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arbitrary precision, but if large compared to the CEvNS rate, contribute to substantial statistical
error in the subtracted spectra. With atmospheric-argon (obtained from standard supplies), the
natural abundance of 39Ar results in a ⇡ 1 Bq/kg ��decay that dominates the CEvNS steady-state
backgrounds resulting in a CEvNS signal to background rate of ⇡1:10, even when reduced by ⇡ 103

with pulse-shape discrimination.

Figure 2: Expected data rates divided into sig-
nal (CEvNS) and background components for the
planned CENNS-750 LAr detector using standard
atmospheric argon (top) or underground argon
(bottom). Note the significant reduction in steady
state 39Ar rate.

A reduction in the background from 39Ar
will allow a significant improvement in statis-
tical precision of a CEvNS measurment with
the proposed CENNS-750 detector. The Urania
project [5] is planning to provide a source of ar-
gon with greatly reduced 39Ar content. A reduc-
tion factor of ⇡ 1400 has been quoted and would
allow the use of underground argon without fur-
ther 39Ar reduction. We have conservatively
assumed a ⇥100 reduction of 39Ar which would
reduce this background to a level below other
steady-state environmental e/� backgrounds and
would improve the signal-noise ratio to ⇡1:1 as
can be seen in Fig.2.

The COHERENT collaboration is interested
in obtaining ⇡1 ton of this underground argon
within the next few years and would like to ini-
tiate further discussion on details of cooperation
in the endeavor.
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Argon Related Backgrounds in Physics Experiments

• DarkSide-50

• COHERENT
expected

• GERDA

• DUNE
expected

§ Supernova event reconstruction
ü 39Ar and 42Ar backgrounds

§ DAQ/trigger limitations
ü 39Ar High data rate: 30 Pb/year/10-ktonAr

§ BUT, in-situ calibration source

May 20, 2019LRT2019

LAr Background Rejection : Physics

> LAr veto leaves 2νββ spectrum as dominant feature
> Surface alpha and beta decays are inefficiently removed by 

LAr veto, but cut by PSA

Walter C. Pettus 19 March 2018

energy [keV]  
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

co
un

ts
 / 

25
 k

eV
  

1

10

210

310

410
prior liquid argon (LAr) veto
after LAr veto

 yr)21 10×= 1.92 
1/2

   (TbbnMonte Carlo 2
in coincidence with LAr veto
50 keV blinding

yr×enriched BEGe - 18.2 kg

bbn2

energy [keV]  
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

co
un

ts
 / 

25
 k

eV
  

1

10

210

310

410

bbQ
Po210

Ar39

K42
K40

energy [keV] 
1460 1480 1500 1520 1540

co
un

ts
 / 

1 
ke

V 

0

500

1000

K40

Ar40

EC

K42

Ca42

-
b

GERDA Physics Spectrum with LAr Cuts 

zero-field TPC photoelectron yield with UAr at the 83mKr
peak energy is ð8.1 " 0.2Þ PE=keV, 2% higher than that
quoted in Ref. [6], due to small changes in the baseline
finding and pulse identification algorithms.
Figure 1 compares the UAr and AAr data of the S1 pulse

integral spectrum. A z cut (residual mass of ∼34 kg) has
been applied to remove γ-ray events from the anode and
cathode windows. Events identified as multiple scatters or
coincident with a prompt signal in the LSV have also been
removed. To compare the ER background from UAr with
that from AAr, a GEANT4 [18,19] MC simulation of the
DarkSide-50 LAr TPC, LSV, and WCV detectors was
developed. The simulation accounts for material properties,
optics, and readout noise and also includes a model for LAr
scintillation and recombination. The MC is tuned to agree
with the high statistics 39Ar data taken with AAr [6]. A
simultaneous MC fit to the S1 spectrum taken with field off
(see Fig. 6 in Appendix A), S1 spectrum with field on, and
the z-position distribution of events, determines the 39Ar
and 85Kr activities in the UAr to be ð0.73 " 0.11Þ mBq=kg
and ð2.05 " 0.13Þ mBq=kg, respectively. The fitted 39Ar
and 85Kr activities are also shown in Fig. 1. The uncer-
tainties in the fitted activities are dominated by systematic
uncertainties from varying fit conditions. The 39Ar
activity of the UAr corresponds to a reduction by a factor
of ð1.4 " 0.2Þ × 103 relative to AAr. This is significantly
beyond the upper limit of 150 established in [12].
An independent estimate of the 85Kr decay rate in UAr is

