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Abstract. The present work contains some results of obser-
vations of neutron flux variations near the Earth’s surface.
The Earth’s crust is determined to be a significant source of
thermal and slow neutrons, originated from the interaction
between the nuclei of the elements of the Earth’s crust and
the atmosphere andα−particles, produced by decay of ra-
dioactive gases (Radon, Thoron and Actinon). In turn, vari-
ations of radioactive gases exhalation is connected with geo-
dynamical processes in the Earth’s crust, including tectonic
activity. This determined relation between the processes in
the Earth’s crust and neutrons’ flux allow to use variations of
thermal and slow neutrons’ flux in order to observe increas-
ing tectonic activity and to develop methods for short-term
prediction of natural hazards.

1 Introduction

Composition, variations in time and spatial distribution of the
particles of nuclear radiation in the lower atmosphere have
been studied for about 50 years.

Many scientists studied the energy spectrum and the alti-
tudinal, latitudinal and longitudinal distribution of neutrons’
fluxes in the lower atmosphere (Gorshkov et al., 1966;). The
results of these studies lay in the following frames: neutron
component of nuclear irradiation in the lower atmosphere
is produced during the interaction between high-energy pri-
mary particles of cosmic origin and nuclei of the elements
existing in the lower atmosphere. Vertical control traverse of
the counting rate of neutrons has a maximum at the altitude
of 16–17 km, while near the Earth’s surface the most part
of neutron flux consists of the particles of thermal energies.
Speaking about vertical control traverse of neutrons count-
ing rate, it’s necessary to take into consideration the average
elevation rate of the balloon, which is about 300 m/min. So,
during the studies of altitudinal distribution of neutrons in the
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lower atmosphere balloon flies through the near-Earth layer
up to the altitudes of several kilometers in 7–8 min. Counting
rate in the near-Earth surface layer of the atmosphere is low
and in the case of low detector’s lumen the most part of the
scientists, as a rule, averaged neutrons’ counting rate during
5 min. Such averaging does not allow to conclude anything
about detailed character of the distribution (and consequently
about the sources) of neutron component in the lower atmo-
sphere up to the altitude of several kilometers.

In 1990 we launched a balloon with neutrons’ detector
near Apatity, Kol’sky peninsula. The total sensitive area of
the detector was 1500 cm2. Such lumen output of the de-
vice allowed to get reliable information per minute. Figure 1
presents the vertical control traverse of neutrons’ counting
rate, which, in general, is in agreement with the results of
other scientists. Detailed vertical control traverse of neu-
trons’ counting rate up to the altitude of 5 km is presented at
small axes in Fig. 1. Altitude dependence if described with a
function:

N(h) =


50.3h2.1 exp(−0.03h) 2 ≤ h < 8

50.3h2.1 exp(−0.03h)

+

(
1 +

hmax−h
5

)
h3 8 ≤ h ≤ hmax

250(116− 3h) h > 18

whereh is in kilometer scale,hmax = 17 km.
It’s easy to see that approximately up to the altitude of

2 km, the counting rate essentially did not depend on the al-
titude.

Later the device, which allowed to detect neutrons’ fluxes
simultaneously in two vertical directions, from and to the
Earth, was launched with balloons in Dolgoprudny, Moscow
region (18 June 1991) and in Ryl’sk, Kursk region (13 Febru-
ary 1992). During the experiment in Dolgoprudny, which
took place in summer (1991), the vertical control traverse of
neutrons’ counting rate was not found up to approximately
2 km. In Ryl’sk experiment, which took place in winter
(1992), freedom of neutrons’ counting rate from the alti-
tude was not distinctly detected (Fig. 2). During the first
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Fig. 1. Altitude dependence of neutrons’ counting rate, obtained
in the experiment, arranged in 1990 during the flight of an aerostat
over Apatity, Kol’sky peninsula. Small circles indicate experimen-
tal data.

flight up to the altitude of several kilometers, the equipment
determined an anisotropy of neutrons’ flux, which showed
that value of neutron flux from the Earth was over the
value of neutron flux to the Earth (Kuzhevskij et al., 1995;
Kuzhevskij, 2000).

