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Abstract. Evidencefor particleacceleratiorby the electric
field in athundercloudvasfirst reportecby Baksangroupin

1985andrecentlyby the EAS-TOP groupatthe UtahICRC
(1999). In this paper we will presentfurther evidencefor

particle accelerationn thunderheadsusing the large area
(64 m?) proportionalcounterand scintillator array located
atMountNorikuraCosmicRayObsenatoryatanaltitudeof

2770m.

AtmosphericonditionsatMountNorikurain theJapanese
Alps duringthe4 - 8 August2000,werevery unstablen the
afternoon. Thunderstormsleveloped,followed by rainfall
lastingseveralhours.We obtainedevidencethat, in associa-
tion with thesethunderstormsparticles(probablyelectrons)
were acceleratedo enegies higherthan40 MeV (perhaps
higherthan100 MeV) in the atmosphersomeavhereabore
thedetector We proposehattheeffectis theresultof theac-
celerationof high enegy knock-onelectronsor decayelec-
tronsof muons.

1 Intr oduction

We tendmostlyto beinterestedn particleacceleratioronly
in interstellaror interplanetaryspacejn magnetospheresf
variouskindsandin solarandstellarflares.Thepossibilityof
acceleratiorof particlesin a region closerto home,namely
theearthsatmospheras somethinghatwe easilyoverlook.

However it hasbeenshovn by ground-basedheasurements,

designedmainly to investigateair shavers, that particle ac-
celerationin the atmosphereccurs,at leastin the special
circumstancepertainingto thunderstormgAlexeenlo etal.,
1987;Agliettaetal., 1999). Theresultsof particleaccelera-
tionin theupperatmospher&asalsobeenobseredby satel-
lites with gammaray detectorgFishmanetal., 1994). Once
againthunderstormsppeato beinvolved but in this caseit
is cloud-ionospherdightning dischagesthat are the direct
causeof X-day generatior(Suszgnsky etal., 1996,Eacket
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al., 1996;for earlierreferencesseethe paperby Aglietta et
al.,1999).

Thevariouskindsof ground-basedetectorsn usemayre-
spondto variationsin thefluxesof protons electronsmuons,
neutronsandeven possiblyto electricaldisturbancegssoci-
atedwith thunderstormsAlexeenlo et al., have shavn that
the effectsobsenred areindeedof atmospheriorigin but ar
guethatthey resultfrom modulationof the muonintensity
by the vertical electricfield associatedvith thunderstorms
Aglietta et al., have found that there are long-lived (dura-
tion ~hours)andshort-lived (duration~10 minutes)events
that have differentorigins. The long-lived eventsappearto
be associatedvith the rainoutof atmospherigadondaugh-
ter productssincethe gammaray lines expectedfrom these
productsareclearly obsened. They suggestpn the basisof
an analysisby Dormanand Dorman(1995), that the short-
livedeventsarepossiblytheresultof electricfieldsactingon
the cosmicray secondariegncludingmuons,or possiblyon
the electronswhich might be acceleratedeyond 25 MeV,
therebymodifying theair shaver countrate.

In this paperwe will shav thattheincreasesrenotdueto
protons,neutronsor muons,but thatthey arelikely to bethe
resultof electronsbeingacceleratedo morethan40 MeV
andprobablyevenmorethan100MeV.

2 Experimental Results
2.1 Long-livedevents:

The EAS-TOP groupshavedthatfor theseeventstherewas
anincreasen thelow enegy componen{E > 0.1 MeV) in
theNal detectorthatwasassociatedvith the decayof radon
daughteproducts. An investigatiorin Nepalshavedthatthe
radonwasdravn upwardsby ascendingair currentsduring
the day and precipitatedin the eveningin associatiorwith
rainfall (M. Brunettietal, 1999).
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2.2 TheNorikuraevents:

We have obsenedseveralexamplesof suchlong-livedevents
during the summer of 2000. Weather conditions in the
Japanes@\lps becamevery unstable especiallyduring the
afternoonsof 4-8 of Augustwhenthunderstormsleveloped
followed by rainfall which lastedseveral hours. A typical
exampleis shovn in Fig. 1a: During the period of rainfall
the large area(64 m?) proportionalcountersof our system
shaved an increasewhich must be causedby low enegy
gammarays(presumablyffrom theradonfamily, e.g.Bi-214,
609 keV. Total amountof therainfall was38 mm). Photons
with enegy higherthan 100 keV can penetrate¢he 2.3mm
thick steelwall. As therainfall decreasethe countratede-
creasedyradually