obtained by identifying β-γ coincidences from the 0.43%
decay branch to metastable 85mRb with mean lifetime
1.46 μs. This method gives a decay rate of 85Kr via
85mRb of ð33.1 " 0.9Þ events=d in agreement with the
value ð35.3 " 2.2Þ events=d obtained from the known
branching ratio and the spectral fit result. The presence

of 85Kr in UAr is unexpected. We have not attempted to
remove krypton from the UAr, although cryogenic distil-
lation would likely do this very effectively. The 85Kr in UAr
could come from atmospheric leaks or from natural fission
underground, which produces 85Kr in deep underground
water reservoirs at specific activities similar to those of
39Ar [20].
As in Ref. [6], we determine the nuclear recoil energy

scale from the S1 signal using the photoelectron yield of
NRs relative to 83mKr measured in the SCENE experiment
[21,22], and the zero-field photoelectron yield for 83mKr
measured in DarkSide-50. An in situ calibration with an
AmBe source was also performed, allowing a check of the
f90 medians obtained for NRs in DarkSide-50 with those
scaled from SCENE, as shown in Fig. 2. Contamination
from inelastic or coincident electromagnetic scattering
cannot easily be removed from AmBe calibrations, so
we still derive our NR acceptance from SCENE data where
available.
High-performance neutron vetoes are necessary to

exclude NR events due to radiogenic or cosmic-ray-
produced neutrons from the WIMP search. In the AAr
exposure [6], the vetoing efficiency of the LSV was limited
to 98.5 " 0.5% by dead-time considerations given the
∼150 kBq of 14C in the scintillator, resulting from the
unintended use of trimethylborate (TMB). For the UAr
data set, the LSV contains a scintillator mixture of low-
radioactivity TMB from a different supplier at 5% con-
centration by mass. As a result, the 14C activity in the LSV
scintillator is now only ∼0.3 kBq.
Neutron capture on 10B in the scintillator occurs with a

22 μs lifetime through two channels [13,23]:

FIG. 1. Live-time normalized S1 pulse integral spectra from
single-scatter events in AAr (black) and UAr (blue) taken with
200 V=cm drift field. Also shown are the 85Kr (green) and 39Ar
(orange) levels as inferred from a MC fit. Note the peak in the
lowest bin of the UAr spectrum, which is due to 37Ar from
cosmic-ray activation. The peak at ∼600 PE is due to γ-ray
Compton backscatters.

FIG. 2. f90 NR median vs S1 from a high-rate in situ AmBe
calibration (blue) and scaled from SCENE measurements (red
points). Grey points indicate the upper NR band from the AmBe
calibration and lower ER band from β-γ backgrounds. Events in
the region between the NR and ER bands are due to inelastic
scattering of high-energy neutrons, accidentals, and correlated
neutron and γ-ray emission by the AmBe source.

RESULTS FROM THE FIRST USE OF LOW … PHYSICAL REVIEW D 93, 081101(R) (2016)

081101-3

RAPID COMMUNICATIONS

(P. Agnes, et al. (DarkSide collaboration) Phys. Rev. D 93, 081101(R) (2016)) (W. C. Pettus. (2018, May). The LAr Veto for LEGEND. 
Zenodo. http://doi.org/10.5281/zenodo.1239084)

(K. Scholberg. (2018, May). Low-Energy Neutrinos in DUNE. Zenodo. 
http://doi.org/10.5281/zenodo.1239112)

R. Tayloe. (2018, May). CEvNS with a liquid argon scintillation detector. 
Zenodo. http://doi.org/10.5281/zenodo.1239110
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2018 Low-Radioactivity Underground Argon 
(LRUA) Workshop

