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1. INTRODUCTION

Cosmogenic neutrons form the main background
in underground experiments aimed at the search for
rare interactions. First targeted investigations of neu-
trons were performed with the Artemovsk scintillation
detector in 1970s. The energy spectra of neutrons,
their underground flux, temporal variation of neu-
trons, and the neutron yield from muons have been
obtained by developing the technique of neutron
detection on the LSD and LVD scintillation detectors
designed based on the Russian—Italian collaboration.

1.1. Liquid Scintillator

The principle of detection of particles by the scin-
tillation method includes the excitation of molecules,
which is converted into the electromagnetic radiation

T Deceased.

in the visible and ultraviolet ranges with isotropic
emission of photons. The basis of a liquid scintillator
(LS) is the carbon-containing substance (white spirit
[1]), which by weight contains 65 wt % C,H,, ., paraf-
fins, 15 wt % C,H,;, naphthenes, and 20 wt % aromatic
hydrocarbons [2].

The development of white spirit-based LS for
large-scale neutrino detectors in the USSR was started
in 1965—1968 [1, 3]. This scintillator was later used in
experiment at Baksan (BUST), Artemovsk, and in
Italy (LSD, LVD).

The general formula of white spirit is C.H,,, &k =
9.6; the density at a temperature of 20°Cisp =0.778 =
0.02 g/cm?, the volume expansion coefficient is
(1.23 £ 0.04) x 103 deg™!, and the refractive index is
1.5 for light with a wavelength of 420 nm. The burst
temperature of white spirit in an open volume is 36 +
2°C, and its permittivity is € = 2.1 (twice as high as that
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for dry air). For obtaining the high transparency of the
scintillator, the base was purified by the circulation
through AlL,O; sorbents and zeolite under pressure.
The transparency was monitored at a spectrophotom-
eter wavelength of 420 nm by the “leaving the beam”
method from the intensity of light passing through a
60-cm liquid column. Shifter POPOP (0.03 g/1) and
activator PPO (1 g/l) were diluted in the base. The
specific light yield of the LS was 1 photon for 160 eV or
6.25 photon/keV. The LS radiation spectrum and the
spectral sensitivity of the photoelectric cathode PMT
are in good agreement. The LS in the counter is
purged with argon for displacing atmospheric oxygen
diluted in the LS and suppressing scintillations.
Almost entire amount of oxygen in large volumes of
the scintillator is removed by passing through the LS of
argon with a volume six time larger than the LS vol-
ume. The specific light yield increases thereby approx-
imately twofold [1]. The average transparency after the
purification was about 20 m; over this length, the light
intensity decreases by e times.

The 1.5-m? liquid scintillation counter was con-
structed in 1979 for long-term large-scale experiments
for the search for neutrino radiation bursts from col-
lapsing stellar cores. Seventy-two such counters were
used for designing the LSD detector operating from
1984 to 1999 [4]. The LVD facility contains 840 count-
ers [5].

The size of the counter is 1 X 1 x 1.5 m?; three
PMTs with a photocathode diameter of 150 mm are
located on its upper face. The counter container was
welded from stainless steel sheets of thickness 4 mm.
The total mass of the container in assembly was 290 kg
(without PMTs and boxes). The light-collecting sys-
tem consists of a mylar (aluminated) film coating the
area of the inner surface of the counter (8 x 10* cm?)
with specular reflection coefficient oo = 0.80—0.90 and
a high-transparency LS (15—25 m) with an optical
density of 1.49 for light with A = 420 nm. In this
counter, the method of full collection of light as a
result of multiple reflections is used with low losses of
light in the course of light collection (absorption in
collecting system elements) and a small ratio of the
photocathode area to the area of the inner surface of
the counter [6]. All counter materials are chemically
inert relative to the LS material, which prevents the
decrease in its transparency. The scintillator counter
mass is 1170 £ 20 kg.

