
Cosmogenic activation of materials

Activation at sea level:
• Production cross sections: codes and libraries
• Cosmic ray spectrum
• Results: Ge, Te, Xe, NaI, Mo, Cu, Steel, Pb

Activation underground: 
• Results: liquid scintillator, Ge

Summary

S. Cebrián



Activation at sea level

• Activity A induced on a material taking into account history of
exposure and cooling:

• Production rate R of induced isotopes:

R = production rate

λ = decay constant of product

texp = exposure time

tcool = cooling time

E = energy

σ = production cross section

φ = flux of cosmic rays
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• Compilation of experimental data: EXFOR
• Silberberg&Tsao semiempirical formulae

→ codes: COSMO, YIELDX, ACTIVIA
• Monte Carlo simulation of hadronic interaction

→ MC codes
• Libraries combining calculations with experimental information: 

MENDL, RNAL, HEAD…

Cross sections: codes and libraries
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Determination of production cross sections

Deviation factor:



Experimental Nuclear Reaction Data database

EXFOR / CSISRS (in USA)

http://www.nndc.bnl.gov/exfor/exfor00.htm
http://www-nds.iaea.org/exfor/exfor.htm

Cross sections: codes and libraries
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Silberberg & Tsao semiempirical equations:
– give nucleon-nucleus cross sections for different reactions (break-up, 

spallation, fission, …) exploiting systematic regularities and tuning 
parameters to best fit  available experimental results

– for light and heavy targets (A>=3)
– for a wide range of product nuclides (A>=6)
– at energies >100 MeV

Semiempirical formulae and codes

Cross sections: codes and libraries
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Based only on proton-induced reactions
☺Very fast calculation (in constrast to MC)



COSMO- a program to estimate spallation radioactivity produced in a pure substance by 
exposure to cosmic-radiation on the Earth

C. J. Martoff, P. D. Lewin, Computer Physics Comm. 72 (1992) 96

Semiempirical formulae and codes

COSMO code:
• Computer program written in FORTRAN with three modes of calculation:

– Excitation curve of a specified nuclide for a specified target
– Mass yield curve for given target and energy
– Activities produced for a target exposed to cosmic rays

• Complete treatment for targets with A<210, Z<83

Cross sections: codes and libraries

YIELDX routine:
• FORTRAN routine to calculate the production cross-section of a nuclide in 

a particular target at a certain energy. 
• Including the most recent updates of the Silberberg & Tsao equations (1998)
• Offered by the authors
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Semiempirical formulae and codes

ACTIVIA: calculation of isotope production cross-sections and yields
J. J. Back, Y. A. Ramachers, Nucl. Instrum. Meth. A 586 (2008) 286-294

http://www.warwick.ac.uk/go/activia

Cross sections: codes and libraries
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ACTIVIA code:
• C++ computer package to calculate:

– Target-product cross sections
– Production and decay yields from cosmic ray activation

• Using semiempirical formulae but also experimental data tables if available

http://www.warwick.ac.uk/go/activia


Analysis of existing codes for n/p activation, ILIAS-IDEA Cosmogenic Induced Activity WG
http://idea.dipscfm.uninsubria.it/frontend/docs/reports/cosmogenics-task2.pdf

MC simulation of hadronic interaction nucleon-nuclei

(from http://www-nds.iaea.org/spallations/ )

GEM TALYS HMS-ALICE INUCL LAQGSM CEM ISABEL LAHET
INCL+ABLA CASCADE MARS SHIELD BERTINI …

Cross sections: codes and libraries

• Low energies: formation and decay of a long-lived compound nucleus
• GeV range: intranuclear cascade (INC) of nucleon-nucleon interactions
followed by different deexcitation processes: spallation, fragmentation, 
fission, …
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MC simulation of hadronic interaction nucleon-nuclei

Predictive accuracy of
CEM03.02 code

Cross sections: codes and libraries
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Libraries combining calculations and experimental data

• RNAL (Reference Neutron Activation Library) 

High Energy Activation Data library (HEAD-2009)
Yu. A.Korovin et al, Nucl. Instrum. Meth. A 624 (2010) 20-26

http://www-nds.iaea.org/public/rnal/www/
• Restricted to 255 reactions

• MENDL-2 and MENDL-2P (Medium Energy Nuclear Data Library)
http://www-nds.iaea.org/publications/iaea-nds/iaea-nds-0136.htm
http://www.oecd-nea.org/tools/abstract/detail/iaea1376

• Neutrons up to 100 MeV and protons up to 200 MeV
• Calculation based on ALICE family codes

• Evaluated library
• Neutrons and protons to 1.7 GeV

A computer study of radionuclide production in high power accelerators for medical and industrial applications
K. A. van Riper et al, Nucl. Instrum. Meth. A 463 (2001) 576-585

• HEAD-2009 (High Energy Activation Data) 
• Neutrons and protons up to 1 GeV
• Choice of models dictated by an extensive comparison with EXFOR data
• Available upon request

Cross sections: codes and libraries
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Terrestrial cosmic ray intensities, J. F. Ziegler, 
IBM Journal of Research and Development 42 (1998) 117-140. 