2.3 Short-lvedevents:

The plasticdetectordn our systemshoved a quite different
patternof behaior during this period. As shovn in Fig. 1b
andlc,thereweresharpandshortlived (~10 min) enhance-
mentsat ~1400JST and ~1900JST correspondingo the
startandendof therainfall respectiely. The datashavn in
Fig. 1bwastakenfrom the64m? x 20 cmthick plasticscin-
tillator (Tsuchiyaetal., 2001)andthatshovn in Fig. 1cfrom
a36 m? x 5cmthick plasticdetectorhaving a doublelayer
structure(Nagashimaet al., 1989). Coincidencedetween
signalsin the doublelayer structureof the latter detectorare
showvn in Fig. 1d andthe neutronmonitor datais shovn in
Fig. 1le.

It is evidentfrom theseresultsthatshort-lvedeventswere
notproducedy protongtheanti-coincidenceircuit worked),
nor by muons(which would easily penetratewo layers of
the 36 m? detector) nor by neutrons/hadron@hereis noin-
creasen the 10 NM64 neutronmonitor). Furthermoresince
a 1m? neutrontelescopelid not shaw ary increasewe can
alsorule out electricaldisturbancesn the laboratorydueto
thethunderstormasa causeof the effectsobsened. We con-
cludethatthesignalmustbe causedy gammarayswith en-
ergiesexceedingd0 MeV, sincethe scintillatorthresholdfor
chagedparticles(electron-positromairs)wassetat over 20
MeV. Theenegy of electronghatproducedhe gammarays
musthave been> 100 MeYV, slightly higherthanthe critical
enengy.

Unfortunately we did not install an electricfield mill at
Mt. Norikura during this period,and so we cannotprovide
valuesfor the vertical electricfield and polarity at the site.
Thereforewe mustguessthe electricfield from otherdata.
Geophysicistshave publishedthe resultsof their measure-
mentsof the electricfield in several scientific papers(for
example,Suszgnsky et al., 1996). Obsenationsmadefor
eventssimilar to theseconsideredere(Domoto,1998)indi-
catethattheelectricfield typically hasthedouble(‘M’-type)
structureobsenredby thefield mill (seeFig. 2).

Fig. 2. Thundercloudandthe electricfield atthe mountainlevel

3 Interpretation of the events

Although they are not shown in this paper we obsered 4
similar eventsduringthe sameweek. All of themhave more
or lessthe sameshapeandtwo increasesf the countingrate
wereobsered.

Theresultsof the measurementsy Domotoencouragels
to believe thatthe electricfield variationsduring August4-
8th,2000mustbealsoM-type shapgtwo peakstructureand
thatwhenthe strongeselectricfield passedver the labora-
tory two times, electronpairs corvertedfrom photonswere
detectedn the plasticscintillatortwice.

Measurementsf theelectricfield in thethunderstorninave
shavn the strengthto exceed100 kV/m. Hencewithin a
shortdistance(~1,000m), electronscan be acceleratedo
quitehighenegies(~100MeV). To produceaphotonby the
bremsstrahlungrocessanacceleratedlectrongpasshrougt
400 m on averageat the altitude of Norikura (760g). So
on averagethe accelerate@lectronhasa chanceto produce
aboutonephotonby the bremsstrahlungrocess.

- An acceleratiorhypothesis

We shall presenta hypothesisn this sectionin orderto
clarify the problemof theshort-livedevents.We first assume
herethatthe enhancemertf the countingrateresultedfrom
theacceleratiorf secondarglectronsvhichwereformedat
~1.5km above Mount Norikuraobsenatory (2,770m).Sec-
ondaryelectronsproducedby standarccosmicraysmustbe
acceleratedfrom an altitude of ~4 km down to the cosmic
ray obsenatory, a total distanceof aboutl km. The ground
(2,770m)must be chaged positively and the electric field
strengthmustbe 100 kV/m, or 100 MV/km. Only very few
high enegy knock-onelectronsare sufiicient for accelera-
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tion. Both electronsandmuonscanbe effective in this pro-

cess. The electronsproducephotonswith an enegy about
40 MeV by the bremsstrahlungrocess. The photonspass
throughthe large areaanti-countersaandenterinto the large
areaplastic scintillator array Thesephotonsare then con-
vertedinto electronpairsinsidethe scintillator. The scintil-

lator hasan equivalent thicknessof a half radiationlength
(~0.5).