In response to the growing need for low-radioactivity argon, PNNL hosted a 2-day 
workshop to bring together community experts and interested parties to discuss the 
worldwide low-radioactivity argon needs and the challenges associated with its 
production and characterization.
• The topic areas included:

§ Experimental requirements/needs 
§ Sources and signatures of low-radioactivity argon 
§ Large-scale production and isotope separation 
§ Measuring low levels of 37Ar, 39Ar, and 42Ar

Slides from talks on ZENODO: https://zenodo.org/communities/lrua

Paper: ”The Low-Radioactivity Underground Argon Workshop: A workshop synopsis” arXiv:1901.10108 (2019)

February 26, 2019
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Experiments Requiring Low-Radioactivity Argon
(”The Low-Radioactivity Underground Argon Workshop: A workshop synopsis” arXiv:1901.10108 (2019))

• DarkSide-20k and ARGO
§ WIMP Dark Matter search
§ Argon is primary WIMP target
§ Argon related background: 39Ar decay
§ Masses required:

ü DarkSide-20k – 50 tons
ü ARGO – 300-500 tons

• COHERENT
§ Coherent elastic !-nucleus scattering
§ Argon is primary neutrino target
§ Argon related background: 39Ar
§ Masses required:

ü SNS/COHERENT – 1 ton
ü CAPTAIN-MILLS – 10 tons

• LEGEND
§ Neutrinoless double beta decay
§ Argon shield surrounding HPGe detectors
§ Argon related background: 42K decay 

(42Ar daughter)
§ Mass required:

ü O(10 tons)

• DUNE
§ Low-energy neutrino program
§ Argon is primary neutrino target
§ Ar related backgrounds: 42Ar, 39Ar, and 42K
§ Mass potentially needed:

ü 17 ktons/module

May 20, 2019LRT2019
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Argon Radioisotopes in the Atmosphere
The Backgrounds

(Bjoern Lehnert “Radiopurity of Atmospheric Argon” Wednesday 13:30)

Atmospheric concentration = 8x10-16 Atmospheric concentration = 6.8x10-21

Specific activity = 1 Bq/kg Specific activity = 68 μBq/kg
Loosli & Oeschger, Earth Planet. Sci. Lett. 5 (1968) 191-198 Measured by: Barabash, Saakyan, & Umatov, NIM A 839 (2016) 39-42

Predicted by: Peurrung, et al., NIM A 396 (1997) 425-426
May 20, 2019
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Radiometric 39Ar & 42Ar Production

• 39K(n,p)39Ar primary 39Ar production
• Can 42Ar be made radiometrically?
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?
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• Mantle gas has lowest 39Ar 
production

May 20, 2019LRT2019

39Ar Production 
Underground

6.2. 39Ar and 21Ne yields and production rates

The largest ðn; pÞ and ðn; aÞ nuclide yields (per neutron
per elemental weight fraction of reacting nuclide, i.e., K
or Mg) are obtained with highest energy neutron spectra,
coming from exothermic ða; nÞ reactions with positive Q

values. That is, from ða; nÞ target nuclides 13C, 17O, 26Mg,
and in particular 25Mg, which provides the highest energy
neutrons. The maximum nuclide yields are of the order of
0.4 per neutron per weight fraction of K for 39Ar and
0.05 per neutron per weight fraction of Mg for 21Ne. The
production rates, per year per kilogram of rock, also factor
in the relative importance of neutron production channels.
Therefore, the seven most neutron producing nuclides
(27Al, 23Na, 29Si, 30Si, 18O, 26Mg, 25Mg) and SF are also
responsible for most of 39Ar production. Neon-21 produc-
tion by ðn; aÞ is dominated by ða; nÞ neutrons from 25Mg
(55–81% of 21Ne produced depending on chosen composi-
tion). The results for 39Ar and 21Ne production rates are
reported in Table 5.

