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eUniversità of Catania, Catania 95124, Italy

fInstituto de F́ısica, Universidade de São Paulo, São Paulo 05508-090, Brazil
gPacific Northwest National Laboratory, Richland, WA 99352, USA

hPhysics Department, Augustana University, Sioux Falls, SD 57197, USA
iTRIUMF, 4004 Wesbrook Mall, Vancouver, BC V6T 2A3, Canada

jINFN Cagliari, Cagliari 09042, Italy
kMendeleev University of Chemical Technology, Moscow 125047, Russia
lINFN Laboratori Nazionali di Legnaro, Legnaro (Padova) 35020, Italy

mDepartment of Physics, Royal Holloway University of London, Egham TW20 0EX, UK

1e-mail: ds-ed@lngs.infn.it

2



Journal Pre-proof
Jo
ur

na
l P

re
-p

ro
ofnCIEMAT, Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas,
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atAPC, Université de Paris, CNRS, Astroparticule et Cosmologie, Paris F-75013, France
auMuseo Storico della Fisica e Centro Studi e Ricerche Enrico Fermi, Roma 00184, Italy

avInstitute for Particle Physics, ETH Zürich, Zürich 8093, Switzerland
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Abstract

The activation of materials due to exposure to cosmic rays may become
an important background source for experiments investigating rare event
phenomena. DarkSide-20k, currently under construction at the Laboratori
Nazionali del Gran Sasso, is a direct detection experiment for galactic dark
matter particles, using a two-phase liquid-argon Time Projection Chamber
(TPC) filled with 49.7 tonnes (active mass) of Underground Argon (UAr)
depleted in 39Ar. Despite the outstanding capability of discriminating γ/β
background in argon TPCs, this background must be considered because of
induced dead time or accidental coincidences mimicking dark-matter signals
and it is relevant for low-threshold electron-counting measurements. Here,
the cosmogenic activity of relevant long-lived radioisotopes induced in the
experiment has been estimated to set requirements and procedures during
preparation of the experiment and to check that it is not dominant over
primordial radioactivity; particular attention has been paid to the activation
of the 120 t of UAr used in DarkSide-20k. Expected exposures above ground
and production rates, either measured or calculated, have been considered in
detail. From the simulated counting rates in the detector due to cosmogenic
isotopes, it is concluded that activation in copper and stainless steel is not
problematic. The activity of 39Ar induced during extraction, purification and
transport on surface is evaluated to be 2.8% of the activity measured in UAr
by DarkSide-50 experiment, which used the same underground source, and
thus considered acceptable. Other isotopes in the UAr such as 37Ar and 3H
are shown not to be relevant due to short half-life and assumed purification
methods.

Keywords: Cosmogenic activation, Argon, Dark matter, Rare events

1. Introduction1

Great efforts have been devoted worldwide to unravel the nature of dark2

matter [1] which is expected to fill our galaxy. One strategy is to search3

5
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WIMP-nucleus elastic scattering using of different kinds of sensitive radiation5

detectors [2, 3]. Noble elements like xenon and argon are ideal targets because6

the material is easily purified and detectors can be scaled in mass for high7

senstivity. [4–10].8

The expected counting rate from the interaction of WIMPs is extremely9

low, requiring ultra-low background conditions. This is achieved by operating10

in deep underground locations, using active and passive shielding, carefully11

selecting radiopure materials, and developing background-rejection methods12

in analysis [11, 12]. In this context, long-lived radioactive isotopes induced13

in the materials of the experiment by the exposure to cosmic rays during fab-14

rication, transport and storage can be as relevant as residual contamination15

from primordial nuclides. In principle, cosmogenic activation can be kept16

under control by minimizing exposure on the surface and storing materials17

underground, avoiding flights, and even using shielding against the hadronic18

component of cosmic rays. It would be desirable to have reliable estimates19

of activation yields to assess the real danger of exposing materials to cosmic20

rays. Direct assay measurements of exposed materials, in very low back-21

ground conditions, and calculations of production rates and yields, following22

different approaches, have been made for several materials in the context of23

dark matter, neutrinoless 2β decay, and solar neutrino experiments [13, 14].24

Results have been calculated for detector media such as germanium [15–23],25

silicon [24], NaI [20, 25–28], tellurium and TeO2 [29–31], xenon [32–34], ar-26

gon [20, 35, 36] and molybdate [37] as well as for copper [18, 32, 33, 38, 39],27

lead [40] or stainless steel [33, 38].28

Liquid Argon (LAr) provides an outstanding Pulse Shape Discrimina-29

tion (PSD) power to separate electron recoils (ER) from nuclear recoil (NR)30

events, as shown by the single-phase LAr detector DEAP-3600 [7]. Dual-31

phase Time Projection Chambers (TPCs) have additional capabilities like32

excellent spatial resolution. The DarkSide-50 experiment at the Laboratori33

Nazionali del Gran Sasso (LNGS) in Italy followed this approach using Un-34

derground Argon (UAr) (depleted of 39Ar by a factor 1400±200 with respect35

to the Atmospheric Argon (AAr) activity of ∼1 Bq/kg) [8–10]. Despite these36

excellent background discrimination capabilities, acceptance losses (via ER37

+ NR pile-up in the TPC or accidental coincidence between the Veto and38

TPC signals that mimic the neutron capture signature) can be produced by39

γ or β emitters in the set-up; therefore, these background sources must be40

carefully considered too. The goal of this work is, considering exposure on41

6
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genic activation of detector materials and the effect on the expected counting43