In the laboratory of penetrating radiation of INP MSU,
a special equipment was developed and manufactured for
detailed studies on the origin of neutron radiation near the
Earth’s surface. This equipment allows to obtain continuous
information regarding the registration of fluxes of neutrons
and charged particles. This equipment started operating from
September 1992 and a number of the results of this experi-
ment was presented in a previous study (Kuzhevskij et al.,
1996).

2 Experimental methods

There are different physical principles and methods of pro-
cessing the information obtained by the Detector of Nuclear
Radiation of the Earth and it’s Atmosphere DAIZA (Russian
abbreviation) as follows:
Standard neutron counters SI-19N were used as detectors of
neutron component. These counters had a shape of cylin-
der with length of 22 cm and diameter of 3.2 cm. The sensi-
tive area of the counter was 51 cm2. The counter was filled
with 3He gas pressurized at 4 atmospheres and it was op-
erated in regime of corona discharge. Effective cross sec-

Fig. 2. Altitude dependence of neutrons’ counting rate obtained in
the experiment, arranged in 1992 during the flight of aerostat over
Ryl’sk, Kursky region.

tion of the neutron captured reaction3He(n,p)T with libera-
tion of energy of 760 keV is over 5000 bn, while other pos-
sible reactions (for instance,3He(n,γ )4He and3He(n,d)d)
have effective cross sections from dozensµbn up to hun-
dreds of mbn. Stability tests of operation of neutron modules
(12 such counters), which were held under special condi-
tions (Kapitonov and Gabelko, 1990) in the laboratory, have
shown that its stability was not lower than 1.5% and it was
slightly changed at neutron’s energy changes from heating
up to 2 MeV. For such counters, the effectiveness of detec-
tion of neutrons in the ranges of thermal region up to energy
of 100 eV was 0.8.

Currently, the neutron block consisted of two planes, in-
cluding 40 counters each. Two identical detectors used in
the device allowed to carry out research in different geome-
try and to study the energy distribution of neutrons by means
of an absorbent (for instance, cadmium) and a retardant (for
instance, plexiglass).

Counters SBT-10 (threshold for electrons wasEe ≥

45 keV, for protonsEp ≥ 0.5 MeV and for α−particles
Eα ∼ 5 MeV) and two Geiger-M̈uller counters STS-6 were
used for the detection of charged particles. One of the
Geiger-M̈uller counters had an aluminum window 0.5 cm
thick.

A scintillation crystal of NaI(Tl) 7 cm long and 3 cm in
diameter was used for the detection ofγ−radiation. There
were two energy thresholds:Eγ ≥ 50 keV andEγ ≥

500 keV, which later were changed toEγ ≥ 300 keV and
Eγ ≥ 2 MeV in order to diminish background effects and to
detectγ−particles originated from the decay of radioactive
gases.

Further, the authors mainly analyzed the information
obtained by the neutron block. Information obtained
by the measurement of charged particles component and
γ−radiation will be discussed.

Similar to a stational unit DAIZA, there was also a mobile
unit DAIZA-2, which contained 10 same neutron counters.
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Fig. 3. Data on neutron flux in an experiment in the area of Seliger
Lake.

Table 1. Counting rate of thermal and slow neutrons in soil in dif-
ferent locations in Russia obtained by means of DAIZA-2 project

Point of measurement Counting rate per hour

Vorobjovy Gory, Moscow 414± 7
Golitsyno, Moscow region 475± 5
Area of Seliger region, Tver’ region 579± 4

It was provided with 3.2 MB storage. By means of this plant
the neutron flux in different locations in Moscow and Tver’
regions was measured.

3 Results

Detailed studies on the energy distribution of neutrons on the
basis of experimental data obtained with DAIZA unit in the
Institute of Nuclear Physics of the Moscow State University,
have shown, that near the Earth’s crust over 70% of neutrons
provide energy≤ 0.45 eV (Beliaeva et al., 1999a, b).

In July – September 1999, there were carried out measure-
ments on soil in different locations of the European part of
Russia by means of DAIZA-2 unit. The results of these mea-
surements are summarized in Table 1.

This data substantially (for 10–15%) differs, although
galactic cosmic rays flux has varied not more than 1–2%
for that period. According to experimental data, obtained by
GOES-8 satellite, there were observed small fluxes of pro-
tons with energyEp > 10 MeV. By themselves, protons of
such energy can’t produce any variation of neutron flux at
sea level. All given facts lead to the conclusion that neutron
flux from the Earth’s crust was determined by its chemical
composition and structure.

