Cosmogenic activation in

materials used In low
background experiments

« Cosmogenic activation: origin and quantification
« Examples of activation studies:

— Detector targets: Ar, Xe, Nal, Ge, others

— Other materials: Cu, Pb, others

— Underground activation
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Cosmogenic activation: origin

* Primary cosmic rays: ~90% p, 9% o, heavy nuclei,

totally attenuated in the upper atmosphere

1:13:340:480: 1420

w02

- Secondary cosmic rays on the Earth surface
nt.p:e*:n: Pt observed with relative intensities

mﬂ%

=
=
'

|'|II.K|"I:|.'III2 Mevoa)
= =
S
&

=

0*

Lufitude; 42,357 N (GM = 54,039)
Lungilude: 285.95% K [0 — 357377

Alviuade: 01
Freas. = 1033 plom”

..  Temp.=0°C

T OMR = 17 GV

Fhrdes -:'1\_'_ e _\__"-H-H_H__

AN

Tatal fmsiem®-s 'P:'??ac\\
T W e
calmns = L '-\\_H
Ml ucas e %Eﬂl: 0
W Bues - 000015 TR
Frodons = (L0114 A
] | |

L

S. Cebrian, LRT2024, 24 October 2024

J.F. Ziegler, IBM J. Res. & Develop. 42 (1998) 1

magnitude

LURT 1.1 1
Purticle epergy [Gel)

11l

Only p survive >10 m.w.e: flux
reduced by several orders of



Cosmogenic activation: origin

Production of long-lived radioactive isotopes in materials due to exposure to
cosmic rays (“cosmogenic activity”) can be an hazard for ultra-low
background experiments

— On the Earth’s surface, is dominated by neutrons; at high altitude, proton

production is also important
— Muon activation deep underground can also be relevant

« Limited knowledge of cosmogenic activation considered one of the “main uncertain
nuclear physics aspects of relevance in the direct detection of dark matter’.
P. Gondolo, Nucl. Data Sheets120 (2014) 175

« Relevant also in different contexts: Astrophysics, Geophysics, or Archaeology

Processes of nucleon-nuclei interaction

* Low energies: formation and decay
of a long-lived compound nucleus

Excited nucleus
Evaporation

» GeV range: intranuclear cascade
(INC) of nucleon-nucleon interactions

followed by different deexcitation i % i
processes: spallation, % “a.B.y decay
fragmentation, break-up, fission, ... ° % Y
¥ ~ (from http://www-nds.iaea.org/spallations/ )
3
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Cosmogenic activation: mitigation

Avoid cosmic rays!

» Flights are forbidden
» Limit surface residency time during fabrication and transport of components
« Store, or even produce, materials underground
Successful R&D for Ge crystal growth and detector fabrication D. Mei, arXiv:2409.03580
» Shielding against hadronic component of cosmic rays

S ———

‘ Majorana-experiment

— 10uSV
A5Km por hora

S5uSv
10 Km Por hora

1uSv
6.7 km POr hora

2Km Porhora

@ 0,03uSv

= ,U31L
Nivel  por hora
del mar

CDEX experiment

This complicates the preparation of experiments — it is desirable to have reliable
estimates of activation yields to assess the real danger of cosmogenic activation

S. Cebrian, LRT2024, 29 October 2024



Cosmogenic activation: quantification

Recipe for estimates:

1. To know the production rates R of relevant isotopes in the targets, from

— Scarce experimental data from irradiation / controlled exposure
experiments

— Calculations from production cross sections and cosmic ray spectrum

N, = number of target nuclei
R =N, / o(E)p(E)dE ¢ = flux of cosmic rays

o = production cross section
E = particle energy

2. To estimate the induced activity A knowing the exposure history to cosmic
rays

texp = €XPOSure time
t..o; = cooling time underground

A = B[l = exp(—)\te;wﬂ GXP(_)\tmal)

3. To compute the background rate generated by Monte Carlo simulation
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Cosmogenic activation: flux of cosmic rays

At the Earth’s surface nuclide production is dominated by neutrons

— A parametrization based on a set of measurements of cosmic
neutrons on the ground across the US considered
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Dependent on altitude (height of the atmosphere) and geomagnetic rigidity
— correction factors must be applied at different altitudes / latitudes
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Cosmogenic activation: flux of cosmic rays

Other descriptions of the cosmic neutron spectrum are available

EXPACS _

1 - E'03 | | HAg Excel-based Program for calculating Atmospheric Co:

- Ziegler

1B . Gordon et al

. - Armstrong & Gehrels|. EXP A cs

EXPACS NYC 2022 yraee!

—
L1
S
o

—
N
S
>

—
m
o
~

If you have any questions or comments on these programs, please E-mail to nsed-expacs@
jaca.go.jp

1.E-08

Jul 23,2023
Source generation mode of PARMA (main-generation.*) was revised to consider the
production of annihilation gamma-rays for both Fortran and C++ versions..

May 5, 2023
EXPACS ver 4.13 was released. The solar modulation data are updated up to May 3, 2023

—
I
S
©

Neutron flux (n/cm2/s/MeV)

Jun 17,2022
EXPACS ver 4.12 was released. The solar modulation data are updated up to May 31,2022,

1 E 10 J- F- Ziegler |BM J- Res' Dev' (1998) 42, 117 léXPAucgoz 4.11 was released. The solar modulation data are updated up to Jan 24, 2022

10 100 1000 10000 s

EXPACS ver 4.09 was released. The solar modulation data are updated up to Sep 28, 2020,
Abug in main-generator.cpp was fixed.