rates of the DarkSide-20k detector; the results will be compared with those44

from other radioactive backgrounds like 39Ar. This allows requirements and45

procedures during the preparation and commissioning of the experiment to46

be set. The study has been carried out for UAr as well as for copper, and47

stainless steel, since the use of large quantities of these materials is foreseen48

in different components, according to the design of DarkSide-20k. The paper49

is structured as follows: the DarkSide-20k project is presented in Sec. 2; the50

methodology applied to quantify cosmogenic activities is described in Sec. 3,51

showing the obtained results for different materials in Secs. 4 and 5; the52

counting rates expected from these activities are discussed in Sec. 6, before53

summarizing conclusions in Sec. 7.54

2. The GADMC and the DarkSide-20k detector55

The Global Argon Dark Matter Collaboration (GADMC) has been estab-56

lished to push the sensitivity for WIMP detection down through the neutrino57

fog [41, 42]. The first step will be the DarkSide-20k experiment at LNGS;58

the data taking is intended to start in 2026. The experiment is designed with59

a goal of an instrumental background <0.1 events over a 200 t·y exposure60

for a fiducial mass of 20 t. In parallel, a much smaller detector specifically61

optimized for the investigation of low-mass dark matter, DarkSide-LowMass,62

is being considered [43]. ARGO will be a multi-hundred tonne detector possi-63

bly operated at SNOLAB, having also excellent sensitivity to CNO neutrinos64

and galactic supernovae [44].65

2.1. Underground Argon66

One of the goals of GADMC is the procurement of large amounts of low-67

radioactivity UAr as detector target; three projects are in development to68

ensure this:69

• Extraction of argon from an underground source (CO2 wells) will be70

carried out at the Urania plant, in Cortez, CO (US). This is the same71

source used for the DarkSide-50 detector.72

• UAr will be further chemically purified to detector-grade argon in the73

Aria facility, in Sardinia (Italy), to remove non-Argon isotopes. Aria74

will consist of a 350 m cryogenic distillation column, currently being75

7
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demonstrated both with nitrogen [45] and argon isotopes [46]. Aria can77

also be operated in isotopic separation mode to achieve a 10-fold sup-78

pression of 39Ar although at a much reduced throughput [46]; this fur-79

ther suppression beyond UAr level is not needed to achieve the physics80

goals of DarkSide-20k.81

• Assessing the ultra-low 39Ar content of the UAr is the the goal of the82

DArT detector [47] in construction at the Canfranc Underground Lab-83

oratory (LSC) in Spain.84

There is a growing interest in the use of ultra-pure UAr outside GADMC,85

as it has potential broader applications for measuring coherent neutrino scat-86

tering in the COHERENT experiment [48], neutrinoless 2β decay in the87

LEGEND-1000 project [49], and future modules of the DUNE experiment88

[50]; the challenges for its production and characterization are carefully ad-89

dressed in Refs. [51, 52].90

2.2. DarkSide-20k91

In DarkSide-20k the core of the apparatus is a dual-phase TPC, serving92

both as active WIMP target, filled by low-radioactivity UAr [53]; a total93

of 99.2 t of UAr is required, 51.1 t inside the TPC and the rest in the94

neutron veto. It is planned to produce 120 t of UAr considering contingency.95

SiPMs in Photo-Detector Modules (PDMs) read the prompt scintillation in96

the liquid (S1) and delayed electroluminescence in the gas phase (S2). The97

TPC walls is made of a gadolinium-loaded acrylic vessel (Gd-PMMA); this98

material is highly efficient at moderating and then capturing neutrons, the99

capture resulting in the emission of several γ-rays that allow to tag neutron-100

induced background events. The detector is housed within a 12-ton vessel,101

made of stainless steel, immersed in a bath of 700 t of AAr acting as radiation102

shield and outer veto detector for cosmic background. All the materials used103

to build the whole detector system are carefully selected for low levels of104

radioactivity. Figure 1 shows cross views of the cryostat and of the inner105

detector. Table 1 lists materials, masses and considered cosmogenic isotopes106

for the main components in the design.107

G4DS [54] is a Monte Carlo (MC) simulation framework developed for108

DarkSide background studies based on GEANT4, providing accurate simu-109

lation of light production, propagation, and detection for background and110

8
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Figure 1: Cross sections of the cryostat (left) and of the vessel containing the inner veto
and TPC (right) of the DarkSide-20k detector. OP stands for Optical Plane and vPDU
for veto Photo Detection Unit.

