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Effects of atmospheric electric fields on cosmic rays
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The electric fields associated with thunderclouds change the intensity of secondary cosmic rays observed on
the ground. This effect has been investigated using several detectors located at the Mount Norikura Cosmic
Ray Observatory where excesses of 1% and more of the average counting rate may be observed when the
Observatory is covered by thunderclouds. A frequency analysis of the time series of days with such excesses
for the period 26 October 1990 to 15 January 2002 shows the expected summer maximum in the rate of
occurrence and, more surprisingly, a 26-day variation. An electric field mill was installed to help determine the
relationship between the intensity variations and the strength and direction of the field near the detector system:
the excess is usually observed when a negative electric(fieltblerating negative charges downwaycbater
than 10 kV/m is present in the atmosphere above the observatory. Based on Monte Carlo simulations we
predict that excess counting rates measured without charge discrimination will be expected as a consequence
of the excess of positive muons among the secondary cosmic rays.
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[. INTRODUCTION rection of the electric field in thunderclouds. Based on a
hypothesis of Lenard, Simpson claimed that the tops of thun-
In 1920, just a few years after the discovery of cosmicderclouds must be negatively charged. Existing data indi-
rays by Hess, Wilsofil,2] proposed an atmospheric theory cated that this was wrong, but Simpson nevertheless contin-
of the origin of cosmic rays. He suggested tBatays(elec- ued with balloon measurements for many years, trying to
trong emitted from the ground are accelerated upward by th@rove that he was right. Eventually, he convinced himself
electric fields associated with thunderclouds, assumed to bend everybody else that he had indeed been wrong, but the
positively charged, and once accelerated are bent downwaggkries of observations was nevertheless useful in providing a
again by the geomagnetic field. This idea did not survive butlefinitive set of measurements of the charge distributions in
it is interesting to note that effects of the atmospheric electrithundercloud$3,4]. The head of the clouds is charged posi-
field on cosmic rays entering the atmosphere have been dévely, the middle region negatively, and there may be a small
tected, as we describe here. region (“pocket”) of positive charge at the bottom amount-
Wilson was later involved in a famous debate in 1928 ating to 20—25 % of the negative charge above. The ground is
the University of Glasgow with G. C. Simpson, then Director always charged negatively and the ionosphere positively,
of the British Meteorological Office. This concerned the di- both being good electrical conductors in comparison with the
bulk of the atmosphere, which has a very low electrical con-
ductivity and is able to sustain very high electric fields be-

*Electronic address: muraki@stelab.nagoya-u.ac.jp fore breaking down. The time constants for the ground and
TAlso at Solar-Terrestrial Environment Laboratory, Nagoya Uni-ionosphere are such that both can be regarded as being equi-
versity, Nagoya, 464-8601, Japan. potentials for our purposes.
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Il. THE ELECTRIFICATION OF THE ATMOSPHERE sulting in the production of lightning discharggs]. What-

. ever the case, the presence of nongaseous phase material and
The atmosphere well below the ionosphere and down tg_ . ; . . o .

; . o . gravity play an essential role in causing positive and negative
ground level is continually ionized by cosmic rays, by the

) . : charges to separate so that large transient electric fields can
radioactive decay of radon and its daughter products and : . .

: " e built up, as observed in thunderstorms in the atmospheres
gamma rays emitted from the ground. In addition, water

X . of Earth, Venus, and Jupiter.
drops may produce charged debris on freezing. However, : . -

. : : The above is one of the simplest descriptions of cloud
except for the primary cosmic rays themselves, which A% lectrification: its validity is supported by the observation
mainly positively charged but make a negligible contributionthat there wés a si nifi%:ant inzlraease inythe occurrence of
to the overall accumulation of charge, none of these PrO L hining followin tﬁe Chernobvl disaster when a large
cesses leads to the production of any net charge density bg\%ountg of ionizir? material wa)é released into the atrgo—
rather of a weakly ionized, electrically neutral plasma. 9

The ions produced in these waysalled “small ions,” spherel 7], .
o : . o Doubts have been expressed concerning the total amount
e.g., @) are fairly immobile and to a first approximation

: .of charge that can be made available by cosmic rays as an
move with the background _neutral gas, “”'?55 an eIeCtrIFonizing sourcg8]. It has been suggested that a second more
f|e|d Is present when they drift slowly in the direction lead- fficient process independent of cosmic ray ionization, such
Ing to d|scharge of the f'EIf,j' fl'he”el_ectrons, on the other han s “riming” electrification, might be responsible for signifi-
are very mol_:nle but soon stick,” either to a molecule, form- cantly enhancing the production of charge in suitable circum-
ing a negat!ve small iorfe.g,, G), or to a much larger stanced6,9,10. Although this process may be important in
aerosol particle or water dropled]. The latter, which usu-  ,,nderclouds it can hardly account for observations of light-
ally become neg?twely.char;qeekf( , carryingn=1 elec-  ping activity in association with volcanic eruptions, large
trons, are called “large ions.” They are relatively immobile fjo5 and dust storms, or for the Chernoby! effect. The argu-
with respect to the background atmosphere unless there is, 3ant made originally concerning the number of ions avail-
strong force acting on their chargen electric field or their  5p1e from cosmic ray production seems to have assumed that
mass(gravity), in which case they can move relative to the {ha sea level ion production ratebout 2 ion pairs/cfsec)
background. o _ _. . is typical everywhere. In fact the observed rate increases to

