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Abstract. On the basis of cosmic ray and atmospheric electric field one minute data obtained
correspondingly by NM and EFS in Emilio Segre' Observatory (hight 2050 m above sea level, cut-off
rigidity for vertical direction 10.8 GV) we determine the atmospheric electric field effect in CR for total
neutron intensity and for multiplicities m=1, m=2, m=3, m=4, m=5, m=6, and m=7. For comparison and
excluding primary CR variations we use also data obtained by NM of University "Roma Tre" (about sea
level, cut-off rigidity 6.7 GV). According to the theoretical calculations of Dorman and Dorman (1995)
the electric field effect in the NM counting rate must be caused mainly by catching of slow negative
muons by lead nucleus with escaping few neutrons. As it was shown in Dorman et al. (1999), the biggest
electric field effect is expected in the multiplicity m=1, much smaller in m=2 and negligible effect is
expected in higher multiplicities. We will control this conclusion on the basis of our experimental data.
Obtained results give a possibility to estimate total acceleration and deceleration of CR particles by the
atmospheric electric field.

1. On the theory of atmospheric electric field effects in the hard muon component
1.1. Expected intensity of hard positive and negative muons

Because the atmospheric electric field effects are opposite for different charged muons, let us
determine the expected intensity of positive and negative muons separately. According to the Dorman’s
theory of atmospheric variations of CR muon component without taking into account atmospheric electric

field (E(h):O), the observed intensity of hard muons will be determined by the expression (Dorman,
1954, M1957, M1972)

|,uh<h0:E,umin:Z): |;;h(h0aE,uminaZ)+ |;_4h(h01E,uminvZ) 1.1)
where Mo is the atmospheric pressure on the level of observation, Z is the zenith angle, #™" is the
apparatus muon energy threshold, and indexes + and — regard to positive and negative muons. Here

ho 0o hy
+ ) _ +
inlho. Exmin.Z)= oy ] o [aF*(Ex . o.2)
0 B min 0 ) 1.2)

where Ez is the energy of pions, L is the level of pion generation, hy is the level of muon generation,

ho
+ t + -1
Exmin=| Esmin* | @ (h)dh |(Bcosz)

1.3)
is the lowest pion energy for producing positive and negative muons what can be detected by apparatus
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Here are the appropriate rest masses and life times of charged pions and muons,
=m,/m . : . t . 2
b ,u/ T, ,O(h) is air density, 2 (h) is muon energy loss per 1 g/cm (at

_ +(h)_ A~ - 2 +

E(h)_o,a (h)_a (h) ~2Mev/(g/cm )), fz (Eﬁ'hl’z) is the pion generation function for
positive and negative pions. Let us note that because primary CR out of the atmosphere are mostly
positive particles (protons, & — particles and heavies nucleus, there is a positive excess in the pion

+ —
generation function: fz (E”’hl’z)> fr (E”’hl’z). If E(h)¢0 then owing to acceleration or
deceleration of charged muons their loses of energy will be change for positive and negative muons in
opposite directions (decrease or increase correspondingly for accelerated or decelerated by electric

+ -_—
field), and in this case a (h)i a (h)
1.2. Expected influence of atmospheric electric field on intensity of hard positive and negative muons
As mentioned in the previous section 1.1, if we take into account the atmospheric electric field,

a*(h) ., a (h) o : - : :

and for positive and negative muons become significantly different. For example, if
5 2 -3 3

E(h)=+30 kV/m:+3><10 V/(g/cm ) near sea level (P (h)~10 g/cm ) then for vertically

_ 2
arriving positive muons a*(h)_1.7 MeV/ (g/ cm ) and for negative muons

- 2 + - 2
a’(h)=23 Mev/(g/cm ) (in this case Aa*(h)=703 Mev/(g/cm ) correspondingly for positive
and negative muons). For the general case of muons arriving at zenith angle Z on the depth h with air

density p(h) one obtains
Aa* (h)=FeE(h)cosz/p(h) (15)

