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MotivationMotivation

The key problem for all underground experiments
looking for rare event physics, such as core-
collapsing supernovae neutrinos, dark matter
particles, low-energy neutrinos, etc., is the
background due to natural radioactivity and cosmic-
ray muons.

High energy cosmic-ray muons can easily
penetrate the rock and reach an underground
laboratory generating neutrons in hadronic and
electromagnetic showers inside the surrounding
soil, detector construction and shielding materials.
These neutrons are the most undesired part of the background that can imitate sought
events.

So it is ultimately important to estimate accurately the expected background neutron flux
induced by cosmic rays for the operating and newly designed underground detecting
facilities. And to optimize the suppression and shielding tools in order to increase the
experimental sensitivity.



MuonMuon--induced neutron production at various depthsinduced neutron production at various depths

О.Г. Ряжская, УФН, 183, №3, 2013
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А.С. Мальгин, О.Г. Ряжская, Ядерная физика, 71, №10, 2008

• Muon capture (dominant at depths < 80 m.w.e.)

• Muon-nuclear interaction (via the exchange of virtual photon)

• Electromagnetic showers

• Hadronic showers



GEANT4 simulationGEANT4 simulation
• GEANT4 version 9.4.

• Detailed geometry.

• Physics list (essentials for muon-induced neutrons):

Electromagnetic

mu- G4QCaptureAtRest

Photonuclear

mu+/- 1 GeV < E
gamma CHIPS E < 3.5 GeV

QGSC 3 GeV < E < 100 TeV
e+/- CHIPS E < 10 TeV

Hadronics

HP n 0 < E < 19.9 MeV
BiC n 19.5 MeV < E < 6.1 GeV
BiC p 0 < E < 6.1 GeV
LEP p, n 6.1 GeV < E < 12 GeV
QGSP p, n 12 GeV < E < 100 TeV
BiC pi 0 < E < 1.5 GeV
LEP pi 1.4 GeV < E < 12.1 GeV
QGSP pi 12 GeV < E < 100 TeV
LEP H2, H3, He4 0 < E < 100 MeV
BiC He3, GenIon 0 < E < 10 GeV

Lindote A. et al., Astropart. Phys., 31, p.366, 2009. Reichhart L. et al., Astropart. Phys., 47, p.67, 2013.

Evolution of the neutron yield in GEANT4
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ProtonProton--induced neutron productioninduced neutron production

SHIELD transport code:
A.V. Dementyev, N.M. Sobolevsky,
Radiation Measurements, 30, №5, p.553, 1999.



MuonMuon--induced neutron production (Experimentinduced neutron production (Experiment №№11))

L.B. Bezrukov et al., Soviet Journal Nucl. Phys., vol. 17, (1973) 98.



Experimental setupExperimental setup
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Materials of volumes
UPPER and LOWER are:
1. Salt (NaCl)
2. Gypsum (CaSO42H2O)

Volumes 1, 2, 3 - Scintillator
2 - cube (0.7×0.7×0.7m)
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MuonMuon--induced neutrons (induced neutrons (EE=16.8 and 86=16.8 and 86 GeVGeV))

Passing muon must release at least 55 MeV in
scintillators 1 and 3 and 110 MeV in scintillator
2 to be selected. Scintillator 2 is the sensitive
volume for the measuring of quantities X and Y.

Y=Nnb/N/l/
Nnb – number of generated neutrons
N – number of selected muons
l – the length of muon’s path

inside the matter (cm)
 – density of the matter (g/ccm)

EGeV Y, n//g/cm2

86 ± 18 (1.21 ± 0.12 )×10-4

16.7 ± 8.2 (4.7 ± 0.5)×10-5

16.5 ± 8.1 (3.6 ± 0.3)×10-5

Experiment

Definition

EGeV Y, n//g/cm2

86 ± 18 1.2×10-4

16.7 ± 8.2 3.92×10-5

Simulation

Muon selection

L.B. Bezrukov et al., Soviet Journal Nucl. Phys., vol. 17, (1973) 98.

F. Boehm et al., Phys. Rev. D, 62, 9, id. 092005, 2000.



MuonMuon--induced neutron production (Experimentinduced neutron production (Experiment №№2)2)

R.I. Enikeev et al., Soviet Journal Nucl. Phys., 46, p.1492, 1982.
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Materials of volumes
UPPER and LOWER –
Salt (NaCl).
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Experimental setupExperimental setup



EGeV Y, n//g/cm2

125 1.71×10-4

EGeV Y, n//g/cm2

125 ± 22 (2.04 ± 0.24)×10-4

Simulation

Experiment

Energy of incident muon is 125 GeV. Passing
muon must release at least 1 GeV in scintillator 1
to be selected. Scintillator 1 is the sensitive
volume for the measuring of quantities X and Y.

Y=Nnb/N/l/
Nnb – number of generated neutrons
N – number of selected muons
l – the length of muon’s path

inside the matter (cm)
 – density of the matter (g/ccm)

Definition

MuonMuon--induced neutrons (induced neutrons (EE=125=125 GeVGeV))

Muon selection

O.G. Ryazhskaya, Doctoral thesis INR RAS, (1986).



Target setup (Target setup (EE=100 and 280=100 and 280 GeVGeV))
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Neutron yield (Neutron yield (EE=100=100 GeVGeV).).
Atomic weight dependence.Atomic weight dependence.

Y A E 




Neutron yield (Neutron yield (EE=280=280 GeVGeV).).
Atomic weight dependence.Atomic weight dependence.

Y A E 




Neutron yield (Neutron yield (EE=280=280 GeVGeV).).
Atomic weight dependence.Atomic weight dependence.

Y A E 
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Neutron escape with sampling (Neutron escape with sampling (EE=100=100 GeVGeV).).
Atomic weight dependence.Atomic weight dependence.



Neutron yield.Neutron yield.
MeanMean muonmuon energy dependence.energy dependence.
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Neutron yield with sampling (Neutron yield with sampling (EE=100=100 GeVGeV).).
Atomic weight dependence.Atomic weight dependence.


