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Study of the penetrating component of 

cosmic rays underground 

using large scintillation detectors



·Underground physics is the effective 

method to study broad class of rare 

processes in the cosmic ray and 

elementary particle physics especially 

concerning the role of neutrinos in 

Astrophysics.



The main problems of UP

I. Study of neutrino radiation

ÅAtmospheric neutrinos

ÅSolar neutrinos

ÅNeutrinos from collapsing stars

II. Construction of underground detectors

III. Detection of neutrino radiation from SN1987A

IV. Study of penetrating component of cosmic rays

ÅEnergy spectrum 

ÅStudy of deep inelastic scattering

ÅGeneration of nuclear active component underground

ÅDepth-intensity curve of muons

ÅDepth-intensity curve of neutrons

ÅSeasonal modulation of the cosmic ray muon flux and 

neutron flux from muons

Åɛ+/ɛ- ratio
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· In the middle of 60th neutrino physics became to dominate in 
underground experiments. The sizes of detectors were increased 
and  increased. The first underground laboratories were created. 

·New methods for studying low-energy neutrinos, solar neutrinos, 
neutrinos from collapsing stars became to be developed . 

· Neutrinos going in the horizontal direction by the use of scintillation 
detectors, and neutrinos, coming from the back side of the Earth 
(proposed by M. Markov, G. Zatsepin, I. Zheleznykh, V. Kuzmin, 
1962) became to be studied.

·M. Menon, A. Wolfendale et al., Kolar Gold Fields, India, 1963-
1971.

Depth 7500 m.w.e. Horizontal muons, neutrinos.

·F. Reines, W. Kropp et al., Johannesburg, South Africa, 1967-1971. 
Depth 8640 m.w.e.

·J. Keuffel, Utah, USA, 1967-1971. 1500 m.w.e. From the back side 
of the Earth.

·A.E.Chudakov et al. 1979-1980. 750 m.w.e. From the back side of 
the Earth

·Radio chemical methods for solar neutrino detection were 
developed.

Cl-Ag experiment proposed by B. Pontecorvo in 1946, was realized 
by R. Davis in 1967. 
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1965-80ɀstudy of cosmic ray background

1979-80ɀthe beginning of search for neutrino from 
collapsing stars in Arteomovsk and Baksan.           

3 detectors used the same liquid scintillator.

1979- first detection of up-going atmospheric 
neutrino in Baksan. 

1965 ɀelaboration of new liquid scintillator :
transparency L>30m, stability >40 years, scintillator 
is bubbling by argon gas, after that the scintillation 
efficiency is increased in 2.5 times  
the price 30 kop/L (<30cent/L.)
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n+Cl37­Ar 37+e-

Statistics ofnevents per 1 

atom of the target per 1 sec is

~ 10-34ï10-37 (ppe)

The questions of background play very important role.

Nuclear active component of the cosmic rays

p+Cl37­Ar 37+n

Background for solar neutrinos
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Before 1964 it was supposed that the nuclear 

active component is produced due to 

electromagnetic cascades generated by 

muons underground.

G.Zatsepin suggested to take into account 

the nuclear cascades developed after deep 

inelastic scattering of muons.
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Cosmic ray penetrating component comes to the earth

Neutrino from 
collapsing stars
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The number of generated neutrons per 1 muon per 1 g/cm2 vs the depth from the top of the 

atmosphere.

The sum of all processes.

Muon 

bremsstrahlung

m- capture

pair production

d-electrons

Neutron 

production in 

inelastic muon 

interactions 

with taking into 

account  

nuclear 

showers

Dependence of the 

contribution of neutrons, 

produced in inelastic muon 

interactions, on the energy 

transfer in the interaction Et

H=570m.w.e.
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BAKSAN

BAKSAN NEUTRINO  OBSERVATORY

Institute for  Nuclear Research RAS
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·Discussion about 

underground physics, 1969.

Discussion about 

Russian-Italian 

collaboration, 

1977.
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LSD, Monte Bianco





1978: B.Pontecorvo about Gran Sasso lab: 

ñI regret not to be young enough to participate in 

this formidable project. The scientific content of 

the project appears to me extremely interestingò.

The term 

ñUnderground 

Physicsò

was introduced in 

1985 by prof. 