Table 1: Detector components, materials and masses of the DarkSide-20k detector shown
in Fig. 1. Cosmogenically-induced isotopes considered for each material in this work
are also indicated; activation in Gd-loaded PMMA has not been analyzed as no hint was
found in the radiopurity measurements by γ spectroscopy performed for acrylic and Gd2O3

samples.

Component Material Mass Induced isotopes
Membrane cryostat Stainless steel 224.6 t See Table 2
Outer Veto: filling AAr 700 t 37Ar, 39Ar, 3H
Inner Veto: vessel Stainless steel 12 t See Table 2
TPC: barrel Gd-loaded PMMA 11 t -
TPC: grids, frame, brackets Stainless steel 1055 kg See Table 2
TPC: cables Copper 117.8 kg See Table 2
Inner Veto+TPC: filling UAr 99.2 t 37Ar, 39Ar, 3H
Electronic boards Copper 47.3 kg See Table 2
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For DarkSide-20k, γ emissions from the full set of detector components have112

been simulated to estimate the corresponding background rates in the TPC113

and in the Veto; activities measured in an extensive material screening cam-114

paign based on the combination of different radioassay techniques have been115

considered. Discrimination techniques based on energy and position of the116

interactions are implemented to compute the rate in the fiducial volume. As117

used in [44], preliminary estimates of γ background rates point to values118

around 50 Hz in the TPC and 100 Hz in the neutron Veto, with dominant119

contribution from PDMs. The β contribution of 39Ar, considering the total120

active mass of UAr in the TPC (50 tonnes) and in the inner veto (32 tonnes)121

and the measured activity value in DarkSide-50, yields 36 Hz in the TPC122

and 26 Hz in the Veto. In this work, cosmogenically induced background123

shall be compared to these expected rates from radiogenic background from124

detector material.125

3. Methodology126

One of the most relevant processes in the production of radioactive iso-127

topes in materials is the spallation of nuclei by high energy nucleons; other128

reactions like fragmentation, induced fission or capture can be important for129

some nuclei too. On Earth’s surface, as the proton to neutron ratio in cosmic130

rays decreases significantly at energies below the GeV scale because of the131

absorption of charged particles in the atmosphere, activation by neutrons is132

usually dominant. Cosmogenic production of radionuclides underground can133

often be considered negligible, as the flux of cosmic nucleons is suppressed134

by more than four orders of magnitude for depths of a few tens of meters135

water equivalent (m.w.e.) [11]. Radiogenic neutrons, with fluxes in deep un-136

derground facilities that are orders of magnitude lower than that of cosmic137

neutrons on surface, have energies around a few MeV, too low for spallation138

processes.139

To quantify the effect of material cosmogenic activation in a particular140

experiment, the first step is to know the production rates, R, of the relevant141

isotopes induced in the material targets. Then, the produced activity, A, can142

be estimated according to the exposure history to cosmic rays; for instance,143

considering just a time of exposure texp followed by a cooling time (time spent144

underground once shielded from cosmic rays) tcool, for an isotope with decay145

10
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A = R[1− exp(−λtexp)] exp(−λtcool). (1)

Finally, the counting rate generated in the detector by this activity can be147

computed using G4DS [54].148

Some direct measurements of production rates at sea level have been149

carried out for a few materials from the saturation activity, obtained by150

sensitive screening of samples exposed in well-controlled conditions or by151

irradiating samples in high flux particle beams. However, in many cases,152

production rates must be evaluated from the flux of cosmic rays, ϕ, and153

the isotope production cross-section, σ, with both dependent on the particle154

energy E:155

R = Nt

∫
σ(E)ϕ(E)dE, (2)

where Nt is the number of target nuclei. The spread for different calculations156

of productions rates is usually important, even within a factor 2 (see for157

instance Tables 4 and 5). In this work, measured production rates have158

been used whenever available and dedicated calculations have been performed159

otherwise.160

3.1. Cosmic ray flux161

An analytic expression for the cosmic neutron spectrum at sea level is162

presented by Gordon et al in Ref. [55], deduced by fitting data from a set163

of measurements for energies above 0.4 MeV; with this parameterization,164

the integral flux from 10 MeV to 10 GeV is 3.6×10−3cm−2s−1 (for New York165

City). In Ref. [56], a similar parametrization is provided as well as correction166

factors, f , to the flux when considering exposure at different locations, as167

flux depends on the altitude and geomagnetic rigidity. For example, outside168

LNGS at an altitude of ∼1000 m, a correction factor f =2.1 [18] is used.169

Alternatively, the EXPACS (“EXcel-based Program for calculating Atmo-170

spheric Cosmic-ray Spectrum”) program2 could be used to calculate fluxes171

of nucleons, muons, and other particles for different positions and times in the172

