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Definitions and equations 

n  Production rate of radioactive isotopes at the surface of the Earth is 
determined by the flux of cosmic rays and the cross-section of the production 
of a particular isotope.  
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n  Low-background experiments are sensitive to the radioactivity induced by 
activation of materials, primarily by cosmic rays at the surface. 

n  Decay rate of a radioactive isotope is proportional to the production rate. It 
also depends on the time of material exposure to the source of radiation, such 
as cosmic rays (texp) and on the time the isotopes were allowed to decay 
without being exposed to cosmic rays, sometimes called cooling time (tdec). 



Production cross-sections 

n  Production cross-sections (excitation functions) of 68Ge and 60Co in natural Ge 
(Cebrian et al. Journal of Physics, Conference series, 39 (2006) 344; Cebrian et al. 
Astroparticle Physics, 33 (2010) 316; Review by Cebrian at LRT2013). 

n  Cross-sections:  
o  Silberberg, Tsao and Barghouty. Astrophys. J., 501 (1998) 911; YELDX. 
o  MENDL-2/2P libraries: https://www-nds.iaea.org/publications/iaea-nds/iaea-

nds-0136.htm. 
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Production cross-sections 

n  Evaluated Nuclear Data File – ENDF (used in 
GEANT4, G4NDL). 

n  Experimental Nuclear Reaction Data, EXFOR. 
n  TENDL (-2015) – output from TALYS. 
n  From Zhang et al. Astroparticle Physics, 84 

(2016) 62.  
n  ACTIVIA (Silberberg and Tsao): J. J. Back and 

Y. A. Ramachers, Nucl. Instr. and Meth. A586 
(2008) 286. 
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Neutron spectra at sea level 

n  Parameterisations: Ziegler, IBM J. Res. Develop. 42, 
117–140 (1998) and Gordon et al., IEEE 
Transactions on Nuclear Science 51 3427 (2004). 

n  Normalised CRY: http://nuclear.llnl.gov/simulation/
main.html (CRY accounts for primary protons only).. 

n  Top left graph from: V. Lozza and J. Petzoldt. 
Astroparticle Physics, 61 (2015) 62. 

n  Top right graph from: C. Zhang et al. Astroparticle 
Physics, 84 (2016) 62. 
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Neutron and proton spectra at different 
altitudes 

n  Spectra from CRY. T. Blackwell, PhD thesis (University of Sheffield, 2015). 
n  CRY accounts for primary protons only (not nuclei), hence underestimate the 

flux of hadrons by ~70%. 
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Neutron spectra at different altitudes 
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Correction for altitude (from Ziegler) 
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Relative neutron flux calculation: http://seutest.com/cgi-bin/FluxCalculator.cgi 

From Hess 
et al. PRD 
116 (1959) 
445. 



Codes 
n  COSMO: Martoff and Lewin, Computer Physics Comm. 72 (1992) 96. 
n  ACTIVIA: Back and Ramachers, Nucl. Instrum. Meth. A 586 (2008) 

286; http://universityofwarwick.github.io/ACTIVIA/ 
n  Also multipurpose codes: GEANT4, FLUKA etc. 
n  Large variations between the codes. 
n  A comprehensive review by Cebrian at LRT2013 (LNGS, 2013). 

 Also Zhang et al. Astroparticle Physics, 84 (2016) 62. 
n  COSMO and ACTIVIA use fast neutrons only (E > a few MeV). This 

approach is quite realistic for activation at the surface of the Earth 
(both codes deal with neutrons at the surface of the Earth) but 
ignores thermal neutron capture. 
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Production rate: Ge 
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S. Cebrian. Talk at LRT2013 at LNGS. 
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Production rate: copper 
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Activation of copper: codes against data 
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•  Data: Baudis et al., EPJ C 75 (2015) 485.  

12 



Production and decay rates: Xe 
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Zhang et al. 
Astroparticle 
Physics, 84 
(2016) 62. 
Data from LUX: 
Akerib et al. 
Astroparticle 
Physics 62 
(2015) 33. 
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Data: Baudis et 
al., EPJ C 75 
(2015) 485.  

GEANT4 



Measurements: Ge 
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Armengaud et al. Astroparticle Phys. 91 (2017) 51. Data from EDELWEISS-III. 
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Measurements: NaI 

Data from J. 
Amare et al. 
JCAP 02 (2015) 
046. 
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Production of tritium 
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•  ANAIS data: Amare et al., AIP Conf. Proc. 1672, 140001 (2015). 
•  Calculations with TALYS from: Mei et al. Astropart. Phys. 31 (2009) 417-420. 
•  Also recent measurements and calculations of tritium in EDELWEISS-III and 

SuperCDMS. 

GEANT4 

16 

82±21 (EDW3) 



Other recent measurements 

n  R. Strauss et al. JCAP 06 (2015) 030. Background in CRESST-II including 
activation. 

n  B. S. Wang et al. PRC 92 (2015) 024620. Irradiation of Te with high-energy 
neutrons and measurements of activation. 

n  V. E. Guiseppe et al. Astroparticle Physics 64 (2015) 34. Measurements of 
activation of lead using fast neutrons at LANSCE. 

n  … 
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Activation underground: Borexino and 
Kamland 

Vitaly Kudryavtsev 

Looking at a certain time windows and 
energy ranges after the muon trigger. 
Event should not be far from the muon 
track. 
From Borexino Collaboration, JCAP 1308 
(2013) 049, arXiv:1304.7381. 
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Borexino 

Vitaly Kudryavtsev LRT2017, 24-26 May 2017 19 



Activation underground: results 
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Summary 

n  Cosmogenic activation of materials becomes more or more important with 
the increase of detector sensitivity. We may not have full (and accurate) 
knowledge of this yet.  

n  Several codes exist to calculate production rates but they do not provide 
consistent results. 

n  Neutron spectra and excitation functions (cross-sections) are important for 
calculating production rates of radio-isotopes and they are not well known. 

n  Measurements should provide key figures, also for tuning the codes but 
require knowledge of the material (exposure) history. 

n  There is no consistent picture of what code is better: different codes tend to 
better match data from different targets. 

n  We all hope to achieve progress here for better assessing the requirements for 
future experiments. 

n  Activation by calibration sources? 
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