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Abstract. For the purposes of a study of hadron component
of an extended air shower (EAS), two detectors of cosmic
rays (CR) were joined at the Baksan Neutrino Observatory.
They are an EAS array detector (the “Carpet”) and a neu-
tron monitor (NM). Due to the versatility of a new record-
ing system a master-pulse, which comes from the “Carpet”
and marks to occurring of EAS, is joined to NM data. Af-
ter processing of the huge data set it is found that the time
of EAS influence on NM is less than 1 ms. The distribution
of time intervals between pulses in the first millisecond after
EAS onset is essentially different from the background and
shows presence of two processes with characteristic times 45
and 230 µs.

1 Introduction

Two cosmic rays detectors, the “Carpet” and the NM have
been connected at the Baksan neutrino observatory located in
the Northern Caucasus at an altitude of 1700 m at sea level.
Due to the adaptability of a new high-speed data collection
system, it has become possible to bind the master-pulse from
the “Carpet”, indicating the arrival of an EAS, to the NM
pulses. A more detailed description of the data collecting
system is given inBalabin et al.(2009, 2010). It should
be pointed out that the “Carpet” detects the EAS electron-
photon component, whereas the NM detects hadrons (neu-
trons, protons and pions) with energy> 50 MeV (Dorman,
1975). The “Carpet” and the NM, with effective areas of
200 m2 and 2× 3 m2, respectively, are placed in the same
building, separated by about 15 m. Owing to this combi-
nation of instruments with high time precision, we achieve
improved accuracy in studying the EAS hadron component.
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2 EAS events detection in NM

The neutron monitor (NM) operated at the Baksan station
consists of 6 tubes (channels). In the recording system there
is an additional channel (the 7th), which receives the master-
pulses from the “Carpet”. These pulses are generated at the
moment an EAS, produced by the primary particles whose
threshold energy is over 6· 1012 eV (Ne = 105

− 107 parti-
cles), falls down on the “Carpet”. Thus, there is an oppor-
tunity to study a hadron flux produced by an EAS, which
is detected in the NM. The average count rate in Channel 7
(EAS occurrence) is∼ 80 min−1. In the course of the sub-
sequent processing, it is possible not only to distinguish the
pulses from an EAS, but also to study the sequence of the
NM-detected pulses following either immediately after the
EAS, or some time later.

The algorithm of data processing is as follows. As soon
as an EAS pulse is detected, an operating time windowTw is
opened. The NM pulses are counted and the pulse-to-pulse
intervals occurring within this time window are recorded.
Then, after a period of timeTp, the time window of the same
duration Tw, is opened again for reference (background)
counting. The preliminary data processing (∼ 30−40 days)
found that the probable influence of an EAS on the NM
lasts about 1 ms. Based on these, we useTw = 1 ms, and
Tp = 25 ms.

The first and the most important stage in the data process-
ing is the determination of a distribution of time intervals
(DOTI). To determine DOTI we should count the number of
cases when the pulse-to-pulse interval (the intervals between
successive pulses within the NM) was equal tot µs. The type
of DOTI indicates the information on the nature of the pro-
cesses occurring in the NM. Figure 1(a) shows the different
kinds of DOTIs obtained from the complete 2009-10 data set.
The choice of the value ofTp was determined by the condi-
tion that in the NM there should be no neutrons from the
previous EAS. An increase of the time windowTw to over
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Fig. 1. (a)the distribution of time intervals, which were calculated according to the algorithm. 1) in the operating time window (after EAS),
2) in the reference time window, 3) the difference between 1) and 2);(b) the difference (black line) and a fitting function (blue line). The
fitting function consists of two exponentials with characteristic timesτ1 = 45 andτ2 = 230 µs (red and magenta lines).

1000 µs gives no noticeable effect: the DOTI immediately af-
ter the EAS arrival (operating DOTI) and the reference DOTI
merge. It is clearly seen in Fig. 1(a) where we present DOTI
for 100 days. The authenticity of the “Carpet” pulses, came
on the recoding system, was also checked. The check was
based on the fact that the true pulses from the “Carpet” have
a strictly fixed duration of 50 µs. With the accuracy of record-
ing of 1 µs, it is easy to determine the pulse duration from the
“Carpet”.

It is seen from the Fig. 1(a) that the number of short in-
tervals (up to 200−300 µs) recorded in the operating win-
dow is several times as many as the number of short inter-
vals in the reference time window. However, att ∼ 1000 µs,
their number is becoming equal. Thus, the first result is that
the total time of an EAS influence on the NM does not ex-
ceed 1000 µs. This value disagrees with that obtained, for
instance, inStenkin(2008). These studies, however, differ in
the observed energy ranges. The NM detects hadrons of at
least 50 MeV in energy whereasStenkin(2008) studied EAS
thermal neutrons.