The electrons may recombine dlrgc_:tly with p05|t!ve ioNS 2oyt 400 ion pairs/cisec at 15 km above sea levels.)
(e.9., § +e—0+0) and be lost. Positive and negative ions[11], covering the altitudes reached by thunderclouds.
may recombine mutuallfe.g., @ +0O, —20,, etc), or in- According to this scenarifl2], in a stable, nonconvective
teract with large ionse.g., G +A" —0,/20+A™ Y~ cloud, water and ice droplets should accumulate into large
0, +A"” —0,+ A"V~ and so oh The overall result is  enough drops to fall to the bottom of the cloud. Eventually,
that relatively few free electrons exist in the lower atmo-as they continue to grow, they fall to the ground as nega-
sphere and the charge resides mainly in the form of smalively charged rain or hail, leaving the cloud positively
and large ions. These gradually become neutralized by resharged. The result is that the Earth becomes negatively
combination if there is no continuing source, such as thecharged, and the excess positive charge in the cloud is slowly
cosmic radiation. In the absence of electric fields and gravityneutralized by the drift of negative small ions toward posi-
the positive and negative ions would be in balance in termsive regions and by the drift upward of positive small ions
of their net charge density. toward the ionosphere, which is charged positively. How-

The small and large ions produced according to the abovever, it is possible that the electric field in the cloud becomes
description can be separated by an electric field and by gravarge enough to prevent further precipitation of the less mas-
ity. The electric field tends to be discharged by drift of thesive large ions, in which case the lower part of the cloud
small ions(e.g., the slow discharge of simple electroscopesbecomes negatively charged. In this case there may be a
while the large ions fall under the influence of gravity unlesspositively charged region at the bottom of the cloud where
there is a sufficiently large electric field to hold them upthe water drops have locally become so large that the electric
(e.g., as in Millikan’s oil drop experimentThe large ions field is unable to prevent their precipitation. Further com-
may also grow in size and charge by agglomeration intglexities may arise from large-scale overturning and convec-
larger ions, by the condensation of water vapor and othetion within the clouds so that regions that have become posi-
nonvolatile material, or by the accretion of smaller watertively or negatively charged may be moved around to
droplets or ice crystals. Eventually, however, the large iongproduce quite complex electric field distributions. It should
fall under gravity as charged rain, hail, or snow, if the elec-be noted that the speed of such convective motions is likely
tric field permits. They are slowed but not stopped by vis-to be much greater than the drift speed of small ions in the
cosity. electric fields.

The ionization produced by cosmic rays may also lead to This discussion must be modified to allow for the effects
an increase in the number of condensation centers in supesf lightning discharges, which allow charge transfer to take
saturated regiongas in a Wilson cloud chambeand thus place along discrete paths of electrical breakdown. Lightning
increase the number of large iof. In some circumstances may be(1) intracloud, reducing internal potential differences
large ions may be associated with other nongaseous phagéthin the cloud,(2) cloud to ionosphere causing “sprites”
material, notably in volcanic eruptions and large fires wherd 13], and(3) cloud to ground. If intracloud lightning reduces
small nonaqueous grains can become negatively charged, réne electric field responsible for holding some large ions up
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against gravity, there should be an accompanying burst afadio-nuclides are indeed affected by precipitation and also
rain or hail, delivering more negative charge to the groundy winds and convection from lower altitudes.

and eventually allowing cloud-to-ground discharges. The The possibility that particles of cosmic ray energies might
burst of precipitation and cloud-to-ground discharges delivepindergo acceleration in the Earth’s atmosphere has been
negative charge to the ground. Without this resupply, thdargely overlooked since Wilson's time, but it is now clear
negative charge on the Eartabout —600000 C) and the from ground-based measurements, designed primarily to in-

fair weather electric field200—300 V/m would dissipate in  vestigate air showers, that such acceleration occurs, at least
about 5 min. in association with thunderstorrh$4—16. Particle accelera-

tion in the atmosphere has also been observed by gamma ray
detectors in spacfl9], once again in association with thun-
lll. THE EFFECTS OF ATMOSPHERIC ELECTRIC derstorms(spriteg, but in this case it is cloud-ionosphere
FIELDS ON COSMIC RAYS lightning discharges that are the cause of x- gady pro-

) _ duction [20-23 (for earlier references, see Agliett al.
The propagation through the atmosphere of cosmic rayg;6]).

and especially their secondary particles, can in principle be
affected by the presence of electric fields. The charged par- IV. OBSERVATIONS AT MOUNT NORIKURA
ticles are decelerated or accelerated, depending on their

o . The Cosmic Ray Laboratory of the Institute for Cosmic

Ch?rg_e and the direction of th_e field. We may expect then thall'eay Researcl(\ICRFgl) at the Uni)\//ersity of Tokyo is situated
variations of the fluxes of dlfferent_ components of_cosml_cat an altitude of 2770 m on Mount Norikuf8026 n) in the
rays in the atmosphert_a can occur in as§OC|at|on W'th Valaganrg| Japanese Alps (137.56°E, 36.11°N). The observa-
tions of the atmospheric electric field, rainfall, and lightning tory is equipped with several cosmic ray detectors, notably,
activity. _ _ 1) a 12-tube neutron monitof1955/1968/1989 (2) the

‘The flux of secondary cosmic rays dominates over that Oagoya 36 A meson monitof1969; (3) the Nagoya 1 rh
primaries in the atmosphere and their energies are more COfgytron telescopl990; (4) the Nagoya 64 fneutron tele-
mensurate vylth the electric potential drops to 100 MV) “scope(1996; and (5) a 19 nf muon telescopé1998.
that may exist there; hence we expect any observed varia- A neutron monitof(NM) was first installed by the Riken
tions seen at ground level to be associated with secondariegroup in 1955, just before the International Geophysical Year
Since the secondaries consist of almost equal fluxes of positGY), and was replaced in September 1968 by a 4NM64
tive and negative particleémuons u™ and electronse™)  neutron monitor. The present 12NM64 neutron monitor has
with only a small excess of positively charged partigles-  been operating since March 1989, and the data are used by
cause the incoming primaries are mainly posithiemight ~ cosmic ray physicists in Japan and worldwide. Neutron
be difficult to determine the sense of the electric field frommonitors have the advantage of having a high sensitivity
variations of their flux but it would be worth attempting. (70%) for detecting neutrons and protons and a low sensitiv-
There is an additional problem when the electric fieldity (0.7% for background muons with energies greater than
changes sign with height so that we must be satisfied t&,.>1 GeV. The detection efficiency of neutron monitors
obtain information concerning the total potential drop alongas calculated by Hatton in 19724] and Clem and Dor-
the path of each particle rather than the detailed structure di‘@n [25] and confirmed satisfactorily by accelerator mea-
the electric field. surements made at the Research Center for Nuclear Physics