1.2. Underground Neutrons

Because of the high penetrability of neutrons and a
quite large nuclear reaction cross section, neutrons are
the main hardly eliminated background in under-
ground laboratories. Neutrons can initiate events imi-
tating the sought ones in a wide energy range from tens
of kiloelectronvolts to hundreds of megaelectronvolts
due to elastic collisions with free protons (in detectors
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operating with an organic scintillator) or with nuclei of
the target material, as well as inelastic collisions with
nuclei. Since neutrons are emitted from nuclei and
most probably end their free state in a nuclear capture,
the emergence of each neutron is associated (apart
from its own interactions with matter) with the forma-
tion of at least two isotopes (the residual nucleus of the
detector or the protector material and of the nucleus
that has captured a neutron). The emerging unstable
isotopes can initiate a background event by emitting an
electron or a gamma quantum. The flux of neutrons
emerging from the rock in underground laboratories
include neutrons with natural radioactivity as well as
cosmogenic neutrons (generated by muons). At depths
exceeding 2 km w.e., the cosmogenic neutron flux is
2.5—3 orders of magnitude smaller than the flux of
neutrons with the radioactivity of the rock, which are
formed in the (o, n) reactions (o particles are emitted
by nuclei from the uranium or thorium family, which
are contained in the rock) and during spontaneous fis-
sion of 28U. The energy of these neutrons does not
exceed 30 MeV; their role in producing the back-
ground can be eliminated by introducing a protector
with a sufficient thickness. However, due to high
energy (up to ~1 GeV), cosmogenic neutrons are char-
acterized by large free paths, and the corresponding
increase in the thickness of the protector and, hence,
its mass increases the probability of formation of neu-
trons in it. Therefore, the protector itself becomes the
source of the neutron background.

In detectors operating on an organic scintillator
(LVD, Borexino, KamLAND, BUST, and ASD
experiments), which are used in the search for the
neutrino flux from the gravitational collapse of a stel-
lar core accompanied by a burst of a second-type
supernova, the main reaction is the interaction of an
electron antineutrino with a proton, viz., V,p — ne* is
the Raynes—Cowen or inverse beta decay (IBD) reac-
tion. The Raynes—Cowen reaction is characterized by
a well identifiable signature and a large cross section;
as a result of this reaction, there appears a pair of time-
conjugate pulses (e* and a 2.2-MeV y quantum from
the np capture).

Cosmogenic neutrons with a high energy (exceed-
ing 10 MeV) can exactly reproduce the IBD signature.
Neutrons imitate the reaction signature by producing
the first pulse via np scattering (recoil proton ioniza-
tion loss) and the second pulse via the np capture of a
thermalized neutron (the energy of the emitted vy
quantum is 2.2 MeV).

2. DETECTION OF NEUTRONS

Neutrons are registered in a scintillation detector
by detecting [gamma] quanta with energy higher than
the lower threshold (£ > 0.5 MeV), which is opened in
a 1-ms time window behind the trigger (£ > 5 MeV),
which is caused by the passage of a muon or another
Vol. 134
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Fig. 1. (a) Diagram of passage of a muon through the counter with generation of neutrons and detection of y quanta. (b) Time
distribution of the number of detected y quanta with the background; curve is approximation of form dN,,/dt = B + Nyexp(—/1).

high-energy particle (proton, background y quantum,
and so on).

A muon passing through the setup either generates
neutrons by its field (direct-generation neutrons) or
generates an electromagnetic or hadron shower, in
which secondary neutron are generated. All these neu-
trons are decelerated in the detector material to
approximately 0.4 eV in collisions mainly with pro-
tons. Then neutrons are thermalized to energy of
0.025 eV and are captured by the proton of hydrogen
(np — D* — D + v) or by the Fe nucleus (n*°Fe —
STFe* — S'Fe (kY), 91.7%; n**Fe — 3Fe* — >Fe (),
5.8%) with the emission of Y quanta with energy of
2.23 MeV or about 8 MeV, respectively (Fig. 1a).

The average lifetime (diffusion time) of a thermal-
ized neutron in a medium can be determined using
expression

Ty = =2.05x107" s,

Vina

where v, = 2198 m/s is the velocity of a thermalized
(0.025 €V) neutron; X, = 0.0222 cm~! is the macro-
scopic cross section of the neutron absorption by
nuclei of the medium, which is averaged over the
Maxwellian neutron spectrum and depends on the
chemical formula of the LS (C,H,,) and density p =
0.78 g/cm’.

The separation of y quanta from the neutron cap-
tures and background events is carried out using char-
acteristic exponent exp(—¢/T), where 7T is the capture
time, and the 2D time distribution of background
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pulses (Fig. 1b). Therefore, the time distribution being
registered is the sum:
N, _ B+ N, exp(—z).
dt T

With account for the detector size and edge effects,
7= 185 s for the scintillator and T = 135 ps for yquanta
from neutron captures at iron.