Earth’s atmosphere; in this way, possible temporal variations of the cosmic173

rays fluxes are taken into account. Although precise EXPACS calculations174

are being considered, results presented here are based on the parameteriza-175

tion from Ref. [55] and correction factor from Ref. [56].176

2EXPACS: https://phits.jaea.go.jp/expacs/.
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Measurements at fixed energies and calculations using different compu-178

tational codes must be both be taken into account in evaluating σ(E). The179

following have been used in this work:180

• The Experimental Nuclear Reaction Data database (EXFOR, CSISRS181

in US) [57], which provides nuclear reaction data and then measured182

production cross sections 3.183

• The Silberberg and Tsao equations presented in Refs. [58–60], which184

are semiempirical formulae derived from proton-induced reactions for185

energies >100 MeV and integrated in different codes: COSMO [61],186

YIELDX [60] and ACTIVIA [62].187

• The MC simulation of the interaction between projectiles and nuclei,188

which allows also computation of production cross sections. Many dif-189

ferent models and codes have been developed and validated considering190

the relevant processes. Evaluated libraries of production cross sections191

have been elaborated, covering different types of reactions or projec-192

tiles and different energies, like TENDL (TALYS-based Evaluated Nu-193

clear Data Library)4 [63] (based on the TALYS code, for protons and194

neutrons with energies up to 200 MeV); JENDL (Japanese Evaluated195

Nuclear Data Library) [64] High Energy File5 (based on the GNASH196

code, for protons and neutrons from 20 MeV to 3 GeV) is an exten-197

sion of the JENDL-4.0/HE library including results up to 200 MeV;198

HEAD-2009 (High Energy Activation Data) [65] (for protons and neu-199

trons with higher energies, from 150 MeV up to 1 GeV) uses a selection200

of models and codes (CEM, CASCADE/INPE, MCNP, etc.).201

4. Cosmogenic yields in Copper and Steel202

The effect on DarkSide-20k of cosmogenic activity in the components203

made of copper and stainless steel, known to become activated [13, 14], is204

analyzed here.205

3EXFOR: http://www.nndc.bnl.gov/exfor/exfor.htm, http://www-nds.iaea.

org/exfor/exfor.htm.
4https://tendl.web.psi.ch/tendl_2019/tendl2019.html
5JENDL HE library, https://wwwndc.jaea.go.jp/ftpnd/jendl/jendl40he.html;

https://wwwndc.jaea.go.jp/jendl/jendl.html
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The production rates of the radionuclides typically induced in these ma-207

terials have been selected from measured and calculated results available in208

the literature [13, 14]. Estimates using mainly ACTIVIA, GEANT4, and209

TALYS codes have been made. Saturation activities have been measured210

with sensitive germanium detectors in samples of copper [32, 38, 39] and211

steel [38], exposed for long times to cosmic rays. In particular, in this work,212

the production rates from dedicated measurements, using 125 kg of copper213

provided by Norddeutsche Affinerie (now Aurubis) exposed for 270 days at214

Gran Sasso and Nironit stainless steel exposed for 314 days, have been con-215

sidered [38]; values are reproduced in Table 2. Among the different products216

identified in copper, 60Co has the longest half-life and, unfortunately, there217

is a significant disagreement on the production rate estimates [13, 14]; the218

measured value in Ref. [38] is higher than most of the other estimates by a219

factor of up to a few times. No assessment of 60Co production in stainless220

steel is made in Ref. [38], as the cosmogenically induced activity is shadowed221

by the intrinsic 60Co at similar level naturally occurring in typical stainless222

steel material; for this reason, the rate derived from GEANT4 calculations223

[33] has been used. Following the half-lives of the different cosmogenic iso-224

topes identified in copper and steel (also shown in Table 2), 54Mn, 57Co and225

60Co are in principle the most relevant products.226

4.2. Activity227

To assess the possible effect of the cosmogenic isotopes in these mate-228

rials for DarkSide-20k, activity A has been evaluated considering the se-229

lected production rates at sea level, tcool =0 and extreme cases of exposure:230

texp =1 month, texp =1 year and texp =10 years. It is worth noting that as231

measured production rates have been taken into account, the deduced acti-232

vation corresponds to all cosmic ray particles. The final expected activity is233

obtained from the specific activities derived from the production rates (per234

mass unit) using Eq. 1 and the mass of all the components used in the235

experimental set-up, which according to the present design of DarkSide-20k236

are 165.1 kg of copper (mainly from cables and PDMs electronic compo-237

nents) and 226 tons of stainless steel (mainly from cryostat components)238

plus 12 tonnes from the inner detector.239

Table 2 summarizes the total induced activity in copper and stainless240

steel, respectively, for the relevant isotopes evaluated at the end of the differ-241

ent exposure times; contribution from each individual component is propor-242
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emissions of the order of 1 MeV will be generated around the active volume244

by this cosmogenic activation. In the case of copper, even assuming 10 years245

of exposure, the total activity is at the level of 0.5 Bq. The induced activities246