Table 6 summarizes the subsurface production of a par-
ticles, neutrons, 21Ne, and 39Ar. Depending on selected rock
composition, on the order of 107–1010 a particles are pro-
duced in one kilogram of rock per year. The number of neu-
trons produced is lower by # 6 orders of magnitude, 21Ne
production rate drops by an additional factor of 15–20,
and production rate of 39Ar decreases by at least another
order of magnitude. In Table 6 we include production rates
of 4He, 21Ne, and 39Ar in units of cm3 STP per year per
gram of rock, in order to facilitate easier comparison of
our results to previous work.

6.3. Coefficients for plug-in formulæ

In Table 7 we provide coefficients v that one can use to
calculate subsurface neutron production, 21Ne production
by ða; nÞ and nucleonic 39Ar production in a rock of arbi-
trary composition. The word ‘‘arbitrary” should be quali-
fied with ‘‘while close enough to a natural rock
composition”. To indicate what ‘‘close enough” means,
let us state that while the provided coefficients are based
on a calculation with Upper CC composition, the empirical
formulas yield a result within 1% of the actual value for all
rock compositions we use here (Upper, Middle, and Lower
CC, Bulk OC, Depleted Upper Mantle). The one exception

is 39Ar production evaluation for DM composition, where
the Upper CC coefficients overestimate 39Ar by 8%.

As an example, we use these coefficients to evaluate the
neutron and 39Ar production rate in the 18O ða; nÞ target
nuclide channel with a particles from 238U decay chain in
a rock with Upper CC composition. The appropriate neu-
tron production coefficient vnð18O; 238UÞ in Table 7 is

2:27 $ 108 and the neutron production rate is evaluated,
using elemental abundances from Table 1, as

Sn ¼ vnð18O;238UÞ $ AO $ AU

¼ 2:27 $ 108 $ 0:480 $ 2:7 $ 10& 6

¼ 294 neutrons=ðyear kg-rockÞ;
ð12Þ

which, as a consistency check, agrees with the rate reported
in Table 5. With 18O target, the neutron production rate is
equal to the 21Ne production rate by ða; nÞ. The 39Ar pro-

duction coefficient v39Arð18O;238UÞ in Table 7 is 4:68 $ 107

and the 39Ar production rate is evaluated as

S39Ar ¼ v39Arð18O;238UÞ $ AO $ AU $ AK

¼ 4:68 $ 107 $ 0:480 $ 2:7 $ 10& 6 $ 0:0232

¼ 1:41 atoms=ðyear kg-rockÞ;
ð13Þ

which again agrees with Table 5 result. A Python script
which performs the evaluations (12) and (13) is provided
via tinyurl.com/argon39.

6.4. Uncertainty in the calculation

Estimates of rock composition generally carry large
uncertainty, especially as one aims to infer the chemistry
of the deep Earth (for example, the amount of heat-
producing elements K, Th, and U in the Earth is only
agreed upon up to a factor of a few; e.g., McDonough
and Šrámek, 2014). Still, it is worthwhile to estimate the
uncertainty of neutron, 21Ne and 39Ar production, assum-
ing source rock composition is known. The additional
uncertainty arises from uncertainties in the nuclear physics
models we employ and their underlying data sets, i.e., the
evaluation of stopping power (SRIM), neutron production
cross sections (TALYS), and neutron interactions (MCNP6).

Half-lives of a-decaying nuclides, branching ratios, a
energy levels, and a intensities have small uncertainties
(NNDC, 2016); some uncertainties are listed in Table 2.
We estimate the overall uncertainty of calculating a particle
production to be below 1%.

Table 6
Summary of production rates of 4He, neutrons, 21Ne, and 39Ar in units of both the number of atoms or neutrons per year per kilogram of rock
and cm3 STP per year per gram of rock. Compositional estimates are described in Table 1.