Energy (MeV) i w.,m;,

EXPACS 4.08 was released Th wlal mod l:\
of EXPACS (PARMA model W

ta are updated up to May 25, 2020
o released

EXPACS (EXcel-based Program for calculating Atmospheric Cosmic-ray Spectrum):
https://phits.jaea.go.jp/expacs/

to calculate terrestrial cosmic ray fluxes of neutrons, protons, light ions, muons, electrons,
positrons, and photons nearly anytime and anywhere in the Earth's atmosphere.

CRY (Cosmic-ray Shower Library) generator
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Cosmogenic activation: production cross sections
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Experimental data: from beam experiments, typically few data for neutrons
EXFOR (Experimental Nuclear Reaction Data) database
http://www-nds.iaea.org/exfor/exfor.htm
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Cosmogenic activation: production cross sections

- Semiempirical formulae (Silberberg&Tsao equations): targets A =3, products
A =6 and E>100 MeV

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

YIELDX FORTRAN routine to calculate the production cross-section of a nuclide in a
particular target at a certain energy

— Including the latest updates of the Silberberg & Tsao equations (1998)

ACTIVIA 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

J. J. Back, Y. A. Ramachers, Nucl. Instrum. Meth. A 586 (2008) 286
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Cosmogenic activation: production cross sections
- Monte Carlo simulation: standard packages (Geant4, FLUKA, ...) G\YQEANT4

lllllllllllllll

Specific codes for the interaction between nucleons and nuclei requiring the = =
consideration of different reactions — libraries =1

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

TENDL (TALYS-based Evaluated Nuclear Data Library)
https://tendl.web.psi.ch/tendl_2023/tendl2023.html

. Using the TALYS code
. For neutrons and protons up to 200 MeV

HEAD-2009 (High Energy Activation Data)
https://doi.org/10.1016/j.nima.2010.08.110

. Only for 2212
. Using a selection of models and codes dictated Foapy =
by an extensive comparison with EXFOR data Jmpuom
. For protons from 150 MeV to 1 GeV

JENDL (Japanese Evaluated Nuclear Data Library)
https://wwwndc.jaea.go.jp/jendl/jendl.html
. Using GNASH code
. For neutrons and protons up to 200 MeV,
from 20 MeV to 3 GeV in High Energy File

S. Cebrian, LRT2024, 29 October 2024




Cosmogenic activation: quantification

The main sources of uncertainty in the evaluations come from difficulties on

* precise evaluation of inclusive production cross-sections
direct measurements needed to validate models
« accurate description of cosmic ray spectra
flux variation with latitude, longitude, altitude, and even time
* precise exposure history
tracking materials from fabrication to deployment

Snowmass2021 Cosmic Frontier White Paper: Calibrations and backgrounds for dark matter direct detection,
arXiv:2203.07623

S. Cebrian, LRT2024, 24 October 2024 11



Cosmogenic activation in

materials used In low
background experiments

« Examples of activation studies:
— Detector targets: Ar, Xe, Nal, Ge, others; 3H
— Other materials: Cu, Pb, others
— Underground activation

Susana Cebrian, scebrian@unizar.es
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Activation studies: Ar

Relevant cosmogenic products

39Ar: - emitter with Q=565 keV, T,,=269 y mainly produced by 40 Ar(n,2n)*Ar
Measured activity in

« Atmospheric Ar: ~1 Bg/kg (WARP, ArDM, DEAP)
* Underground Ar: (0.73+£0.11) mBqg/kg (DarkSide-50)

37Ar: EC decay, E, k shei=2-8 keV, T,,=35.02 d mainly produced by “’Ar(n,4n)*"Ar
Observed in early data of DarkSide-50

42Ar: B~ emitter, Q=599 keV, T,,=32.9 y producing “2K (- emitter, Q=3525 keV,
T,,=12.36 h) — potential background for neutrinoless double beta decay

In Atm Ar: DBA: 9222 ,; uBg/kg, GERDA: 50-100 uBqg/kg, DEAP (40.4+0.5.9) uBa/kg
Production mechanisms: two-step neutron capture and 40Ar (a,2p) 42Ar

Talks by Mario Schwarz and Niko Lay
3H: B- emitter with Q=18.6 keV, T,,=123y

Purification systems for LAr should remove all non-noble radionuclides, as also assumed in
LXe, but tritium proposed as a possible explanation for the XENON1T excess

S. Cebrian, LRT2024, 24 October 2024 13



Activation studies: Ar

Production rates R (sea level)

- First measurement for 3°Ar and 37Ar in an irradiation experiment at Los Alamos
(LANSCE) with a wide-band neutron beam that resembles the cosmic-ray
neutron flux, quantifying products with a proportional counter at PNNL
+ calculations at sea level from alternate mechanisms

_ \ Talk by Richard Saldanha ‘

R. Saldanha et al, Phys. Rev. C 100 (2019) 024608

Reaction Estimated ** Ar production  Fraction of total Reaction Estimated *” Ar production rate
rate [atoms/(kg, day)] AAr (%) [atoms/(kg, day)]
War (n, 20)P Ar+ 759 4+ 128 72.3 QAr (n, 4n)*" Ar 51.0+7.4
40 39
Ar(n,d)”Cl VAr (v, 3n) Ar 3507
40 39
Ar (u, n)¥Cl 172 + 26 16.4 DA (p, p3n) Ar 13404
40 39
402f (v n)”élr 22981 1;7 gg B Ar(n, y)¥ Ar 0.9+ 0.3 (UAr)
r(y.p) 8 Eag- : 36 + 11 (AAr)
40 39
i L . ;OE- ., <8-3?1 3 Ar(n, 20)7 Ar+ <0.05 (UAr)
r(p, pn)~Ar ; i . BAr(y, n)* Ar+
BAr(n, y) Y Ar <« 0.1 (UAr) - B Ar(p, pn)* Ar 0.43 £ 005 (AAr)
1.1£0.3 (AAD) 0.1 Total 56.7 4+ 7.5 (UAr)
Total < 1048 + 133 ) 100 92 + 13 (AAD)

