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Abstract. The distribution of the count rate of neutrons (per the neutron flux decreases (with increasing altitudes), up to
second) near the Earth’s surface for two directions: towardsan altitude of several hundreds meters and then increases.
the Earth and away from it, is studied using the experimental In earlier studies (Kuzhevskij et al., 1995, 1996), we re-
data, obtained in Moscow during 1996. The analysis showsported that up to altitudes of 1-2km from the Earth’s sur-
that the mathematical approximation of the neutron countface the neutron count rate has no altitude dependence. We
rate distribution can be described by a sum of two functions:called this phenomenon “the neutron field of the Earth”. The
a Poison distribution and a log-normal distribution. This is time distribution of the neutron flux in the neutron field of

in agreement with the two known sources of the total neu-the Earth can be described as:

tron flux near the Earth’s surface: generation of neutrons
in nuclear interactions of high-energy cosmic ray particlesF(t) =nv, @

with the Earth’s atmosphere and neutron production in thewheren(r) is the time distribution of neutron concentration
Earth’s crust. The log-normal distribution describes the con-in the neutron field of the Earth,is the velocity of neutrons.
tribution of the Earth’s crust to the total neutron flux near Experimental studies of the energetic spectrum of neutrons
the Earth. Therefore, these dynamic processes in the Earthisear the Earth’s crust (Beliaeva, 1999) have shown that for
crust change the parameters of the log-normal distribution. over 70% of the neutrons the energy does not exceed 0.5eV.
Theoretical consideration of propagation of neutrons with
primary energy of about 1 MeV have shown, that during a
period of less than 1s (its actual value is about 0.15s), they
are thermalized and during a period less than 0.1s, they are

Composition, time variations and spatial distribution of nu- c@Ptured by atmospheric nitrogen (Kuzhevskij, 2000). As a
result, the neutron velocity in Eq. (1), is some mean veloc-

clear radiation particles have been studied in the lower atmo:

sphere for about 50 years. In the present work we study onlyty: @nd the time variation (1), as we mentioned above, will
the neutral component (neutrons) of nuclear irradiation. e defined only by the time variation of neutron concentra-

In previous works scientists did not distinguish betweent'on”(t)' Actual neutron measurements give us the following

the different sources of neutrons and their contribution to theXPressIon for the neutron count rater) = F()S, where

total neutron flux near the Earth’s crust. Many scientists stud—S is the detector area. Thus, the mathematical approximation

ied the energy spectrum and the altitude, latitude and Iongi—Of the experimental count rate data:

tude distributions of the neutron flux in the atmosphere (Gor-n (1) = n(r)vS 2)
shkov et al., 1966). The results of these studies lay withinthe _ o

following frames: the neutron component of nuclear radia-Will: in fact, be the mathematical approximation of neutron
tion in the atmosphere is produced in interactions betweerfOncentration in the neutron field of the Earth. Analysis of
high-energy primary cosmic ray particles and nuclei of the this approximation permits us to study propemes of the neu-
atmospheric elements. It was also revealed that in the lowelfon source and the nature of flux variations. o
atmosphere the neutron flux is characterized by a very weak Earlier experiments (Kuzhevskij, 2000, 2001b), which in-
latitudinal dependence and an unusual altitude dependencgluded studies of the neutron flux in different geographic

In one of his experiments, Yuan (Yuan, 1948) obtained thatocations (on balloons: Apatity, Kolskij peninsula; Dolgo-
prudny, Moscow region; Ryl'sk, Kaluga region; ground-
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(bmk@srd.sinp.msu.ru) Moscow; Golitsino, Moscow region; Seliger Lake, Tver
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region; Pamir, Tadgikistan; Tyan-Shan, Kazakhstan) have8 Analysis of the experimental results

shown that there seems to be at least two neutron sources

near the Earth’s crust. The first source is the generationThe DAIZA instrument has been continuously operated for
of neutrons in the Earth’s atmosphere as a result of interseveral years with insignificant gaps, providing an extensive
actions between high-energy space particles with nuclei oflata base. For further analysis of neutron distributions we
the different elements of the Earth’s atmosphere. The secchose the data obtained during 1996, due to its homogeneity
ond source consists of different radioactive gases (Radorgnd completeness.