Fig. 4. The whole array of experimental data on neutron flux for the
period started from 16 Jan. 1996 up to 31 Dec. 1996 (Channels 0 and
1 detected neutrons, consequently, from above and from below).

During the experiment taken place in the area of Seliger
Lake (Fig. 3), it was found out that the total neutron flux
above the dry land was 1.8 times larger than the total neu-
tron flux above the water surface of the Lake at the distance
of 200 m from the bank. Besides, during this experiment
it succeeded to determine the neutron flux directed from the
atmosphere to the Earth’s surface. In Fig. 3, it’s seen, that
beginning from the distance of 200 m, the total neutron flux
did not change while moving from dry land to the center of
the Lake. By this means, the total flux (its value is about
0.00018 cm−2s−1) consisted only of neutrons coming from
above, which were produced as a result of the nuclear interac-
tion between cosmic rays and nuclei of the lower atmosphere
elements.

In general all data, obtained in the foregoing experiments
point to the fact that crust of the Earth is also a source of
neutrons of low energies. This source was characterized by a
wide range fluctuations of the flux both in time and in differ-
ent regions.

4 Anisotropy of neutron flux near the Earth’s surface

All obtained results lead to a need of more detailed studies of
time variations of neutron flux from the Earth’s surface. For
detailed analysis, we used data obtained in 1996.

The whole data array was presented in Fig. 4. It’s easy
to see, that for different periods of measurements there was
observed predominance of neutrons from different directions
(to the Earth and from the Earth). At the same time, differ-
ence of neutrons’ counting rates from these two directions
was out of limits of statistical error. It’s necessary to note,
that even at this stage we can see that for the channel which
detected neutrons from above, the most part of the count-
ing rate splashes falls within the areas up to 100 and af-
ter 250 days of the year, which approximately conforms to
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Fig. 5. Monthly mean experimental data of neutrons counting rate
for quiet periods from 16 Jan. 1996 up to 31 Dec. 1996 (Channels 0
and 1 detected neutrons, consequently, from above and from below).

the period from October up to March, while for the chan-
nel which detects neutrons from below, the most part of the
counting rate splashes falls within the area from 150 up to
250 days of the year, which approximately conforms to the
period from June up to September.

To study changes of neutron flux anisotropy during the
year, it is more suitable further to operate with monthly-mean
neutrons counting rates. This data for two channels was pre-
sented in Fig. 5. During the averaging procedure we took
into consideration only quiet periods of measurements, i.e.
the periods when the counting rate was not more than 10%
over the monthly-mean value. In 1996, about 80% of the ob-
served cases were referred to the quiet periods of measure-
ments, and for different months this part varied from 65 up
to 97%.

For this array, we counted out the ratio, R of neutron
counting rates to the Earth and from the Earth and the
anisotropy,Kan, consequently. According to the formulas:

R =
N0

N1
(1)

Kan =
N0 − N1

N0 + N1
× 100% (2)

whereN0, N1 - are the counting rates of neutrons in the di-
rections to the Earth and from the Earth, respectively.

The obtained results are presented in Fig. 6. We see
that during the quiet periods of measurements, the value of
anisotropy was up to 10%, but at the same time the sign of
anisotropy changed depending on month. Taking into ac-
count the values of errors, the anisotropy was clearly posi-
tive during the periods from January to March and from Oc-
tober to December. It means that during these periods of
time, the neutron flux prevailed in the direction to the Earth.
During the summer periods, or, taking into consideration the
values of errors, in June and July, the situation was opposite:
i.e. the anisotropy was negative and it means predominance

Fig. 6. Monthly-mean values of anisotropy and ratio of neutrons
counting rates during the quiet periods from 16 Jan. 1996 up to
31 Dec. 1996

of neutron flux in the direction from the Earth. During the
last periods (April–May and August–September) the value of
anisotropy was close to zero, and we couldn’t approve preva-
lence of neutron flux from one defined direction.

Analogous calculations were made for different years,
when configuration of the plan was alike and there was a
possibility for measurement of neutrons’ fluxes to the Earth
and from the Earth, separately.

Figure 7 presents the obtained monthly-mean anisotropy
data for 1994–1997.