- Rates for 37Ar, 3%Ar and 42Ar from n, p and nu estimated by GEANT4 simulation

S. Cebrian, LRT2024, 24 October 2024

C. Zhang, D.M. Mei, Astropart. Phys. 142 (2022) 102733
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Activation studies: Ar

Production rates R (sea level): new calculations for DarkSide-20k
DarkSide-20k Collaboration, Astropart. Phys. 152 (2023) 102878; 2024 JINST 19 C02011
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Energy (MeV) Energy (MeV)
37AI' 39Ar
This work: Cut R This work Cut R
LE+HE (MeV) (atoms/kg/day) LE-+HE (MeV) (atoms/kg/day) S9Ar: fully
TENDL(p)+HEAD2009 150 153.6 TENDL+HEAD2009 150 726.4 com at|b|e W|th
TENDL(p)+YIELDX 100 93.5 TENDL+YIELDX 100 697.1 p
TENDL(p)+YIELDX 200 122.7 TENDL+YIELDX 200 646.0 measured value
JENDL-HE(n) 30 63.9 TENDL+JENDL-HE(n) 20 804.3
e N and several
Estimated rate in this work QOQ + 45) Estimated rate in this work Q725 - 79 | | t
Not used for estimation: Calculations
Measurement [35] 51.0 + 7.4 759 + 128
ACTIVIA [35] 179 + 2.2 200 + 25 37 .
MENDL-2P [35] 155 + 19 188 + 24 Ar: larger
TALYS [35] 76.8 + 9.6 753 + 94 dlscre anC|e
INCL++ (ABLAO7) [35] 79.3 + 9.9 832 + 104 p S
TENDL-2015 [35] 726 + 91

GEANT4 [36] 176 858
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Activation studies: Ar

Production rates R (sea level): new calculations for DarkSide-20k

DarkSide-20k Collaboration, Astropart. Phys. 152 (2023) 102878; 2024 JINST 19 C02011
1000

3H R (atoms/kg/day)
g 00 i iy *° TENDL 115.1
S I o HEAD2009 177.2
5 s - TENDL n JENDL-HE 221.6
8 . « TENDL p Esti " g
5 1o it = JENDL n — stimated rate in this work 168 + 53
S ;t"#'p' - JENDL p — \D
2 S « JENLD-HE n Not used for estimation:
2 ’;' « JENDL-HE p TALYS [16] 44 4
1] 2. « HEAD2009
s A X GEANT4 [33] 84.9
ACTIVIA [33] 82.9
01
10 100 1000 10000

Energy (MeV)

Activity A for DarkSide-20k from measured R for 37Ar, 3%Ar and estimated
R for 3H assuming realistic exposure conditions at URANIA — ARIA — LNGS

Isotope Activity

(nBq/kg) — Tolerable residual level of 2.8% of quantified
IAr 20.7 + 2.8 activity of 3°Ar in DarkSide-50
37 Ar 103 + 14

Each additional month at sea level would
add 2.6 uBqg/kg

— Purification reduces activity of 3H by a factor 25

3H (1) 76 + 24
3H (2) 2.97 + 0.94

row (1) and (2): no / ideal purification

S. Cebrian, LRT2024, 2nd October 2024 16



Activation studies: Xe

Large amounts of Xe being used in several huge DM and DBD experiments

Production rates in kg-'d-"

3H 7Be 1258b 121mTe 123111Te 127Xe
Half-life [27,108] 12.312(25)y = 53.22(6)d  2.75855(25)y = 154d  119.3(1)d  36.358(31) d
Measurement [184] a2t S22 <104 <53 1627
Measurement [185] 132-+26
COSMO [184] 0.55 L7 238 1.24 48.0
ACTIVIA [184] 0.55 0.017 25.8 127 35.9
ACTIVIA [46] 35.6 0.009 54.5 2.67 89.9
GEANT4 [46] 31.6 1.48 21.2 18.5 235.3
TALYS [94] 16.0 0.04 1.7 12.1

Controlled, long exposure to cosmic rays at LNGS and results from LUX
L. Baudis et al, Eur. Phys. J. C 75 (2015) 485

37Ar production by nuclear fragmentation of Xe quantified by LUX-ZEPLIN
 From Silberberg&Tsao cross sections + n, p spectra from Gordon and CRY
« Effect mitigated by Xe purification
R =0.024 kg™' d-

J. Aalbers er al, Phys. Rev. D 105 (2022) 082004

S. Cebrian, LRT2024, 29 October 2024 17



Activation studies: Nal

« Cosmogenics found to make a very relevant contribution, according background
models, in anual modulation DM experiments ANAIS-112 and COSINE-100

J. Amaré et al, Eur. Phys. J. C 79 (2019) 412; G. Adhikari et al, Eur. Phys, J. C 81 (2021) 837; G.H. Yu et al, arXiv:2408.09806

2.4

[ M1 [6-10] keV'
rate = (0.532+0.172)exp(-t/(1846+828)) (cpd/kg/keV)
+2INDF = 89.3 / 107 [pval=0.89]

Reproducing decaying cosmogenics (and 2'°Pb)
in time evolution of data is essential for robust
annual modulation search

N
N

Exponential fit
Background estimated evolution

Rate (cpd/kg/keV)

N
T T

+ — f=1.038

0 500 1000
days after August 3, 2017

» Detailed studies using data from experiments to quantify production of I, Te
isotopes, 22Na, 199Cd, 13Sn in Nal(TI) crystals