Using Egs. 1.2-1.5, we obtain for atmospheric electric field effect in positive and negative muon in-
tensity the following changes (caused by changes in muon energy looses according to Eq. 1.5):
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1.3. Expected influence of atmospheric electric field on the total intensity of hard muons
For the relative variation of the total intensity of hard muons caused by atmospheric electric field
effect we obtain from Eq. 6 with taking into account Eq. 1.5:
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hy
(hp, g, Ez.Z)= thl(F*(En,hl,hz,ho,Z)—F‘(Eﬂ.hl.hz,ho,Z))-
0 (1.9
1.4. Absorption contribution to the atmospheric electric field effects in the total hard muon intensity
The first integral in the right part of Eqg. 1.6 and Eq. 1.7 describes the atmospheric electric field muon
effect owed to changes of muon absorption. On the basis of calculations of integrals in Eq. 1.6 and Eq.
1.7 as made in Dorman (M1957, M1972), taking into account the difference between functions of

+ -
positive and negative pion production in the Earth's atmosphere fz (E” ’hl’z) and fr (E” ’hl’z) we
can roughly estimate the role of the absorption contribution in the muon atmospheric electric field effect.

Let us assume that E(h)¢ 0 only in the region between o and some level h3, and have one sign. For

_ _ 2 _ 2 o
E(h)=10 kv/m 4 30 kV/m, h,=1000g/cm?, hy=700g/cm® __ 4 7 =0 (vertical direction) we
obtain the expected value of the effect at sea level 0.2% and 0.6% for hard muons (10 cm Pb absorber).

2 2
For Baksan station (ho ~800g/cm ) at the same hg ~700g/cm we expect for E(h)=10 kv/m 0.22%
and for 30 kV/m 0.36% for threshold kinetic energies of muons 20 MeV and 0.10% and 0.30% for
threshold 90 MeV, in a good agreement with observations of Alexeenko et al. (1985, 1987).
1.5. Decay contribution to the atmospheric electric field effects in total hard muon intensity
The second integral in the right hand side of Eq. 1.6 and Eq. 1.7 describes the atmospheric electric
field muon effect owed to changes of muon decay. For the same conditions that were considered in the
previous Section 1.4 let us estimate the expected the decay contribution in the atmospheric electric field
effects in the total intensity of hard muons on the sea level. The result of rough calculations is: 0.12%

and 0.36% correspondingly for E(h):lo kv/m and 30 kV/m . For Baksan station we estimate 0.23%
and 0.69% for 20 MeV threshold energy and 0.19% and 0.57% for 90 MeV threshold energy,
correspondingly for E(h)le kv/m and 30 kV/m
Alexeenko et al. (1985, 1987).
2. The short theory of atmospheric electric field effects in soft muon intensity
Atmospheric electric field effects of soft muons (muons with small energy, absorbed by 10 cm Pb)
are especially interesting because they contribute in some part of the neutron monitor’s and super-
monitor’s counting rates. It was shown in Dorman (M1957) that this leads to the temperature effect in
the neutron component. As it was shown in Dorman and Dorman (1995), this will lead also to the ap-
pearance of atmospheric electric field effects in the neutron monitor’s and super-monitor’s counting
rates.
2.1. General expression for expected intensity of positive and negative soft muons in an atmospheric
electric field
The intensities of positive and negative soft muons will be determined by the expression

+
h E7zmin h2

0
lis(ho.Re,Z)= [dhy [dE,. [dhyF=(Ex, Py, o, ),
0 g 0
7l

. These values do not contradict those observed by

2.1)

+
where F (E”’ hl’hz’ho’z) was determined by Eq. 1.4 (see previous Section 1), and

h h
E;_;1 = (mﬂ 2+ jOaJr(h)th/ﬂ cosZ; E,J‘;min = (Egmin + fa*(h)dh}/ﬂ cosZ.
M ! 2.2)

In Eq. 2.2 the energy losses or increasing at the existing of atmospheric electric field E(h) will be

a*(h)=a+Aa*(h)=axeE(n)/ p(h) 2.3)

2.2. Expected variations of positive and negative soft muon intensity in an atmospheric electric field
On the basis of Eq. 2.1 and Eq. 2.2 we obtain for variations of positive and negative soft muons:
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By taking into account Eq. 1.5 or Eq. 2.3 (where e is the charge of muons, and E(h) is the vertical
component of atmospheric electric field, positive in direction to the ground), we obtain from Eq. 2.4 for
the relative change of positive and negative soft muon intensity caused only by atmospheric electric field
effect the following expressions:
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2.3. Absorption part of atmospheric electric field influence on soft positive and negative muon intensity
The first term in Eg. 2.5 describes the atmospheric electric field effect caused by absorption.
According to Eq. 2.6 and Eq. 2.7 we obtain approximately:

1
(0761 s =28 o 7 2 vt - L7 )
L ~120 g/cm?