The Baksan group first reported noticeable effects on co2f ©Saka UniversityRCNP) by Shr;bataet al. [26]. Neutron
mic rays of thundercloud electric fields above the Caucasu\g\:i?r?Ig)gse?f?cr;eiiticgfnzefg%snvélgt]at(ia\?eerr%ﬁgnc'jsovv\\/lirt]ht%r%grg/if;/
Mountams..AIexeenkoat al. [14] 'shoyve_,-d in 1985 that the of about 100 MeV with an efficiency of about 10%, and
effects are indeed of atmospheric origin and argued that the

}Xrotons with energies above 500 MeV with about the same

are the result of modulation of the fluxes of muons by theefficiency as neutrongfor details see Clem and Dorman

vertical electric field associated with thunderstorms. Re[25 ).

cently, Khaerdinowt al. [15] found that an excess counting = The Nagoya36 m? meson monitoconsists of uppefU)

rate of cosmic ray secondary components is often associateghq jower(L) layers of plastic scintillators, separated verti-

with a negative electric fieltaccelerating negatively charged cajly py 1.73 m, and with each layer consisting ok 6

particles downwardat ground level. separate sections of area Ixrh m. This arrangement al-
Aglietta et al. [16] have observed that there are short-|ows the direction of arrival of cosmic rays to be determined

lived (~10 min) and long-lived {- hourg events that ap- with the sky divided into 13 regions and the counting rate in

pear to have different causes. On the basis of an analysis ach direction recorded on an hourly basis. The details of the

Dorman and Dormafil7] they suggested that the short-lived construction and performance of the detector have been

events might be the result of electric fields acting on cosmigjiven by Nagashimat al. [27], together with results con-

ray secondaries, including muons and possibly electrongerning the diurnal variation of the cosmic ray intensity

These could be accelerated to more than 25 MeV, therebground 182 eV.

modifying the air shower size. The long-lived events appear There are several trigger logics in the system but here we

to be associated with rainogbnto the detectgrof atmo-  are concerned only with the vertical coincidence triggér

spheric radon daughter products, since the expected gammaad the combined upper and lower triggéust-L). V is trig-

ray lines (2.2 MeV) are observed. Brunett al.[18] have  gered when a charged parti¢energy>20 MeV) penetrates

shown in their measurements made in Nepal that airbornboth the upper and lower layers from the vertical direction
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FIG. 2. A birds-eye view of the 64 frsolar neutron telescope.
(b) 64 n? scintillation counter with anticountefg) 36 n? scintilla- The 64 nt array of proportional counters installed at the top of the

FIG. 1. The time profile of the counting rate on 8 August 2000
at Mount Norikura:(a) 64 n? proportional countefanticountey,

detector, enabling us to discriminate between charged and neutral
particles(the “anti” counten. Above it there $ a 5 mmlayer of
lead, which converts photons into electron-positron pairs. Neutrons

channel of the 64 fdetector. Each bin of ordinate corresponds to are converted into protons in the thick layer of scintillator. These
a 0.5% variation. As shown by the arrow, at 14 Japanese Standafi€ identified and recorded as having ene_rgies greater than 21 MeV
Time (JST) and 19 JST, two spikes can be seen, which we discusgsn and greater than 42 Me\82), respectively.

here as evidence for muon decay electrons produced by the thun- )
derstorm rundown mechanism. The excess could not be seen Msed. Above these layers there are 5 cm thick lead blocks

higher channels of which the deposit energy is higher than 15¢about eight radiation length¢hat absorb electrons and pro-
MeV. The incident particle must have energy less than 150 MeVvions with energies below 400 MeV but permit muons with
The data show 3 min value. The scale is indicated by the barred linenergies greater than 120 MeV to penetrate, removing the
indicating 1%. background of soft gamma rays.

The Nagoya64 n? neutron telescopaas constructed in
and produces the necessary coincidence signal between 1996 with the aim of observing solar neutron events in detail.
and L. For(U+L) we do not require coincidence but only A general view of the detector is shown in Fig. 2. It consists
that there is a signal in either the upper or lower layer or inof 64 boxes, each 1 m1 m, containing a plastic scintillator
both (i.e., U and/or I). The signals V andU+L) are re- with dimensions 1 nx 1 mx0.2 m and sensed from above
corded every 10 sec. by photomultiplierstHamamatsu R1512Beneath these are

In addition to the diurnal and other slow variations of thefour layers of proportional counters used to determine the
cosmic ray intensity, occasional “bumps” in the counting direction of arrival of charged particles. Two layers are in the
rate of(U+L) are observed, as shown in Fig.(The vertical ~ east-west direction, while the other two are in the north-
scale is explained in the figure captipWe define a bump as south direction. From the pairs of directional counters, the
a short-lived variation that exceeds 1% or more of the averarrival direction can be classified into five directions, and by
age value. Initially, it was thought that these might resultcombining the pairs, the counting rate in 25 different direc-
from the low energy emissions of radioactive isotopes distions of the sky can be obtained. Thus with trigger logic the
solved in rain or snow. However, the observatory is oftendirection is resolved into 18° bins. This telescope function
covered by ove4 m of snow in winter and it is difficult to can be used to identify solar neutrons from their direction of
believe that any low energy emissions could penetrate to tharrival. Solar neutrons are converted into protons inside the
detector in such circumstances. We have a quite differerthick plastic scintillator before penetrating the four layers of
explanation for these variations, as described in this paper.proportional counters.