J. Amaré et al, JCAP 02 (2015) 046, P. Villar et al, IIMPA 33 (2018) 1843006; E. Barbosa et al, Astropart. Phys.115 (2020) 102390
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Activation studies: Nal

Production rates from known exposure 3H: additional background source required in
and analysis of decaying signals the very low energy region
55 5
\X\ 125) ; D8
5.0 - i .

g 45 H\ Z:s
o Y >
=40 \w\ <2
3.5 1
3.0 0 :
0 25 50 75 100 125 150 175 200 225 o 2 4 6 8 10 12 14 16 18 20
t (d) energy (keV)
- model - model with 3H x data
Measured rates Production rates in kg-'d"’ ANAIS DM-Icel7
Compared with Isotope Half-1ife38.40 Calculation®3 measurement?>> ACTIVIASS measurement>4
different calculations 1261 12.93 d 297.0 283 + 36 128
] 59.407 d 242.3 220 + 10 291 230
1247 4.176 d 135.9
127mTe 106.1 d 7l 10.24+0.4 93 <9
125w 57.4 d 41.9 282+1.3 74 97
123mTe 119.3 d 23.9 31.6 1.1 52 21
1237 A0S oy 10.2
121mTg 164 d 23.8 23.5+0.8 93 25
121 19.16 d 8.4 9.9+ 3.7 93
1380 115.09 d 9.9 6.8+ 1.6 9.0 16
19Cd 461.9 d 1.6 2.0+0.6 4.8
22Na 2.6029 y 53.6 451+ 1.9 66

S. Cebrian, LRT2024, 2nd October 2024 19



Activation studies: Nal

» Results from neutron beam irradiation at Los
Alamos of Nal detectors to derive production rates,

including 3H for the first time

R. Saldanha et al, Phys. Rev. D 107 (2023) 022006

data/fit, Dec 2020

2 oo omzon
- = data/fit, Sep 2021
% — - dataffit, Dec 2021
T 101 I[sotope (atoms/kg/day)
i 121m7-
£ A *H 80 + 21
8 A 2Na 478738
1072 \ 22"’3 199Cd(+1%In + '%Sn) 5.7+ 1.8
"W \ % 113Sn(+ll3msn + 113Sb + ]lBTe) 714+1.7
10 20 30 40 50 100 200 300 400 500 750 1000 1250 1500 !21"Te 24.04+3.9
Energy (keV) 123mTe 30.5+5.0
¥ | 271 £ 42
I -~ 125G (+1258n) 2.53 10.55
§ 1027B: X I " l25mTe 125 £25
g =2 A 127 T 56+4.4
£ £
‘ ~ T
5 10%4 :&
g b s . s v Reasonable agreement between
'8 N : —Ce; . . -
E ] . o different estimates of production rates
100+ A ANAIS Calculation
+ Ao except for 125MTe

2

22Ng 109cq 113gp 121mTg 123mTe 125) 125mTe 127mTe

Isotope

S. Cebrian, LRT2024, 29 October 2024
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Activation studies: Ge

arXiv1802.09327

SGe "‘(;u

—'g 68Ga p
. : . o5 =
« Widely used in detectors for DM, DBD, radioassay o ﬂ sspeZn o
. . e Py
« Cobalt isotopes are produced together with %°Zn, z [ 3H“°‘ﬁ oo —u
. . i i W A L H
54Mn and germanium isotopes (e.g. %8Ge) £ ol ’ 10%cpkkd || |
S o J 15
Enriched G gy LRI o s e
nriche e Simulation spectrum Energy [keV]
Production rates in kg-'d-"
3H 54Mn 55Fe 57C0 58(:0 60Co GSZn 68(;e
Half-life [27] 12.312(25) 312.19(3) 2.747(8)  271.81(4) 70.85(3) 5.2711(8) 244.01(9) 270.95(26)
units y d y d d y d d
Measurement [19] 23 1.6 1.2 11
Measurement [103] 20+1.0 0704 25 +12 BOXAS 2.1+04
Meas. (MAJORANA) [107]  1404+10 44+41 21+07 43+36 33+16
Monte Carlo [92] 140 1.4 i 1.8 6.4 0.94
Monte Carlo [93] 0.08 1.6 3.5 6.0 1.2
SHIELD [44] 3.3 5.8
TALYS [94] 24.0 0.87 3.4 6.7 1.6 20 7.2
MENDL+YIELDX [43] 3.7 1.6 17 16 5.1 20 12
TENDL+HEAD [28] 94 + 34
ACTIVIA [36] 3. 16 2.9 5.5 2.4 104 7.6
ACTIVIA [45] 51.3 39 1.2 2.3 5.5 4.4 9.7 15.4
GEANTA4 [45] 47.4 1.4 4.5 3.3 2.9 24 24.9 21.8
GEANT4+CRY [91] 22.8 0.96 29 2.8 1.9 18.0 20.0
21

S. Cebrian, LRT2024, 29 October 2024



Activation studies: Ge

Natural Ge
Production rates in kg-'d"’