The efficiency of detection of neutrons distributed
isotropically over the counter volume during captures
in the scintillator by one counterism, = (55 +2)% [7].
This value can be explained by the emission of y
quanta and (to a lesser extent) neutrons from the
counter. In the chosen measuring conditions, when a
neutron is detected by several counters, efficiency 1,
increases to approximately 77%. Gamma quanta with
energies from 4 to ~10 MeV (maximal energy of a y
quantum from nFe capture) are registered with effi-
ciency 62% [7]. The high detection efficiency is due to
the geometry and large sizes of the detecting volume.

2.1. Artemovsk Experiments

At the beginning of 1970s, at the Artemovsk Scien-
tific Station (ASS), Institute for Nuclear Research,
USSR Academy of Sciences (near Artemovsk, now
Bakhmut, Ukraine), a experiment for studying neu-
trons at various depths was constructed; it was also
used for analyzing the behavior of the muon nuclear
interaction cross section depending on the transferred
energy. The ASS setup consisted of three levels of scin-
tillation counters [8]. The upper and lower levels
detected charged particles (0.35 x 1.4 X 1.4 m%); the
middle level contained a counter (0.7 X 0.7 X 0.7 m?)
2022
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Table 1. Measurements of neutron yield at Artemovsk,
LSD, and LVD. Yields are given in the units of
X 10_4n/u/(g/cm2). Values for Y| g (*) have been corrected
(see [16])

Experiment éj:\’/ m}vlv’.e. A i]Lls(,).4 A};FES’6
ASS 16.7 £ 8.2 25 |0.36 £ 0.05*

ASS 86 + 18 316 [0.93 £0.12%

ASD 125+ 22 570 | 1.57 £0.24*

LVD 280 £ 18 | 3300 | 3.3%0.5 16.4+2.3
LSD 385+39 | 5200 | 4.1+0.6* | 20.3£26

sensitive to both charged particles and neutrons owing
to a gadolinium salt dissolved in the scintillator. The
detector was triggered when a muon passed through it,
and during 200 us after this event, a burst correspond-
ing to energy yield of Y quanta (delayed pulses) emitted
after the capture of a neutron by the gadolinium
nucleus was detected or large energy release associated
with the passage of a shower through the detector was
observed in any level of counters. The experiment was
performed at two depths under the ground (at a depth
of 316 m w.e. in the salt-mine and at a depth of 25 m
w.e. in the plaster-mine.

The Artemovsk scintillation detector (ASD) com-
missioned in 1978 has a 100-t LS in a cylindrical car-
case with approximately equal height and diameter
(about 5.5 m). The detector is in the salt-mine at a
depth of 570 m w.e. [9]. The energy range was deter-
mined by potentialities of electronic devices aimed at
detection of the IBD reaction. Muons with a mean
energy of 125 GeV generated neutrons in the scintilla-
tor of the detector and partly in salt surrounding the
setup. The number of neutrons was determined from
the time distribution of retarded y quanta with energy
from 0.5 MeV to 10 MeV in the 200-us time window
[10]. The neutron energy required for obtaining the
spectrum was determined from the recoil proton
energy yield in the elastic np scattering reaction with
account for quenching in the LS and particles from the
nC interaction [11].

2.2. LSD and LVD Experiments

The LSD experiment [4] was carried out from 1985
to 1998 in a chamber near the Mont Blanc tunnel
(Italy) at a depth of 5200 m w.e. The LVD experiment
[5] located under the peak of Gran Sasso mountain
range (LNGS, Italy) at depth A = 3300 m w.e.,
H,.;, = 3100 m w.e., provides information since 1991.

The detectors have similar structures — both of
them are designed based on a 1.5-m? scintillation
counter (1 X 1 x 1.5 m?). The energy resolution of the
counter for energy yield exceeding 20 MeV is about
20%; the range of energy yields being measured is 0.5—
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500 MeV. The time resolution is 1 us [6]. The masses
of the scintillators and steel parts of the setups are
approximately identical (LSD contains 90 t of LS and
100t of Fe; LVD has 970 t of LS and 1000 t of Fe). Sev-
enty-two counters for LSD form three levels and 3 col-
umns. The LVD contains 840 counters grouped in
3 towers (T1, T2, and T3), each of which forms 7 levels
and 5 columns.