(2.8)

where is the attenuation path of primary CR in the atmosphere, b=E1/Exmin and 7
is the power integral pion spectrum index for high energy region (= 2 GeV)_ Let us suppose that E(h) =

_ 2 _ 2
10 kv/m and 30 kV/m between hy =700 g/cm and h, =1000 g/cm . In this case we expect for

soft positive and negative muons an effect of about 2.8 % and 8.4 %, respectively.
2.4. Decay part of atmospheric electric field influence on soft positive and negative muon intensity

The second term in Eq. 2.5 describes the atmospheric electric field effect caused by the influence of
acceleration and deceleration processes of muons on their decay. For this part we obtain approximately

Kem,cosZ B
(Alis/lﬁiﬁ)E,decay z iW(ho _h3)(a(h0 - h4)) ? El(h3’ h4),
H (2.9)

where =M =M 4o finction Ea(hg.hs) was determined by Eq. 2.6, and

(7+1>(Eymin +mﬂcz)]/([ m#c2 J E min ]
K=|1- 1+ 1+
[ alh,-L) alh, —hy) ( alh, - h4)] . (2.10)

Using the same assumptions as in Section 2.3, we obtain for the expected amplitude of decay part of AEF

2 2
g 30 kv/m h3=7009/cm and ho=10009/cm _

effect 1.1% and 3.3% for E(h)=10 an between
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3. Expected atmospheric electric field effects in neutron monitor total counting rate and in different
multiplicities
3.1. Possible atmospheric electric field effects in neutron monitor

In Dorman & Dorman (1995), Dorman et al. (1995), the model of atmospheric electric field influ-
ence on CR was extended on the case of neutron monitor and super-monitor for total intensity, and in
Dorman & Dorman (1999) also for different multiplicities. It was taken into account that some part of the
neutron monitor counting rate caused by negative soft muons captured by lead nucleons and formed
mesoatoms with generation of neutrons of several MeV energy from lead. In this case, the neutron moni-
tor or neutron super-monitor works as analyzer, which detect muons of only one, negative sign. It is very
important because the atmospheric electric field effect has opposite signs for positive and negative muons
that the main part of this effect in the muon telescope or in ionization chamber is compensated. The

counting rate Im(hO’RC) of neutron monitor total intensity (m:t) or different multiplicities m = 1,

2,3, .. atthe pressure level o and at the point with cut off rigidity RC, is determined by

Im(Po.Re)=Imi (o, Re)+ s (o, Re) (3.1)

where the first term on the right hand of Eq. 3.1 ImN(hO’RC) reflects the main, nucleonic part of the
neutron monitor counting rate. This part describes the generation of neutrons in the high atmosphere and
their transport down to the observation level by scattering and absorption processes (the transport path for

~145 g/cm2

absorption is ; the atmospheric electric field has practically no influence on this part). The

(ho.Rc)

. Im .
second term on the right hand of Eq. 3.1 M reflects a very small part of the neutron monitor
. . . lt,5(hg, Re )/ 1t (hg, Rc )= 0.07
counting rate (e.g., for the total neutron intensity at sea level tus o C)/ tlho.Re) ), caused by
soft negative muons, producing lead mesoatoms with generation of neutrons in the detector.
Let us denote

|r?ws(holRc)/'m(ho,Rc):bm(hOIRc) (3.2)

Then the relative variation in neutron monitor counting rate due to the atmospheric electric field effect
will be

(Alm(ho,Rc)] _ A'r?],us(ho’Rc) — by (o Re A'r?ws(ho’Rc)
Im(ho,Re) E Im(ho.Re) £ |r_n,us(ho'Rc) E

3.2. Formation of lead mesoatoms in neutron monitor by soft negative muons

The atmospheric electric field effect is determined mostly by soft negative muons generating lead
mesoatoms with ejection of neutrons. Let us consider data on the frequency of lead mesoatoms formation
in neutron monitors as a function of multiplicity and altitude. According to Nobles et al. (1967), special

measurements were made in the region of middle cut off rigidity (Rc ~4-5 GV) and in the period of
low solar activity (near 1965). It was found that the relative part of counting rate caused by formation of
lead mesoatoms on the sea level is

