATSE
alsodetectedhardX ray emissions(30 - 58 keV) with the
peakintensity at 5:40:46UT. The NobeyamaRadio helio-
graphdetectedradioemissionsat a frequency of 17GHzand
34GHzandthemaximumemissionwasobservedat5:39:51
UT (Fujiki, 1999).

The NAO investigatorshave madean analysisbasedon
their magnetogram,H � andYohkoh soft X-ray data. They
proposeda scenariofor this event in which the flare trigger
hadalreadystartedat05:06UT. Theinteractionbetweentwo
loopsdrove a flow andtriggeredanotherintersectionof two
loopsat 05:32UT, andthis becomesthe origin of the large
flare.Detailscanbeseenin their paper(Hui Li et al., 2000).
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Fig. 1. Schematicview of theTibet solarneutrondetector. Thede-
tectorhasan areaof 9 �� andscintillatorswith a thicknessof 40
cm. Using the detector, observationsof solarneutronsat Yangba-
jing havebeenmadecontinuouslysinceOct.,1998.

3 Observation of neutrons at Yangbajing, Tibet

Yangbajingis oneof the mostsuitableplacesfor observing
solarneutronsbecauseof its high altitude,with vertical at-
mosphericdepth ���������	����� . TheTibet solarneutrondetec-
tor was installedat Yangbajingin Oct. 1998. A schematic
view of the Tibet solarneutrondetectoris shown in Figure
1. The Tibet solarneutrondetectorhasthreeimportantca-
pabilities for observingsolarneutrons;(1) measurementof
the kinetic energy of incidentneutrons,(2) measurementof
thearrival directionof incidentneutronsand(3) rejectionof
chargedparticles,which aremainlycomposedof muonsand
electrons.The arrival directionsaremeasuredusing4 lay-
ersof proportionalcounters.Detaileddescriptionshavebeen
publishedelsewhere(Katayoseet al., 1999;Tsuchiyaet al.,
2001).

The Tibet solarneutrondetectorhasa capabilityto mea-
surethe energy of neutronsin a wide range. The measure-
ment of low energy solar neutronsis achieved using the 9
scintillation countersin the upperpart (SeeFig. 1), while
thedetectionof high energy solarneutronsis realizedin the
lower part by a sandwichdetectorconsistingof wood and
proportionalcounters.The wood is usedto absorblow en-
ergy protons.In this event,no remarkableenhancementwas
observed in the dataobtainedfrom the plastic scintillator.
Probably, the weakneutronsignalsmusthave beenmasked
by thelargebackground.

3.1 Dataanalysisusingthe ability of measuringdirection
of incomingneutrons

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

dently(seeFig. 2). In this event,solarneutronsenteredinto
the top of the atmospherewith a fixed incidenceangle ����� .
According to a Monte Carlo simulation,the solarneutrons
musthavea broadangulardistributionwith apeakat ������� .
Thusit is reasonableto usethemostsoutherndatafrom the
25 directions. The resultsareshown in Figure3 for com-
parison. Figure3 representsthe statisticalsignificanceof 3
minutecountingratefor the solardirection(south)andthe
anti-solardirection (north). As shown in Figure 3, a �! "�#
excesswas clearly seenin the data from the south in the
time interval between5:38 UT and5:41 UT, while $%�& ��#
decreasewasobservedfor thedataof thenortherndirection.
From this, we cansay that solarneutronscertainly arrived
andweredetectedby theTibet neutrontelescope,which has
ahigh sensitivity.
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Fig. 2. Assemblyof datawhich usedin theanalysisof directional
data.Thetwo shadedareaswerecompared.Thenumberdrawn in
thefigurerepresentsthemeasurablerangeof theanglesustainedby
thetelescope.

4 Discussion

4.1 Attenuationof solarneutronsat Yangbajing

Solarneutronsareattenuatedby theatmosphereasaresultof
nuclearinteractionswith air nuclei.However, solarneutrons
arenot only absorbedin the atmospherebut alsoscattered
elastically. Owing to scatteringwith air nuclei, theattenua-
tion of solarneutronsdecreasessignificantlyandthe effect
is called“the refractioneffect of solarneutronsin theatmo-
sphere”.Thiswasfirst pointedoutby Smartetal.(1995)and
comparedwith observationalresultsobtainedfrom theNorth
Americanneutronmonitorsat thetimeof the1990May 24th
solarflare. Furthermore,Galiciaet al.(2000)appliedthere-
fractioneffectto thesameeventasSmartetal. andfoundthat
the increasesof the neutronmonitorswere consistentwith
their calculationstaking into accountthe refractioneffect.
The refractioneffect arisesfrom the diffraction processbe-
tweenneutronsandtheair nucleiandit makesthepathlength
of solarneutronsshorterthanotherwiseexpected.For exam-
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Fig. 3. The statisticalsignificanceof 3 minute averagecounting
ratesare shown for the south (top panel) and the north (bottom
panel) direction. The horizontal and vertical axes show univer-
sal time andsignificance.The vertical dashedline representsthe
BATSE flare onsettime (5:31:36UT). A 4.2( excesscanbe seen
from thedataof thesouthdirection.

ple, in thisevent,theair massalongtheline of sightfrom the
sunto thedetectorwas)�)�*,+.-0/2143 , if weuseasimpleformula5�6�6 -0/�7�8:9�;�< . However, if solarneutronsarescatteredby

5 <
after eachscatteringwith an attenuationlength = 6�6 +�-	/�1�3 ,
the total path lengthturnsout to be *0>�*0+�-	/�1�3 . Therefore,
evenon thebasisof a simplemodel,it is foundthatthepath
lengthis shorterthantheresultobtainedwithoutconsidering
therefractioneffect.