Neutron yield at LSD and LVD was determined in
different conditions of neutron detection: (i) by the
inner counter of the setup, through which a muon had
passed (LSD [12]); (ii) by all counters in the inner vol-
ume of the setup crossed by a muon (LVD [13]), and
(iii) by inner counters with trigger pulses, including
the muon counter (LVD [14]). Here, the muon is
treated as a single muon as well as a group of muons
with accompanying shower or without it.

3. EXPERIMENTAL RESULTS
3.1. Neutron Yield

At the Artemovsk LSD and LVD setups, neutrons
generated by muons in the detector material (in the
scintillator for ASS [10], ASD [15] and in the scintilla-
tor and steel in the structure of counters in LSD [12,
16] and LVD [13, 14, 16]) were measured. Table 1 con-
tains the results of measurements of the neutron yield.
The neutron yield from iron was obtained for the LSD
and LVD using the calculation of the mass fractions of
materials [16] and the detection efficiency for neu-
trons generated in iron and in the scintillator [7].

The generation of neutrons by the muons flux
(neutron yield) with energies exceeding tens of

gigaelectronvolts is characterized by muon energy E“:

Y, « E, where oo = 0.75—0.80. Comparisons of the
values of energy Eu and depth H in different experi-
ments (see Table 1) shows that energy Eu is deter-

mined with a large error. The calculation of ]1_““ at the
given depth requires the determination of the muon
spectrum on the surface, the surface relief, the com-
position and density of the rock under the detector, as
well as the muon energy loss in the material.

The dependences of the neutron yield on muon
energy £, and atomic number 4 of the substance were

usually described by simple expressions Y,,(EM) =cy E:LX

and Y,(4) =c EAB. As a result of best approximation of
experimental data for ¥,, the Malgin universal formula
(UF) was derived:

Y, =bE; A, (1)

where b, = 4.4 x 1077 (g/cm?)~!, o0 = 0.78, and =
0.95 [17, 18]. Being an empirical expression for the
main dependence of the yield on E, and 4, UF con-
nects energy loss b, of muons in substance 4, which
Vol. 134
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Neutron yield, Y,

5%1074
4x1074+
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2x1074F
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Fig. 2. Measured neuron yields in the scintillator as a func-
tion of the mean muon energy. Curve is function Y, =

1.4 x 1077 x 10.4095 5078,

can generate neutrons under the action of energy bnE:‘
and reveals the meaning of coefficients ¢, and ¢y in

dependences Y,,(Eu) and Y, (A). In conformity with the
results of measurements, UF takes into account the
effect of the actual spectrum of the muon flux with

energy E, on the neutron yield.

As shown in [18], the yield of cosmogenic neutrons
is determined by the nuclear and electromagnetic
energy losses of muons with ultrarelativistic energies
and the nuclear properties of the substance.

Figure 2 shows the values of the neutron yield in
the scintillator, which was measured in the ASD,

LSD, and LVD experiments, and the YH(EH) depen-
dence obtained using UF. The universal formula
makes it possible to calculate the value of yield Y, for
any substance at any depth of the experiment; in this
sense, formula (1) is universal. The UF accuracy is not
worse than 20%.

The validity of this formula was confirmed in
recent LVD experiments. The LVD structure was sup-
plemented with additional substances: for measuring

the neutron yield in iron (YnFe), a 4-cm layer with a
total mass of 470 kg was used; for measuring in lead

(anb), alayer of mass 510 kg (3 cm) was used. For anal-
ysis, muons that have passed through two LVD count-
ers and the additional substance (iron or lead) between
them were chose were selected. The neutron yields
were measured from the difference of the specific
numbers of neutrons from muons before and after the
introduction of the additional material. With account
for the mean free paths of a muon (35.6 g/cm? in addi-
tional iron and 38.7 g/cm? in lead) and the efficiencies
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Fig. 3. Measurements of the neutron yield in LS, Fe, and
Pb for Eu =280 GeV; curve is the calculation based on UF.

in neutron detection (24.4% and 28.0%), the follow-
ing values of generation of neutrons by muons were

obtained ¥, = (15 £ 2) X 10~4n/\/(g/cm?) in iron and
Y, = (55 + 10) x 10~*n/u/(g/cm?) in lead). The UF-
based calculation gives Y, “(UF) = 16.3 X 10~*n/u/
(2/cm?) and ¥, *(UF) = 56.5 x 10~*n/u/(g/cm?) (see

Fig. 3). Yield ¥,”° was obtained for statistics base of
4 years of analysis (2015—2019). The error of mea-
surement is systematic (larger than statistical error)
and is associated with a quite thin lead layer (3 cm),
which is insufficient for full development of shower.
Large fluctuations of distribution dN,/dt = B +
Nyexp(—t/T1) complicate the determination of num-
ber of neutrons N;T.

