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Abstract. Solarneutronsweredetectedby theMt. Chacal-
tayaneutrondetectorin Bolivia (S����� , E���	�	� , 5250m above
sealevel) in associationwith solar flareson 1997 Novem-
ber 6th. A clearsignalwasobserved in associationwith a
C4.7 solarflare which occurredat about10 minutesbefore
the X9.4 large solar flare. Previously, therehave beenno
observationof solarneutronsin associationwith C classso-
lar flares. Moreover, the signalwasdetectedat early in the
morning(7:41Local Time). Therefore,solarneutronswhich
arrive at the earthmust travel througha thick atmosphere
to reachthe detectorbecauseof large incident angle( �
��� )
to the atmosphere.In the thick atmosphere,it hasbeenbe-
lieved that solarneutronscould not arrive at the detectorif
we appliedthe usualattenuationmodel. However, calcula-
tionsbasedon a new attenuationmodelfor solarneutronsin
theatmosphere,which takesaccountof multipleand/orlarge
scattering,givesus a new possibility for us detectingsolar
neutronsunderextremeconditions.

1 Introduction

It is well known thatsolarneutronscanbeproducedby very
largesolarflares.Neutronsareproducedby interactionsbe-
tweenthesolaratmosphereandprotonsacceleratedin solar
flares. They bring us valuableinformationon the accelera-
tion mechanismof ions to high energies. High energy solar
neutronsareableto penetratein theearthatmosphereandbe
detectedby detectorsinstalledon high mountains.In order
to detectsolarneutronson the groundandelucidatethe ion
accelerationmechanism,anew typeof solarneutrondetector
hasbeeninstalledonseveralhighmountains.Moreover, they
have beenplacedat differentlongitudesin orderto realizea
continuousobservationof solarneutronsin associationwith
solarflares(Tsuchiyaet al., 2001).

At 11:49UT on1997November6th,aX9.4/2Bsolarflare

Correspondence to: Matsubara(ymatsu@stelab.nagoya-
u.ac.jp)

was observed at S18W63on the solar surface. In space,
severalsatellitesdetectedphenomenaassociatedwith theso-
lar flare. Yohkoh detectedstrongimpulsive hardX-ray and
gamma-ray(upto � 20 MeV) emissions.The neutroncap-
tureline (energy of 2.223MeV) wasalsodetectedby Yohkoh
as confirmationof the productionof solar neutronsat the
solar surface(Yoshimori et al., 1999). Furthermore,other
gamma-rayline emissionswerealsodetected,whicharedue
to thede-excitationprocessesof C(4.443MeV) andO(6.129
MeV) nucleus.TheComptonGammaRayObservatory(CGRO)
wasin SouthAtlantic Anomaly(SAA)duringthepeakphase
of X9.4 solarflare,thereforenodatafor thepeakphasewere
available,but BATSE on boardCGRO detectedhardX ray
emissions10 minutesbeforeX9.4 solarflare. This emission
wasthoughtto be dueto the C4.7 solarflare which started
at 11:31UT andcontinueduntil 11:44UT. As will bemen-
tionedin the next section,the Bolivian solarneutrondetec-
tor detecteda clearsignalin associationwith this C4.7solar
flare. This eventdisplaysa very new featurein comparison
with previoussolarneutronevents. In thepastresults,solar
neutronshave beendetectedon the groundonly in associa-
tion with � X8 solarflares.

In this paper, a striking featureof this solarneutronevent
detectedby the Bolivian solarneutrondetectoris discussed
in section2. In section3, it is shown that the detectionof
solar neutronsin associationwith a C4.7 flare is possible,
takingaccountof theattenuationof solargamma-raysin the
solaratmosphere. Our conclusionis givenin section4.

2 Observation of solar neutrons at Mt. Chacaltaya

The Bolivian solarneutrondetectorconsistsof four scintil-
lationcounters,which aresurroundedby otheranti scintilla-
tion countersfor rejectingchargedparticles.Descriptionsof
the Bolivian solarneutrondetectorcanbe found elsewhere
(Matsubara,1993).

At around7:40 UT on 1997November6th, the air mass
along to the line of the sight from the sun to the detector
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Fig. 1. Thestatisticalsignificanceof the2 minuteaveragecounting
ratebetween8 UT and16UT. Theverticaldashedline in all graphs
indicatestheflareonsettime determinedby BATSE/CGRO, which
correspondsto 11:34:02UT. Thesecondverticaldottedline shows
theX9.4 solarflareonsettime(11:49UT).

was � 1500 ��������� ( ���	�����������
�	 ). It haspreviously been
thoughtthat solarneutronsareabsorbedby sucha thick at-
mosphere.However, clearsignalswereobservedin thedata
of Bolivian solarneutrondetector. Figure1 shows statistical
significancesfor the 2 minutecountingratebetween8 UT
and16UT. After theBATSEflareonsettime(11:34:02UT),
a clearsignalis seenin all channelswith energy thresholds
( ! 40 MeV, ! 80 MeV, ! 120 MeV and ! 160 MeV) be-
tween11:41UT and11:43UT. Thestatisticalsignificances
from 8 UT to 16 UT for eachchannelwere5.7" , 6.8" , 5.0" ,
3.2" respectively. Thedistribution of the statisticalfluctua-
tionsfor the ! 80MeV thresholdchannelis shown in Figure
2.