Thoron, Actinon), continuously released into the atmosphere We obtained an approximation of the neutron count rate
by the Earth's crust. These gases produeearticles with  per second in both the direction towards the Earth’s crust
energies ranging from 5 to 9 MeV. Nuclear interactionvref ~ and away from it, using continuous measurements made in
particles with nuclei of the elements of the Earth’s crust andMoscow of neutrons at ground level. The neutron count rate
the atmosphere result in the production of neutrons. In othecan be described by the sum of two functions: a Poison dis-
words, the Earth’s crust itself is the second source of neutribution with parameters; andy, and a log-normal distri-
trons in the crust vicinity. Separation of this source of neu-bution with parameters, andb:

trons permitted us to show (Kuzhevskij et al., 2001b) that )

the observed short-period variations of the neutron flux are a A 1 —(M)

| ) _)“ (!2
result of the dynamic processes in the Earth’s crust. flm) = apse "+ s ; (3)
where f (m) is the probability of observing a certain neutron
count rate per second, andis the number corresponding to
2 Experimentaj technique a certain neutron count rate per second.
The Poison distribution describes the count rate up to
The different physical principles and techniques used for pro-5 neutron_s3 p_elr S?‘Z’O”d (it corresponds to_ a_nel_Jtron flux
. . of 2.5x107° s *cm™ <), and the log-normal distribution de-
cessing the data recorded by the Detector of Nuclear Radia- . .
. ) . scribes the count rate over 5 neutrons per second. It is nec-
tion of the Earth and its Atmosphere DAIZA (Russian abbre- . SRR
. . i essary to note that in fact a log-normal distribution was ob-
viation) are listed below. tained for count rates up to 15% however, a count rate u
Standard neutron counters SI-19N were used as detectors 93 P ’ P

the neutron component, These counters have the shape ofﬂ 50s ! can also be successfully described by this function.
cylinder, with the length of 22 cm and diameter of 3.2cm. though we sometimes observed significantly greater val-

The sensitive area of the counter was 52crfihe counter ues of count rates (100-200%, such values can hardly be
used for approximation, due to the very low probability of

was f'”?d with’He gas pressunzed to 4 atmospheres and OPtheir observation. For quiet periods (where count rates do
erated in the coronal discharge mode. L e
not exceed 53, the complete approximation of the distri-
The neutron capture reactidhie(n, p)T with energy re-  pytions is well described by the Poison distribution. The log-
lease of 760 keV is the most efficient one. Stability tests ofnormal distribution is important in cases when count rates of
operation of neutron modules (containing 12 such counterskne order of 10 or more neutrons per second are observed.
carried out under special conditions in the laboratory, showedsch a situation is unusual for quiet periods and occurs
that stability is not lower than 99% and changes slightly with mainly during unquiet periods (the so-called “splashes”).
neutron energy increase from thermal values to 2 MeV. In thesimilar to our previous studies (Kuzhevskij et.al., 2001a), we
range of neutron energies from thermal to 100 eV, the neutroryg|ected unquiet periods. Unquiet periods are those for which
detection efficiency for such counters is 0.8. Currently, thehourly values of the neutron flux exceed the monthly-mean
neutron block consists of two planes, each with 40 counterspoyr value by more than for 10%. Studies of the seasonal de-
The two identical detectors used in the device permitted ONgendence of the thermal neutrons count rate (Kuzhevskij et
to carry out research for different geometries and to studys. 2002a) have shown that neutron flux is anisotropic. The
the energy distribution of neutrons using an absorbent (foranisotropy value for quiet periods does not exceed 10%, but
instance, cadmium) and a retardant (for instance, plexiglass)ts sign depends on the season. During the periods from Jan-
SBT-10 counters (with E> 45keV threshold for elec- uary to March and from October to December, the anisotropy
trons, E, > 0.5MeV for protons, E ~ 5 MeV for a- is positive; this means that during these periods the neutron
particles ) and two Geiger-Muller counters STS-6 were usedlux moving towards the Earth prevails over the neutron flux
for detecting charged particles. One of the Geiger-Mullerin the direction away from the Earth. In June and July the
counters had a 0.5 cm thick aluminum cover. A scintillation anisotropy is negative, conforming to the prevalence of neu-
crystal of Nal(Tl) 7cm long and 3 cm in diameter was used tron flux coming away from the Earth. During the remaining
for detectingy -radiation. There were two energy thresholds: months, the anisotropy is very low and it is impossible to
E, > 300keV and E > 2MeV. In the present work the au- affirm the prevalence of neutron flux from any direction.
thors analyze mainly the data recorded by the neutron block Studies of the dependence of the splash period duration
of the instrument. Charged particle aperadiation data will  on the season show (Kuzhevskij et al., 2001a) that longer
be discussed in future papers. splash periods are more typical for the neutron flux, which
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Fig. 1. Seasonal dependence of the duration for splash periods foFig. 2. Seasonal dependence of the approximation parameters
neutron flux, directed to the Earth and from it. It is easy to seeandx of the Poison distribution, which describes the distribution of
that for neutron flux directed from the Earth, the greatest numbemeutron flux, directed to the Earth and from it, during quiet periods.
of splash periods occur in the middle of the year. For neutron flux,Blue points — parametery, red points — parameter. The large
directed towards the Earth, the seasonal dependence is not so shaigmber of points for the neutron flux, directed from the Earth, in the
and the duration of the splash periods is shorter, than for the oppomiddle of the year (150-200 DOY) corresponds to the increasing of
site neutron flux direction. neutron fluxes from the Earth’s surface during this period. As a
result, the average counting rate for this period increases.