3H 49V 54Mn 551;'e 57(:0 58C0 60C0 652n 68Ge
Half-life [27,108] 12.312(25) 330d 312.19(3) 2.747(8) 271.81(4) 70.85(3) 5.2711(8) 244.01(9) 270.95(26)
units y d y d d y d d
Measurement [92] 33+0.8 29+04 35409 38+t 6 307
Meas. (EDELWEISS) [100] 82 +21 28 +£0.6 46 +0.7 106 £+ 13 >71
Meas. (CDMSlite) [101] 7449 15407 1745 30 + 18
Monte Carlo [92] 210 2.7 44 53 344 29.6
Monte Carlo [93] 0.5 44 48 30.0 26.5
Sigma [95] 9.1 8.4 10.2 16.1 6.6 79.0 58.4
SHIELD [44] 2.9 81.6
TALYS [94] 27.7 WL 8.6 13:5 2.0 37.1 41.3
TALYS+INCL++-ABLA [101] 95 5.6 51 49
MENDL+YIELDX [43] 52 6.0 7.6 10.9 3.9 63 60
TENDL+HEADJ[28] 75426
ACTIVIA [36] 2.7 3.4 6.7 8.5 2.8 29.0 45.8
ACTIVIA [100] 46 1.9 35 38.7 23.1
ACTIVIA (MENDL-2P) [100] 43.5 1.9 4.0 65.8 45.0
ACTIVIA [45] 52.4 2.8 4.1 8.9 11.4 4.1 442 24.7
ACTIVIA [99] 30 3 6 3 20 10
GEANT4 [45] 47 .4 2.0 7.9 7.4 5.7 29 75.9 182.8
GEANT4+CRY [91] 23.7 1.4 0.94 4.2 4.7 15 40.5 83.1
GEANT4+CRY [98] 21.6 2.9 0.9 377 63.6
CONUS [99] 50 5 7 4 60 66
CONUS experiment 9.0+1.0 60+ 10 200 + 30
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Activation studies: Ge

I. Barabanov, et al, Cosmogenic activation of germanium and its reduction
for low background experiments, Nucl. Instrum. Meth. B 251 (2006) 115-120,
http://dx.doi.org/10.1016/j.nimb.2006.05.011.

D.M. Mei, et al., Cosmogenic production as a background in searching for Rare
Physics processes, Astropart. Phys. 31 (2009) 417-420, http://dx.doi.org/10.
1016/j.astropartphys.2009.04.004.

S.R. Elliott, et al., Fast-neutron activation of long-lived isotopes in enriched
Ge, Phys. Rev. C 82 (2010) 054610, http://dx.doi.org/10.1103/PhysRevC.82.
054610.

S. Cebridn, et al.,, Cosmogenic activation in germanium and copper for rare
event searches, Astropart. Phys. 33 (2010) 316-329, http://dx.doi.org/10.1016/
j.astropartphys.2010.03.002.

E. Armengaud, et al., Measurement of the cosmogenic activation of germanium
detectors in EDELWEISS-III, Astropart. Phys. 91 (2017) 51-64, http://dx.doi.org/
10.1016/j.astropartphys.2017.03.006.

J. Amaré, et al., Cosmogenic production of tritium in dark matter detectors,
Astropart. Phys. 97 (2018) 96-105, http://dx.doi.org/10.1016/j.astropartphys.
2017.11.004.

R. Agnese, et al., Production rate measurement of tritium and other cosmogenic
isotopes in Germanium with CDMSlite, Astropart. Phys. 104 (2019) 1-12, htip:
//dx.doi.org/10.1016/j.astropartphys.2018.08.006.

J.L. Ma, et al., Study on cosmogenic activation in germanium detectors for future
tonne-scale CDEX experiment, Science China-Physics, Mech. Astron. 62 (2019)
011011, http://dx.doi.org/10.1007/511433-018-9215-0.

Y.L. Yan, et al.,, Study on cosmogenic radioactive production in germanium as a
background for future rare event search experiments, Nucl. Sci. Tech. 31 (2020)
55, http://dx.doi.org/10.1007/541365-020-00762-1.

W.Z Wei, et al., Cosmogenic Activation of Germanium Used for Tonne-Scale Rare Event Search Experiments. Astropart, Phys. 96 (2017) 24,
http://dx.doi.org/10.1016/j.astropartphys.2017.10.007.

R. Breier, et al., Monte-Carlo calculation of production rates of cosmogenic radionuclides in a HPGe detector operating in the Modane underground
laboratory, Nucl. Instrum. Meth. A 978 (2020) 164355, http://dx.doi.org/10.1016/j.nima.2020.164355.
H. Bonet et al, Full background decomposition of the CONUS experiment, Eur. Phys. J. C (2023) 83:195, https://doi.org/10.1140/epjc/s10052-023-11240-4

Q. Nie et al., Study of cosmogenic activation in 76Ge enriched germanium detectors during fabrication and transportation above ground, 2024 JINST 19
P03002, https://doi.org/10.1088/1748-0221/19/03/P03002
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Activation studies: other detector targets

Silicon: 32Sij, 3H

Controlled irradiation of silicon CCDs at
Los Alamos

R. Saldanha et al, Phys. Rev. D 102 (2020) 102006

Talk by Richard Saldanha

Production rates in kg-'d"’

H "Be 22Na
Half-life [27] 12.312(25) y  53.22(6) d  2.6029(8) y
Measurement (neutrons) [232] 112 £ 24 81119 43.0+7.1
Measurement+Calculations (total) [232] 124 + 24 94+ 2.0 49.6 + 7.3
TENDL+HEAD as [28] 126 + 23
TALYS+INCL++-ABLA [101] 124 o
GEANT4 [46] 27.3
ACTIVIA [46] 108.7

S. Cebrian, LRT2024, 29 October 2024
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Activation studies: other detector targets

Production rates in kg-'d"’

Tellurium: 60Co 110m 5 o 12461,
p/n irradiations of Half-life [27] 52711(8) y  249.78(2)d  60.208(11) d
Teo2 at Los Alamos Measurement [136] <0.0053 0.42

and CERN and ACTIVIA+TENDL [138] 0.070 0.206 15.7
study for "aTe

A.F. Barghouty et al, Nucl. Instrum. Meth. B 295 (2013) 16
B. S. Wang et al, Phys. Rev. C 92 (2015) 024620
V. Lozza et al, Astropart. Phys. 61 (2015) 62

