
Proceedings of ICRC 2001: 4027c© Copernicus Gesellschaft 2001

ICRC 2001
Particle acceleration in thunderstorms

T. Takami1, Y. Muraki 1, Y. Matsubara1, K. Masuda1, T. Sako1, S. Sakakibara1, T. Murata 1, H. Tsuchiya1, D.
Yamamoto1, W. I. Axford 1, S. Shibata2, Y. Munakata2, K. Munakata3, S. Yasue3, T. Sakai4, K. Mitsui 5, and E. O.
Flückiger6

1Solar-Terrestrial Environment Laboratory, Nagoya University, Nagoya, 464-8601, Japan
2College of Engineering, Chubu University, Kasugai, 487-8501, Japan
3Department of Physics, Shinshu University, Matsumoto, 390-8621, Japan
4College of Industrial Technologies, Nihon University, Narashino, 275-0005, Japan
5Department of Management Information, Yamanashi Gakuin University, Kofu, 400-8575, Japan 6
6Physikalisches Institut, Universit at Bern, CH-3012 Bern, Switzerland

Proceedingsof ICRC2001:1 c
�

CopernicusGesellschaft2001

ICRC 2001
Particle Acceleration in Thunderstorms

T. Takami1, Y. Muraki 1, Y. Matsubara1, K. Masuda1, T. Sako1, S.Sakakibara1, T. Murata 1, H. Tsuchiya1, D.
Yamamoto1, W. I. Axford1, S.Shibata2, Y. Munakata2, K. Munakata3, S.Yasue3, T. Sakai4, K. Mitsui 5, and E. O.
Flückiger6

1Solar-TerrestrialEnvironmentLaboratory, NagoyaUniversity, Nagoya,464-8601,Japan
2Collegeof Engineering,Chubu University, Kasugai,487-8501,Japan
3Departmentof Physics,ShinshuUniversity, Matsumoto,390-8621,Japan
4Collegeof IndustrialTechnologies,Nihon University, Narashino,275-0005,Japan
5Departmentof ManagementInformation,YamanashiGakuinUniversity, Kofu, 400-8575,Japan
6PhysikalischesInstitut,UniversiẗatBern,CH-3012Bern,Switzerland

Abstract. Evidencefor particleaccelerationby the electric
field in a thundercloudwasfirst reportedby Baksangroupin
1985andrecentlyby theEAS-TOPgroupat theUtahICRC
(1999). In this paper, we will presentfurther evidencefor
particle accelerationin thunderheads,using the large area
(64 m� ) proportionalcounterand scintillator array located
atMountNorikuraCosmicRayObservatoryatanaltitudeof
2770m.

AtmosphericconditionsatMountNorikurain theJapanese
Alps duringthe4 - 8 August2000,wereveryunstablein the
afternoon. Thunderstormsdeveloped,followed by rainfall
lastingseveralhours.We obtainedevidencethat,in associa-
tion with thesethunderstorms,particles(probablyelectrons)
were acceleratedto energieshigher than40 MeV (perhaps
higherthan100 MeV) in the atmospheresomewhereabove
thedetector. Weproposethattheeffect is theresultof theac-
celerationof high energy knock-onelectronsor decayelec-
tronsof muons.

1 Intr oduction

We tendmostlyto beinterestedin particleaccelerationonly
in interstellaror interplanetaryspace,in magnetospheresof
variouskindsandin solarandstellarflares.Thepossibilityof
accelerationof particlesin a region closerto home,namely
theearth’satmosphere,is somethingthatweeasilyoverlook.
However it hasbeenshown by ground-basedmeasurements,
designedmainly to investigateair showers,that particleac-
celerationin the atmosphereoccurs,at least in the special
circumstancespertainingto thunderstorms(Alexeenko etal.,
1987;Aglietta et al., 1999).Theresultsof particleaccelera-
tion in theupperatmospherehasalsobeenobservedby satel-
lites with gammaray detectors(Fishmanet al., 1994).Once
againthunderstormsappearto beinvolvedbut in this caseit
is cloud-ionospherelightning dischargesthat are the direct
causeof X-day generation(Suszcynsky et al., 1996,Eacket
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al., 1996;for earlierreferences,seethepaperby Aglietta et
al., 1999).