propagates in the direction away from the Earth’s crust, than
for neutrons, propagating in the direction towards the Earth’sEarth’s crust (splash periods).
crust (see Fig. 1). For neutron flux directed towards the \sgriations of the parameters in Eq. (3) were studied dur-
Earth, splashes with maximum duration appeared in wintef, 1996. Changes of Poison parametarand are shown
and in spring, and thglr duration did not exceed 60-80 min;, Fig. 2 for quiet periods and in Fig. 3 for unquiet periods.
For the neutron flux directed away from the Earth, the great-these figures confirm that parameters of the Poison distribu-
est number of long periods of splashes were observed dukion for quiet periods do not change in terms of calculation
ing the summer, and they were much longer, up to 800—ccyracy for neutron fluxes directed either towards the Earth
1000 min, or 14-16 h. Hence, analysis of the neutron splasky, away from it. Concerning the increase in th@arameter
period duration leads to the conclusion that long splash perifor the neutron flux directed away from the Earth, near the
ods are seasonally and directionally dependent. middle of the year (see Fig. 2, lower axes), it is necessary to
The type of the approximation function (Eq. 3) confirms note that it is connected with the total increase in the neutron
the conclusion (Kuzhevskij et al., 2002a; Volodichev et al., flux away from the Earth during this period, which led to in-
2002) about the important contribution made by the Earth’'screasing values of the neutron flux averaged over one month,
crust to the total flux of thermal and slow neutrons in its used for distinguishing between quiet and unquiet periods.
vicinity. This conclusion was also obtained by another Therefore, the neutron flux coming away from the Earth dur-
method (Kuzhevskij et al., 2001b; Volodichev et al., 2002) ing quiet summer periods, which were selected according the
and it demonstrated the connection between neutron flux varabove mentioned criterion, cannot be compared with the flux
itaions near the Earth’s crust and its dynamics. This functionduring quiet winter periods, because the mean monthly neu-
confirms that this input of the Earth’s crust comes throughtron fluxes directed away from the Earth differ greatly for the
mainly during different types of splashes, which occur in the summer and winter periods.
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Fig. 3. The seasonal dependence of the approximation parametersig. 4. Seasonal dependence for the approximation paramejers

a1 andx of the Poison distribution, which describes the distribution andb (according to Eq. 3) of the log-normal distribution, which
of the neutron flux, directed towards the Earth and away from it, describes the distribution of the neutron flux, directed towards the

during unquiet periods. The blue points correspond tahgaram-  Earth and away from it, during unquiet periods. The blue points
eter, the red points correspond to thearameter. The large number represent parametep, the red points represent parameterThe
of points for the neutron flux, directed away from the Earth, in the large number of points for the neutron flux, directed away from the

middle of the year (150—200 DOY) corresponds to the increase inEarth, in the middle of the year (150-200 DOY) corresponds to
neutron fluxes from the Earth’s surface during this period. an increase in neutron fluxes from the Earth’s surface during this

period.