Indeed,MonteCarlosimulationstakingaccountof there-
fraction effect show an interestingresultconcerningthe at-
tenuationof solar neutronsat Yangbajing. In Figure 4 we
presentthe resultsof a Monte Carlo simulation. As shown
in Figure4, theattenuationof solarneutronswith anincident
angleof lessthan ; 6 < is almostthesamein bothcalculations.
However, for solarneutronswith theincidentangleover ; 6 < ,
theresultsof thecalculationsdeviatestrongly. In this event,
the incidentangleof solarneutronswas 9�; < . It was found
from thepresentcalculationthatsolarneutronswith theen-
ergiesof 200,500and800MeV hada highersurvival prob-
ability thanthe previous estimations.For neutronswith an
angleof incidence9�;�< , the probabilitiesare3, 7, 10 times
higher than they would be without including the refraction
process.Thus,it appearslikely thatsolarneutronsarrivedat
Yangbajingwith a flux detectableby the neutrontelescope
evenwith anincidentangle 9	; < andin winter.

Fig. 4. Attenuationcurveexpectedfor solarneutronsatYangbajing.
Figure(a) representstheresultof a MonteCarlosimulationtaking
accountof therefractioneffect,while Figure(b) correspondsto the
resultwithout takingaccountof therefractioneffect.

4.2 Neutronspectrumat thetop of theearth’satmosphere

Theenergy spectrumof neutronsatthetopof theatmosphere
wasderivedusing1minutecountingratedatafrom thesouth-
ern direction. The resultsaregiven in Figure5. Whenthe
spectrumof neutronswasderived,we assumedthatprotons
andelectronswereacceleratedat thesametime andthepro-
ductionof neutronstookplaceat therisetimeof X rayemis-
sion(30- 60keV) impulsively. Thus,theneutronproduction
time wasassumedto have occurredat 5:37:50UT. Thetime
is shown in the top panelof Figure 5 by the dashedlines.
Thecountswithin the two vertical solid lineswereusedfor
deriving the energy spectrumof the neutrons.The interval
correspondsto thetimebetween5:38:19UT and5:41:19UT.
This impliesthatsolarneutronswith theenergy between400
MeV and 2 GeV were observed. The thresholdenergy of
the higherpart of the detectorwas set at 230 MeV, so the
observedrangesof neutronenergiesareconsistentwith each
other.

5 Summary

A X3.3 solarflaretook placeat 4:54UT on 1998November
28th.Yangbajingin Tibetwasthemostsuitableplacefor ob-
servingsolarneutrons.Fortunately, the Tibet solarneutron
detectorwas installedjust beforethe November1998flare
andcouldobtaindataat thetimeof thesolarflare. In thedata
from theplasticscintillator(40 ? 160MeV), only aweakex-
cessof solarneutronswasfound. Thesignalobtainedfrom
thedetectorwasthesamelevel asthebackgroundto lessthan@�A ?B; A . However, a clearexcesswasfoundwhenwe use
thecapabilityof thetelescopeto measureincomingdirection
of neutronsanddiscriminatethe background.A clearsig-
nal was observed only in the datafrom the solar direction
(with >&C @	A statisticalsignificance),but not in the datafrom
theanti-solardirection.This is a definiteconfirmationof the
detectionof solarneutrons.However, thereappearedto bea
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Fig. 5. Top panelrepresents1 minutecountingrate. In thebottom
panel,theneutronspectrumobtainedby thepresentexperimentwas
shown in comparisonwith pastevents. We canobserve from the
figure thatpresentspectrumwashardbut the intensitywaslow. In
thetop panel,theverticaldashedline indicatestheproductiontime
of neutrons(assumedto be 5:37:50UT). The energy spectrumof
neutronswasderivedusingtheeventsdetectedin theperioddefined
by thetwo solid lines.

problemassociatedwith theattenuationof solarneutronsin
the atmospheresincethe solarneutronshadenteredwith a
largeincidentangle( E	F�G ). In this paper, it hasbeendemon-
stratedthatsolarneutronscanpenetratethethick atmosphere
and arrive at the detectorif accountis taken of a ‘refrac-
tion’ effect. The refractioneffect is significantnot only for
this event,but couldbeimportantfor othersolarneutronob-
servationswhich have beenmadein theearlymorning,late
eveningandalsoin thewinter season.

In the time interval between5:38 UT and5:41 UT when
a clearsignalwasobtained,radioandhardX-ray emissions
werealsodetected.ThiscorrelationbetweenX-ray andradio
datasuggeststo usthatthecommencementof theprotonand
electronaccelerationhappensat thesametime. If thesimul-
taneousaccelerationand impulsive productionof neutrons
tookplaceat thesolarsurface,solarneutronsdetectedby the
Tibet solarneutrontelescopemusthave an energy between

400MeV and2 GeV.
Thedetectionof solarneutronsin thiseventwasmadepos-

sibleby themeasurementof thearrival directionof solarneu-
trons.Therefore,it wasdemonstratedthattheability to mea-
surethearrival directionof solarneutronsis very usefulfor
solarneutronobservations. We believe that solar neutrons
were producedin sucha moderatelevel solar flare (X3.3)
andarrivedat Yangbajingdueto the refractioneffect in the
atmosphere.This was determinedby using the directional
informationfrom theTibet solarneutrontelescope.

Theauthorsthankto Prof. Sir Ian Axford for readingthe
manuscript.
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