A 1 m? solar neutron telescopwas constructed in 1990 Beneath the telescope system there is a layer of wood and
as a pilot experiment to demonstrate its capability of detectthree further layers of proportional counters laid out in ¥he
ing solar neutrons, which was achieved during the large solaandY (horizonta) directions(see Fig. 2 The wood is 10 cm
flare of 4 June 199128]. This telescope is surrounded by thick and has a density of 1 g/émThe total amount of
anticoincidence counters so that only neutrons with energiesiatter corresponds to 3.5 radiation lengths, which can be
>50 MeV can be detected. penetrated by muons with energies greater than 150 MeV.

The muon detectomwas installed by the ICRR group in The trigger logic of the 64 ftelescope is rather com-
collaboration with Fujimotd29,30. Its purpose is to deter- plex. It has been designed to enable charged particles as well
mine the fine structure of magnetized clouds coming fromas neutrons to be recorded. In order to record neutrons, the
the Sun[Cornal Mass EjectionSCMES)| and the associated signal from the top layer of the proportional counter is used
Forbush decreases. Only the data obtained by the coincas the anticoincidence sign@hnti” ) for pulses produced in
dence between the top and bottom layers of the detector atee 20 cm thick plastic scintillator. The peak energy depos-

tion counter without anticounte(d) the same detector but for the
coincidence channelg) the neutron monitor 12NM64(f) 1 n?
X 50 cm plastic scintillation detector, ar{d) the above 150 MeV
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TABLE |. Detector responses. PR indicates Proportional, andhing to do with this effect and indeed one of (6M.),

BF3 indicates Boron Trifluoride. while working in the laboratory, observed the occurrence of
: : lightning and strong rainfall at the time of the peak counting

Channels  Main particles  Energy Detector rate of the proportional countefabout 1500 JST on 8 Au-

Anti y, €5, u* >15MeV 64 nt PR counters gust 2000. There was no change in the counting rates of

Anti+S1 v, n >21 MeV 64 nf plastic scintillator ~ Other Mount Norikura detectofshe NM data are shown in

s2 e, u*, p >42MeV 64 nf plastic scintillator ~ Figs. 1 and 8)], which is evidence that there was no elec-
Channel 10  u*, e* >150 MeV 64 n? PR counters trical interference associated with the thunderstorm and that
U+L e*, u* >10 MeV 36 n? plastic scintillator  the changes in the secondary cosmic rays reflected L)

\Y e, u* >20 MeV 36 nf plastic scintillator ~ Were real.

NM n,op >~10 MeV  12.7 n? BF3 counter Our detectors are located inside a building with a zinc-

covered roof, which perhaps forms a protective Faraday
cage. Internal a.c. power supplies are not significantly af-
ited by muons is greater than 42 Md¥llowing for the in-  fected because noise filters have been installed at the power
clination of the tracks The trigger level is set at half the supply gate for each detector. It is interesting to note that no
discriminator level[S1 (21 MeV) and S2(42 MeV)]. The  sudden changes of counting rate were observed at Mount
signals(anti+S1) and (anti+S2) correspond to photons that Norikura after lightning, in contrast to Baksan where such
are converted to electron-positron pairs within the plasticchanges were frequently seen during 2009).

scintillator. The simple S1 and S2 signé&sergies above 21

MeV and 42 MeV, respectivelyare associated with elec-

trons, positrons, and muons. . V1. OBSERVATIONS MADE TOGETHER WITH AN
The response properties of the detectors are shown in ELECTRIC FIELD MILL  (2001-2002)
Table 1.

At the moment our observations have been made during In order to investigate these phenomena further, we in-
winter time. However, from 2004, the Observatory will op- Stalled an electric field metétmill” ) at the Mount Norikura
erate automatically as a result of the use of low powetObservatory in 2001. This measures the electric field
complementary metal-oxide semiconductor circuitry oper-strength by means of a rotating chopper within the mill. The
ated by solar and wind power generators, which provide orlevice was calibrated by charging two large electrogits
average about 20 W. This system will be used for both théameter 31 cmto known voltages and placing the field mill

neutron monitor and the 64 %solar neutron telescope. between them at a separation of 50 cm.
We define a “positive” electric field as having a distribu-
V. OBSERVATIONS MADE IN SUMMER 2000 tion of positive charge in the atmosphere above the detector

and an inducedimage negative charge at ground level so

In the early summer of 2000, as is typical in the Japanesthat positive muons, positrons, and protons are accelerated
Alps, Mount Norikura was enveloped by thunder clouds ev-downward toward the detector. For a “negative” field there
ery afternoon. At the end of July, a strong Pacific high-is a negative charge in the atmosphere above the detector and
pressure zone usually covers Japan and the weather beconeesorresponding induced positive charge at ground level, so
very stable. In early August the high-pressure zone usuallthat negative muons and electrons are accelerated downward
recedes so that, in the afternoons, meteorological condition®ward the detector. In both cases additional gamma rays are
in the Alps become unstable. Water vapor produced bylso produced as bremsstrahlung.
strong solar heating in the morning rises and cools, produc- Weather conditions at Mount Norikura in early August in
ing ice crystals at altitudes greater than about 5 km. These iB001 and 2002 were quite stable and there were no large
turn become charged, by collisions, electron accretion, orainstorms each day, as there had been in the summer of
otherwise, and, as a result, a three-cell charge distributio000. Examples of cosmic ray “bumps” can be seen only in
builds up in the cloud such that there is usually an excesthe data of 2 and 4 August 2001 and of 9 and 15 August
positive charge at the bottom and top of the clouds and aR002. The rainy season in Japan usually starts in early June
excess negative charge in the middle. In summer the top aind continues to the end of July with a rain front standing
the clouds may be as high as 14 km altitude while in winterover Japan for a long period and disappearing with the onset
it is more like 6 km. of summer. The balance between the warm Pacific high pres-