Taking into account unquiet periods of registration (see
Fig. 3), we can add that in most cases for the neutron fluxe§unquiet” situation in the Earth’s crust.
directed both towards the Earth’s surface and away from it, Figure 5 shows separate cases of the full approximation of
the Poison parameters of distribution do not change greatlyseutron count rates, for propagation towards the Earth’s sur-
except during the summer period for the neutron flux directedface and away from it, during splash periods. Figures 6-8
away from the Earth’s surface, which we have already dis-present a very interesting event which occurred on 13 July
cussed. This means that a large part of these cases are re996. Here we can see in consecutive order changes in the
garded as unquiet periods, due to the recording of a largerobability distribution for the neutron flux, directed away
number of neutrons (over 5 neutrons per second), but not dufom the Earth. It is necessary to note that for the flux di-
to the increase in the probability for a small number of neu-rected towards the Earth during the same period of time,
trons (up to 5 neutrons per second), since the Poison functiofothing extraordinary was observed: for this direction this
describes the very beginning of a distribution up to 5 neutronsperiod is quiet, so the probability distribution is short and is
per second. well approximated by a single Poison function. The neutron

Figure 4 presents the seasonal dependence of log-normabunt rate exceeds the mean-monthly value up to 50 times
parametersi; andb. As we have mentioned above, this (see Fig. 6) for several hours. This gives us an opportunity to
part of the distribution is important only for unquiet periods, study time variations of the probability distribution and the
when the count rate exceeds 5 neutrons per second. Agaiudjstribution parameters for this period. Changes in the neu-
a large amount of points in the middle of the year for the tron probability distributions are shown in Fig. 7, where we
neutron flux directed away from the Earth indicates a totalcan see the appearance, growth and slump of the disturbance.
increase in the neutron flux during this period and a totally All these distributions are approximated with the sum of the
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z 1 8 o (space sources, including solar flares (Kuzhevskij et al.,
g 4 °28% 40 - 2002b) and sources of terrestrial origin), which produce neu-
4 0 0 0 o | . . .
£ €% o2%02000 tron fluxes in the lower atmosphere. On the other hand, it
0013 °©%o0o0 provides new information about the nature of neutron flux
] variations in the lower atmosphere and its connection with
] dynamics of the neutron source. Besides, this approach per-
0.00 ‘ ‘ ‘ ‘ ‘ mits one to study dynamic processes in the source, using neu-
0.00 4.00 800 1200 16.00 20.00 tron flyx variations. Mqreover, studies of the neutron count
Counting rate, 1/s rate distribution dynamics near the Earth’s crust give the op-

portunity to use a new approach to the solution of a very

Fig. 5. Examples of approximations for the neutron flux probability important scientific problem — short-term prediction of earth-
distribution in the directions towards the Earth and away fromit, us-quakes and volcano activity (Kuzhevskij, 2000).

ing the sum of a Poison distribution and a log-normal distribution. L . . .
i : ; Taking into consideration all of the obtained results. we
The blue points are experimental data, the red points are the approx-

imation function. For the upper axes the approximation parameterg‘f",n a;sert that for quiet periods of registration, the proba-
(according to Eq. 3) are the following; = 0.751, 4 = 0.709, bility distribution includes count rates of up to 5 neutrons per

ap = 2.609,b = 4.842. For the lower axes the approximation Second. These distributions can be approximated by a Poison
parameters (according to Eq. 3) are the following: = 0.327, function with a high degree of accuracy. For unquiet periods
) =1941,ap = 1.685,b = 3.265. the probability distribution can include count rates of several
dozen and even hundreds of neutrons per second. In order to
approximate such distributions, it is necessary to use the sum
Poison and log-normal functions: of the Poison function and log-normal function.