Molibdenum:

Production rates in LMO of 33Y, 82Rb affecting double beta decay of 1Mo
Simulation based on Geant4 + CRY for n, p, u and y spectra
W. Chen, Eur. Phys. J. C 82 (2022) 549

CaWo,:

Comparison of CRESST data and simulation based on Geant4 + ACTIVIA
H Kluck et al, 2021 J. Phys.: Conf. Ser. 2156 012227

Nuclide i | 14C 3H 178W 179Ta 175Hf 181W 37AI‘ 173Lu 172Hf 171Lu

R; /kg='d™' [ 84.06 34.82 2591 2459 16.67 13.74 12.17 11.25 11.12 9.18

TALYS 45.5 D. M. Mei et al, Astropart. Phys. 31 (2009) 417

S. Cebrian, LRT2024, 29 October 2024
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Activation studies: Tritium

Tritium can be a very relevant background in the detector medium of DM

experiments due to its decay properties.
’ Talk by Sagar Sharma Poudel

- - ol 2312 @) a
H h
2 Super-allowed beta spectrum: 57%
electrons in 1-7 keV, typically fully
0012 absorbed in detector.
0.010 — 1
~ 0008 F
=
s
v 0.006
‘_ = 3
03—”2 Stable % 0.004
2He1 . "
Tarcio 0.002 S
. . . . \\
Pure B- emitter, difficult to tag, with very [ 0.000
low transition energy (18.591 keV) % @ % &8 S W M 4k 06 B X
and a long half- life (12.312 y). energy (keV)

— Specific study to quantify production rates induced in targets used in
different dark matter detectors: Ge, Si, Nal, Ar, Ne

R=N, / o(E)p(E)dE
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Activation studies: Tritium

5 ) : :
£ E : :
= g = Eo
g g b T
»n » . : i
2 8 5 i ik b b : .
° & : a rcest- 484y b
S c ; s Py et :
s 9o : : LR . ;
2 © : B : ;
S § ; ; ; ;
g 2 ; : TENDL2013-n
& P— TENDL2015-p
; P HEAD2009
TENDL2013-n 1 ; TENDL extrapolation 200 MeV
TENDL2015-p average extrapolation 200 MeV
TENDL extrapolation 200 MeV St TENDLextrapotation 150/ MeV
TENDL extrapolation 150 MeV average extrapolation 150 MeV
Qaim'78 Na(n,X)t ot . s
1 1 1 1 1 1 1 1 10 102 03
Energy (Me\;)oa Energy (Me\})
Production rates in kg-'d"’
Target Ref. 55 TENDL+HEAD? TALYS%® GEANT437 GEANT436¢ ACTIVIA37 ACTIVIA36 ACTIVIA Others
nat(le 178/210 Loz 20 27.7 48.3 47.4 52.4 524 46/43.5 (Ref. 65) 82 + 21 (Ref. 65)
76 + 6 (Ref. 70)
enrce 113/140 94 + 34 24.0 47.4 51.3 140 = 10 (Ref. 66)
Si 120 £23 %973 108.7 125 (Ref. 52)
TeO2 43.7 .
_ e - - 2o New measurements with LANSCE beam:
Csl 19.7 Si: 112+ 24
CaWO4 45.5 R. Saldanha et al, Phys. Rev. D 102 (2020)
Ar 146 + 31 44.4 84.9 82.9 102006
Ne 228 =16 Nal 80 + 21
Xe 6.0 31.6 35.6 ) »
o s = 5.6 R. Saldanha et al, Phys Rev. D 107 (2023)
Quartz 022006
CoHg 279.5
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Cosmogenic activation in

materials used In low
background experiments

— Other materials: Cu, Pb, others
— Underground activation

Susana Cebrian, scebrian@unizar.es
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Activation studies: Cu

Material largely used in experiments with many activation studies

Production rates in kg-'d"’

465C 48V 54Mn 56C0 57C0 SSCO 591:;e GOCO
Half-life[27,108] 83.787(16) 159735  312.19(3) 77236 271.81(4)  70.85(3) 44494  52711(8)
units d d d d d d d y
Measurement [202] 218+0.74 45+16 885+086 95+12 74+17 679+37 187+49 864+78
Measurement [184] 288 34718 13,3729 93112 448735 689725 41713 29.4778
ACTIVIA (MENDL-2P) [36] 8.1 12.4 14.1 36.4 38.1 1.8 9.7
ACTIVIA [36,184] 3 143 8.7 3255 56.6 42 26.3
COSMO [184] 15 3.1 135 7.0 30.2 54.6 43 25.7
ACTIVIA [46] 4.1 30.0 20.1 7Fh 138.1 10.5 66.1
ACTIVIA [99] 3 16 9 34 60 2 29
GEANTH4 [46] 12 12.3 10.3 67.2 57.3 8.8 64.6
TALYS [94] 162 56.2 46.4
MENDL+YIELDX [43] 2.7 27.7 20.0 74.1 123.0 49 55.4
CONUS [99] 3 14 10 50 76 5 92
Measurement (China) 18.6£2.0 9.9+1.3 48.3+£5.5 51.842.5 39.7+£5.7

Measured rates from sensitive screening with Ge detectors after exposing large samples
for long time in controlled conditions at LNGS / Jinping labs

S. Cebri4n, et al., Cosmogenic activation in germanium and copper for rare M. Laubenstein, G. Heusser, Cosmogenic radionuclides in metals as indicator for
event searches, Astropart. Phys. 33 (2010) 316-329, http://dx.doi.org/10.1016/  sea level exposure history, App. Rad. Isot. 67 (2009) 750-754, http://dx.doi.
j.astropartphys.2010.03.002. & org/10.1016/j.apradiso.2009.01.029.