In the year 2000 we made observations of the variationsure and the cold Okhotsk high pressure causes the rain front
of the count ratdU+L) and of the proportional counters at to move from south to north, and vice versa.
the top of the Nagoya 64 fmeutron telescope, on a number ~ We have selected several examples of thundercloud ef-
of occasions, including a run of five successive days. Arfects from the observations made in 2001 and 2002, as
example(8 August 2000 is shown in Fig. 3 together with shown in Figs. 4 and 5. In general it can be seen that the
other data(The vertical scale is explained in the figure cap-counting rates in channelanti+S1), S1, S2, andU+L) all
tions) It can be seen that tH&)+L) channel shows increases increase with negative electric field whereas the V and NM
at the beginning and end of increases of the counting rate inhannels usually do not change significantly. This pattern is
the proportional counters. It seemed at the time that thelear in the events observed in 2001 and in some of the
weather conditions, notably lightning, might have had someevents observed in 2002, for example, on 27 June, 4 and 14
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FIG. 3. (a)—(f) Time profiles of the counting rates of our detectors at Mount Norikura for 4, 5, 6, 7, 8, and 9 August 2000. Only the
counting rates of the 64 franticounter(anti), the 36 n? scintillator upper and lower array&)+L), and the 12 rhneutron monitofNM)
are shown. The variation of the 64%mroportional counter reflects the presence of “rain-out” radon daughter products. The count rate of the
neutron monitor was quite stable and unaffected by the occurrence of lightning except on 6 ABgalst.0.5%/division for anti, 0.25%/
division for (U+L), and 1%/division for NM]

August, 3 and 14 September in 2001 and on 3, 10, and 15400 and 1800. On the other hand, just after 0900 on 10 July
July and 30 September 2002. 2002, there are small decreases in all channels, except the

Usually, thunderclouds form in the rainy season and at th@eutron monitor, when the field direction was positive. This
end of summer in a similar manner, with warm air rising must be the result of a reduction of the flux of electrons.
through cold air as the atmosphere becomes unstable. Howtowever, for the large event beginning at 0945 on 17 July
ever, in 2000, conditions in the Japanese Alps must have ha2D02, there were evens3enhancements in the counting rate
the effect of causing a local upward flow of air and produc-of the neutron monitor. When the field switched from nega-
ing almost the same kind of thunderclouds with a doubletive to positive at 1025, there were increases in most chan-
structure in the counting rate as shown in Fig. 3. Weathenels, regardless of the sign of the field. We suggest that in
conditions are monitored regularly at villages 13 km NW andthis case the field direction at the surface changed while the
SE of the observatory and in early August 2000 showed general field in the cloud above remained the same.
clockwise wind flow, implying that there was indeed an up-
ward flow of air around Mount Norikura at the time. VII. MONTE CARLO SIMULATIONS OF MUON

In the data of 9 June 2001, the electric field was rather'flat CASCADES IN AN ELECTRIC EIELD
for 4 h between 1500 and 1900 and there was only a little
rainfall [Fig. 4(@]. Two clear bumps in the particle data sug- In order to investigate the effects of electric fields on cos-
gest that the counting rate might be affected by the electrienic ray secondarieespecially muons which pass through
field at altitudes perhaps 5—10 km higher than the observahunderclouds, we have carried out a Monte Carlo simulation
tory. using theGEANT 4 program(version 4.4.1.p01 Our experi-

In the data of 15 July 2002, it can be seen that the countmental results show that, at the altitude of the Mount
ing rate does not show a clear effect when the field brieflyNorikura observatory, the muon intensity is approximately
becomes positive at 1430. There was strong rainfall betweetwice that of the electrons and positrortfor energies

123010-6



EFFECTS OF ATMOSPHERIC ELECTRIC FIELDS ON . .. PHYSICAL REVIEW@Y, 123010(2004

Norikura 010609 d) Norikura 010814
B e £
=R epares oo I T O D OBl oot oo cans
Q g
= 2 ke
£ 2
g g
b= b=
= =
> >
N S 7 e T T R— 12 14 16 18 20 2 24
Time (JST) Time (JST)
(b) Norikura 010627 © Norikura 010903
O SO U SN SO SO O U SO S o T
= 2 AwdSToy = T
£ ' E o
< S .
E S
s L 2
> I
s s w1z 12 T T R a—
Time (JST) Time (JST)

(© Norikura 010804 L) Norikura 010914

Variation /3min
Variation /3min

Time (JST) Time (JST)

FIG. 4. (a)—(f) Time profiles of the counting rates on 9 and 27 June, 4 and 14 August, and 3 and 14 September 2001. The channels shown
are, from top to bottom, the 64 anticounter(anti), anti + S1(neutra), S1(charged, 36 n? (U+L), and the neutron monitor, respectively.
Corrections for the pressure effect have been applied. Each bin of the ordinate corresponds to a 2% variation. In the case of the electric field
one bin corresponds to 10 kV/m. Note that the counting rates increased in the presence of a negative electric field.