It is necessary to note the main difference between the

in(m/c) 2
A" _0'5( d ) probability distributions for the neutron flux propagating to-
fm) = W€ a2t be ’ ) wards the Earth and away from it. While during the unusual

periods of recording the neutron flux directed towards the
Earth, with maximum probability, always corresponds to the
count rate of zero neutrons per second, the neutron flux di-
rected away from the Earth, with maximum probability, can
shift to count rates of 1-2 neutrons per second, and some-
times can even reach 5 neutrons per second.

Although the probability distributions can be approxi-
mated with the sum of these functions up to neutron count
rates of 15 neutrons per second for neutrons coming from
both directions (towards the Earth and away from it), the
4 Discussion probability of such values for neutron flux directed towards

the Earth is very small. Therefore, the reliability of such an
Study of the neutron count rate distribution near the Earth’sapproximation is low, while the neutron flux coming away
crust is of essential importance in several aspects. On th&om the Earth is approximated, using the above mentioned
one hand, it allows one to separate different neutron sourcefinction, with the accuracy of about 95%. This conclusion is

In fact, this is Eq. (3), but written in a simplified form,
because the log-normal distribution includes the variable
only as an argument of the exponential function. This form
of the log-normal distribution is used in the “TableCutVe
for Windows” code, which we used to approximate the dis-
tributions.

Figure 8 presents movement of the point of maximum
probability of registration for the “tail” of distribution.
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0.00 —f—rr T 0.00 — T This function describes accurately the probability distribu-
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100010000 rat;,oﬁsec 10.00 100.00 tion of neutron fluxes moving in both directions, away from
the Earth and towards it, during the quiet periods of registra-
Fig. 7. Consecutive change in the probability distribution for the tion, when these parameters change weakly. It is necessary
neutron flux, directed away from the Earth, for a long disturbed pe-t0 note that the total duration of quiet periods is about 90% of
riod on 13 July 1996. Each axis presents the probability distributionthe total database for 1996. Most of the unquiet periods pa-
for a 1-h sub-period of registration. rameters of the Poison distribution also change weakly. This
means that the source of neutrons, which is described by this
function, is stable, and there are seldom variations in its con-
based on thorough studies of all unquiet periods of recordingribution to the neutron flux near the Earth’s crust.
for both neutron fluxes directed towards the Earth and away The second source of neutrons near the Earth’s crust is
from the Earth. Analysis of the approximation parameterconnected with the release of radioactive gases, generating
changes during the whole year has shown that there is no sea~particles, and further production of neutrons during inter-
sonal dependence: the Poison parameters remain stable, witlttions between-particles and nuclei of the elements of the
some increases during the whole year. The only case thatarth's crust and the atmosphere. The contribution of this
contradicts this conclusion contains summer observations ofource to the distribution of neutron flux near the Earth’s
the neutron flux directed away from the Earth. This periodcrust can be described by a log-normal distribution with pa-
is characterized by strong variations of distribution parame-rametersz, andb. As we have discovered, this distribution
ters, which are caused by strong and sudden changes in th&comes important for the neutron flux directed away from
neutron flux, observed during this period. This fact confirmsthe Earth during unquiet periods.
our earlier statement that during the warm and dry season, The influence of the Earth’s crust as a neutron source can
when the Earth’s surface is not covered with any absorberhave a different duration and a different character. It can
neutrons originating from radioactive gas exhaust from thebe a pulsed source, or a long-term source, with monotonous
Earth’s crust can be easily detected. or non-monotonous temporal behavior, for instance, multi-
We suppose that the input of two independent sources opulsed source. In the case of a pulsed source, the neutron
thermal neutrons near the Earth’s surface into the probabilityflux variation can be described by a temporal diffusion pro-
distribution of neutron flux can be described by the sum offile, because the increased flux duration will depend only on
two distributions. The first source is connected with the gen-neutron scattering and absorption processes. According to
eration of neutrons during interactions between high-energythe lifetime of neutrons with a primary energy of about 1—
space particles with nuclei of the Earth’s atmosphere ele2 MeV near the Earth’s surface (Beliaeva et al., 1999), the
ments. Its input into the distribution of the neutron flux can duration of such an event will be short, about several seconds.