5 Analysis of the results

So, during the quiet periods of measurements, the value of
neutron fluxes anisotropy was only several percents, although
during the studied period (from January to December 1996)
it changed its sign. In January–February, the flux to the Earth
prevailed, while in June–July the situation changed and flux
from the Earth prevailed. Next time the sign of the anisotropy
changed in October, from which and up to the end of the year
the flux to the Earth prevailed again. During the intermediate
periods (March–May and August–September) there was no
anisotropy of neutron fluxes, i.e. there was no predomination
of one direction for the neutron fluxes.

Data analysis for different years (1994, 1995 and 1997)
confirm such seasonal dependence of neutrons’ anisotropy.
Differences, observed for anisotropy for different years, can
be explained by the unique character of each time period con-
cerning many factors, including weather, solar and geophys-
ical factors.
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Fig. 7. Monthly-mean anisotropy data of neutrons counting rate for
1994–1997.

To explain such seasonal dependence of anisotropy it’s
necessary to take into consideration that the Earth as a source
of thermal neutrons, plays double role. On the one hand, it
reflects phenomena of the space. It means, that flux of high-
energy particles coming to the Earth can produce thermal
neutrons in its crust. On the other hand, splashes of neutron
radiation are produced byα−particles of radioactive isotopes
of Radon by the interaction with nuclei of elements of the air
and the Earth’s crust. Of course, in the winter period, when
the Earth’s surface is steeped with water and covered with
a layer of snow, the Earth’s crust can’t work as a source of
thermal neutrons, because they will be absorbed before leav-
ing the crust. Therefore, during this time the neutron flux
in direction to the Earth must prevail, and we observed this
fact. It concerns both the quiet periods of measurements and
splashes of neutrons.

During the warm seasons, the Earth’s crust is warmed up
and begins to work both as a target for cosmic particles and
as an independent source of neutrons.

6 Radioactive gases, a source of the neutrons in the
lower atmosphere

According to Volodichev et al. (1992) we related the appear-
ance of neutrons’ splash during Sun’s eclipse with the exha-
lation of Radon during deformation of the Earth’s crust. But
it is known that different radioactive gases (Radon, Thoron,
Actinon) are exhaled continuously into the atmosphere from
the Earth’s crust. These gases are sources ofα−particles
with energies from 5 up to 9 MeV. Nuclear interaction of
theseα−particles with nuclei of the elements of the Earth’s
crust and the atmosphere result in production of neutrons. All
these (α, n) reactions are threshold reactions. For nuclear re-
actions betweenα−particles with mentioned above energies
(5–9 MeV) and the elements from the lower atmosphere (ni-
trogen, oxygen and carbon) effective cross-sections are about
several mbn (Lingenfelter et. al., 1965; Kuzhevskij, 1985).
For the Earth’s crust besides these elements it’s necessary
to take into consideration aluminium and silicon isotopes.
The reaction28Si(α, n) has a threshold of about 9.2 MeV, but
27Al(α, n) has a threshold of 3 MeV. Reactions of other sili-
con isotopes,29Si(α, n) and30Si(α, n) have thresholds, con-
sequently, of about 3 and 4 MeV.

Let’s investigate the role of this source of neutrons quan-
titatively. If Nα(E) is the concentration ofα−particles with
energyE in the atmosphere, then the rate of neutrons’ pro-
duction in the unit of volume,Qn can be found as following:

Qn =

∑
j,n

NjNα(E) σ n
αj (E) vαj , (3)

whereNj is the concentration of nucleij in the air,σ n
αj (E)

is the cross section of neutron’s production by the interaction
of α−particle with nucleusj, vαj is the relative velocity,
which in fact coincides withvα, the velocity ofα−particle.
Summation is made by all types of nuclei in the air (oxygen,
nitrogen, etc.), by the energies of produced neutrons and by
the energies ofα−particles.

The number,Nα of α−particles, which are produced by
the radioactive gases of Radon, can be found from the equa-
tion:

dNα

dt
+ λαNα = Qα (4)

where,Qα is the rate of production ofα−particles in the
unit of volume,λα = vα/Rα defines the rate ofα−particles’
descent,vα is the velocity ofα−particle,Rα is the mean-
free path ofα−particle in the air (forEα = 5÷9 MeV, vα ≈

109 cm/s,Rα = 3÷ 9 cm). Solution of the Eq. (4) looks like:

Nα(t) =
Qα

λα

(
1 − e−λα t

)
.

