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Abstract. Solarneutronsweredetectecby the Mt. Chacal-
tayaneutrondetectoiin Bolivia (S16°, E292°, 5250m above
sealevel) in associatiorwith solarflareson 1997 Novem-
ber 6th. A clearsignalwas obsered in associatiorwith a
C4.7 solarflare which occurredat about10 minutesbefore
the X9.4 large solar flare. Previously, there have beenno
obsenation of solarneutronsn associatiorwith C classso-
lar flares. Moreover, the signalwasdetectedat earlyin the
morning(7:41Local Time). Therefore solarneutronswhich
arrive at the earthmusttravel througha thick atmosphere
to reachthe detectorbecauseof large incidentangle (69°)
to the atmosphereln the thick atmosphereit hasbeenbe-
lieved that solar neutronscould not arrive at the detectorif
we appliedthe usualattenuatiormodel. However, calcula-
tionsbasedon a new attenuatiormodelfor solarneutronsn
theatmospherewhich takesaccouniof multiple and/orlarge
scattering,gives us a new possibility for us detectingsolar
neutronaunderextremeconditions.

1 Introduction

It is well known thatsolarneutronscanbe producedoy very
large solarflares. Neutronsareproducecby interactionshe-
tweenthe solaratmospherand protonsacceleratedn solar
flares. They bring us valuableinformationon the accelera-
tion mechanisnof ionsto high enegies. High enegy solar
neutronsareableto penetraten the earthatmospherandbe
detectedby detectordnstalledon high mountains.In order
to detectsolarneutronson the groundandelucidatethe ion
acceleratiomechanismanew typeof solarneutrondetector
hasbeeninstalledon severalhighmountainsMoreover, they
have beenplacedat differentlongitudesin orderto realizea
continuousobsenation of solarneutronsn associatiorwith
solarflares(Tsuchiyaetal., 2001).

At 11:49UT on1997November6th,a X9.4/2B solarflare

Correspondence to:
u.ac.jp)

Matsubara(ymatsu@stelabgya-

was obsened at S18W63on the solar surface. In space,
severalsatellitesdetectegphenomenassociateavith the so-
lar flare. Yohkoh detectedstrongimpulsive hard X-ray and
gamma-ray(upgo ~ 20 MeV) emissions.The neutroncap-
tureline (enegy of 2.223MeV) wasalsodetectedy Yohkoh

as confirmationof the productionof solar neutronsat the

solarsurface (Yoshimoriet al., 1999). Furthermore other
gamma-rayine emissionsverealsodetectedwhich aredue
to thede-excitationprocessesf C(4.443MeV) andO(6.129
MeV) nucleus.TheComptonGammaRayObsenratory(CGFO)
wasin SouthAtlantic Anomaly(SAA)duringthe peakphase
of X9.4 solarflare,thereforeno datafor the peakphasewere

available,but BATSE on board CGRO detectechard X ray

emissionsl0 minutesbeforeX9.4 solarflare. This emission
wasthoughtto be dueto the C4.7 solarflare which started
at11:31UT andcontinueduntil 11:44UT. As will be men-

tionedin the next section,the Bolivian solarneutrondetec-
tor detectech clearsignalin associatiorwith this C4.7solar

flare. This eventdisplaysa very new featurein comparison
with previous solarneutronevents. In the pastresults,solar

neutronshave beendetectedn 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 shavn that the detectionof
solar neutronsin associationwith a C4.7 flare is possible,
takingaccountof the attenuatiorof solargamma-raysn the
solaratmosphere Our conclusionis givenin section4.

2 Observation of solar neutronsat Mt. Chacaltaya

The Bolivian solarneutrondetectorconsistsof four scintil-
lation counterswhich aresurroundedy otheranti scintilla-
tion counterdor rejectingchagedparticles.Descriptionsof
the Bolivian solar neutrondetectorcan be found elsavhere
(Matsubaral993).

At around7:40 UT on 1997 November6th, the air mass
alongto the line of the sight from the sunto the detector
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Fig. 1. Thestatisticalsignificanceof the 2 minuteaveragecounting
ratebetweerB UT and16 UT. Theverticaldashedine in all graphs
indicatestheflare onsettime determinecby BATSE/CGRD, which
correspondso 11:34:02UT. The secondvertical dottedline shavs
the X9.4 solarflare onsettime(11:49UT).

was ~ 1500 g/cm?(540/ cos69°). It haspreviously been
thoughtthat solarneutronsare absorbedy sucha thick at-
mosphere However, clearsignalswereobsenedin the data
of Bolivian solarneutrondetector Figure 1 shavs statistical
significancedor the 2 minute countingrate between8 UT
and16 UT. After the BATSEflareonsettime (11:34:02UT),
aclearsignalis seenin all channelswith enegy thresholds
(> 40 MeV, > 80 MeV, > 120MeV and> 160 MeV) be-
tween11:41UT and11:43UT. The statisticalsignificances
from 8 UT to 16 UT for eachchannelwere5.70, 6.80, 5.00,
3.2 respectiely. Thedistribution of the statisticalfluctua-
tionsfor the> 80 MeV thresholdchanneis shavn in Figure
2.