3.2. Energy Spectrum

An important characteristic of cosmogenic neu-
trons is the generation energy spectrum (F/(7)). This
spectrum determines the spectrum of isolated neu-
trons (F*(7)), the neutron penetrability, and effects
associated with interaction of neutrons in materials of
detectors.

In the LVD experiment, the energy of spectrum of
neutrons with energies from 30 to 450 MeV [19], which
have been generated by muons in the detector mate-
rial, were obtained. Muons with mean energy of
280 GeV passed through a detector column, and the
detecting volume formed by 60 counters was 72 t of
LS. The neutron spectrum was reconstructed using
the total neutron yield spectrum in the counters. The
correspondence between the energy yield being
detected and the neutron energy was established by
Monte Carlo calculations. In the energy range from 30
to 120 MeV, points are described by dependence
Vol. 134
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F(T) « T-'11%030 while in the energy range from
120 MeV to 450 MeV, it is described by dependence
F(T) « T-205%0.14 The shape of the spectrum changes
at an energy of about 120 MeV.

In the ASD experiment, the neutron energy spec-
trum was measured in the range from 20 to 90 MeV
[9]. Neutrons were generated in salt by a muon flux
with a mean energy of 125 GeV. The neutron energy
was determined from the energy yield of recoil protons
in the elastic scattering reaction with account for
quenching in LS. The spectrum exponent was deter-
mined to within 20% (F*(T) o« T-3*01),

The experimental data obtained on ASD and LVD
led to the conclusion [ 18] that the cosmogenic neutron
energy ranges from zero to ~1 GeV. The cosmogenic
neutron generation spectrum F(7) has the three-
component structure. In the first component, evapo-
ration neutrons with the Maxwellian spectrum and a
maximal energy of about 30 MeV dominate. Neutrons
of this component constitute approximately 75% of
the total number of cosmogenic neutrons. Neutrons
with energy from 30 to 1000 MeV form the second and
third spectral components. The form of these compo-
nents 77! and 72 with inflection at energy 7, =

60(A4%% — 0.67) MeV follows from the additive quark
model of deep inelastic soft processes with inclusion
of the effects of passage of neutrons through the
nucleus [18, 20]. Spectrum F(T) of isolated cosmo-
genic neutrons emerging from the ground also
includes three components and is limited by energy
of about 1 GeV. The first component also has the
form of the Maxwellian distribution with a limiting
energy of 30 MeV. The main factor determining the
shape of the second and third components of spec-
trum F*(T) is the size of the region from which cos-
mogenic neutrons reach the detector. Under the
action of this factor, the second component takes
form F*(T) « T-°° while the third component is
transformed into F*(T) « T-2°[18, 20].

3.3. Neutron Flux

As shown in [21], cosmogenic neutron flux F,(H)
can be expressed in terms of rate R, (H) of formation of
neutrons at the chamber—rock interface at depth H
and chamber surface area S,:

F,(H) = R,(H)/S..

The rate of neutron formation in rock volume V'is
determined by effective thickness /, of the layer and
density p of the rock surrounding the chamber, from
which neutrons pass to the chamber, and depends on
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the global muon intensity /,(#) and neutron yield

Y.(H):

R(H) = IL,(HWVpY,(H)[ns].

Substituting the expression for R,(H) and V' = S/,
we obtain the following expression for the flux:

F(H) = L(H)Y,(H)l,p [n cm™ s, ()

which is the cosmogenic neutron flux in the ground at
depth H.