Thevariouskindsof ground-baseddetectorsin usemayre-
spondto variationsin thefluxesof protons,electrons,muons,
neutronsandevenpossiblyto electricaldisturbancesassoci-
atedwith thunderstorms.Alexeenko et al., have shown that
theeffectsobservedareindeedof atmosphericorigin but ar-
guethat they result from modulationof the muonintensity
by the vertical electricfield associatedwith thunderstorms.
Aglietta et al., have found that thereare long-lived (dura-
tion � hours)andshort-lived(duration � 10 minutes)events
that have differentorigins. The long-lived eventsappearto
be associatedwith the rainoutof atmosphericradondaugh-
ter productssincethe gammaray lines expectedfrom these
productsareclearlyobserved. They suggest,on thebasisof
an analysisby DormanandDorman(1995), that the short-
livedeventsarepossiblytheresultof electricfieldsactingon
thecosmicray secondaries,includingmuons,or possiblyon
the electrons,which might be acceleratedbeyond 25 MeV,
therebymodifying theair showercountrate.

In thispaperwewill show thattheincreasesarenotdueto
protons,neutronsor muons,but thatthey arelikely to bethe
result of electronsbeingacceleratedto more than40 MeV
andprobablyevenmorethan100MeV.

2 Experimental Results

2.1 Long-livedevents:

TheEAS-TOPgroupshowedthat for theseeventstherewas
an increasein the low energy component(E � 0.1 MeV) in
theNaI detectorthatwasassociatedwith thedecayof radon
daughterproducts.An investigationin Nepalshowedthatthe
radonwasdrawn upwardsby ascendingair currentsduring
the day andprecipitatedin the evening in associationwith
rainfall (M. Brunettiet al, 1999).
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2.2 TheNorikuraevents:

Wehaveobservedseveralexamplesof suchlong-livedevents
during the summer of 2000. Weather conditions in the
JapaneseAlps becamevery unstable,especiallyduring the
afternoonsof 4-8 of Augustwhenthunderstormsdeveloped
followed by rainfall which lastedseveral hours. A typical
exampleis shown in Fig. 1a: During the periodof rainfall
the large area(64 m� ) proportionalcountersof our system
showed an increasewhich must be causedby low energy
gammarays(presumablyfrom theradonfamily, e.g.Bi-214,
609keV. Total amountof therainfall was38 mm). Photons
with energy higher than100 keV canpenetratethe 2.3mm
thick steelwall. As therainfall decreasedthecountratede-
creasedgradually.

2.3 Short-livedevents:

Theplasticdetectorsin our systemshoweda quitedifferent
patternof behavior during this period. As shown in Fig. 1b
and1c, thereweresharpandshortlived( � 10min) enhance-
mentsat � 1400JSTand � 1900JSTcorrespondingto the
startandendof the rainfall respectively. Thedatashown in
Fig. 1bwastakenfrom the64m��� 20cmthick plasticscin-
tillator (Tsuchiyaetal.,2001)andthatshown in Fig. 1cfrom
a 36 m��� 5cmthick plasticdetectorhaving a doublelayer
structure(Nagashimaet al., 1989). Coincidencesbetween
signalsin thedoublelayerstructureof thelatterdetectorare
shown in Fig. 1d andthe neutronmonitor datais shown in
Fig. 1e.

It is evidentfrom theseresultsthatshort-livedeventswere
notproducedbyprotons(theanti-coincidencecircuitworked),
nor by muons(which would easilypenetratetwo layersof
the36 m� detector),nor by neutrons/hadrons(thereis no in-
creasein the10NM64 neutronmonitor).Furthermore,since
a 1m� neutrontelescopedid not show any increase,we can
alsorule out electricaldisturbancesin the laboratorydueto
thethunderstormasacauseof theeffectsobserved.We con-
cludethatthesignalmustbecausedby gammarayswith en-
ergiesexceeding40 MeV, sincethescintillatorthresholdfor
chargedparticles(electron-positronpairs)wassetat over20
MeV. Theenergy of electronsthatproducedthegammarays
musthave been 	 100MeV, slightly higherthanthecritical
energy.