>10 MeV). Thus we have focused our attention to beginfield from 10 km altitude above sea level down to the altitude
with on following these muons and their secondaries in thef the Mount Norikura Observator§2770 m a.s.), resulting
presence of a constant vertical electric field. in acceleration and deceleration of charged particles. In fact,
In the cascade process, high-energy cosmic rays makibe tops of thunderclouds often reach altitudes of 14 km a.s.l.
nuclear interactions with the atmosphere producing chargeith summer time with the upper regions becoming positively
and neutral pions. Charged pions decay soon into muons argharged. Below 10 km a.s.l., the cloud is mainly negatively
neutrinos but some make further nuclear interactions. Neueharged except for a small positive pocket at the base. Thus
tral pions decay almost immediately into two photons and inour approximation is quite a reasonable one.
turn produce an electromagnetic shower. According to mea- (3) We have not taken into account effects of the geomag-
surements, the number of muons exceeds the number of elegetic field since the bending of low-energy muons by the
trons at atmospheric depths more than 600 ¢/EM]. The  magnetic field is of the order of a few hundred meters hori-
muons are mostly produced at about 10 km above sea levebntally, in comparison with the vertical running distance
and come down to the altitude of the observatory. The initiakbout 10 km. The effect can be neglected in the current cal-
positive charge of cosmic rays is transferred to the muorculation.
charge ratio and hence a positive charge excess is observed.(4) We have not started our Monte Carlo calculation from
Measurements made at altitudes of 2960 m and 5260 rthe initial collision processes between primary cosmic rays
show that thew "/~ charge ratio is approximately 1.5 in the and atmospheric nuclei. Instead, to reduce the necessary
energy range from 500 MeV to 3 G481,11]. In our Monte  computation time, 50 000 muons have been assumed to be
Carlo calculations, we made the following assumptions.  generated at 10 km a.s.l. and their energy spectrum and
(1) We used this charge ratio. charge ratio followed as described below.
(2) We assumed that there is a uniform vertical electric (5) The muon energy spectrum in the atmosphere has
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FIG. 5. (a)—(e) Time profiles of the counting rates observed on 3, 10, 15, and 17 July and 30 September 2002. The excesses were
associated with negative electric fields. An exception is seen at 11 h of local time on X@)Jilge 19 nf muon data are added {b) and
(d). The scale is the same as in Fig. 4.

been measurei situ at 10 km a.s.l. by Coutoet al.[32]. (10—20% in the range above-65 kV/m. For muon energies
We have used this spectrum in the range 300 MeV to 40 Ge¥éxceeding 3 GeV there is no significant effect in the range
together with the associated angular distribution of muons-80 to +80 kV/m. The corresponding variation of the
within 10° of the vertical direction as inputs for our simula- “soft” component (electrons, positrons, and gamma paigs
tion. shown in Fig. 7. These particles, in contrast to the muons,
(6) Muons are assumed to have been generated with thend to show increases for large electric fields outside the
observed angular distribution between 0° and 10°. range=40 kV/m regardless of charge. This soft component
(7) The atmosphere was taken to be the U.S. Standar@ produced either by the decay of muons or by the knock-on
Model. processes from high-energy muons. Photons are also pro-
(8) The simulation volume was taken to be 5 K km  duced as bremsstrahlung from these electrons and positrons.
X 10 km (altitude. We have taken into account all of these processes in the
The calculated variation of the total muon intensity at theMonte Carlo calculations. The number of electrons and pos-
level of the Mount Norikura Observatory, with varying ver- itrons with energies higher than 40 MdWig. 7(a)] is ap-
tical electric field strengths, is shown in Fig. 6, for muon proximately 2000 and of photofiEig. 7(c)] is 2350, whereas
energies from 100 MeV to 3 GeV and a muon charge ratio othe number of photons with energies higher than 20 MeV is
1.5. The number of muons detected at Mount Norikura with4300.
E,>100 MeV is 10800 events. This arises because we have The differing behaviors of the lower-energy muons can be
generated muons witle,,>300 MeV and the low-energy accounted for by noting that the muons are produced pre-
muons decay and are absorbed in the atmosphere befodeminantly at an altitude of about 10 km a.s.l. Muons with
reaching Mount Norikura. For muon energie® GeV, the energies above 1 GeV can reach the altitude of Mount
electric field has no significant effects in the rangeNorikura, losing energy by ionization loséon passing
—80 kV/m to about+20 kV/m, but there is a clear increase through about 500 g/cfmof atmosphere and occasionally

123010-8



EFFECTS OF ATMOSPHERIC ELECTRIC FIELDS ON . .. PHYSICAL REVIEW@Y, 123010(2004

H4,u- > 100MeV p+/u-=1.5 U+,u- > 1.5GeV p+/u-=1.5 et > 40MeV p+/p-=1.5
250 250 250
10- : : 40 *a0:
30 30 30=
20 : W 20 205 .
10 B T 10, . 105 [} ¥
0 L T el 0 = ] i r 0 L oy
-; g -;g 2 -10-
: 20 -20
-30 -30;-
a0 4 30
100 50 0 50 100 7100 50 0 50 100 -50 : ]
o fi ic fi 100 50 O 50 100
(a) Electric field[kV/m] (e) Electric field[kV/m] (a) Electric field[kV/m]
. 28 U+,lt- > 200MeV p+/p-=1.5 . 28 Uihl- > 2 GeV p+/u-=1.5 5 e+ > 20MeV p+/-=1.5
30 30F *20
20| - 20 308 :
i e - - n s = g E .
=10t -10E - M we iy
E: E: r:
-gg -40- :30:
% f00 0 o 50 00 C-100 50 0 50 100 s ‘ ‘
(b) Electric field[kV/m] (f) Electric field[kV/m] 100 =50 0 50 100
(b) Electric field[kV/m]
50 L+,U= > 500MeV p+/u-=1.5 50 H4,l= > 3 GeV p+/p-=1.5
& gg, f : 2 gg - 50 v > 40MeV p+/p-=1.5
E 220
20- : 20 40-
105 -t 10 30
-ma m . ag, % 20- 1]
a8 SELOE Y S i 10- o
20t -20 0 -=.. -ln.xl-i
3 ® 2%
50100 50 0 50 10 50360 50 0 50 100 328_
(€) Electric field[kV/m] (9) Electric field[kV/m] .50 i i
-100 50 ( )0 50 100
c e
5o Htii->1GeV pal-=15 sp 1> 5 GeV /=15 Electric fleld[kvim]
® B3
=20 ° 40 -=
gg gg 50 v > 20MeV p+/u-=1.5
= 40>
10 an 10 3
3 il - 0 L] -- . - ggf
-10 10E- -® L 10 T
-20 -205 Y
2 | ) .
50 i -50 -20-
-100 -50 0 50 100 -100 -50 0 50 100 -30E
(d) Electric field[kV/m] (h) Electric field[kV/m] gg—