are then compared with available measurements from radioassays. For the247

copper from the Luvata company which is being considered in DarkSide-20k,248

upper limits of 0.30 mBq/kg of 60Co and 0.35 mBq/kg of 54Mn are obtained249

using a HPGe detector (named GeOroel) in the Canfranc Underground Lab-250

oratory. Exposure to cosmic rays of this copper material for a few years251

can be tolerated since it would contribute a fraction of the upper limit on252

60Co contamination. For all stainless steel components, some cosmogenic253

activities can be at the level of a few hundreds of Bq, even for just 1 year254

of exposure; 54Mn is identified as a potential relevant contributor to the255

background. Comparing with available measurements from screening, the256

derived cosmogenic activity of 60Co is much lower than for instance the one257

measured for a sample of stainless steel for the DarkSide-20k crysotat, using258

the same HPGe detector in the Canfranc Underground Laboratory, finding259

(10.8±0.9) mBq/kg of 60Co. A more stringent requirement of ∼1 year of260

exposure would come by requiring the 54Mn induced activity being less than261

the measured one in radio-assay of (1.4±0.3) mBq/kg.262
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Argon in the atmosphere contains stable 40Ar at 99.6%; cosmogenically264

produced radioactive isotopes, mainly 39Ar but also 37Ar or 42Ar, can be a265

significant background if argon obtained from air is used. The concentra-266

tion of these three isotopes is much reduced in UAr, but the production of267

cosmogenic radionuclides after extraction must be taken into consideration.268

5.1. Relevant isotopes269

39Ar is a β− emitter with a transition energy of 565 keV and half-life of270

269 y [67]; it is mainly produced by the 40Ar(n,2n)39Ar reaction by cosmic271

neutrons [35]. The typical activity of 39Ar in AAr is at the level of ∼1 Bq/kg,272

as measured by WARP [68], ArDM [69] and DEAP [70]. In UAr, after a first273

study on argon from deep underground sources [71], the measured activity274

of 39Ar in the DarkSide-50 detector was (0.73 ± 0.11) mBq/kg following a275

campaign of extracting and purifying argon from deep CO2 wells in Colorado,276

US; as mentioned in Sec. 1, this means a reduction of a factor (1.4±0.2)×103277

relative to the AAr [8].278

The presence of cosmogenically produced 37Ar was also detected at the279

beginning of the run of the DarkSide-50 detector with UAr [8]. It decays280

100% by electron capture to the ground state of the daughter nuclei with a281

half-life of 35.02 days [66]; then, the binding energy of electrons from K-shell282

(2.8 keV, at 90.21%) and L-shell (0.20-0.27 keV, at 8.72%) can be measured283

as a distinctive signature. The main production channel is the 40Ar(n,4n)37Ar284

reaction [35]. Underground production in UAr by thermal and epithermal285

neutron capture is negligible, as for 39Ar, considering rates as in Ref. [35]286

and neutron fluxes at LNGS.287

42Ar is a pure β− emitter with a 32.9 y half-life and transition energy288

of 599 keV, generating 42K, also a β− emitter with half-life of 12.36 h and289

transition energy of 3525 keV [67]; this isotope can affect neutrinoless 2β290

experiments using liquid argon as cooling bath and shielding, as shown291

by the GERDA experiment [72] and its specific activity has been studied292

by ICARUS [73], DBA (92+22
−46 µBq/kg [74]) and DEAP (40.4±5.9 µBq/kg293

[70]). The production rate of 42Ar in UAr at sea level has been evaluated by294

GEANT4 simulation as 5.8×10−3 atoms/kg/day in Ref. [36]; this rate would295

give from Eq. 1 a saturation activity of 0.07 µBq/kg, about three orders of296

magnitude lower than measured values in AAr. Taking all this into account,297
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cific study to quantify radiogenic and cosmogenic production in the Earth’s299

crust is underway6.300

3H is a pure β− emitter with transition energy of 18.6 keV and a long301

half-life of 12.3 y [66]. The quantification of its cosmogenic production is302

not easy by calculations (3H can be generated by different reaction chan-303

nels) nor experimentally (the β emissions are hard to disentangle from other304

background contributions). Estimates of the 3H production rate in several305

dark matter targets were attempted in Ref. [20]; the rate has been measured306

for germanium from EDELWEISS [19] and CDMSlite [21] data and for sil-307

icon and NaI(Tl) from neutron irradiation [24, 28]. The possible presence308

of 3H has been observed also in NaI(Tl) crystals by the ANAIS [25, 75] and309

COSINE experiments [27, 76]. In principle, purification systems for LAr310

may remove all non-argon radionuclides and 3H should not be a problem for311

DarkSide. This was also assumed for liquid xenon, but 3H was considered312

as a possible explanation for the excess of electronic recoil events observed313

in the XENON1T experiment below 7 keV [77, 78], which was not observed314

in XENONnT [5]. Activated 3H is separated from argon with SAES Getters315

[79] and will be removed in situ while the UAr recirculates.316

Other radioisotopes with half-lives longer than 10 days like 7Be, 10Be,317

14C, 22Na, 26Al, 32P, 33P, 32Si, 35S, 36Cl, 40K and 41Ca are also produced318

in argon, as shown using the COSMO code. The production rates of these319

isotopes at sea level from fast neutrons, high energy muons and protons have320

been evaluated by GEANT4 simulation in Ref. [36]. Assuming an efficient321

purification of non-noble isotopes, they will not be considered in this study.322