In order to obtain the neutronspectrumat the top of the
atmosphere,30 secondcountingratesfor ! 40 MeV, ! 80
MeV and ! 120MeV wereused.In Figure3, thespectrum
givenhasbeencalculatedfrom thedatafor ! 80 MeV. The
attenuationof solarneutronsin the atmosphereandthe de-
tectionefficiency of theBoliviansolarneutrondetectorwere
calculatedusinga MonteCarlosimulationbasedon theShi-
batamodel (Shibata,1994). The spectrumhasan index of
-3.3# 1.6 if thedatais fittedwith apower law.
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Fig. 2. The distribution of statisticalsignificancefor ' 80 MeV.
Solidcurvedrawn in theFigureindicatesafit to agaussianfunction.
The fitted curve hasa standarddeviation of 0.96 asshown in the
Figure.

3 Discussion

3.1 Attenuationof solarneutronsin theatmosphereof the
earth

As mentionedbefore,thereis a problemwith the thick air
massassociatedwith this event. Becauseof the large solar
zenithangleof �
�  , it wasthoughtthatsolarneutronswould
beattenuatedstronglyin theearth’s atmosphere.On theba-
sisof a simplecalculation,theattenuationof solarneutrons
at an altitudeof 5250m, with a vertical atmosphericdepth
540 �(�)��� � , turnsout to beabout *(+ �-,/.��(021 usingthe for-
mula 3�4�57698 .:���	����.��
��; , wherethe value1506is calculated
from ���	�������	���
�  and the value100 representsthe attenu-
ation lengthof solarneutronsin the atmospherecalculated
by Shibata(1994). However, if we considerthe “refraction
effect of solarneutronsin the atmosphere”,which wasfirst
pointedout by Smartet al.(1995),it becomespossibleto de-
tectsolarneutronsin suchathick atmosphere.Recently, tak-
ing accountof the scatteringeffect, Galicia et al.(2000)ex-
plainedan increaseof countingrateof North Americaneu-
tron monitorsin associationwith the 1990May 24th solar
flare. They emphasizedthat it wasvery importantin obser-
vationsof solarneutronsto considertheatmosphericrefrac-
tion effect in caseswherethe solarzenithanglewas large,
for example,in theearlymorning,lateeveningandin winter
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Fig. 3. 30secondcountingratefor the > 80MeV thresholdenergy
channelis shown in the top panel. The bottom panelshows the
spectrumderived for the top of the atmosphere.In the top panel,
the dashedanddottedvertical lines indicatethe BATSE flare start
time(11:34UT) relatedto C4.7solarflareandtheX9.4 solarflare
onsettime respectively. Two spikes can be clearly seenafter the
occurrenceof C4.7andX9.4 flares.

time.
Therefractioneffectarisesfromthediffractionprocessbe-

tweensolarneutronsandair nucleiby elasticcollisions.Due
to scattering,the path of solar neutronsin the atmosphere
is normally bent from a line connectedfrom the sunto the
detector. Therefore,the total path lengthof solarneutrons
becomesshorterthanthecaseof no scattering.A schematic
view of therefractioneffectisshown in Figure4. Heretheef-
fective totalpasslengthturnsout to be835 ?�@�A�B�C insteadof
1506 ?(@)ADB�C providedthatsolarneutronsarescatteredonav-
erageE	F aftereachscattering.Underanotherassumptionthat
angulardistribution of solarneutronsaftereachscatteringis
expressedby a Gaussianfunction with a standarddeviation
of E�F , the effective total passlength is predictedto be 887
?(@)ADB�C . Therefore,theeffectivepathlengthcalculatedunder
two conditionsbecomemuchshorterthanwith the straight
line hypothesis.It hasbeenfound that the refractioneffect
decreasesthepathlengthof solarneutronsin theatmosphere.
This is especiallyimportantfor thecasein whichangleof in-
cidenceof solarneutronsis large. Accordingto our Monte
Carlosimulations,in thecaseof an incidentzenithangleof
lessthan G	H	F , no remarkabledifferenceis found. However,
a big differenceappearsin thecasewhentheincidentzenith
angleof solarneutronsexceedsG	H F (Tsuchiya,2001).There-

Top of atmosphere

detector

Sun

h0 h

h1

h2

h0 h1 h2 h

Neutron

Fig. 4. Schematicview of therefractioneffect of solarneutronsin
the atmosphere.In the Figure, I�J shows the vertical atmospheric
depth. Due to scatteringin the atmosphere,the total path length
( ILK2MNI�O ) becomesshorterthanthedirectpath(h).

fore, it is predictedthatsolarneutronsevenwith anincident
angleof E	P	F canarriveat thedetector.