. , 100 50 0 50 100
FIG. 6. (a)—(h) Results of Monte Carlo simulations of the ef- (d) Electric field[kV/m]

fects of electric fields on air showers. The variation of the total . .

muon intensity is shown as a function of the thundercloud electric F/G- 7- (@—(d) As for Fig. 6 but for electrons and positrons
field (assumed to be constant below 10 km altitudéor positive ~ Produced by the decay of low-energy muons or for muon-produced
and negative muons in the energy rang@00 MeV to>2 Gev,  Knock-on electrons. The threshold energy 3520 MeV and

there is no very obvious dependency on the field. Variations arg” 40 MeV. The variation of photon flux is shown i) and (d).
expected in the case of positive rather than negative electric fieldghe_s‘e photons are produced as bemsstrahlung from electrons and
because the predominance of positive muons in the showdositrons.

(u*/u”=~1.5). However, for muons>3 GeV, the variations

should not be expected within the range of field strengths FOr the “soft” components, namely, electrons, positrons,
+80 kV/m. and gamma rays associated with muon decays and brems-

strahlung, the effects of the electric field are quite different,
decaying to electrons and positrofvehich in their turn pro-  especially if the signals associated with electrons and posi-
duce gamma rays by annihilatiorThis is evident from the trons are combined as in our detection system. The results of
spectrum measured at mountain altitudes, which has a shouimulations are shown in Figs. 9 and 10. There is a clear
der around 1-2 GeV31]. Thus particles observed at lower effect on individual species, as shown in Fig. 9, but when
energies(0.1-2 GeV originate at significantly higher ener- combined the fluxes of positrons and electrons show little
gies where the change in energy associated with the electrihange except for electric fields greater than about
field is relatively small and hence the electric field does nott 50 kV/m. The same holds for gamma rays, which are
appear to affect them as much as one might have expectednainly produced as bremsstrahlung by these particles.

It is important that the muon charge ratio should exceed

unity as we have assume_d; otherwise_ the variations in the VIIl. PERIODICITIES IN THE OCCURRENCE
muon flux would largely disappear. This is because the en- OF “BUMPS”
hancement associated with muons that have been accelerated
by the electric field is effectively compensated by the depres- We have accumulated enough data since the Nagoya
sion of the intensity of those that have been deceler@ed 36 n? meson monitor was installed to be able to investigate
Fig. 8. periodicities in the occurrence of “bumps,” which are pre-
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FIG. 8. (a)—(h) The variation of the total muon intensity in the
(unrealisti¢ case of equal muon intensitieg (/u~=1). A sym-
metrical variation of the intensity with respect to positive and nega:
tive fields is to be expected. However, for higher-energy muons

(h) Electric field[kV/m]

words, on the basis of the maximum entropy method, the
probability of seeing this 26-day periodicity is once per
220000 yrs, corresponding tar4 The dashed line and dot-
ted line of Fig. 12 show the & and 3o limits expected for
white noise.

As shown in Fig. 12, the results are quite surprising: there

(>2 GeV), the variation is absentSince cosmic rays are mainly
positively charged, this property is transferred to the muons, which
accordingly have a charge ratio of abqut/u~=1.5.)

sumably associated with electrical activity in the atmosphere
above Mount Norikura as described here. The months when
events occurred are shown in Fig. 11: it is clear that they
occur mainly in summer but there are occasional events also
in winter. This is consistent with the occurrence of thunder-

storms.

We have analyzed almost 11 yrs of continuous data ob-
tained between 26 October 1990 and 15 January 2002 from
channels(U+L) of the 36 nt scintillation detectors of the
meson monitor. The events were defined as intervals in
which the count rate exceeds the average of the 3 min count
rate by 1%. The days on which the ev@hbccur are flagged
(1) and those with no events are flagg®d. In this way we
have constructed a time series, on a daily basis, for the whole
period of 11 yrs. We have used this to search for periodicities

et > 20MeV p+/p-=1.0

* []
L "

100 50 0 50 100
(a) Electric field[kV/m]

v > 20MeV p+/u-=1.0

%160 56 0 50 100

(b) Electric field[kV/m]

on the basis of the maximum entropy method. The result is FIG. 10. (a), (b) On combining the electron and positron inten-
that a periodicity of 26 days is apparent in the data.
We have also generated 20 000 artificial time series baseslectric fields are stronda) electrons and positrons combined)
on randomly occurring events. Each artificial data set congamma rays.

sities the variations shown in Fig. 9 almost cancel, except where the
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days Period: 1991— 2001 (11 years) 26-day variations of cosmic ray intensity at such energies are

50 small (a few percent at most Perhaps a more important

40 effect is that suggested originally by N¢g6], who noted

30 that the changes in atmospheric electrical conductivity that

20 should be associated with cosmic ray variations might cause
changes in thunderstorm activity and hence changes in cloud