Z. She, et al., Study on cosmogenic activation in copper for rare event search

L. Baudis, et al., Cosmoggmc activation of. xenon and copper, Eur. Phys. J. C 75 experiments, Eur. Phys. J, G 81 (2021) 1041, http://dx.dof.org/10.1140/epjc/
(2015) 485, http://dx.doi.org/10.1140/epjc/s10052-015-3711-3. $10052-021-09827-w

C. Zhang, et al., Cosmogenic activation of materials used in rare event search
experiments, Astropart. Phys. 84 (2016) 62-69, http://dx.doi.org/10.1016/j.
astropartphys.2016.08.008. N

S. Cebrian, LRT2024, 2nd October 2024 29



Activation studies: Steel, Ti

Stainless steel

Sample exposed for a long time at LNGS outside laboratory

Production rates in kg-'d"’
Isotope "Be 46G¢ By Mn %Co 8Co
Half-life (d) [27,108] 53.22(6)  83.787(16) 15.9735 312.19(3) 77.236 70.85(3)

Measurement [202] 389 +60 19.0+35 346435 233426 207435 518478
GEANTA4 [46] 0.05 8.8 230 16 90
ACTIVIA [46] 2.05 18 191 131 13

W. Maneschg et al. Nucl. Instrum. Meth. A 593 (2008) 448
M. Labustenstein, G. Heusser, ARI 67 (2009) 750

Production rates in kg-'d-"

. . 46 40
Titanium o6 K
. . Half-life [27] 83.787(16)d  1.2504(30) x 10°
46S¢c activity quantified by LUX T " - z
ACTIVIA [46] 270.1 61.0

C. Zhang et al, Astropart. Phys. 84 (2016) 62
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Activation studies: Pb, Ti, Al

Lead

Production rates in kg-'d"’

« Sample exposed at Los Alamos to the
neutron beam that resembles the

cosmic-ray flux
« Activation previously unknown, found Measurement [205] 8.0+13 120+25 <0.17

to be not relevant TALYS [205] 16 77

194 H g 202 Pb 207Bi
Half-life (y) [27,108] 444 52510 32.9

V. E. Giuseppe et al, Astropart. Phys. 64 (2015) 34

Aluminium
Production rates in kg-'d"’
Calculations based on different 2Na 26 A1
approaches, including measured Half-life (y) [27] 2.6029(8) 7.17(24) x 10°
prOdUCtlon cross sections Calculation for neutrons [209] 153 389
B. Majorovits et al, Nucl. Instrum. Meth. A 647 (2011)39  Calculation for protons [209] 24 47
R. Breier et al, Nucl. Instrum. Meth. A 978 (2020) 164355 ~ ACTIVIA [99] 160
CONUS [99] 530
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Activation deep underground

Muons can produce by spallation radioisotopes inside the detector volume
Effect of short-lived isotopes can be mitigated by time correlation with p

1C in liquid scintillator: three-fold coincidence between the crossing muon, the
ejected neutron from '2C, and the "'C decay (EC, B+, T,,= 20.4 m), allows a
reduction of this background at the cost of a reduction of the life-time

Studies from irradiation experiments, data analysis of experiments like KamLAND
and Borexino, and FLUKA simulations

T. Hagner et al, Astropart. Phys.14 (2000) 33 natural detectors

C. Galbiati et al, Phys. Rev. C 71 (2005) 055805 10? A= iy 3 e
S. Abe et al, Phys. Rev. C 81 (2010) 025807

G. Bellini et al, J. Cosmol. Astropart. Phys. 08 (2013) 049
M. Agostini et al, Eur. Phys. J. C 81 (2021) 1075

10t
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3

1mGe in Ge detectors: decays of "’Ge (B-, Q = 2.7
MeV, T,, = 11.2 h) and metastable state ""mGe (T, =

53.7 s) affect ’°Ge DBD experiments ——
Delayed coincidence cuts allow also to reduce this background. 7| ¢ srese @ comaies ¢ e

-
L=
)

e & —

[
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1

[

C. Wiesinger et al, Eur. Phys. J. C 78 (2018) 597 §° o
M Neuberger et al, J. Phys.: Conf. Ser. 2156 (2022) 012216 S 10| -} W BB
, . - £ 107 B B
Production of other metastable Ge isotopes quantified from w o & B I
Majorana data and simulations o it B B
l. J. Arnquist et al, Phys. Rev. C 105 (2022) 014617 & F F oF
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Activation deep underground

Xe detectors: production rates of 3H, 137Xe and other unstable Xe isotopes
evaluated due to muon-induced neutron fluxes and spallation

« For four underground labs LNGS, SURF, LSM and SNOLAB for site selection
of the DARWIN observatory

« Based on MUSIC-MUSUN + Geant4 simulation

M. Adrover et al, arXiv:2306.16340

137Xe (B~ emitter, Q=4173 keV, T,,=3.82 m) from neutron capture analyzed for DBD

Table 6 Muon-induced '¥Xe production rate at the different under-
ground laboratories. The central value is the rate obtained with the
Shielding physics list and the systematic error is calculated using the
complementary simulations with the ShieldingLEND and QGSP-BICHP
physics lists.