5.2. Production rates323

The production rates of 37Ar and 39Ar from cosmic neutrons at sea level324

were measured for the first time through controlled irradiation at Los Alamos325

Neutron Science Center (LANSCE) with a neutron beam resembling the cos-326

mic neutron spectrum and later direct counting with sensitive proportional327

counters at Pacific Northwest National Laboratory (PNNL) [35]. In addition,328

the study of other production mechanisms due to muon capture, cosmic pro-329

tons and high energy γ rays at the Earth’s surface was made using available330

cross sections to compute total production rates at sea level. The production331

6https://indico.sanfordlab.org/event/29/contributions/487/
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ofTable 3: Calculation of the correction factor f to be applied to the cosmic neutron flux at

sea level (in New York) for the location of the Urania facilities in Colorado. The relative
intensities I are derived from Eq. 3. The final factor for Urania is the average between
the deduced ones from Denver and Leadville data.

Location H A f Relative I Deduced f
(m) (g/cm2) from Ref. [56] to Urania for Urania

Denver 1609 852.3 4.11 0.659 6.24
Leadville 3109 705.2 12.86 1.942 6.62
Urania 2164 795.5 6.43

rates obtained in Ref. [35] for UAr are reproduced in Table 6 as they will332

be used to evaluate the induced activity in DarkSide-20k. The production333

rates of both 37Ar and 39Ar at sea level were also evaluated by GEANT4334

simulation in Ref. [36].335

The UAr to be used in DarkSide-20k is extracted in Colorado, at a quite336

high altitude, so the corresponding correction factors f to the cosmic ray flux337

at sea level must be taken into consideration. In Ref. [56], high values of f338

are reported for neutrons at Colorado locations: 4.11 and 12.86 for Denver339

(at 1609 m) and Leadville (at 3109 m), respectively. These correction factors340

f have been adjusted to the altitude at the Urania facilities (at 2164 m),341

assuming that the ratio of f for different altitudes is the same as the ratio of342

cosmic flux intensities. As described in Ref. [56], the intensities I1 and I2 at343

two different altitudes A1 and A2 (converted to g/cm2) are related as:344

I2 = I1 exp[(A1 − A2)/L], (3)

being L the absorption length for the cosmic ray particles. Calculations for345

the cosmic neutron flux correction factor are summarized in Table 3, using346

L =136 g/cm2; the final result for Urania is the average between those from347

Denver and Leadville data, f =6.43. For cosmic protons and muons, the348

correction factors have been obtained just from Eq. 3 considering the corre-349

sponding absorption lengths (L = 110 g/cm2 for protons and L = 261 g/cm2
350

for muons [56]); the results are f = 8.67 for protons and f = 2.48 for muons.351

Following Eq. 2, a calculation of the production rates of relevant iso-352

topes in argon (assuming 100% 40Ar) by cosmic neutrons from Ref. [55] has353

been made considering a selection of excitation functions from libraries and354

YIELDX calculations. Figure 2 shows our compilation of production cross355

sections of 3H, 37Ar and 39Ar by nucleons. For 39Ar, although no experimen-356

tal data at EXFOR was found for the total production cross section, there are357
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Ref. [80]. For 3H, an irradiation experiment with neutrons having an energy359

spectrum peaked at 22.5 MeV measured the corresponding production cross360

section [81].361

Amismatch between cross section data from different libraries is observed.362

Several descriptions of the cross sections, even from different libraries below363

and above a particular energy cut, have been considered to estimate the364

corresponding uncertainty; the obtained maximum and minimum rates define365

an interval, whose central value and half width have been considered as the366

final result and its uncertainty for the evaluation of the production rates.367

Table 4 presents the obtained results for 37Ar and 39Ar, together with the368

measured production rate for fast neutrons and different calculations from369

Refs. [35, 36]. The production rate of 39Ar derived here is fully compatible370

with the measured value (and with several of the calculations in Ref. [35]).371

The production rate of 37Ar is a factor 2 higher than the measured one,372

but lower than the GEANT4 estimate in Ref. [36]. For calculating the final373

activity yields of 37Ar and 39Ar, the values of the total production rates374

obtained in Ref. [35] will be used; but this comparison can be useful to375

assess the reliability of the production rates of isotopes estimated only from376

calculations, like 3H in argon.377

The production rate of 3H in argon was calculated, as for other targets,378

using different codes like TALYS [16] and GEANT4 and ACTIVIA [33]. It379

was also computed in Ref. [20] using a similar approach as used in this380

work from a selection of excitation functions considering the TENDL and381

HEAD2009 libraries. The results ranged from 115.1 to 177.2 atoms/kg/day382

and the approach was cross-checked against experimental data for NaI and383

germanium, reproducing properly measured production rates [19, 21, 28].384

We add to the analysis new data included in the JENDL-HE library which385

gives a production rate of 221.6 atoms/kg/day. We combine the results in386

Ref. [20] with this latter one to estimate a central value and uncertainty387

for the production of 3H as (168±53) atoms/kg/day. It must be noted that388

this value gives only production by neutrons; assuming equal flux and cross389

sections of protons and neutrons above 1 GeV, it is estimated that protons390

would increase the rate by 10% at most [20] and is thus neglected in the391

following. Table 5 compares the production rate estimated in this work with392

all the available ones for 3H production in argon taken from the literature393

following different approaches; an important dispersion of values is found.394
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Figure 2: Production cross sections of 3H (top), 37Ar (middle) and 39Ar (bottom) in 40Ar
by nucleons vs energy taken from different sources.
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ofTable 5: Production rate R of 3H in Ar at sea level from this work and from different

calculations from the literature.
R (atoms/kg/day)