For the steady state condition, which is of the interest, we
obtain:

Nα =
Qα

λα

=
QαRα

vα

(5)
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Table 2. Rate of production (Qα) of α−particles in air

Geographic location Qα cm−3s−1 Remarks

Czech Republic (Burian, 1966) ≥ 2 × 10−4

Belorus (Rudakov et al., 1995) 2× 10−2 Ground air

Pamir (Volodichev et.al., 2001) (1.5 ÷ 4.5) × 10−3 Data according three types of measurements.
α−particles’ flux was measured.

London (Anderson et al., 1954) 1.5 × 10−3 The measurements were made in summer.

Region of uranium mines 5.6 × 10−1

(Serdukova, Kapitanov, 1975)

Mean value over the land
(Serdukova, Kapitanov, 1975)
on Tn 1.5 × 10−9

÷ 3.3 × 10−5

on Rn 1.8 × 10−6
÷ 3.1 × 10−5∑

min
(Tn + Rn) 1.8 × 10−6

∑
max

(Tn + Rn) 6.4 × 10−5

Contents of Rn isotopes 3.7 × 10−4
÷ 7.4 × 10−1 Contents in the ground

(Serdukova, Kapitanov, 1975)

Putting Eq. (3) into Eq. (1), we obtain the rate of neutrons’
production:

Qn =

∑
j,n

NjQαRασ n
αj (6)

Then, the number of neutrons,Nn is found by the equa-
tion:

Nn =
Qn

λn

= qnτn =

∑
j,n

NjQαRασ n
αj

λn

(7)

where tn is the neutron’s life span in the atmosphere (as cal-
culated belowτn ≈ 0.2 s),λn = 1/τn – is the rate of neu-
trons’ descent in the atmosphere.

Using Eqs. (6) and (7), we study the contribution of ra-
dioactive gases in the production of number and flux of neu-
trons observed near the Earth’s surface.

According to experimental data (Segre, 1995) the mean-
free pathRα of α−particles with energyEα from 5 up to
9 MeV changes from 3.5 to 8.9 cm. The number of nuclei
Nj is defined, first of all, by nitrogen and oxygen, that is the
Loschmidt numberN = 2.687× 1019 cm−3.

The cross section,σ n
αj for oxygen and nitrogen of

α−particles with energy ranged from 5 up to 9 MeV varies
from 2 mb up to 3.5 mb.

For the definition ofQα, let’s use the experimental mea-
surements of Radon’s and Thoron’s concentration in the
ground air and at different altitudes in the atmosphere. Data
straggling is very wide, as the measurements were made in
different times, in different places and by means of different
equipments. We have to take into consideration that direct

experimental results are presented in the units Bq/m3. In Ta-
ble 2, all data is recounted to the units ofQα cm−3s−1.

We note the following: the abundance of Radon is deter-
mined by the abundance of Radium and its half-life. For
Thoron, these values are determined by analogous parame-
ters of Thorium.

Then,

κTn

κRn
=

MTh

MRa
·

T 1
2
(Ra)

T 1
2
(Th)

=
8 · 104

10−10
×

1.64 · 103

1.39 · 1010
= 0.96 (8)

In Eq. (8) κTn andκRn - are, consequently, the efficiencies
of production for Thoron and Radon;MTh and MRa - are
the abundances of chemical elements Thorium and Radium,
respectively, in the Earth’s crust;T1/2(i) – are their half-lives
periods.

So, as Eq. (8) shows, in average in the Earth’s crust effi-
ciency of production of radioactive gases Thoron and Radon
are equal.

On the other hand, as it is presented by Serdukova and
Kapitanov (1975), the exhalationq, that is the output of
Thoron and Radon to the ground surface, relate as

qTn

qRn
= 77.8

CTn

CRn
,

whereCi – is the conforming concentrations deep, where
gas-exchange between soil and atmosphere does not affect.

The concentrationCi of radioactive gas is directly con-
nected with the efficiency of its productionκi . So, it is clear
that near the Earth’s crust the main source ofα−particles of
high energy is Thoron.
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In connection with it, it’s necessary to note that in the ex-
haust of radioactive gas the long component (a source of
α−particles) is Radon, and the short component or short-
lived (but, probably, more intensive) is gas Thoron, because
T1/2(Rn)=3.825 days, whileT1/2(Tn)=54.5 s.