Unfortunately, we did not install an electricfield mill at
Mt. Norikura during this period,andso we cannotprovide
valuesfor the vertical electricfield andpolarity at the site.
Thereforewe mustguessthe electricfield from otherdata.
Geophysicistshave publishedthe resultsof their measure-
mentsof the electric field in several scientific papers(for
example,Suszcynsky et al., 1996). Observationsmadefor
eventssimilar to theseconsideredhere(Domoto,1998)indi-
catethattheelectricfield typically hasthedouble(‘M’-type)
structureobservedby thefield mill (seeFig. 2).

Fig. 2. Thundercloudandtheelectricfield at themountainlevel

3 Inter pretation of the events

Although they are not shown in this paper, we observed 4
similareventsduringthesameweek.All of themhave more
or lessthesameshapeandtwo increasesof thecountingrate
wereobserved.

Theresultsof themeasurementsby Domotoencourageus
to believe that the electricfield variationsduring August4-
8th,2000mustbealsoM-typeshape(two peakstructure)and
thatwhenthestrongestelectricfield passedover thelabora-
tory two times,electronpairsconvertedfrom photonswere
detectedin theplasticscintillatortwice.

Measurementsof theelectricfield in thethunderstormhave
shown the strengthto exceed100 kV/m. Hencewithin a
short distance( � 1,000m), electronscan be acceleratedto
quitehighenergies( � 100MeV). To produceaphotonby the
bremsstrahlungprocess,anacceleratedelectronspassthrough
400 m on averageat the altitude of Norikura (760g). So
on averagetheacceleratedelectronhasa chanceto produce
aboutonephotonby thebremsstrahlungprocess.

- An accelerationhypothesis-
We shall presenta hypothesisin this sectionin order to

clarify theproblemof theshort-livedevents.Wefirst assume
herethattheenhancementof thecountingrateresultedfrom
theaccelerationof secondaryelectronswhichwereformedat
� 1.5km aboveMountNorikuraobservatory(2,770m).Sec-
ondaryelectronsproducedby standardcosmicraysmustbe
accelerated,from an altitudeof � 4 km down to the cosmic
ray observatory, a total distanceof about1 km. Theground
(2,770m)must be charged positively and the electric field
strengthmustbe100kV/m, or 100MV/km. Only very few
high energy knock-onelectronsare sufficient for accelera-
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tion. Both electronsandmuonscanbeeffective in this pro-
cess. The electronsproducephotonswith an energy about
40 MeV by the bremsstrahlungprocess.The photonspass
throughthe large areaanti-countersandenterinto the large
areaplasticscintillator array. Thesephotonsare thencon-
vertedinto electronpairsinsidethescintillator. Thescintil-
lator hasan equivalent thicknessof a half radiationlength
( 
 0.5).

Theincreaseof thecountingratewasonly about1%. This
givesus importantinformationon how much the electrons
wereacceleratedwithout collisions in the air. Supposethe
electronsstart this accelerationfrom the 4 km level. The
equivalent atmosphericthicknessis about 600 g/cm� . At
thisaltitudethemaincomponentof cosmicraysareelectrons
andmuons(about1:1). Thesechargedparticlescandeposit
their initial energy into knock-onelectronswhenthey run60
g/cm� and lose 
 120 MeV of their initial energy. The W-
valueof theair is 34 eV. Hence120MeV/34 eV � 3 
 10�
ion pairs will be producedin the 1 km distanceof the air.
Almost 3 million seedelectronsareavailableas the candi-
datesfor accelerationin thestrongelectricfield. We suggest
onesurvived andunderwentcontinuousaccelerationover a
distanceof 1 km beforeenteringthedetectorasa photon.

- A numericalcheck-

It hasbeenestimatedin this paperthatelectronswith en-
ergies higher than 84 MeV (critical energy), are continu-
ouslyaccelerated.They are“collision free” electrons.Other-
wiseby thecollisionswith atomicelectrons,they loseenergy
which is usedto ionizeor liberatetheatomicelectrons.

Threemillion electronsshouldbepreparedat thestartline
for the candidatesof acceleration.Of theseonly a few sur-
vive to producetheobservedincrease.Canwe realizethis ?
Theansweris ‘Yes’. Thespectrumof knock-onelectronscan
beexpressedby (1/E� )dE, whereE representstheenergy of
secondaryelectrons(seeRossi,1952).Integratingthis equa-
tion, the numberof electronswith the energy higherthanE
is 1/E. The ratio of (W/E) turnsout as4 
 10��� . HereW
represents34eV andE=84MeV. Thereis asmallpossibility
that very few electronsareproducedby the knock-onpro-
cesswith E � 84 MeV. Then multiplying this factor to the
total numberof seedelectrons(3 
 10� ) producedby one
high energy cosmicray, (electronsand muons),we obtain
thesurvival probabilityof electrons.Thenumbershouldbe
aroundoneelectron.