Cosmic ray spectrum

Analytic function valid from 10 MeV to 10 GeV
(Ziegler spectrum):

• Compilation of measurements, including
the historical Hess spectrum and relevant
corrections

Neutron spectrum at sea level 

φ (E) = 1.5 exp[F(E)]
F(E) = – 5.2752 – 2.6043 ln E + 0.5985 (ln E)2 – 0.08915 (ln E)3 + 0.003694 (ln E)4

E in MeV
φ in cm-2 s-1 MeV-1

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS



Cosmic ray spectrum

Analytic expression fitting data 
E>0.4 MeV (Gordon spectrum):

Neutron spectrum at sea level 
• Set of measurements of cosmic neutrons on the ground across the USA

Measurement of the Flux and Energy Spectrum of Cosmic-Ray Induced Neutrons on the Ground
M.S. Gordon et al., IEEE Trans. Nucl. Sci. 51 (2004) 3427.
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Results: germanium

• Excitation functions calculated with a spallation reaction code
• Hess and Lal and Peters neutron spectra used to calculate production rates
• Production rates also derived experimentally from Ge detectors in Homestake
and Canfranc previously exposed 

New techniques and results in 76Ge double-beta decay
H. Miley et al., Nucl. Phys. B (Proc. Suppl.) 28A (1992) 212-215.
Theoretical and experimental investigation of cosmogenic radioisotope production in germanium
F. T. Avignone III et al, Nucl. Phys. B (Proc. Suppl.) 28A (1992) 280-285

Early estimates and measurements of production rates

Ref.1 Lal and Peters

Ref. 2 Hess
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Results: germanium

Estimates of production rates

Cosmogenic activation of germanium and its reduction for low background experiments
I. Barabanov et al, Nucl. Instrum. Meth. B 251 (2006) 115–120

• Excitation functions calculated using SHIELD code
• Production rates evaluated for 60Co and 68Ge including also proton contribution
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Results: germanium

• Excitation functions calculated using TALYS code
• Neutron spectrum considering the Gordon parameterization
• Production rates:

Estimates of production rates

Cosmogenic production as a background in searching for rare physics processes
D. M. Mei et al, Astropart. Phys. 31 (2009) 417-420
Studies on cosmogenic production as a background for rare physics processes
Z.-B. Yin et al, Nucl. Phys. A 834 (2010) 823c–825c

• Production rates of tritium in various targets:

Checked against IGEX–
DM data: <21 kg-1 d-1
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Results: germanium

Fast-neutron activation of long-lived isotopes in enriched Ge
S. R. Elliott et al, Phys. Rev. C 82 (2010) 054610 
Neutron activation of long-lived isotopes in Ge, Pb, and other metals

Measurements of production rates

V. E. Guiseppe, CAB Workshop (Berkeley 2011) https://docs.sanfordlab.org/docushare/dsweb/View/Wiki-
141/Agenda/guiseppe_berkeley_apr11_V2.pdf

• A 11-g sample of enriched Ge and Ge detectors irradiated
• Exposed at Los Alamos Neutron Science Center (LANCE) to a wide-band pulsed 
neutron beam that resembles the cosmic-ray neutron flux 
• After cooling, Ge gamma counting at WIPP for 49 d
• Cross section calculation performed with CEM03 code

Nuclei production measured and predicted
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Results: germanium

Fast-neutron activation of long-lived isotopes in enriched Ge
S. R. Elliott et al, Phys. Rev. C 82 (2010) 054610 
Neutron activation of long-lived isotopes in Ge, Pb, and other metals

Measurements of production rates

V. E. Guiseppe, CAB Workshop (Berkeley 2011) https://docs.sanfordlab.org/docushare/dsweb/View/Wiki-
141/Agenda/guiseppe_berkeley_apr11_V2.pdf

• Measured yields converted to cosmogenic production rates considering the 
Gordon neutron spectrum

Evaluated total uncertainties betwwen 20-50%
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Results: germanium

• Natural Ge target
• Proton irradiation at Los Alamos Neutron Science Center (LANCE): E=0.8 GeV
• Screening with germanium detectors at Berkeley intermittently from 2 weeks to 5 
years after irradiation.