Composition # of atoms (neutrons) yr& 1 kg& 1 cm3 STP yr& 1 g& 1

4He neutrons 21Ne 39Ar 4He 21Ne 39Ar

Upper Continental Crust 1:64 $ 1010 10,680 753 28.7 6:20 $ 10& 13 2:84 $ 10& 20 1:08 $ 10& 21

Middle Continental Crust 8:98 $ 109 6114 416 13.9 3:39 $ 10& 13 1:57 $ 10& 20 5:25 $ 10& 22

Lower Continental Crust 1:53 $ 109 1129 70.2 0.749 5:79 $ 10& 14 2:65 $ 10& 21 2:82 $ 10& 23

Bulk Continental Crust 9:43 $ 109 6253 433 15.3 3:56 $ 10& 13 1:63 $ 10& 20 5:75 $ 10& 22

Bulk Oceanic Crust 3:79 $ 108 260 15.8 0.0235 1:43 $ 10& 14 5:96 $ 10& 22 8:87 $ 10& 25

Depleted Upper Mantle 2:51 $ 107 22.4 1.06 0.000257 9:49 $ 10& 16 4:01 $ 10& 23 9:68 $ 10& 27

O. Šrámek et al. /Geochimica et Cosmochimica Acta 196 (2017) 370–387 379

(O. Šrámek, et al., Geochimica et Cosmochimica Acta 196 (2017) 370)
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• Understanding 39Ar emanation 
may expand potential LRUA 
sources

• Ar-K/Ar-Ar age dating supports 
that Ar is trapped in geology on 
time scales longer than 39Ar 
half-life

• On-going work at PNNL
§ Searches for LRUA sources
§ Predict 39Ar level in DarkSide LRUA

May 20, 2019LRT2019

39Ar Emanation 
From Minerals

Analytical models have been developed and improved to
predict the flux of radon from the earth’s surface into the atmo-
sphere and building (UNSCEAR, 2000). All model expressions need
several parameters, one of which is the radon emanation fraction.
Many researchers have experimentally measured the radon
emanation fraction for various natural samples, and demon-
strated the influences of environmental factors. Over twenty
years ago, Nazaroff et al. (1988, 1992) summarized emanation
data from fifteen references, indicating an approximate range of
0.05–0.7 for soil. UNSCEAR (2000) reported a radon emanation
fraction of 0.2 as a representative value for soil. Much data have
been steadily accumulated since the last review by Nazaroff et al.
(1988, 1992). Thus, updating this review should be now
attempted to newly provide representative emanation fractions
of radon from natural sources. In addition, it would be useful to
organize the measurement results from the standpoint of experi-
mental (environmental) conditions.

An extensive literature review of radon emanation measure-
ments, especially in the last three decades, was done in the
present paper. First, the current knowledge of the emanation
processes and their affected factors was summarized for discus-
sion. We then attempted to estimate the representative values of
the radon emanation fraction for the following five materials,
which is the main aim of this review. Measured samples were
grouped according to material type: (1) mineral, (2) rock, (3) soil,
(4) mill tailing (mostly uranium mill tailing), and (5) fly ash.
Moreover, we discussed the difference of the radon emanation
fractions among such materials and the influences of some
factors.

2. Radon emanation phenomenon

2.1. Emanation processes

Current information on the radon emanation phenomenon and
its related factors is referred to in this section, which is summar-
ized in ‘‘Emanation process’’ of Table 1 and Fig. 1. The radon
emanation is considered to consist of two components: alpha
recoil and diffusion. Because of the very low diffusion coefficient
(10!31–10!69 m2 s!1) of radon in the solid grain (Nazaroff et al.,
1988; Nazaroff, 1992), which corresponds to the diffusion length
(10!13–10!32 m), the main component is believed to be the alpha
recoil. Radon atoms, generated by the alpha decay of its parent
nuclide (radium), recoil with an initial energy of 86 keV. This
energy can be calculated on the basis of the law of conservation of
linear momentum. The birthplace of radon in a grain, recoil
direction, etc. determine whether the newly formed radon can