3.2 Attenuationof solarneutronsand2.223MeV photons
in thesolaratmosphere

Neutronsproducedat thelimb of thesunhave higherproba-
bility to arrive at theearththanthoseproducedat thecenter
of thesun(HuaandLingenfelter, 1987).Ontheotherhand,it
seemsthat2.223MeV photons(neutroncaptureline gamma
rays)emittedat the limb have a lower probability of arriv-
ing at theearththanthoseproducedat thecenterof thesun.
This phenomenonis the resultof attenuationof 2.223MeV
photonsby Comptonscatteringin thesolaratmosphere.This
phenomenonis called“limb darkening” (WangandRamaty,
1974).Also, 2.223MeV photonsareproducedin deeperre-
gionsof thesolarsurfacein comparisonwith theplacewhere
theoriginal low energy neutronsareproduced,becausethese
mustbe deceleratedbeforebeingcapturedby ambientpro-
tons. The flarewhich wasobservedon 1997November6th
wasnot locatedat the limb, but we have assumedherethat
2.223MeV photonsareproduceddeeperin the solaratmo-
sphereand are strongly attenuatedby Comptonscattering.
So,acalculationfor escapeprobabilityof neutronsand2.223
MeV photonsfrom thesolaratmospherehasbeenmade,the
result of which is shown in Figure 5. In this calculation,
the standardcompositionof the solaratmospherewasused
(Reams,1999).FromFigure5, we canunderstandthatthere
is no big differencebetweenneutronsand2.223MeV pho-
tonsin the casethat the productionregionsof neutronsand
2.223MeV photonsarein thechromosphere.However, once
the productionof neutronsand 2.223 MeV photonstakes
placein thephotosphere,theescapeprobabilityfor neutrons
and2.223MeV photonsapparentlychanges.The probabil-
ity for 2.223MeV photonin thesolaratmospheredecreases
rapidlyastheproductionlevel becomesdeeper. Accordingto
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Fig. 5. Calculatedescapeprobability of neutronsand2.223MeV
photonsfrom thesolaratmosphere.Thehorizontalaxis represents
thedepthfrom theboundarybetweenthephotosphereandthechro-
mosphere.

thecalculationsof HuaandLingenfelter(1987),theproduc-
tion of 2.223MeV photonsmustoccurapproximately100
to 200km deeperin comparisonwith theneutronproduction
region. Takingaccountof this effect, theescapeprobability
of the2.223MeV photonsshouldbemuchsmaller. For ex-
ampleif theproductionof neutronsoccursat RTSVUXW	Y
Y km
andthe2.223MeV photonsat RZS[U]\	Y
Y km, theratioof the
escapeprobabilityof neutrons(100MeV) andphotons(2.223
MeV) is estimatedas \L^ Y`_ba�Y	c .

In 1997November6thevent,thesolarflareoccurredat the
positionS16W63on thesolarsurface.Moreover, noneutron
captureline wasdetectedduringC4.7solarflare(11:31UT -
11:44UT) althoughYohkohdetectedtheneutroncaptureline
in the X9.4 solarflare. Therefore,thereis a possibility that
neutronswereproducedin associationwith C4.7solarflare
and neutroncaptureline also was emitted,but they might
be masked by the thick solar atmospherebecauseof deep
productionregionof neutronsand2.223MeV photons.

4 Conclusions

On1997November6th,asolarflareoccurredataround11:50
UT. A C4.7solarflarefirst occurredat 11:31UT anda X9.4
solar flare occurredat 11:49 UT. In associationwith both
flares,thesolarneutrondetectorinstalledat Mt. Chacaltaya,
Bolivia detectedsolarneutrons.However, it wasverystrange
thata clearsignal( de^ f	g for 2 minutecountingrate)wasob-
tainedfor theC4.7solarflare,andaweaksignalwasdetected
for theX9.4 solarflare. Until now, therehasbeenno report
of thedetectionof solarneutronsin associationwith C class
solarflares. Moreover, therewasan apparentproblembe-
causeof the large incidentzenithangleof solarneutronsat
thetopof theatmosphere.

However, accordingtoMonteCarlosimulations,it is found
thatsolarneutronscanarriveat thedetectorwith nogreatat-
tenuation,allowing for therefractionof solarneutronsin the

atmosphere.Also, in this event, if neutronswereproduced
in a region at thedepthgreaterthan300km from boundary
betweenthe chromosphereand the photosphere,any 2.223
MeV photonsproducedwouldhavebeenattenuatedstrongly
by the solaratmosphere.In the 1997November6th event,
dueto a refractioneffect of solarneutronsin the earth’s at-
mosphereand the strongattenuationof 2.223MeV in the
solaratmosphere,it hasbeenconcludedthat solarneutrons
weredetectedon the groundand2.223MeV photonswere
notdetectedat space.

At lastwe would like to thankto Prof. Sir Ian Axford for
readingthemanuscript.Wenotethattheclockof Chacaltaya
CPUhasbeenadjustedto GPSwithin oneminute.
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