Measurements of production cross sections

Cosmic-ray production of 60Co in double-beta decay source materials
E. B. Norman et al, Nucl. Phys. B (Proc. Suppl.) 143 (2005) 508
Measurements of Radioisotope Production Cross Sections from p-induced Reactions on Ge, Mo and Te
E. B. Norman et al, CAB Workshop (Berkeley 2011) https://docs.sanfordlab.org/docushare/dsweb/View/Wiki-
141/Agenda/Radionuclide%20Production%20from%20%20Proton%20Interactions%20in%20Ge,Mo,Te.pdf
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Results: germanium

Evaluation of excitation functions and estimate of production rates
• Information collected on excitation functions for each relevant isotope

• experimental data: only for protons
• available calculations (MENDL libraries and other ones based on different 
codes) and new calculations (YIELDX)

60Co68Ge

Cosmogenic activation in germanium and copper for rare event searches
S. Cebrián et al, Astropart. Phys. 33 (2010) 316-329
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• Deviation factors evaluated

Results: germanium

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS

Evaluation of excitation functions and estimate of production rates

Cosmogenic activation in germanium and copper for rare event searches
S. Cebrián et al, Astropart. Phys. 33 (2010) 316-329



• Production rates at sea level (kg-1 d-1)

Results: germanium

Mei 2009
TALYS

Avignone 1992
MC           exp

Natural Ge
Barabanov 2006

SHIELD
Miley 1992Klapdor-K 2002

SIGMA
Black 2008
ACTIVIA

45.8
2.8
29.0
8.5
6.7
2.0
2.7
1.6
3.4

Enriched Ge (86% 76Ge, 14% 74Ge)

2.1 ± 0.4
2.5 ± 1.2
8.9 ± 2.5

0.7 ± 0.4

2.0 ± 1.0

7.6
2.4
10.4
5.5
2.9

2.2
1.4
1.6

Elliot 2010 Black 2008
ACTIVIA
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Evaluation of excitation functions and estimate of production rates

Cosmogenic activation in germanium and copper for rare event searches
S. Cebrián et al, Astropart. Phys. 33 (2010) 316-329

Barabanov 2006
SHIELD

Avignone
1992Miley 1992Mei 2009

TALYS



Results: tellurium
Measurements of production cross sections by protons

Measurements of p-induced radionuclide production cross sections to evaluate cosmic-ray activation of Te, 
A.F. Barghouty et al, Nucl. Instrum. Meth. B 295 (2013) 16–21

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS

• Measurements in  USA
• Te target
• Proton irradiation at Los Alamos Neutron Science Center: E=0.8 GeV
• Ge gamma screening measurements in Berkeley for one year

• Measurements in Europe
• TeO2 targets
• Proton irradiations at CERN: E=1.4, 23 GeV
• Ge gamma screening measurements at CERN for several months and in 
Milano 4.6 and 2.8 years after irradiation



• Several TeO2 crystals as targets (including one 5x5x5 cm3)
• Irradiation at Los Alamos Neutron Science Center (LANCE) with a neutron 
spectrum that mimics that of the cosmic ray neutrons, from 1.5 to 800 MeV
• First Ge gamma screening 17 d after irradiation

Results: tellurium

Measurements of production cross sections by neutrons

Cross-section Measurements for Neutron Activation of Radioactive Isotopes in TeO2
B. Wang, CAB workshop (Berkeley 2011) https://docs.sanfordlab.org/docushare/dsweb/View/Wiki-
141/Agenda/Cross-sectionMeasurementsTeO2_4_13_2011.pdf

Energy-averaged
production cross 
sections:
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• Two new 12.5 kg NaI(Tl) detectors for the ANAIS experiment are taking
bakground data since December 2012, just three days after going underground

• Emissions from several cosmogenic isotopes identified and decay observed

T1/2 (d) Decay Emissions (keV)
125I 59.4 CE 35.5

125mTe 57.4 IT 144.8
127mTe 109 IT 88.3

Results: Sodium Iodide

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS

PRELIMINARY measurement of production rates 

See Poster “Background studies for NaI(Tl) detectors in the ANAIS dark matter project”, J. Amaré et al

ANAIS-0: Feasibility study for a 250 kg NaI(Tl) dark matter search experiment at the Canfranc Underground
Laboratory, C. Cuesta, PhD thesis, March 2013