escape to pore spaces (emanation: points A, B, E and F in Fig. 1) or
stay in the grain (not emanation: points C, D and G in Fig. 1). The
distance that recoil radon can travel in a grain relies on density
and composition of the material. The range of radon is 34 nm in
quartz (common mineral), 77 nm in water, and 53 mm in air,
which the present authors calculated using a SRIM-2006 code
(Ziegler et al., 1985). Only radium atoms within the recoil range
from the grain surface can produce radon atoms that have any
possibility of being emanated. Even if radon was released from a
radium-bearing grain, it can penetrate the fluid-filled pore space,
depending on its residual energy, to collide with a neighboring
grain. In this case, radon can be embedded with the threshold
energy (Semkow, 1991). After the embedding, one possible fate of
radon is the migration from the pocket created by its recoil
passage into pore (point E in Fig. 1); the other is the radioactive
decay after the molecular diffusion in the grain (points D and G in
Fig. 1). The former contributes to the emanation, but the latter
not. On the other hand, radon completely escaping into inner pore
space in the grain must diffuse to outer pore (point F in Fig. 1). For
the emanation, the radon atoms that cannot diffuse out into the
outer pore or are adsorbed on the inner surface of the grain
should be regarded as being not emanated. Based on a part of the
above considerations, radon emanation models have been devel-
oped to explain the effects of environmental factors on the

Table 1
Radon emanation processes and their affected physical and experimental factors.

Emanation process Physical factor Experimental factor

Direct component
" Alpha recoil from the outer

surfaces of grains
" Alpha recoil from the inner

surfaces of grains
" Diffusion in grains

" Radium distribution in grains
" Grain size and shape
" Moisture content
" Temperature
" Atmospheric pressure
" Outer pore size
" Inner pore size
" Radiation damage
" Solid density (crystal structure and

elements)

" Instrument properties (Calibration, linearity, etc.)
" Instrument environment (temperature, humidity, atmospheric pressure, etc.)
" Sample properties (fracturing, sieving, single- or aggregate-grain structure, etc.)
" Sample environment (moisture, temperature, vacuum, helium atmosphere, acid or

alkaline leaching, etc.)
" Sample packing thickness
" Definition of radon emanationIndirect component

" Diffusion in the inner pores
of grains
" Adsorption on the inner surfaces

of grains
" Embedding into an adjacent grain
" Diffusion-based release after the

embedding

Grain

Inner pore

Start point of recoil
Terminal point of recoil

Pore water
(Outer pore)

Grain Pore air
(Outer pore)

Recoil range

G

F

E

D
C

B
A

Fig. 1. Scheme of radon emanation phenomenon. Emanation: (A), (B), (E) and (F).
Not emanation: (C), (D) and (G). If radon cannot diffuse out from inner pore into
outer, radon in point (F) should not be regarded as being emanated. Arrows
following terminal points of recoil represent diffusion process, which are not
to scale.

A. Sakoda et al. / Applied Radiation and Isotopes 69 (2011) 1422–1435 1423

Example: Rn emanation

(A. Sakoda, et al. Applied Radiation and Isotopes 69 (2011))



9

Searching for Low-Radioactivity Underground Argon 
A History

• A generator and gas separation 
system in the trunk of a car

• Started at the National Helium 
Reserve in Texas

• Moved to CO2 wells in New Mexico
§ Earth science guidance: CO2 is of 

mantle origin
• Final location: CO2 wells in 

southwestern Colorado (2009)

May 20, 2019LRT2019

in the year 2008, in the wild 
wild west at Doe Canyon

during the gold fever

three pioneers were 
searching for depleted  
Argon…

The history

during the argon fever

A long long time ago

The history
… with a diesel generator, 
an RGA and a small VPSA 
in the trunk of the car…

The history
… a great and unique experience



1. INTRODUCTION

Carbon dioxide (CO2) has been identified as the most
important compound currently affecting the stability of
the Earth’s climate (Intergovernmental Panel on Climate
Change, 1996, 2001, 2007). Geologic storage of anthropo-
genic CO2 in depleted oil and gas reservoirs is one of the
key options for short-term control of CO2 emissions. How-
ever, CO2 is a reactive gas that has significantly more influ-
ence upon the host rocks and their formation waters than
petroleum fluids (Baines and Worden, 2004). In order for
this technology to be safely implemented the long term con-
sequence of injecting CO2 into the subsurface must be
quantified.