In orderto obtainthe neutronspectrumat the top of the
atmosphere30 secondcountingratesfor > 40 MeV, > 80
MeV and> 120MeV wereused.In Figure3, the spectrum
given hasbeencalculatedfrom the datafor > 80 MeV. The
attenuatiorof solarneutronsin the atmospherandthe de-
tectionefficiengy of the Bolivian solarneutrondetectomwere
calculatedusinga Monte Carlo simulationbasedn the Shi-
batamodel (Shibata,1994). The spectrumhasan index of
-3.3+1.6if thedatais fitted with a power law.
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Fig. 2. The distribution of statisticalsignificancefor >80 MeV.
Solidcurvedravnin theFigureindicatesafit to agaussiatiunction.
The fitted curve hasa standarddeviation of 0.96 asshaown in the
Figure.

3 Discussion

3.1 Attenuationof solarneutronsn the atmospheref the
earth

As mentionedbefore,thereis a problemwith the thick air
massassociatedvith this event. Becauseof the large solar
zenithangleof 69°, it wasthoughtthatsolarneutronsvould
be attenuatedtronglyin the earths atmosphereOn the ba-
sisof a simplecalculation,the attenuatiorof solarneutrons
at an altitude of 5250 m, with a vertical atmospheriaepth
540g/cm?, turnsoutto be about2.9 x 10~7 usingthe for-
mulaexp(—1506/100), wherethe value 1506is calculatec
from 540/ cos69° andthe value 100 representshe attenu-
ation length of solarneutronsin the atmospherealculatec
by Shibata(1994). However, if we considerthe “refraction
effect of solarneutronsin the atmosphere”which wasfirst
pointedout by Smartetal.(1995),it becomegpossibleto de-
tectsolarneutrongn suchathick atmosphereRecentlytak-
ing accountof the scatteringeffect, Galicia et al.(2000)ex-
plainedanincreaseof countingrate of North Americaneu-
tron monitorsin associatiorwith the 1990 May 24th solar
flare. They emphasizedhatit wasvery importantin obser
vationsof solarneutrongo considerthe atmosphericefrac-
tion effect in caseswherethe solarzenithanglewaslarge,
for example,in theearlymorning,late eveningandin winter
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Fig. 3. 30 seconccountingratefor the > 80 MeV thresholdenegy
channelis shavn in the top panel. The bottom panelshaws the
spectrumderived for the top of the atmosphere.In the top panel,
the dashedand dottedvertical lines indicatethe BATSE flare start
time(11:34UT) relatedto C4.7 solarflare andthe X9.4 solarflare
onsettime respectiely. Two spikes can be clearly seenafter the
occurrencef C4.7andX9.4 flares.

time.

Therefractioneffectarisesfrom thediffractionprocesde-
tweensolarneutronsandair nucleiby elasticcollisions.Due
to scattering,the path of solar neutronsin the atmosphere
is normally bentfrom a line connectedrom the sunto the
detector Therefore,the total path length of solarneutrons
becomeshorterthanthe caseof no scattering.A schematic
view of therefractioneffectis shavnin Figure4. Heretheef-
fective total pasdengthturnsoutto be 835g/cm? insteadof
1506g/cm? providedthatsolarneutronsarescatteresn av-
erages® aftereachscatteringUnderanotherassumptiorthat
angulardistribution of solarneutronsaftereachscatterings
expressediy a Gaussiarfunction with a standarddeviation
of 6°, the effective total passlengthis predictedto be 887
g/cm?. Thereforetheeffective pathlengthcalculatedunder
two conditionsbecomemuch shorterthanwith the straight
line hypothesis.It hasbeenfound thatthe refractioneffect
decreasethepathlengthof solarneutrongn theatmosphere.
Thisis especiallyimportantfor thecasein whichangleof in-
cidenceof solarneutronss large. Accordingto our Monte
Carlosimulations,in the caseof anincidentzenithangleof
lessthan30°, no remarkabledifferenceis found. However,
a big differenceappearsn the casewhentheincidentzenith
angleof solarneutronexceeds30°(Tsuchiya,2001). There-

Top of atmosphere

ho <h1-|—h2< h

Fig. 4. Schematio/iew of the refractioneffect of solarneutronsn
the atmosphereIn the Figure,ho shaws the vertical atmospheri
depth. Due to scatteringin the atmospherethe total path length
(h1 + h2) becomeshorterthanthedirectpath(h).

fore, it is predictedthatsolarneutronsvenwith anincident
angleof 69° canarrive atthe detector