Both the background cosmic rays (CR) and the EAS events
obey Poisson law:

Pk(1t) =
(N0 ·1t)k

k!
exp(−N0 ·1t) (1)

where1t is the time interval,N0 is an average number of
pulses per time unit,k is a number of detected pulses,Pk(1t)

is the probability of getting exactlyk pulses during the time
interval1t . An important feature of the Poisson distribution
is that if the probability of the pulse number is described by
Eq. (1), the probability of the interval value between pulses
1t is given by

w(1t)= N0 exp

(
−

1t

τ0

)
(2)

wherew(1t) is the probability to get an interval1t between
pulses,τ0 is a mean interval between pulses (the characteris-
tic time τ0 = 1/N0) (Goldansky et al., 1959).

The Poisson distribution also has another feature (Goldan-
sky et al., 1959): the sum of two Poisson processes with the
average intensityN1 andN2 respectively, will be the Poisson
distribution with intensityNtot = N1+N2. Hence, the DOTI
functionwtot(1t) for the sum of two Poisson processes will
be described as Eq. (2) whereτtot = 1/Ntot, rather than the
sum of two exponentials with characteristic timesτ1 = 1/N1
andτ2 = 1/N2. However, while the probability of two Pois-
son processes’ contributions to the total flux is different in
the DOTI, the true exponential dependencesw1(t) andw2(t)

will be observed separately, which correspond to the initial
processesN1 andN2 and characteristic timesτ1 = 1/N1 and
τ2 = 1/N2. As Fig. 1 shows the DOTIs in a semilog scale,
the exponential curve is shown as a straight line. The DOTI
nonlinearity in the chosen scale indicates that process under
study is a complicated sum of Poisson processes (Goldansky
et al., 1959).

The primary CR energies to which the “Carpet” and the
NM respond are different, and in this sense the intensities
recorded by these instruments are independent. Thus, in the
count rate of an NM we have a complicated sum of Pois-
son processes. The reference DOTI is calculated only on the
background CR fluxes, whereas the operating DOTI are the
sum of the CR flux and the EAS. Hence, it is possible to
write:

w(1t) = wEAS(1t)+WCR(1t) (3)

wherew(t) is the function presenting the operating DOTI,
wEAS(t) is the function of the DOTI from EAS andwCR(t)

is the reference DOTI. We see that the operating DOTI is
made of the sum of two functions presenting the EAS proper
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and the reference one. One can give thewEAS(t) as the dif-
ference betweenw(t) andwCR(t). In Fig. 1(a), the differ-
ence is shown as a green line and a deviation of the DOTI
from the linearity is clearly seen. In Fig. 1(b), the approx-
imation of the difference is shown as the sum of two expo-
nentials. The values of the characteristic times areτ1 = 45 µs
andτ2 = 230 µs and the approximating function is

wEAS(1t) = A exp

(
−

1t

τ1

)
+B exp

(
−

1t

τ2

)
(4)

These two exponentials are evidence of the complicated sum
of the Poisson processes taking part in the process caused by
EAS. The complicated sum points on the two independent
processes, which have effects on NM during first 1000 µs af-
ter an EAS.

3 EAS-induced multiplicity events in NM

The papersBalabin et al.(2010, 2011) gave a detailed survey
of all the multiplicity events detected in a NM in general.
In this work we study the NM multiplicities related to EAS
only. It is well known that the multiplicity event (ME) is
the number of neutronsM detected in the NM over a short
period of time. We give below the conditions for search and
selection of multiplicity events.

1) before a ME there should be a time interval of at least
Tpau, during which there are no pulses;

2) the intervals between pulses following each other (after
Tpau) should not exceed the valueT0. Total number of
pulses in such cluster is ME ofM. The total duration of
the clusters depends on the numberM. The first interval
of more thanT0 duration finalizes an event.

3) it is necessary that the multiplicity event is associated
with the pulse from the “Carpet”.