C.Castagnoli during 

the symposium 

dedicated to the 

opening ceremony of 

the LSD detector under 

Mont Blanc



1985 ïofficial start of LSD running

New concept of cosmic ray physics 

Underground physics
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In this year we can celebrate 

30 years of 

UNDERGROUND PHYSICS
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Until now, Cherenkov (H2O) and scintillation (ʉnH2n) detectors which are 

capable of  detecting mainly ,  have been used in searching for neutrino 

radiation, This choice is natural and connected with large     - p cross-

section

As was shown at the first time by G.T.Zatsepin, 

O.G.Ryazhskaya, A.E.Chudakov (1973), the proton can be 

used for a neutron capture with the following production of 

deuterium (d) with g- quantum emission witht~180 ï200 Õs.

2.2gg+ ­ + =n p d E MeV
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During last 40 years the following underground detectors were constructed by the 

Institute for Nuclear Research of the USSR: 

1.ASD (Collapse) :  (INR RAS, Arteomovsk ), 105 t of liquid 
scintillator, 1 kt of NaCl, 1977

2. BUST (INR RAS, Baksan), 200 t of liquid scintillator and 160 t of 
iron, 197 8

3. LSD (INR RAS together with Institute of Cosmo Geophysics of 
CNR) Mt. Blanc, 90 t of scintillator and 200 t of iron, 1984 

4. LVD (INR RAS and LNGS INFN, Gran Sasso) , 
0,35 Ɍt scintillator and 0,33Ɍt iron , 1992

last version (1 kt of scintillator and 1 kt of iron), 2001

One of main goals of the experiment is the search for 

neutrino burst from collapsing stars.

These detectors also are used for different studies in the field of 

underground physics. The possibility of a simultaneous detection of a 

neutrino burst by several detectors located in different places on the 

Earth strongly reduces noise and increases the reliability of results.



22

On February,23, 1987 

A Supernova explosion
in the Large Magellanic Cloud occured.
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Hour, UT
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The results are not explained in the frame of the standard 

collapse model, but can be naturally explained by rotating 

collapsar model (V.Imshennik,O. Ryazhskaya, Astron. Lett. 

30, 14 (2004)) which predicts two-stage collapse. LSD 

detected neutrino from the stage of 

neutronization of the star due to the 

presence of the iron in LSD. The first stage 

was ~ 5 hours early then second one.
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1.   To resolve the problem of the transformation of collapse 
into an explosion for high -mass and collapsing supernovae 
(all types of SN, except the type Ia  ïthermonuclear SN)

2.     To resolve the problem of two neutrino signals from 
SN 1987A, separated by a time interval of 4.7 h.
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The difference of neutrino emission in the 

standard model and  in the model of rotating 

collapsar.
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The experiments running to search for neutrino 
radiation from collapsing stars up to now traditionally 
take one's bearings for the detection of the inverse ɓ-
decay reaction and, accordingly, for the use of the 
hydrogenate targets. The observation of neutrino 
radiation from SN1987A showed that it is important to 
have in the composition of the targets beside the 
hydrogen also other nuclei suitable to neutrino
radiation detection. In particular the presence of iron 
nuclei in the LSD (200 t) provided for the sensational 
detection of electron neutrino at 2:52 UT on February 
23 1987 when other more powerful detectors with 
their hydrogenate targets could not respond to this 
type of neutrino. 
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2:52 UT results and 7:35 UT results correspond to a certain

extent to the model of standard collapse (7:35UT)

Review by Imshennik V.S., Nadyozhin D.K. // Inter. J. Mod . Phys. A 20,

6597(2005),

the model of rotating collapsar (2:52UT; 7:35UT)

ImshennikV.S., SpaceSci Rev, 74, 325-334 (1995); Astronomy Lett., 34, 375

(2008); ImshennikV.S., RyazhskayaO.G. // AstronomyLett., 30, 14 (2004)

However,a number of questionsstill remains!
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Timing diagram of the BUST pulses coincident with the LSD pulses within 1 s 

and similar coincidences for the ʂ2 and LSD detectors as well as double pulses 

in LSD over the period from 0:00 to 10:00 UT on February 23, 1987.
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Nc (LSD-K2) = 8; Nc.by chance= 2
Nc(LSD-BUST) = 13; Nc.by chance= 3
Npairs by chance= 1,2

Coincidence by chance 

with SN 1/3000 years



The average number of coincidenceswithin the 1

secondtime interval is lessthan 1 event per day
(total 294evensfor 2013yearand297eventsfor 2014
year was obtained). The results are correspond to
randomcoincidences.