Site Rate (kg™ : yr 1)

LNGS (8.2240.27 4 1.00,y) - 1074
SURF (1.42£0.124£0.21 ) - 1074
LSM (1.65£0.11 £0.304y) - 10~*
SNOLAB  (6.7540.604 1.005y,) - 107°

e From KamLAND-Zen: (1.42 +0.73) 103 kg' yr"
* Production rate at WIPP lab for EXO-200 from measured u flux and Geant4

(FLUKA) simulations
J. Albert et al, JCAP 04 (2016) 029

« Mitigation proposed by adding to Xe a small quantity of 3He to capture thermal n

S. Cebrian, LRT2024, 29 October 2024
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Activation deep underground

42Ar in Ar: subsurface cosmogenic and radiogenic production carefully evaluated

Reartions TALYS- FLUKA Major TZA L S. Poudel et al, arXiv:2309.16169
based  pro-|residual- yielding
duction rate|nuclei- reactions .
from selected i‘)ecozd)ing— « Standard continental crust, 3000 mwe
reactions ase
[atoms/ton/y| [atoms/ton /y] . . . . .
T S5 x 10" 142 x 107 [Can3fe)™Ar Radiogenic contribution, based on
nduced TALYS cross sections, totally
reactions ..
Heavy-ion — 83x 107 % Fe(H* X)**Ar neg“g'ble
collisions j:Ca(H:,X)gAr ] . .

— e —— 448*‘2}1)59%“ « Cosmogenic production in crust
10ton- - 6 X a(vy, r ) ] ,
induced based on FLUKA simulation of u’s

reactions

Pion-induced |- 1.6 x 10~ *CFe(I1-,X) from MUSIC
reactions

Other — 2.0x 1077 “Ca(u~,2p) P Ar

cosmic-ray 42C1 B~ decay

muon-induced

reactions

Radiogenic 48 x 10~ |[- “Ar(n,y)*Ar
reactions

All  reactions|2.5 x 10~7 1.8 x 1077 -

(Summ) - Activity in UAr gas evaluated from
Isotope|Production rate in crust|Specific radioactivity in argon 39 inti i
(atoms/ton (rock)/yr) (decays/ton (argon)/yr) Ar reSUItS’ pOIntIng toa suppression
VA 2.9 x 107 i3] 2.3 107 7] factor respect to AAr of at least 107,
Ar LEx 10 L much higher than for 3°Ar
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Cosmogenic activation of materials can jeopardize the sensitivity of ultra-
low background experiments, being increasingly important as background
requirements get more stringent
» production of long-lived isotopes at Earth’s surface due to nucleons
« continuous generation of short-lived nuclides deep underground due
to fast muons

Production rates and yields for several materials have been evaluated in the
context of DBD, neutrino and DM experiments from direct measurements
(with beams or from controlled, long exposure to cosmic rays) and from
calculations based on different approaches

Mitigation is presently based on limiting exposure to cosmic rays but active
suppression and removal of activation products can be considered:

* Underground crystal growth and detector fabrication (Ge, Nal)

« Removal via post-processing (cryogenic distillation for 3%Ar in Ar)

S. Cebrian, LRT2024, 24 October 2024

35



World scientific

www.wurldscienli!ic.com

\

tiona of Modern( ;:)hysi[;:essil\
Interna iy -

30 (2017) 1743
Vo}i)\:/nr’kli\] gc'\entiﬁc Publishing Cg(x)npany
(1?01'010_114‘2/80217751X174300

1 Journal

COS ogenlc aCthathll Of lllaterlals
mog nl

Susana Cebrian l
de Fisica Nuclear Y Astropartzlrc:ogz, o

. Calle Pedro Cerbuna, 12:ial e 5 o3
- Paseo de lo

ineo de Canfranc, -
Tg::fmnc Estacién, Huesca; Spain
scebrian@unizar. es

. Spain
Grupo .
Universidad de Zarago

boratorio Subte
i 22880

Received 18 July 20177
Accepted 3 August ‘201017
Published 7 September 2

f dark matter particlesc,‘
ated deep undergroun

radioactive jsotopes 1N
low ba»ckgrounfi
cts by cosmic
ls commonly

e direct detection ©
ay are oper
duction of

like th
double beta dec
i hazard when ultra-

sisa e
ration of long-lived prod\.x

i events
Experiments looking for raré

neutrino interac

to suppress the
materials due to PT

evious exposur

nucleons has
used. Here, t
Earth’s surface W
following different ap’
m are the two

he main resul
ill be summ
proaches.
ngre

i an
roduction cross-sections an -
ing this cosmo genic

tivation;

The isotope P
dients when calculat

main 1

spectru

https://doi.org/10.3390/universe6100162

S. Cebrian, LRT2024, 2" October 2024

i ired. In this co ac-opem ‘ oy
itions are requirec. e e s | i |
= = e mal:ly - o o ts and calculations

https://doi.org/10.1142/S0217751X17430060

uni verse

Article

Cosmogenic Activation j
tion in Doubl

Susana Cebrian 1209

Received: 30 August 2020; Accepted: 22 September 202

check for

0; Published: 29 September 2020 updates

Abstract: Double beta decay is
detect it must be Operated
radioisotopes produced by
Or even underground can
developed to quantify
set-up of these ex
tellurium

avery rare nuclear process
deep underground and in ultra-
the previous eXposure of materi,
become problematic for the
and reduce the actiy
periments will be reyie
and xenon together with other o
orargon. Calculations following
experiments using beams or dire
The effect of cosmogenic
different types of detectors

and, therefore, experiments intended to
low background conditions. Long-lived
als to cosmic rays on the Earth’s surface
: 4 required sensitivity. Here, the studies
ation yields in detectors and materials used in th

wed, considering target materials like germani !
' ones commonly used like copper, lead v
very different :

approaches
ctly cosmic ra

activation in present
will be analyzed too,

, stainless stee]
; and measurements from irradiation
.ys will be considered for relevant radioisotopes
and future double beta decay projects based}on.

Keywords: neutrino; double beta decay;

COSmic rays; activation; radio

active background

36