B. M. Kuzhevskij et al.: Distribution of neutrons near the Earth’s surface 261

In the case of a monotonously decreasing long-term source, the neutron counting rate distributions for different di-
the temporal profile of the neutron flux will also be diffusion- rections are different. For neutrons, moving towards the
like, but the slump will be longer, and the parameters, de- Earth’s crust, the maximum of the probability distribu-
scribing the time variation, will change monotonously. These tion is located near the count rate of 1-5 neutrons per
parameters include approximation parameters of the neu-  second, for the opposite direction —the maximum of the
trons’ count rate distribution. The neutron splash of 13 July probability distribution is near the zero count rate.

1996 is an example of such an event.

Certainly, the event of 13 July 1996 is one of the most 2. The log-normal distribution is important for splash pe-
interesting subjects for studies. The proposed function suc-  riods which are characterized by neutron count rates of
cessfully describes even complicated cases of such “long- 10 and more neutrons per second. For these periods the
tailed” distributions (up to the end), although the distribu- probability values of count rates over 10 neutrons per
tion parameters change greatly. The neutron flux returnedto  second for neutron flux directed away from the Earth
the “background” value of the evening of 14 July 1996. We are 10 times greater than the corresponding probabil-
studied only a part of this long splash period, where temporal ity values for the same count rates of the neutron fluxes
connections between the maximum value of probability and towards the Earth. Splash periods are connected with
the corresponding neutron count rate, change monotonously.  dynamical processes in the Earth’s crust; consequently,
The possibility of applying this function in such cases once log-normal distribution describes the Earth’s crust as a
again confirms the correctness of our approach. There are  source of neutrons.
several similar summer periods for the neutron flux, directed
away from the Earth, during which the probability distribu- 3. In the case of long disturbed periods (with duration
tion has an unusual peak in the area of high count rates (its  of over several hours), maximum probability changes
value can change from dozens to hundreds of neutrons per from hour to hour. The value of maximum proba-
second). Studying the dynamics of such disturbances we  bility increases while the value of the corresponding

find that this peak (see Fig. 8) shifts from high to low count count rate decreases. Mathematically the connection
rates with a simultaneous increase in probability value. This between the values of maximum probability and the
means that the impact of the source decreases. corresponding count rate can be described by the ex-
In the case of a multi-pulsed source, the parameters of the  pression InP(Max)= a + bIn Nnax, where P(hay), is
distribution function will change non-monotonously. Such the maximum probability and Ny is the correspond-

events were also observed. For instance, during the event of  ing neutron count rate. Breaches of this connection can
15 July 1996, we observed a monotonous change inthe count  be explained in terms of concepts, which describe the
rate value, which corresponds to the maximum probability Earth’s crust as a source of neutrons in the lower atmo-
value, and then for several hours the picture remained stable, sphere (they are discussed in our publications). This can
and the count rate value for maximum probability value did occur due to repeated dynamical impacts on the Earth
not change. This could mean are additional production of crust and, consequently, due to repeated processes of
neutrons in the source. neutron generation.

For such prolonged disturbed periods it is even possible to
study the change in approximation parameters both for the 4. Detailed studies of neutron flux distribution parameter
Poison and log-normal distributions. It is known that dy- variations near the Earth’s crust can serve as the basis
namic processes in the Earth’s crust can be caused by several for developing a nuclear-physics technique for short-
reasons. Earthquakes and increasing volcano activity are two  term prediction of natural hazards.
of the most powerful sources. Without any doubt these phe-
nomena are not sudden. Preceeding them there is a certaktknowledgementsie are very grateful to editorial office and ref-
period of energy accumulation and increase in the Earth'serees for detailed remarks and to E. D. Tolstaya for her help in arti-
crust deformation. As it follows from all the results men- cle preparence.
tioned above, we can conclude that this period should be ob-
servable in the variations of neutron flux coming away from
the Earth’s crust. References
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