The papersBalabin et al.(2010, 2011) use Criteria 1) and 2).
Criterion 3) is introduced in the present work. InBalabin et
al. (2011) optimal values to be used in search of MEs have
been found:T0 = 500 µs andTpau= 5000 µs. The same val-
ues are used in the present study. In data processing, both
the search of all MEs (Criteria 1) and 2) only) and the MEs
accompanied by EAS were used. The ratio between the MEs
(see Fig. 2) occurring immediately after the EAS arrival, and
the total number of MEs of each number is calculated. We
see that MEs withM > 20 mainly occur immediately after
the EAS arrival, and withM > 25 this ratio is close to 1,
i.e. practically all the events withM > 25 are induced by
an EAS. It is probable that all the MEs withM < 25 orig-
inate from EAS too, but due to spacing between the “Carpet”
and the NM small EAS can be omitted by the “Carpet”. Be-
cause of the small dimensions of the small EASes, they can-
not overlap simultaneously both the NM and the “Carpet”.

Fig. 2. RatioNEAS/Ntotal on the NM. It is easy to see that largeM

events are usually accompanied by EAS.

The amount of MEs up toM = 30 is enough for the DOTI
to be calculated with a small statistical error for any givenM.
The procedure is simple. In all the events of the givenM, the
number of intervals of durationt µs is counted. Figure 3(c)
shows that the DOTI is quite different from the exponential
which was calculated for the Poisson process (2). All the
DOTI can be fitted by the sum of two exponentials, like in
Eq. (4), with characteristic timesτ3 andτ4. A study has been
carried out to determine in what particular part of ME the
processesN3 andN4 occur. It has been found inBalabin et
al. (2010, 2011) that the average time intervals in ME don’t
significantly vary at the initial phase of events. But closer
to the end (the final phase) of the events the time intervals
increase steadily. The boundary between the initial and final
phases is on around 7−10 pulses before end. Based on these
results, we have calculated DOTI for the first 10 and for the
last 7 intervals separately. All three DOTI forM = 25 are
shown in Fig. 3. The DOTI based on the entire set of events
is a sum of exponentials withτ3 = 35 µs and withτ4 = 165 µs
(Fig. 3(c)), whereas the DOTI based on the first 10 and the
last 7 intervals consist of practically one exponential with
each (Fig. 3(a),(b)), having characteristic timesτ3 = 35 µs
andτ4 = 165 µs respectively. This is direct proof of the pres-
ence of two different processes in one ME, with one of these
forming the initial phase, and the other the final or relaxation
phase. Similar result is also obtained withM < 20.

However, while the DOTI for the relaxation part preserves
its linearity, the DOTI for the initial part, asM decreases,
increasingly gets a shape like in Fig. 3(c), i.e. loses its speci-
ficity. What’s more, it makes no difference whether the MEs-
based DOTI have been found immediately after the EAS ar-
rival or whether it is based on the whole set of MEs. The
detected property is specific for all MEs. The obtained result
confirms the assumption stated inBalabin et al.(2010, 2011)
that large MEs consist of two phases – the initial and relax-
ation phase, which differ in their characteristic time. The re-
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Fig. 3. Distribution of time intervals between pulses (DOTI) is made forM = 25. (a) the DOTI for the 10 initial intervals of MEs only;(b)
the DOTI for the 7 last intervals of MEs only;(c) the total DOTI (all intervals of MEs are used). Fitting functions are shown as a blue line:
they are simple exponential functions for(a) and(b), there is a sum of them for(c). Arbitrary units are normalized for a total number of
pulse.

laxation phase is composed of the last 7−8 pulses in a ME,
and the initial phase is composed of the firstM −10 pulses.
For the events withM < 10, separation ME into phases is
difficult. Besides, the calculated values of timesτ3 andτ4
are close to the characteristic timesτ1 andτ2, respectively,
which describe the DOTI immediately after the EAS arrival
(Fig. 1(b)). The differences between the time intervals are
explained by the fact thatτ3 andτ4 are calculated for a par-
ticular value ofM whereas the DOTI immediately after the
EAS arrival is based on all possible values ofM.

4 Conclusions

We have studied the distribution of NM pulses calculated im-
mediately after the EAS master-pulse arrival. The similar
distribution of the reference time intervals outside EAS in-
fluence zone has been compared. We have found that the
hadron component of the EAS influences a conventional NM
for not over 1 ms after the EAS arrival. The calculation of the
DOTI between the pulses (within 1 ms after the EAS arrival)
has shown the presence of a sequence of the NM pulses pro-
duced by high-energy hadrons detected in the NM during the
EAS influence. The average lifetime of the particle popula-
tion inside the NM is 45 µs.

We found that the ratio between the multiplicity events ac-
companied by EAS and their total number increases asM

increases, achieving 1 for large multiplicities (M > 25). The
calculation of the DOTI separately for the initial and final
parts of the MEs shows that the MEs forM > 10 consist of
two different processes having their own characteristic times,
with there being no difference in whether the ME is accom-
panied by an EAS or not.
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