Of course, all these conclusions break if observations are
made near the mines of Uranium ore or in regions of the
raised Radium abundance.

There is one more radioactive gas isotope in the Earth’s
crust – Actinon. It’s half-life isT1/2(An)=3.92 s. Actinon
is difficult to be observed and therefore it’s role can’t be dis-
tinctly determined.

As it is seen from Eq. (6), if we want to obtain numeric
estimation of the role of radioactive gases in the process of
production of neutron field near the Earth’s surface, it is nec-
essary to know the rate ofα−particles’ production,Qα. On
the basis of the data of Table 2, we can derive the follow-
ing conclusion: in the near-Earth layer, the value ofQα ≤

6.4× 10−5 cm−3s−1, excluding Pamir’s data (measurements
there were made in three different locations), whereQα was
increased by a factor of 102. Probably, it is connected with
the specific geological structure of the region and with in-
creased seismic activity of this zone. Besides, it is obvi-
ous, that regions of Uranium mines extremely differ from the
mean value according to the value ofQα.

In the ground air, the value ofQα can be several ranks
higher, than in the near-Earth layer of air. From the data,
presented in Table 2, we see that the value ofQα in the soils
could be by a factor of 104 higher than the analogous value
for air in the near-Earth layer.

We note that in the analysis of neutrons’ production in
soil, it is necessary to take into account the interaction of
high-energyα−particles not only with nuclei of nitrogen and
oxygen, but also with nuclei of other elements of the Earth’s
crust, mainly, silicon. We take for our calculations of neu-
trons’ production in air,Rα = 4.5 cm andσ n

αj = 3 mbarn,
and from Eq. (6) we get

Qn = 7.26 · 10−7Qα (9)

If now we takeQα =
∑

min andQα =
∑

max, from Table 2,
we get:

Qn =

(
1.31 · 10−12

÷ 4.64 · 10−11
)

cm−3s−1 . (10)

For the Pamir region, we obtainQn ≥ 10−9 cm−3s−1,
while for the region of Uranium minesQn = 4 ×

10−7 cm−3s−1.
If we want to find out the role of this source, we note that

the mean energy of neutrons, produced by the studied mecha-
nism, isE ≈ 1 MeV. The lifetime of neutrons of such energy
in the lower atmosphere,τn consists of thermalisation time,
t and capture time of thermal neutron,ta = 1/nvσ = 0.07 s,
wheren – is the concentration of nuclei of nitrogen,v =

2200 m/s – the velocity of thermal neutron,σ = 1.8 barn -
the cross-section of capture of thermal neutron by nitrogen.

The thermalisation time can be estimated according to the
theory of neutrons’ transmission in the medium (Bekurtz and

Virtz, 1968) by the equation

t =
1

ξnσvaν

ln
E0

Eth
,

whereE0 – is theinitial energy of a neutron;n – is the con-
centration of atoms in air;σ = 10 barn (Adamchuk, 1995)
– the cross section of neutron’s scattering in air;ξ = 0.14
(Volodichev et al., 1990) for air;vaν – is the mean velocity
of a neutron. Here,vaν is the most vague value in the equa-
tion for t . We takeE0 = 0.45 eV to diminish vagueness, that
is, E0 is equal to the energy of cadmium cutting for our par-
ticular experiment. Then,t = 0.11 s andτn = ta + t ≈ 0.2 s.

TakingQn andτn into consideration, we obtain according
to Eq. (7):

Nn =


(
2.6 · 10−13

÷ 9.3 · 10−12
)

cm−3

2 · 10−10 cm−3
− Pamir

8 · 10−8 cm−3
− Uranium mines

(11)

Comparing these values with the concentration of neutrons
with energyE ≤ 0.45 eV, which was found experimentally
N

exp
n = 4.8 · 10−10cm−3, we obtain:

Nn

N
exp
n

=


≤ 2%

≈ 50%− Pamir

> 100%− Uranium mines

(12)

Of course, in ideal case, if somebody wants to estimate the
contribution of radioactive gases from the Earth’s crust into
neutrons’ concentration observed near the Earth’s surface, he
have to compare the values from Eq. (11) with the concen-
tration (or with flux) of neutrons, which are produced by the
interaction of cosmic rays with the lower atmosphere. But
it is clear that in that case the value of the contribution of
radioactive gases will only increase.