3.2 Attenuationof solarneutronsand2.223MeV photons
in thesolaratmosphere

Neutronsproducedat thelimb of the sunhave higherproba-
bility to arrive at the earththanthoseproducedat the centel
of thesun(HuaandLingenfelter 1987).Ontheotherhand,it
seemghat2.223MeV photons(neutroncaptureine gamme
rays) emittedat the limb have a lower probability of arriv-
ing at the earththanthoseproducedat the centerof the sun.
This phenomenoiis the resultof attenuatiorof 2.223MeV
photonsby Comptonscatteringn thesolaratmosphereThis
phenomenoiis called“limb darkening” (WangandRamaty
1974).Also, 2.223MeV photonsareproducedn deeperre-
gionsof thesolarsurfacein comparisorwith theplacewhere
theoriginallow enegy neutronsareproducedbecaus¢hese
mustbe deceleratedeforebeing capturedby ambientpro-
tons. The flare which was obsened on 1997 November6th
wasnot locatedat the limb, but we have assumederethat
2.223MeV photonsare produceddeeperin the solaratmo-
sphereand are strongly attenuatecoy Comptonscattering
So,acalculationfor escapéerobabilityof neutronsand2.223
MeV photonsfrom the solaratmospheréasbeenmade the
result of which is shovn in Figure 5. In this calculation
the standardcompositionof the solaratmospheravasusec
(Reams1999).FromFigure5, we canunderstandhatthere
is no big differencebetweemeutronsand2.223MeV pho-
tonsin the casethat the productionregionsof neutronsand
2.223MeV photonsarein thechromospheretowever, once
the productionof neutronsand 2.223 MeV photonstakes
placein the photosphereheescaperobability for neutrons
and2.223MeV photonsapparentlychanges.The probabil-
ity for 2.223MeV photonin the solaratmospherelecrease
rapidly astheproductionevel becomesleeperAccordingto
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Fig. 5. Calculatedescapeprobability of neutronsand2.223MeV
photonsfrom the solaratmosphereThe horizontalaxis represents
thedepthfrom theboundarybetweerthe photospherandthe chro-
mosphere.

the calculationsof HuaandLingenfelter(1987)the produc-
tion of 2.223MeV photonsmustoccur approximately100
to 200km deepein comparisorwith the neutronproduction
region. Taking accountof this effect, the escapeprobability
of the 2.223MeV photonsshouldbe muchsmaller For ex-
ampleif the productionof neutronsoccursat z = —300 km
andthe2.223MeV photonsatz = —400 km, theratio of the
escap@robabilityof neutrong100MeV) andphotons(2.223
MeV) is estimatedas4.0 x 108.

In 1997November6th event,thesolarflareoccurredatthe
positionS16W63on the solarsurface.Moreover, no neutron
captureine wasdetectedluringC4.7solarflare (11:31UT -
11:44UT) althoughYohkoh detectedheneutroncapturdine
in the X9.4 solarflare. Therefore thereis a possibility that
neutronswere producedn associatiorwith C4.7 solarflare
and neutroncaptureline also was emitted, but they might
be masled by the thick solar atmospherédecauseof deep
productionregion of neutronsand2.223MeV photons.

4 Conclusions

0On1997November6th,asolarflareoccurrecataroundl1:50
UT. A C4.7solarflarefirst occurredat 11:31UT anda X9.4
solar flare occurredat 11:49 UT. In associationwith both
flares,the solarneutrondetectorinstalledat Mt. Chacaltaya,
Bolivia detectedolarneutrons However, it wasvery strange
thata clearsignal(6.8¢ for 2 minutecountingrate)wasob-
tainedfor theC4.7solarflare, andaweaksignalwasdetected
for the X9.4 solarflare. Until now, therehasbeenno report
of the detectionof solarneutrongn associatiorwith C class
solarflares. Moreover, therewas an appareniproblembe-
causeof the large incidentzenithangleof solarneutronsat
thetop of theatmosphere.

However, accordingo MonteCarlosimulationsit is found
thatsolarneutronscanarrive atthe detectowith no greatat-
tenuationallowing for therefractionof solarneutronsn the
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atmosphere Also, in this event, if neutronswere producet
in aregion at the depthgreaterthan300 km from boundan
betweenthe chromospherend the photosphereary 2.223
MeV photonsproducedvould have beenattenuatedtrongly
by the solaratmosphere.n the 1997 November6th event,
dueto arefractioneffect of solarneutronsin the earths at-
mosphereand the strong attenuationof 2.223MeV in the
solaratmosphereit hasbeenconcludedthat solarneutron:
were detectedon the groundand 2.223MeV photonswere
notdetectecht space.

At lastwe would like to thankto Prof. Sir lan Axford for
readingthe manuscriptWe notethatthe clock of Chacaltay.
CPUhasbeenadjustedo GPSwithin oneminute.
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