Natural subsurface CO2 accumulations have existed on
geological timescales and provide key analogues that in-
form us about the feasibility of long term storage of anthro-
pogenic CO2 (e.g. Baines and Worden, 2004; Haszeldine
et al., 2005). Despite the amount of information available
from these sites, in many natural CO2 reservoirs the source
of the CO2 and basin scale processes that act on them are
poorly understood. This is partially due to the multiple ori-
gins of CO2 in natural gases. These include methanogenesis,
oil field biodegradation, kerogen decarboxyilation, hydro-
carbon oxidation, decarbonation of marine carbonates
and degassing of magmatic bodies (Jenden et al., 1993;
Wycherley et al., 1999). d13C(CO2) can be used to distin-
guish between some of these different sources. However,
the d13C(CO2) of natural gas fields containing high CO2

concentrations (>70% CO2) almost always lies in the over-
lapping range between magmatic degassing and carbonate
breakdown, and these different sources cannot be readily
distinguished. In addition, because of the high CO2 solubil-
ity in water and CO2 reactivity, the extent of interaction of
the CO2 phase with the groundwater is a critical parameter
in quantifying CO2 sinks. The groundwater systems associ-
ated with CO2 gas deposits are often similar to those of oil
and gas field brines and there are few techniques available
to quantify regional groundwater movement through age/
residence time determination or the groundwater volumes
that have interacted with the trapped reservoir phase.

Noble gas isotopic and abundance measurements can be
used to constrain CO2 origins and subsurface interaction
with the groundwater system. This is because noble gases
from the terrestrial atmosphere, dissolved in groundwater,
can be distinguished isotopically from those from the man-
tle that contain a primordial signature, and those produced
by the radiogenic decay of U, Th and K within the crust.
When combined with the distinct elemental abundance pat-
terns of the different sources, it is possible to resolve the rel-
ative noble gas input from each source to any crustal fluid.
This allows the extent of crustal, mantle and atmospheric
contributions to the fluid to be constrained (e.g. Ballentine
et al., 2002). Additionally, noble gases can be used to con-
strain natural gas associated water residence times (Zhou
et al., 2006) and quantify the degree of interaction a crustal
fluid has had with the groundwater system (Ballentine et al.,
1991; Pinti and Marty, 1995; Ballentine et al., 1996; Torger-
sen and Kennedy, 1999; Ballentine and Sherwood Lollar,
2002; Zhou et al., 2005).

Whilst primordial noble gas isotopes have been studied
in CO2-rich well gases since 1961 (e.g. Zartman et al.,
1961; Phinney et al., 1978; Caffee et al., 1999; Ballentine
et al., 2005; Holland and Ballentine, 2006), no systematic
study using a full noble gas data set to investigate CO2 ori-
gin and quantify its interaction with the groundwater sys-
tem subsurface has yet been undertaken. Here, we present
a He, Ne, Ar, Kr and Xe isotopic study of the CO2 from
five separate producing gas fields located throughout the
Colorado Plateau and Rocky Mountain provinces. In this
paper we show how measured CO2/3He ratios enable us
to determine the CO2 source in each system. We then use
the noble gases to identify the subsurface processes acting
on the CO2 and develop a quantitative model of gas and
groundwater interaction.

2. THE COLORADO PLATEAU AND ROCKY
MOUNTAIN NATURAL CO2 RESERVOIRS

The Colorado Plateau is a massive, high-standing tec-
tonic block located in the south western US, centred on
the Four Corners of the states of Colorado, New Mexico,
Utah and Arizona (Fig. 1). It is abruptly flanked to the east
by the majestic Rocky Mountains, the result of at least 2
km of uplift during the Laramide Orogeny and later Ceno-
zoic uplifts (Baars, 2000). The bulk of magmatic activity on
the Colorado Plateau occurred in the Late Cenozoic, along
the transitional south western margin (primary between 5
and 15 Ma) and the northwest southeast trending Rio
Grande Rift (0–5 Ma) (Fitton et al., 1991). This has coin-
cided with the most-recent and best constrained uplift event
at the Plateau’s southwest margin between 6 and 1 Ma

Fig. 1. Map of the Colorado Plateau illustrating the sites of major
Cenozoic igneous provinces, location of the natural CO2 reservoirs
sampled and other CO2 reservoirs within the region.