Product /,p [g/cm?] is attenuation length A, char-
acterizing suppression k of the isotropic neutron flux
in the ground (k = exp(—L/A,), L [g/cm?] being the
thickness of the rock layer). We will use the relation
between Eu and H in form

E, =[1-exp(-bH)|—*—,
Yu -2
where g, = 693 GeV, y, = 3.77, and b = 0.4 (km w.e.)”!
for the standard rock and a flat surface [22]. Substitut-
ing the value of A, = 35 g/cm? into the expression for
F,(H) and writing yield Y,(H) in form (1) for 4 = 22,
we obtain the neutron flux emerging from the ground
through the chamber—standard rock interface [21]:

F(H)=2.9x10"1,(H)E,*(H) [n cm™ s']. (3)

For muon intensity /,, we can use expression

- H
I.(H) =68x10"°ex (——)
w(H) P170.285

+2.1x10  exp (—L)

0.698
from [23]. Dependence F,(H) of the flux, which is cal-
culated using formula (3) is shown in Fig. 4. With the
help of the Monte Carlo simulation using GEANT4
platform, the neutron flux in the rock of the under-
ground hall of the LVD detector was calculated:

FMC =458 x 10710 cm~25s"! [24].

3.4. Time Variation of Neutron Flux
In the LVD experiment, it was found [25, 26] that

cosmogenic neutron flux E,O experiences seasonal
variations under the action of two factors: (i) variation
Sju/lu of the muon intensity [27] and (ii) variation
ON,/N, of the specific number of neutrons. At the
depth of the LVD, the neutron flux variations have
amplitude

7
1496 _ {1 +ﬁj£1 +%j —1.015x1.077;

0
n i

n

ie., 8F,/F, ,, N,) =9.3%.

Vol. 134 No. 4 2022



ANALYSIS OF COSMOGENIC NEUTRON CHARACTERISTICS

The main source of seasonal variations of the neu-

tron flux under the ground are variations SEu of the
mean muon energy [28] under the assumption that

variations ON,/N, depend only on Eu' The amplitude
of variations of the number of neutrons associated with

SEH is five times larger than the amplitude of varia-
tions SIH. As follows from analysis of the mechanism of
temperature variations of muon flux characteristics
[18, 29], this is explained by a stronger (as compared

to /,) dependence of energy Eu on the temperature

effect. Assuming that 8F,/F, = 9.3%, we obtain the
following expression for seasonal modulations of the
flux of neutrons formed in substance 4 at the LVD
depth:

F.(t,A) = F*(H, A)[1 + 0.093 cosn(t — 1)/ T, )].

The detection of stronger modulations of the cos-
mogenic neutron flux as compared to the muon flux
provokes the wish to connect with them the signal
modulation in the DAMA/LIBRA experiment of
about 7% [30]. This contradicts the difference in mod-
ulation phases of the neutron flux, which have been

determined from the LVD data (t,? = 185 £ 18 days)

and of the DAMA/LIBRA signal (tg s = 152.5 days).
Nevertheless, with account for the large indetermi-

nacy of phase t,?, which is associated to a considerable
extent with irregular temperature oscillations, the
influence of neutron flux modulations on the
DAMA/LIBRA signal cannot be ignored as yet [8].

4. NEUTRONS AND GAMMA QUANTA
FROM THE CHAINS OF URANIUM
AND THORIUM DECAY

The background in the LSD and LVD detectors is
determined by nuclear decays of uranium 2*¥U, tho-
rium 2?Th, and potassium “°K, as well as neutrons in
the (o,n) reactions on rock elements from the o parti-
cles generated from daughter and o-active nuclei of
these series following radon and secondary neutrons
formed during interactions of muons. This back-
ground was studied not only within the problem of
determining the background for the neutrino experi-
ment, but also for determining correlations associated
with atmospheric meteorological effects, gravitational
effects of the relative motion of the Earth and the
Moon, and tectonic activity.

The background of single pulses in LVD with
energy £ > 5 MeV is caused by neutrons from the inter-
action of muons in the rock around the detector, as
well as radioactivity of rock and of the setup material.
Figure 5 shows the background detected by triggers for
towers T1, T2, and T3. It can be seen that the middle
tower is characterized by the lowest value (red curve).
The mean counting rate is 4.6 x 10~* pulse/s/counter
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Fig. 4. Total neutron flux from muons in rock as a function
of depth. Curve is the UF-based calculation (standard
rock A =22) [21]. Bullet is the Monte Carlo calculation for
the rock of the Gran Sasso underground laboratory for
3300 m w.e.

forT1, 3.4 X 10~*pulse/s/counter for T2, and 7.4 X
10~* pulse/s/counter for T3. First tower T1 is sur-
rounded by rock from three sides, while second tower
T2 is surrounded by rock from two short sides. The
counting rate for T3 is larger than the other two rates
because the third counter is surrounded by rock from
two sides and is open to the laboratory hall space at
one of long sides. Background particles are collected
from the large area of the hall and get into the detector.