Differences between
first data and data 
taken 75 days later

Emissions
from L,K shell
EC in Te/I

T1/2 (d) Decay Emissions (keV)
126I 13.11 CE, β- 666

121mTe 154 IT 294.0
121Te 16.8 CE 507.6, 573.1

123mTe 119.7 IT 247.6 



T1/2 (d) Data Calculation
MENDL2N+YIELDX

125I 59.4

57.4

615.5 ± 7.3 600
125mTe 82.2 ± 2.1 79

Results: Sodium Iodide

• Production rates (kg-1 d-1):

PRELIMINARY measurement of production rates 

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS
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Results: copper

• Seven plates made of NOSV grade copper from Nord-deutsche Affinerie AG 
(Germany), with total weight 125 kg
• Exposed for 270 d at an outside hall of the LNGS (altitude 985 m) under a roof
• Screening with GeMPI detector at Gran Sasso for 103 d

Direct measurement of production rates 

Cosmogenic radionuclides in metals as 
indicator for sea level exposure history
M. Labustenstein, G. Heusser
ARI 67 (2009)  750-754

Production rates

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS



Results: copper

Evaluation of excitation functions and estimate of production rates
• Information collected on excitation functions for each relevant isotope

• experimental data: even for neutrons!
• available calculations (MENDL libraries) and new calculations (YIELDX)

60Co

• Deviation factors evaluated

Cosmogenic activation in germanium and copper for rare event searches
S. Cebrián et al, Astropart. Phys. 33 (2010) 316-329

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS



Results: copper

Evaluation of excitation functions and estimate of production rates
• Production rates at sea level (kg-1 d-1)

Baudis 2002
COSMO

Mei 2009
TALYS

8.7
32.5
56.6
26.3
14.3
4.2
3.1

Black 2008
ACTIVIA

Correction factor due
to altitude and roof: 

2.1
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Cosmogenic activation in germanium and copper for rare event searches
S. Cebrián et al, Astropart. Phys. 33 (2010) 316-329

Laubenstein
2009

(LNGS)



Results: stainless steel

• Samples of stainless steel (1.4571 grade) from different batches supplied by 
Nironit company (masses from 53 to 61 kg)
• First screening with GeMPI detector at Gran Sasso for 3 to 20 d 

Direct measurement of production rates 

Cosmogenic radionuclides in metals as indicator for sea level exposure history
M. Labustenstein, G. Heusser, ARI 67 (2009)  750-754

Correction factor due to altitude: 2.4

Measurements of extremely low radioactivity levels in stainless steel for GERDA. 
W. Maneschg et al. Nucl. Instrum. Meth. A 593 (2008) 448–453. 

• G2 sample re-exposed for 314 d in open air at the LNGS outside laboratory 
(after a cooling time of 327 d  underground)

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS



Results: xenon

Estimates of production rates

Cosmogenic production as a background in searching for rare physics processes
D. M. Mei et al, Astropart. Phys. 31 (2009) 417-420

• Excitation functions calculated using TALYS code
• Neutron spectrum considering the Gordon parametrization
• Production rates

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS



Results: xenon

• Calculations using COSMO and ACTIVIA code
Estimates of production rates

Cosmogenic background in XENON100 experiment, A. Kish, CAB workshop (Berkeley 2011) 
https://docs.sanfordlab.org/docushare/dsweb/View/Wiki-141/Agenda/Berkeley2011_Xe100_Kish_red4.pdf

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS
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Results: lead

Measurements of production rates

Neutron activation of long-lived isotopes in Ge, Pb, and other metals
V. E. Guiseppe, CAB Workshop (Berkeley 2011) https://docs.sanfordlab.org/docushare/dsweb/View/Wiki-
141/Agenda/guiseppe_berkeley_apr11_V2.pdf

• Pb activation previously unknown
• Pb sample exposed at Los Alamos Neutron Science Center (LANCE) to the 
wide-band neutron beam that resembles the cosmic-ray neutron flux 
• Counted on a low background, underground Ge detector at WIPP
• Preliminary production rates derived scaling the neutron flux
• Comparisons made calculating cross-sections with the TALYS code

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS
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Results: molibdenum

Measurements of production cross sections

Measurements of Radioisotope Production Cross Sections from Proton-Induced Reactions on Ge, Mo, and Te

• Natural Mo target
• Proton irradiation at Los Alamos Neutron Science Center (LANCE): E=0.8 GeV
• Screening with germanium detectors at Berkeley intermittently from 2 weeks to 5 
years after irradiation.

E. B. Norman et al, CAB Workshop (Berkeley 2011) https://docs.sanfordlab.org/docushare/dsweb/View/Wiki-
141/Agenda/Radionuclide%20Production%20from%20%20Proton%20Interactions%20in%20Ge,Mo,Te.pdf
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How can we estimate the cosmogenic production of radioactive isotopes?