On February23, 198713 eventsin time interval from
1:50 UTtill 3:50 UTwere detected,numberof random

eventsis3.

It was made the analysis of the BUST and LVD data

obtained during 2013-2014 yy. to study experimental

search for BUST and LVD coincidences of pulses within

1 s.
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LVD ïdetector under Gran Sasso (LNGS) @ 3300 m.w.e.

LVDVthe largest iron-scintillation 
telescope in the world
V3 towers:
V840 scintillation counters 
(1010 tons of scintillator)
V1000 tons of iron

Study & important 

results in:

Åneutrino physics

Åastrophysics

Åcosmic ray physics

Åsearch for rare 

processes

The  main goal 
is to search for 
Ȇ bursts from 
collapsing stars

LVD is 10 times expanded 

version of the LSD (Mont 

Blanc) apparatus which 

has detected the ɜ-burst 

from SN 1987A at 2:52 UT 

on February, 23, 1987.  

LSD & LVD are Russian-

Italian projects. 

Scintillator & scintillation 

counters were elaborated  

and produced  in INR, 

Russia
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During 38 years [òCollapseó ð1977, LSD ð1984 - 2002, 

LVD ð1992(1 tower), 1998 (3 towers)] there were no 
observation of  Ȇradiation from collapsing stars in 
the Galaxy. The collapse rate is less than 1 / 16 
years at 9 0% c.l.
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LVD
SNO

SK

BNL

server

Alarm to scientific
community

SuperNova Early Warning System

IceCube
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Detector Depth, 

m.w.e.

Mass, 

ktons

Threshold Efficience

Expected number of events Back-

ground,

s-1

Standart model Rotating collapsar 

model

he° hn hg nep nie niC neA neAin

ASD

Artyomovsk

Russia 570

0.1

CnH2n

1.0

NaCl

5

0.97 0.80

0.07

0.85

0.05

57 2.1 9.5

25

19

0.16

BUST

Baksan

Russia
850

0,2

CnH2n

0.16

Fe

8
0.6

-

0.2 67 2.2 4.3 8
0.033

KamLAND

Kamioka

Japan 2700
1.0

CnH2n

0.35 0.9 500 48 85 180

Borexino

Gran Sasso

Italy
3300

0.3

C9H12

0.2 0.9 0.85 120 12 28 60

LVD

Gran Sasso

Italy
3300

1.0

CnH2n

0.95

Fe

4-6

0.9 0.6 0.55

0.45

500 22 55

250

160

0.1

Super-K

Kamioka

Japan
2700

22.5

H2O
7 0.9 - - 9400 400 - 650



41

We should be able:

Ç to separate events appearing from 
neutrinos of different types;
Ç to measure energy spectrum and time 
distribution of neutrinos;
Ç to put new limits on the neutrino mass or 
to measure it;
Çto look for neutrino oscillations.



We are waiting for 

new  Supernova



The results of cosmic ray 

penetrating component study 



E.V. Bugaev et al.



Energy spectrum of cosmic ray muons



Dependence of  neutron 

number per 1 muon per

1 g/cm2 vs. the depth 

from the top of the 

atmosphere

Dependence of  

neutron number 

per 1 muon per 1 

g/cm2 on 

average muon 

energies at a 

depths of 25 [7, 

8], 316 [7, 8], 570 

[5], 3650 [10] and

5200 [9] m.w.w.;

solid line ï

calculation [1], 

dash line ï

FLUKA 

calculation [18].

Dependence of  neutron number per 1 muon per 1 

g/cm2 vs. the depth from the top of the atmosphere
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Dependence of the neutron 

generation on atomic number for 

muons with energy 280 GeV 

Monte Carloς
GEANT4

2014 y.
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Superposition of the whole muon data set into one 
year:

Averageamplitude:
dIҡ=(5.0°0.2)Ö10-6 (m2s)-1­1.5%

The muon intensity in each run is defined as:
Ii=Ni/Aeit i

Average muon intensity: 

IÕ=(3.31°0.03)Ö10-4(m2s)-1

Period: T=(367°15) days

Analysis of the seasonal modulation of the cosmic muon 

flux and neutrons from muons. 