The counting rate of the detector with energy
E>0.5MeV is represented in Fig. 6 (upper curve,
right axis). These are y-quanta pulses from the decays
of daughter nuclei of radon ???Ra with a half-life of
3.8 days. Gamma radiation is mainly produced by
the 2'Bi nuclei, which are transformed due to 3 decay
into **Po with characteristic time T = 19.7 min. The
v-radiation energy spectrum embraces the range from
0.6 to 2.5 MeV. The lower two curves show the count
rates of single triggers (£ > 5 MeV) of the outer
and inner counters; the mean values over 4 years
of statistics are 1.5 x 103 pulse/s/counter and 0.5 X
103 pulse/s/counter, respectively.

The spikes in the temporal series of events with
E > 0.5 MeV are associated with the injection of radon
to the hall atmosphere from microcracks in the rock.
The radon concentration in the hall is affected by
technical activity in experiments [31, 32], seismic
activity, and tidal forces. We also detected seasonal
variations of natural radioactivity background of the
underground premises due to seasonal oscillations of
the radon concentration, which are associated with
temperature variation of ground water as well as the
temperature and humidity of the underground cham-
Vol. 134
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Fig. 5. Time series of the counting rate for single triggers, recalculated per counter per second, for inner counters of T1 (middle
black curve), T2 (lower red curve), and T3 (upper green curve). Inner (80) counters are selected identically.
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Fig. 6. Time series of the counting rate for single triggers, recalculated per counter per second: upper curve (right axis) represents
low-energy pulses; middle curve (left axis) represents single triggers for outer counters; lower curve (left axis) represents single

trigger pulses for inner counters.

ber atmosphere. The amplitude of measured varia-
tions is (4 = 2)%; phase ¢ = 8.1 = 0.4 months [26].

The possibility of studying the radon concentration
variations under the ground were noted for the first
time after the detection of an anomalous increase of
the background counting rate of the LSD during most
intense seismic disturbances in Italy (September
1997). Later, an analogous dramatic correlation was
found between the increase in the LVD counting rate
and intense earthquakes in Turkey (August, November
1999). The effect was observed from two days to sev-
eral hours prior to earthquakes. The targeted search
for correlations between radon spikes in LVD data
(E> 0.5 MeV) and earthquake precursors is carried
out at present [33].

5. CONCLUSIONS

The characteristics of cosmogenic neutrons, which
have been measured in experiments at Artemovsk

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

ASD, LSD, and LVD, are the properties of the equi-
librium neutron components of hadron accompani-
ment of muons in a substance.

1. The main quantitative characteristic of neutron
is their yield, viz., the quantity determining the prop-
erties of the substance to generate neutrons under the
action of muons. The main dependence of the neutron
yield on the mean energy of the muon flux and the
mass number of the substance is described by UF

Y(E,, A) = b,E A", b,=44x10" cm® g
2. The validity of UF confirms the results of mea-

surements of the neutron yield in the ASD and LSD
scintillator, as well as new values of the cosmogenic

neutron yield ¥, = (15 + 2) X 10~*n/u/(g/cm?) from

muons in ironand ¥, * = (55 % 10) x 10~%n/u/(g/cm?)
in lead, which have been obtained using the LVD
detector.
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3. Using UF, we have also obtained the depen-
dence of the total flux of neutrons formed by muons in
the ground:

F(H,A) = b\, 1,(H)E, ° 4",

the value of which for the depth and rock composition
of LNGS is almost equal (to within the errors) to the
value calculated by the Monte Carlo method using
GEANT4.

4. The dependences for the spectrum of isolated
neutrons and the spectrum in the source have been
obtained from the energy spectra measured at ASD
and LVD.

5. The LVD data were used for determining the sea-
sonal variations of the flux of neutrons generated by
muons. Which amount to 9.3%, as well as the seasonal
variations of the natural radioactivity background
(4%).

The study of the background in the underground
laboratory requires a more detailed analysis of data.
The LVD detector background has various sources of
its variation, such as seasonal variations, lunar—solar
tides, and seismic activity. The forms of variations of
the count rates for background pulses differ in ampli-
tude and duration. During 30 years of LVD operation,
rich statistical data have been accumulated; we believe
that this will enable researchers to separate the back-
ground components and to single out various effects
associated with background variation.
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