1. To collect all the available information on isotope production cross sections, from
both measurements (EXFOR) and calculations, either from libraries (HEAP-2009) or
using codes (semiempirical: YIELDX, ACTIVIA, MC: CEM)

Activation at sea level

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS

2. To choose the best description of the excitation functions of products over the
whole energy range, by calculating deviation factors (F) between measurements and
calculations

3. To calculate the production rates (R) of relevant products considering a particular 
cosmic ray spectrum and to compare them with previous estimates or
measurements if available



Cosmogenic activation of materials

Activation at sea level:
• Production cross sections: codes and libraries
• Cosmic ray spectrum
• Results: Ge, Te, Xe, NaI, Mo, Cu, Steel, Pb

S. Cebrián

Activation underground: 
• Results: liquid scintillator, Ge

Summary



Cosmogenic activation underground

• Production rate R of induced isotopes:

Iμ= stopping rate of μ-

Pc = capture probability

Pe = neutron emission
probability

• By stopped μ- capture: Z→Z-1 transformation

R = Iμ Pc Pe

• By fast muons: direct muon spallation, photonuclear reactions, neutron
capture, neutron inelastic scattering…

∫∝ dE
dE
dNER )(σ

E = muon energy

σ = production cross section

dN/dE = muon spectrum
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Results underground

Muon-induced radioactivity in underground detectors
J. S. O’Connell and F. J. Schima,  PRD 38 (1988) 2277-2279

• Isotopes produced in materials used in neutrino experiments: C, O, Ar
• Considering inelastic scattering giving electromagnetic nuclear reactions
• At sea level and underground (2700 m.w.e.)

Estimates of production rates

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS



Results underground

Muon-induced production of radioactive isotopes in scintillation detectors
T. Hagner et al, Astropart. Phys. 14 (2000) 33-47

• Irradiation with SPS muon beam at CERN at E=100 and 190 GeV
• Different kinds of 12C targets behind concrete and water to build the muon shower
• Several detection techniques for measuring products of different half-lives

Measurements of cross sections

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS



Results underground

Muon-induced production of radioactive isotopes in scintillation detectors
T. Hagner et al, Astropart. Phys. 14 (2000) 33-47

Estimates of production rates
• Considering the measured cross-section and deduced energy dependence
• For the muon flux at Gran Sasso and BOREXINO detector (100 t)

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS



Results underground

Cosmogenic 11C production and sensitivity of organic scintillator detectors to pep and CNO neutrinos
C. Galbiatti et al, Phys. Rev. C 71 (2005) 055805

Estimates of production rates
• Production rate of 11C taking into account all relevant production channels
• Evaluation of cross sections from different sources combining data and
calculations
• FLUKA simulation of monoenergetic muons in BOREXINO liquid scintillator to
derive rates and paths of secondary particles (γ, e, n, p, π)

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS



Results underground

Production of radioactive isotopes through cosmic muon spallation in KamLAND
S. Abe et al, Phys. Rev. C 81 (2010) 025807

Measurements and estimates of production yields
• Analysis of KamLAND data (from 2002 to 2007)

• Isotopes identified by their decay time relative to their creation and by their
decay energy.
• Isotopes quantified by fitting the ΔT=t-tμ distributions to exponential decays

• FLUKA simulation of monoenergetic muons (10-350 GeV range) on KamLAND
liquid scintillator

Muon beam
experiment at CERN 
scaled to KamLAND

depth by extrapolation
(assuming a power

law of the muon
energy)
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Results underground

Monte Carlo Evaluation of the muon-induced background in the GERDA double beta decay experiment
L. Pandola et al, NIMA 570 (2007) 149-158

• Isotopes produced in enriched Ge detectors and set-up materials (cryogenic
liquid) for GERDA experiment
• GEANT4 MC simulation from muon spectrum at Gran Sasso

Estimates of production rates

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS



Summary

Cosmogenic activation of materials can jeopardize the sensitivity of ultra-low 
background experiments

• production of long-lived isotopes at Earth’s surface due to nucleons
• continuous generation of short-lived nuclides deep underground due 
to fast muons

S. Cebrián, LRT Workshop, 10-12 April 2013, LNGS

Direct measurements and estimates of production rates and yields for
several materials have been made in the context of, for instance, double beta 
decay and neutrino experiments

The main sources of uncertainty in the calculations come from difficulties on
• precise evaluation of inclusive production cross-sections
• accurate description of cosmic ray spectra
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