TENDL 115.1
HEAD2009 177.2
JENDL-HE 221.6
Estimated rate in this work 168±53

Not used for estimation:
TALYS [16] 44.4
GEANT4 [33] 84.9
ACTIVIA [33] 82.9

5.3. Activity395

The possible activity yields of relevant cosmogenic isotopes in Ar have396

been analyzed for the DarkSide-20k detector considering Ar extraction, stor-397

age and transportation and taking into account different cosmic ray compo-398

nents. For 37Ar and 39Ar, the production rates at sea level precisely deter-399

mined with the LANSCE neutron beam and the estimates for muons, protons400

and cosmic γ rays [35] have been considered, while for 3H the production rate401

estimated in this work has been assumed.402

The UAr extracted at the Urania plant will be shipped firstly to the Aria403

facility for purification and then to LNGS for storage and final operation.404

The current baseline design is to ship the UAr in high-pressure gas cylinders405

that are organized into skids capable of containing ∼2 t of UAr each. The406

following steps are foreseen:407

1. Storage of UAr at Urania: three skids will be filled before starting408

transportation. Considering the time required to fill one, exposures of409

8, 16 and 24 days have been assumed for each skid. At the Urania410

site, the UAr will always be on surface while being processed and once411

in the skids. The correction factors to the sea level fluxes of cosmic412

neutrons, protons and muons evaluated for Urania location in Colorado413

(see Sec. 5.2) have been included in this step.414

2. Trip from Urania to a shipping port: a container with the three skids415

will transport the UAr from Urania to Houston, TX (USA), by road.416

An exposure of 7 days has been considered. To take into account the417

different altitude during the trip, the average between the maximal418
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been calculated.420

3. Trip overseas to Europe: 60 days of exposure at sea level have been421

conservatively assumed for the trip by boat from Houston to Cagliari.422

An additional exposure of 7 days is foreseen for custom clearing and423

the trip from Cagliari to the Aria location.424

In total, 16 months are required for completing the extraction and425

transportation of all the necessary UAr from Urania to Italy.426

4. Processing and storage of UAr at Aria: once in Sardinia, the skids will427

be stored near Aria and the UAr will be accumulated for processing.428

At a purification rate of 1 ton per day, an expected exposure of 60 days429

to process two batches of 60 t each has been considered. Underground430

storage at a depth of at least some tens of m.w.e. would be ideal and431

it is assumed here but, if not possible, an almost linear increase of432

2.6 µBq/kg in the activity of 39Ar is estimated per month of additional433

exposure at sea level.434

5. Trip from Aria to LNGS: 10 days of exposure at sea level have been435

considered for this trip by sea. It is expected to ship 12 t at a time436

using six skids.437

6. Storage at LNGS: skids will be stored underground as they arrive.438

Under these assumptions, the total time from the beginning of production439

at Urania to the end of processing at Aria is 614 days.440

Taking into account this exposure history, the induced activity by each441

cosmic ray component has been computed for each exposure step (at Urania,442

trip in US, overseas, at Aria and trip in Italy) from Eq. 1. Tables 6 and443

7 show separately each contribution for 39Ar and 37Ar and for 3H, respec-444

tively. Contributions from different cosmic ray components are assumed to445

be independent to derive uncertainties in total activity. The decrease of the446

activities induced at each step during the rest of the whole process is neg-447

ligible for 39Ar and small for 3H, due to their long half-lives, but extremely448

relevant for 37Ar; it is accounted for in the final activities reported in Tables449

6 and 7.450

For both 39Ar and 37Ar, cosmogenic neutrons are responsible of most451

of the induced activity. Under the assumed conditions, the relative contri-452

butions to the final 39Ar activity of each exposure step are the following:453

Urania, 34.4%; US trip, 9.0%; overseas trip, 27.7%; at Aria, 24.8%; and Italy454

trip, 4.1%. The exposure at Urania gives the largest contribution, followed455
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half-life, the last exposure during the Italy trip is dominant, producing 55%457

of the final activity. Concerning 3H, the final activity in Table 7 would ap-458

ply if no purification procedures were considered; however, if a 100% efficient459

removal of 3H was achieved in Aria, only the activity in the last step for expo-460

sure in Italy would be produced. Table 8 summarizes the expected activities461

once all the UAr is at LNGS. From values in Table 6, the final estimated462

activity of 39Ar is (20.7±2.8) µBq/kg; this equals 2.8% of measured activity463

in DarkSide-50. For 37Ar, the effect of cooling is very important and the464

expected activity when all the UAr is at LNGS is (103±14) µBq/kg. From465

values in Table 7 for 3H, an activity of (2.97±0.94) µBq/kg is expected at466

that time considering only activation after ideal purification in Aria; with no467