Theincreaseof the countingratewasonly about1%. This
gives us importantinformation on how muchthe electrons
were acceleratedvithout collisionsin the air. Supposehe
electronsstart this accelerationfrom the 4 km level. The
equivalent atmosphericthicknessis about 600 g/cn?. At
thisaltitudethemaincomponenbf cosmicraysareelectrons
andmuons(aboutl:1). Thesechagedparticlescandeposit
theirinitial enegy into knock-onelectronsvhenthey run 60
g/cn? andlose ~120 MeV of their initial enegy. The W-
valueof theair is 34 eV. Hencel20MeV/34 eV ~ 3 x 10°
ion pairswill be producedin the 1 km distanceof the air.
Almost 3 million seedelectronsare available asthe candi-
datesfor accelerationn the strongelectricfield. We suggest
one survived andunderwentcontinuousacceleratiorover a
distanceof 1 km beforeenteringthe detectorasa photon.

- A numericalcheck-

It hasbeenestimatedn this paperthat electronswith en-
emies higher than 84 MeV (critical enegy), are continu-
ouslyacceleratedThey are“collision free” electrons Other
wiseby thecollisionswith atomicelectronsthey loseenegy
whichis usedto ionizeor liberatethe atomicelectrons.

Threemillion electronshouldbe preparedatthestartline
for the candidate®f acceleration.Of theseonly a few sur
vive to producethe obseredincrease Canwe realizethis ?
Theansweiis 'Y es’. Thespectrunof knock-onelectronscan
be expressedy (1/E?)dE, whereE representshe enegy of
secondaryelectrongseeRossi,1952). Integratingthis equa-
tion, the numberof electronswith the enegy higherthanE
is 1/E. Theratio of (W/E) turnsoutas4 x 10~7. HereW
represent84 eV andE=84MeV. Thereis a smallpossibility
that very few electronsare producedby the knock-onpro-
cesswith E> 84 MeV. Then multiplying this factorto the
total numberof seedelectrons(3 x 10°) producedby one
high enegy cosmicray, (electronsand muons),we obtain
the survival probability of electrons.The numbershouldbe
aroundoneelectron.

At theacceleratiomregion, the atmospherigpressuranust
beahalf of thatattheground.We assuméerethattheelec-
tric field strengthis 100 MV/1 km, thereforethe enegy of
the electronsnearcritical enegy will be increasedo 184
MeV. However as a resultof ionizationloss (~120 MeV),
they loseenegy andarereducedo 64 MeV above thedetec-
tor. On passingl km of air they have a chanceto producea
photonof about40 MeV. Thesephotonsareobsenedin our
detector

Of coursethisiis justoneof the possibleinterpretationof
thehighenegy electrongroducedn thunderstorm.

- Anotherpossibility -

Here we must mentionanotherpossibility. Low enegy
electronsand muonsarere-accelerately the electricfield.
Howeverthis hypothesisntroducesanew effect. Whenelec-
tronsandnegative muonsareacceleratedyositronsandpos-
itive muonswill be deceleratedndvice versa. The enegy
spectrumof muonsat 600 g/cn? hasa peakaround2 GeV,
while the decayelectronshave a peakaround84 MeV. To
judgewhichideais working, we needa measuremeruf the
polarity of theelectricfield. In theformercasetheeventwill
be detectedbdnly in the caseof positively chaged mountain
surface,sincethe knock-onprocessonly producesnegative
electronsWhile in thelattercasetheeventmustbeobsened
whatever the polarity of the surfacechage.

Theremightbeaprocessproposedy theEAS-TOPgroup,
in which theincreaseof thecountingratein associatiowith
thethunderstornis producedy theacceleratiomf theshaver
electronsaandpositrons Howeverherewe wouldlik e to point
out anotherpossibility thatthey are producedoy the knock-
on electrongproducedy the normallow enegy comicrays.
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Fig. 1. Thetime profile of the countingrateon August8th 2000at Mount Norikura: (a) 64 m? proportioncakcounter (b) 64 m? scintillation
counterwith anti-counters(c) 36n? scintillation counterwithout anti-counter(d) the samedetectorbut for the coincidencechannel(e) the
neutronmonitor LONM64, (f) 1 m? x 50 cm plasticscintillationdetector(g) the >270MeV channebf the64 m? detector As shovn by the
arran, at ~ 14 JSTand~ 19 JST, two spikescanbeseenwhich we discusshereasanevidencefor electrongroducedby thethunderstorrn
rundown mechanismTheexcesscouldnotbeseerathigherchannebf which depositenegy is higherthan270MeV. Theincidenceparticle

mustbelessthan270MeV. Thedatashav 3 minutesvalue. Thescaleis indicatedby the barredline indicating1%.