(3.3)

s.l. . .
bn (o, Re <5 GV <, =8.94% for m=1; 6.7% for m=2; 2.6% form :3_ )
For the mountain level (about 3 km) the relative part of counting rate caused by formation of lead
mesoatoms is several times smaller:
m.l.

b (Mo, R <5 GV =1.65% for m=1; 0.68% for m=2; 0.3% for m=3

low SA . (35)
According to these data the largest atmospheric electric field effect at low solar activity is expected at
sea level for multiplicities m = 1 and m = 2. At the mountain level the atmospheric electric field effect is
expected to be about 5 times smaller (it is caused by much faster increase with increasing of altitude of
the secondary neutron intensity from primary CR in comparison with the secondary muon intensity).
3.3. Dependence of lead mesoatoms formation in neutron monitor on cut off rigidity and solar activity
The relative part of neutron monitor counting rate caused by formation of lead mesoatoms is directly
proportional to muon component intensity and inversely proportional to nucleonic component intensity.

5
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The muon component intensity decreases from Re<2GV to Re~15 GV only by about 10%, but
intensity of neutron component decreases by about 50%. This means that the relative part of neutron
monitor counting rate caused by the formation of lead mesoatoms is expected to increase by about 40%
Re<2GV ) Re~15GV

from , and that on sea level this part will be increase and as result we expect:
s.l. . .
bn(ho, Re *15 GV <, =12.5% for m=1; 9.4% for m=2; 3.6% for m=3 G
R. <5 GV

From the minimum to the maximum of solar activity at intensity of muon component
decreases by about 6% and neutron component by about 20%; it means that the relative part of neutron
monitor counting rate caused by formation of lead mesoatoms expected to be decrease by about 14%
from minimum to maximum of solar activity, and as result we expect:

sl - 9 -1 7.69 -9 0 -
bm(ho,Re <5 ijhigh sp =10.2% for m=1; 7.6% for m=2; 3.0% for m=3 o)
R. ~15 GV .. . . .

Near equator (¢ ) from the minimum to the maximum of solar activity intensity of muon
component decreases by about 4% and intensity of neutron component by about 12%; it means that the
relative part of neutron monitor counting rate caused by formation of lead mesoatoms expected to be
increase by about 8% from minimum to maximum of solar activity, and as result we expect:

N s.l. _ 0 .. 0 Y 0 _
by (hg, R ~15 Gv)|high sa =135% for m=1; 10.2% for m=2; 3.9% for m=3 o)
3.4. Atmospheric Electric Field (AEF) coefficients for NM on Mt. Hermon
On the basis of results obtained in Section 3.3 we can determine atmospheric electric field coeffi-
cients W, for observations by neutron monitor of the Emilio Segre’ Observatory on Mt. Hermon:

Wit Hermon

W\t s Be =108 GV =t L 23 1o sa (39)
=437 6.48; 43532: 171 11077 DoV fm ._-'ig,lfcm:r_:
o 8 _ o e 1. . o bt Hermon
Wogl iy R, =108 GV.m =tor:1; 203, 1 o (3.10)

= (4.72: 6.99: 4.66: 1.83 )x107° %(kV fm g fem ] .

4. Observations of atmospheric electric field effects in total neutron intensity and in different mul-
tiplicities, and comparison with theory
4.1. Measurements of AEF on Mt. Hermon; characteristics of thunderstorm periods

The AEF sensor EFS-1000 started to work in the Emilio Segre’ Observatory on Mt. Hermon in
February 2000. It made measurements on top of the Observatory each minute for negative field up to —

160 kV/m and for positive field up to +16 kV/m (if the electric field has intensity E>+16 kV/m, EFS-
1000 shows only the upper limit +16 kV/m). In Figs. 1 and 2 are shown examples of these measurements.

20 20
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-80 v T | 7
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12.02.2000 | 13.02.2000 19.12.2000 \ 20.12.2000
Time Time

Fig. 1. One-minute data of AEF on Mt. Hermon during a thunderstorm periods in February 2000.
Fig. 2. The same as in Fig. 1, but for a thunderstorm periods in December 2000.