purification, it would be around 25 times higher.468

Uncertainties quoted for activities in Tables 6 and 7 come from those of469

production rates, reproduced in the same tables. Concerning the correction470

factors of sea level cosmic ray fluxes for exposure at Urania, it has been471

checked that considering a description different to that applied in Sec. 5.2472

produces very similar results; correction factors computed from EXPACS473

spectra in the energy range relevant for activation (1 MeV to 10 GeV) are474

f = 6.09 for neutrons, f = 7.60 for protons and f = 1.61 for muons, giving a475

small decrease in the final activities: 1.0% for 39Ar, no change for 37Ar and476

1.5% for 3H with no purification. On the other hand, unexpected events can477

produce relevant deviations from the baseline exposure conditions and their478

effect on the activation yields has been assessed. Doubling the exposure479

at Urania would increase the final 39Ar activity from (20.7±2.8) µBq/kg480

to (27.7±3.9) µBq/kg, which would be 3.8% of the DarkSide-50 activity.481

Exposure at Aria has been evaluated for the moment considering just the482

processing time, but activation produced in the periods before and after the483

processing should be added if storage is made above ground; to produce an484

additional 10% of the measured activity in DarkSide-50 (which was deter-485

mined with an uncertainty of 14%), 28 months of additional exposure would486

be required, which is well above the period of 16 months needed for the ex-487

traction of the whole amount of UAr needed. It can be concluded that there488

is enough contingency in the plan for production, storage and shipping of489

the UAr so that cosmogenic 39Ar activity does not endanger DarkSide-20k490

sensitivity.491
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The rates from the estimated cosmogenic activity of products in UAr,493

under the assumed exposure conditions, are also shown in Table 8. Induced494

39Ar due to the whole exposure from Urania to LNGS would add a rate of495

(1.03±0.14) Hz for the TPC. The contribution of 37Ar (being (5.15±0.68) Hz496

if data taking started just immediately after the arrival of all the UAr at497

LNGS) will decay very quickly. Comparing these numbers with the total498

β and γ rates presented in Sec. 2.2, it can be concluded that cosmogenic499

activity does not produce a problematic increase of the TPC and Veto rates.500

7. Conclusions501

For DarkSide-20k, material cosmogenic activation is a source of β/γ back-502

ground and it has been quantified for LAr and other materials used in large503

amounts from realistic exposure conditions in order to assess the contribu-504

tion to the counting rates and decide if additional exposure restrictions are505

necessary. The main results are summarized in Table 8.506
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Table 7: Calculation of the expected induced activity in kg−1 d−1 of 3H by cosmic neutrons
in the UAr of the DarkSide-20k detector, for the production rate R estimated in this work
and the assumed exposure times (see text), considering no purification procedure. Different
rows show separate contributions by exposure steps. Row labelled as “Final” presents the
sum of final activities from all exposure steps including properly their decays.

3H
R (atoms/kg/day) 168±53
Urania 2.66±0.84
US 0.67±0.21
Overseas 1.73±0.54
Aria 1.55±0.49
Italy 0.259±0.082
Final 6.5±2.1
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ofFor copper and stainless steel components, activation yields of isotopes507

with relevant half-lives (like 54Mn, 57Co and 60Co) have been computed from508

the measured production rates at sea level at Ref. [38]. In copper, even509

for 10 y of exposure to cosmic rays, estimated activities are below 0.5 Bq.510

In stainless steel, hundreds of Bq are expected for some isotopes for just511

1 y exposure; the contribution to the counting rate of ER-like events in the512

TPC from 54Mn activity induced in steel components has been found to be513

negligible in comparison to the estimated total rate from β/γ backgrounds.514

This avoids restricting the surface residency time.515

A total of 120 t of UAr depleted in 39Ar must be extracted and processed516

for filling the TPC and inner veto of DarkSide-20k. The possible induced ac-517

tivity on surface, from the extraction at Urania to the storage at LNGS, has518

been analyzed not only for 39Ar but also for 37Ar and 3H. Production rates519

from Ref. [35], based on a neutron irradiation experiment, have been con-520

sidered for the Ar isotopes while for 3H an estimate of the production rate521

by cosmic neutrons made in this work obtaining (168±53) atoms/kg/day522

has been used. The estimated cosmogenic activity of 39Ar when all the UAr523

arrives to LNGS, (20.7±2.8) µBq/kg for the assumed exposure history, is524

considered acceptable as it is just 2.8% of the residual activity measured525

in DarkSide-50 for UAr of the same source and would add ∼1 Hz to the526

counting rate of the TPC. The quantified effect of some uncertain steps in527

the procedure of UAr production shows that there is enough contingency.528

Contributions from the induced activity of 37Ar and 3H are not problematic529

thanks to short half-life and purification, respectively. The results of this530

study of the cosmogenic activation of UAr will be useful to set exposure limi-531

tations for the procurement of the large amounts of radiopure UAr necessary532

in future LAr projects.533
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