At theaccelerationregion, theatmosphericpressuremust
beahalf of thatat theground.Weassumeherethattheelec-
tric field strengthis 100 MV/1 km, thereforethe energy of
the electronsnearcritical energy will be increasedto 184
MeV. However as a resultof ionization loss ( 
 120 MeV),
they loseenergy andarereducedto 64MeV abovethedetec-
tor. On passing1 km of air they have a chanceto producea
photonof about40 MeV. Thesephotonsareobservedin our
detector.

Of coursethis is just oneof thepossibleinterpretationsof
thehighenergy electronsproducedin thunderstorm.

- Anotherpossibility-
Here we must mentionanotherpossibility. Low energy

electronsandmuonsarere-acceleratedby theelectricfield.
Howeverthishypothesisintroducesanew effect. Whenelec-
tronsandnegativemuonsareaccelerated,positronsandpos-
itive muonswill be deceleratedandvice versa.The energy
spectrumof muonsat 600g/cm� hasa peakaround2 GeV,
while the decayelectronshave a peakaround84 MeV. To
judgewhich ideais working, we needa measurementof the
polarityof theelectricfield. In theformercase,theeventwill
bedetectedonly in the caseof positively chargedmountain
surface,sincethe knock-onprocessonly producesnegative
electrons.While in thelattercase,theeventmustbeobserved
whatever thepolarityof thesurfacecharge.

Theremightbeaprocess,proposedby theEAS-TOPgroup,
in which theincreaseof thecountingratein associationwith
thethunderstormis producedby theaccelerationof theshower
electronsandpositrons.Howeverherewewouldliketo point
out anotherpossibility that they areproducedby theknock-
onelectronsproducedby thenormallow energy comicrays.

References

Aglietta,M., et al.,Proc.26thICRC,3, p. 351,1999.
Alexeenko, V. V., etal.,Proc.20thICRC,4, p. 272,1987.
Brunetti,M., et al.,Proc.26thICRC,3, P. 355,1999.
Domoto, M., Winter Lighting, Corona Publishing Co., 1998.

(http://www.coronasha.co.jp)
Dorman,L. I., and Dorman, I. V., Proc.24th ICRC, 4, p. 1160,

1995.
Eack,K. B., etal., J.Geophys.Res.,101,p. 29,637,1996.
Fishman,G. J.,etal.,Science264,p. 1313,1994.
Nagashimai,K., etal.,Nuovo Cimento,12C,p. 695,1989.
Rossi,B., High Energy Interactions,Prentice-HallInc., 1952.
Suszcynsky, D. M., et al., J.Geophys.Res.,101,p. 23,505,1996.
Tsuchiya,H., et al.,Nucl. Inst.Meth.,A463,p. 183,2001.



4030

4

Nor ikura 2000.8.8 (2,770m)

Time (JST)
0 4 8 12 16 20 24

b) >20MeV (neutral)

c) U+L

d) V

e) NM

f) CH0

g) >270MeV

Pressure

a) Anti counter
(PR counter)

1%

Fig. 1. Thetimeprofileof thecountingrateonAugust8th2000atMountNorikura: (a)64m� proportioncalcounter, (b) 64m� scintillation
counterwith anti-counters,(c) 36m� scintillationcounterwithoutanti-counter, (d) thesamedetectorbut for thecoincidencechannel,(e) the
neutronmonitor10NM64,(f) 1 m��� 50cmplasticscintillationdetector, (g) the � 270MeV channelof the64m� detector. As shown by the
arrow, at � 14 JSTand � 19JST, two spikescanbeseen,which we discusshereasanevidencefor electronsproducedby thethunderstorm
rundown mechanism.Theexcesscouldnotbeseenathigherchannelof whichdepositenergy is higherthan270MeV. Theincidenceparticle
mustbelessthan270MeV. Thedatashow 3 minutesvalue.Thescaleis indicatedby thebarredline indicating1%.