4.2. One-minute data of atmospheric electric field and cosmic ray neutron intensity
Because the expected AEF effect for measurements by NM on mountain heights is very small (see

6
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Section 3.4), it is necessary to decrease fluctuations in CR intensity caused by other causes than AEF
effects. Therefore we corrected data of the total intensity and different multiplicities on barometric effect,
on snow effect, and on primary variations (by using Rome NM data for comparison). Our one minute data
are characterized with statistical errors of 0.98%, 1.45%, 2.76% and 4.74% for total intensity, m =1, 2, and
3, respectively. Therefore we used averaged of many thousand one-minute thunderstorm EFS-1000 data.
4.3. Regression relations between AEF and counting rates of total neutron intensity and different mul-
tiplicities
Unfortunately, the information on the space—time distribution of AEF E(h,t) is not available. In the
Emilio Segre” Observatory on Mt. Hermon we have one minute data of continuous measurements only of

E(ho't) in the place occupied by Emilio Segre’ Observatory. We suppose that E(ho’t) is in good
correlation with distribution function E(h,t). In this case we obtain approximately
ho _
(Al )/ 1moJg = [Wing (h)E(h,t)dh ~ W mE x (hg —hg)x E(hg,t),
hy (4.1)
where " is the air pressure on altitude of charged clouds caused thunderstorms.
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Fig. 3. CR intensity variations vs E for total neutron intensity, m=1, and m=2.
The statistical relation between variations of total neutron intensity and E is following:
(Alt(t)/|to)E o WiE x (g —hg)x E(hg, t) (4.2)
with correlation and regression coefficients
Ry =0.56+0.09; Wi x (i, — hg) = (0.0059 +0.0018) 9%(kV/m)

4.3)
The statistical relations of multiplicities m = 1, 2, 3 with E(hy,t) are as following:

(Alm(t)/|mo)E “WmEx(ho_h3)X E(hO't) (4.4)

with correlation coefficients
R =0.77+0.06, R, =0.45+0.11, Ry=-0.07+0.14, 5)

and regression coefficients

Wi x (h — hg)=(0.0091+0.0016) %(kV/m) 2, (4.6)
W 2€ % (hy — hg )= (0.0075+0.0032) %(kV/m) %, @)
W 3e x (h, — hg)=—(0.0016 + 0.0048) %(kV/m) 2, 48)

4.4. Comparison of experimental results and theoretical predictions of AEF effects in NM total intensi-
ty and different multiplicities

The comparison of experimental results reflected in Fig. 3 and Eq. 4.2-4.8 shows that the best
correlation with the highest regression coefficient was observed for the multiplicity m = 1. Lower
correlation and smaller regression coefficients were observed for the total neutron intensity and for
multiplicity m = 2. Practically null correlation and negligible regression coefficient were observed for the
multiplicity m = 3. These results are in good qualitative agreement with those predicted by the theory of
Dorman and Dorman (1995), Dorman et al. (1995), Dorman and Dorman (1999) that was described above
in Section 4.3.

Quantitative comparison of experimental results with theory is much more difficult. On the one hand,
the influence of AEF on charged energetic particles of CR has an integral character in vertical direction
from the level of observations to the level of charged clouds and from great horizontal surface (neutron
monitor detects particles arrived mostly from zenith angles smaller than about 30° which means from the

surface about 10 km? on the height of charged clouds of few km). On the other hand, the sensor of AEF

7
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EFS-1000 gives information only on the local AEF on the top of our Observatory on Mt. Hermon.
Nevertheless we can try to do this comparison and estimate approximately the average depth (in g/cm?) of
layer where CR particles are accelerated and decelerated. From results, obtained for m = 1 we obtain

(0.0091+0.0016 2%6(kV/m)

(ho s ).~ = (130 +23)g/cm?
" 6.99x107 %(kV/ m)‘l(g/ sz} (4.9)
For total intensity and multiplicity m = 2 we obtain
-1
o —hy )~ (0.0059 +0.0018 % (kV/m) = (125+ 38)g/cm’
4.72x1075 9%(kV/m)" ( /cm? (4.10)
(s ), ~ (0.0075+0.0032)6(kv/m)™" (160 + 68)g,/cm?
4.66x107° %(kV/m) (g/ cm? (4.11)

According to Eq. 4.8 AEF effects for m = 3 and higher are negligable (in agreement with considered
theory) and it is no sense to take them into account. On the basis of Eqgs. 4.9 — 4.11 we obtain final average
result

(o —Ps),, = (132 £19) g/om? (4.12)

which shows that charged clouds are in average on about 3/2 km over Mt Hermon what not contradict
meteorological observations.
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