We can conclude from Eq. (12) that contribution of ra-
dioactive gases into experimentally observed concentration
of neutrons withE ≤ 0.45 eV covers a wide range from sev-
eral up to one hundred percents.

On the other hand in the ground air as it is seen from Ta-
ble 2,Qα is several times higher than in the near-Earth layer
of air. As a rule, information about radioactive gases in the
ground air is obtained for the depth of about 1 m. It is obvi-
ous, thatα−particles with high energy, which are produced
by the decay of radionuclides at this depth interact with nu-
clei of chemical elements composed the ground and also pro-
duce neutrons. In average, half of produced neutrons will go
out into the atmosphere. Just existence of neutrons’ flux di-
rected from the depth of the ground to the atmosphere can
explain anisotropy of neutrons’ flux near the Earth’s surface,
which has been discussed above.

We can use Eqs. (6) and (7) and the relation between the
concentration and the flux to calculate the flux of neutrons.

There are a lot of different types of ground. We review
the most popular – sandy and clayey. Their densityρ =

1.5 g/cm3.
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Table 3. Calculated neutron flux (F cal
n ) on different types of ground

Ground type Fmin
n cm−2s−1 Fmax

n cm−2s−1

Caolinite 10−7 1.4 × 10−4

Montmorillonite 1.4 × 10−7 2.6 × 10−4

Sand 5.0 × 10−7 9.0 × 10−4

From the point of view of chemical composition, sand
consists of silicon oxide SiO2, and clay has more com-
plicated composition. One type of clay is caolinite
Al4(Si4O10)(OH)8, and the second is montmorillonite –
Si8Al4O20(OH)4.

So, while calculating the neutrons’ flux from the Earth’s
crust, we have to take into account the production of neu-
trons during the interaction ofα−particles with the nuclei of
silicon, aluminum and oxygen. The life-time of a neutron in
the ground is determined by its capture with nuclei of silicon,
aluminum and hydrogen. Results of calculated neutron flux
on different types of ground are presented in Table 3.

Minimum and maximum fluxes of neutrons are deter-
mined by the minimum and maximum value ofQα. Value
of Rα of α−particle’s mean-free path in the ground was
selected as mean-free path in silicon (Mineev, 1990) for
α−particle withEα = 5 MeV taking into consideration the
ground’s density,Rα = 40µm.

We note that the ratioF cal
n /F

exp
n for different types of

ground is in agreement with the contribution of the Earth’s
crust as a source of neutrons into the total flux of thermal
and slow neutrons during the quiet helio- and geophysical
periods, taken from the information about anisotropy.

7 Conclusions

1. Data of baloon experiments lead to a conclusion, that
up to altitute of 1.5–2 km there is no vertical control
traverse of neutron counting rate.

2. From the DAIZA experimental data we can conclude
that the neutron flux near the Earth’s surface depends
on the season and for quiet periods of measurements it
varies from−20% up to 20 % depending on the month.

3. During the splashes of neutron counting rate the value
of anisotropy of neutron flux can be close to 100%.

4. Obtained calculation and experimental results show
that radioactive gases in the upper layers of the Earth’s
crust and in the air, provide essential (in some places
up to 100%) part of neutron flux in the range of thermal
and slow neutrons near the Earth’s surface.

5. The mean life-time of a neutron with energy having
near the Earth’s surface isτn = 0.2 s, then, at velocity
vav = 6 × 105 cm/s, the mean distance, which neutron
will cover is l = vcp × τn = 1200 m. The capture path
of thermal neutrons in the air is only several hundred
meters.

All obtained results lead to a conclusion that the Earth’s
crust is an essential source of neutrons of which the total neu-
tron flux varies both in space and in time, depending both on
conditions of the atmosphere and the Earth’s crust itself and
different geodynamical phenomena in the Earth’s crust.

The most important dynamical phenomena in the Earth’s
crust are earthquakes, mud flows and volcano activity. Ob-
tained results allow to use observations of thermal neutron
flux variations for methods of short-term prediction of natu-
ral hazards.
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