10 cover. Furthermore, Elgt al. [37] discovered a clear corre-

0 lation of sunspot number with the occurrence of lightning

and suggested that there is a relationship between the 22-year
month modulation of the ionization density at the 300 mbar level to

FIG. 11. Monthly occurrences of thunderstorm-related event§he sun-weather problem in general.
for a period of almost 11 yrs, running from 26 October 1990 to 15

January 2002. It is clear that the events occur mainly in the summer IX. SUMMARY AND CONCLUSIONS
although a few are observed in wintéhe corresponding solar
cycles are 22-23 With the aid of data obtained from an array of cosmic ray

detectors at Mount Norikura Observatory, we have investi-

is a clear 26-day period with a statistical significance exceeddated the behavior of the fluxes of cosmic ray secondaries in
ing 40. We repeated the analysis, separating the data intée presence of thunderclouds. We have observed “bumps”
years of high solar activitf1991-1992, 1999—2001and in the data which are often associated with thunderclouds
low activity (1994—1998 and found that, whereas the peri- @ahd which have the following properties.
odicity is absent during periods of low activity, it is clearly ~ (1) The bumps occur mainly in summer but also occasion-
present during periods of high activitgbout 3r). This con-  ally in winter.
firms that there is a solar cycle effect. Furthermore, since 26 (2) The occurrence of bumps is correlated with bad
days is close to the apparent period of rotation of the sun ateather, especially thunderstorms.
latitudes where solar activity occurs, it seems reasonable to (3) They are not the result of electrical interference in-
associate the two phenomena. Indeed, there is a tendency @fced by thunderstorms in our detectors.
the cosmic ray intensity observed at ground level to show (4) Bumps were observed predominantly in association
such a quasiperiodicity with the same solar cycle dependend@ith negative electric fields at the ground but sometimes also
[33]. However, we cannot be certain at this stage that thavith positive fields.
periodicity is not associated with some atmospheric tidal ef- (5) The 64 nf proportional counter sometimes showed
fect[34,35. long-term increases in association with rainfall which were

It has been suggested that cosmic ray variations mighgvidently produced by the rain-out of radon daughter prod-
influence the weather on the Earth as a result of associatétfts.
variations in the production of condensation centers for wa- (6) In a very few cases the neutron monitor showed a
ter vapor in cloud$5]. We have shown that there does in- Small excess in association with a bump.
deed appear to be an association, based on the analysis of our(7) Monte Carlo simulations show that the effects of elec-
results and the general discussion given in Sec. Il. Howeveflic fields greater than=40 kV/m are apparent even with a
we recommend caution at this stage since the geomagnetisuon charge ratio of unity.

cutoff at Mount Norikura is 9 GeV and the solar cycle and  (8) For a more realistic muon charge ratio of 1.5, observ-
able bumps are expected for field strengths outside the range

0.22 - ] ' —80 kV/m to +20 kV/m, which was found to be the case.

02 i A (9) The occurrence of bumps showed a significant 26-day

o8tV 4‘?‘ periodicity (spectral power 0.02 This suggests that there

0.165" N could be some kind of solar modulation of the occurrence of

0.14F thunderstorms and/or the behavior of the associated electric
50.125 fields. However, tidal effects with almost the same period
5 04E might conceivably be responsible.

(10) A solar cycle variation was found in the 26-day pe-

0.06 riodicity with spectrum intensity €0.14) during years of

0.04 high solar activity(1991-1992,1999—-200Iwhich is consis-

0.02E tent with the properties of the 27-day variations of comic
T T T T IO T rays. However, the periodicity is absent during periods of
0 10 20 30 40 50 60 70 80 90 100 low solar activity(]_994_1998

Perlod {days) With regard to point 4, it has been reported by Dorman

FIG. 12. A maximum entropy analysis of periodicities in the €t al.[38] that decreases{0.4%) of neutron monitor count-
thunderstorm-related events shown in Fig. 11, showing the presenddd rates occur for very strong negative electric fields
of a 26-day periodline). The dashed line and dotted line corre- (<—80 kV/m) but no changes were found for positive
spond to 4 and 3r fluctuations expected for white noise in each fields. In this case the neutron monitor was shielded by a
period, respectively. Faraday cage. Our observations indicate that, during periods
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when the neutron monitor counting rate showed an increaseyder to relate changes in the current to the ground with
the coincidence channel of the muon detector did not changehanges in the electric field and cosmic ray behavior. We
We suggest that protons were accelerated by a positive fielghust extend Monte Carlo calculations which include not

to produce the excess and that this is the first evidence fQ§n|y muons and also all charged particles, electrons, posi-
proton acceleration by thunderstorm electric fields. A neutronrons, and protons. Finally, we will endeavor to remove the

monitor can detect low-energy negative muons and hence thafects of compensation of flux changes when electrons and
decreases reported by Dormanhal. could represent a de- positrons are measured togetksze Fig. 9, by attempting to
crease of the counting rate of positive muons as a result fonitor the positrons separately: this may be possible by

their deceleration in a strong negative electric field. observation of the annihilation gamma ray line at 1.022
We intend to carry our investigations further, making usepev.

of additional equipment to allow us to determine the relation-
ship of atmospheric and cosmic ray effects. For example, we
will install a simple lightning monitor, which will give us
information concerning the occurrence of bumps and light-
ning activity. We will also monitor the rainfall rate more  The authors would like to thank the staff of Mount
carefully: at present the time resolution is yrdl h and yet Norikura Cosmic Ray Observatory of the University of
there are some obvious correlations. Furthermore, we willokyo for supporting our experiments. The authors thank Dr.
investigate the possibility of using a rain current meter inKhaerdinov for useful discussions.
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