Noble gases in natural CO2 reservoirs from SW USA 1175
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A Low-Radioactivity Underground Argon Source
CO2 Well in Southwest Colorado

• Geological formations trap gases 
underground

• CO2 well in SW Colorado with 400ppm Ar

May 20, 2019LRT2019

(S.M.V. Gilfillan, Geochim. et Cosmochim. Acta 72 (2008) 1174–1198)
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DarkSide-50 Target Production
LRUA Extraction - Colorado

May 20, 2019LRT2019

He, Ar, N2
mixture

Gas from 
well

Adsorbed gas 
returned to 
company

Zeolite colum
n

Zeolite colum
n

Gas flows through 
one column under 
pressure. CO2, 
H2O and CH4 are 
adsorbed on 
zeolite

Simultaneously the 
other column is 
pumped on to remove 
the trapped gases

Vacuum-Pressure Swing Adsorption

Contaminants trapped 
in VPSA zeolite

C3H8 C7H14 C7H16
C5H10O C6H13I C6H12O
C5H12 C6H13I C5H8O2
C6H14 C7H16 C8H16
C5H10 C7H16 C8H16
C5H10O C6H12O C8H18
C5H10O C6H12O C8H18
C6H14 C7H16 C6H10O2
C6H12O C6H6 C8H18
C6H12 C6H6 C9H20

• Approximate product 
composition:

• He – 85-95%
• Ar – 3-6%
• N2 – 1-10%

• Average production rate:
• 140 g/day

Post-mortem 
system analysis
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DarkSide-50 Target Production
LRUA Purification – Fermilab, Illinois, USA

May 20, 2019LRT2019
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DarkSide-50 Target Production
LRUA Purification – Fermilab, Illinois, USA

May 20, 2019LRT2019
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The DarkSide-50 LRUA Performance

• 39Ar activity = 0.73 mBq/kg
• 1400x reduction from 

atmospheric argon
• Post production examination 

found 39Ar and 85Kr attributed 
to air contamination

May 20, 2019LRT2019

(P. Agnes, et al. (DarkSide collaboration) Phys. Rev. D 93, 081101(R) (2016))

zero-field TPC photoelectron yield with UAr at the 83mKr
peak energy is ð8.1 " 0.2Þ PE=keV, 2% higher than that
quoted in Ref. [6], due to small changes in the baseline
finding and pulse identification algorithms.
Figure 1 compares the UAr and AAr data of the S1 pulse

integral spectrum. A z cut (residual mass of ∼34 kg) has
been applied to remove γ-ray events from the anode and
cathode windows. Events identified as multiple scatters or
coincident with a prompt signal in the LSV have also been
removed. To compare the ER background from UAr with
that from AAr, a GEANT4 [18,19] MC simulation of the
DarkSide-50 LAr TPC, LSV, and WCV detectors was
developed. The simulation accounts for material properties,
optics, and readout noise and also includes a model for LAr
scintillation and recombination. The MC is tuned to agree
with the high statistics 39Ar data taken with AAr [6]. A
simultaneous MC fit to the S1 spectrum taken with field off
(see Fig. 6 in Appendix A), S1 spectrum with field on, and
the z-position distribution of events, determines the 39Ar
and 85Kr activities in the UAr to be ð0.73 " 0.11Þ mBq=kg
and ð2.05 " 0.13Þ mBq=kg, respectively. The fitted 39Ar
and 85Kr activities are also shown in Fig. 1. The uncer-
tainties in the fitted activities are dominated by systematic
uncertainties from varying fit conditions. The 39Ar
activity of the UAr corresponds to a reduction by a factor
of ð1.4 " 0.2Þ × 103 relative to AAr. This is significantly
beyond the upper limit of 150 established in [12].
An independent estimate of the 85Kr decay rate in UAr is

obtained by identifying β-γ coincidences from the 0.43%
decay branch to metastable 85mRb with mean lifetime
1.46 μs. This method gives a decay rate of 85Kr via
85mRb of ð33.1 " 0.9Þ events=d in agreement with the
value ð35.3 " 2.2Þ events=d obtained from the known
branching ratio and the spectral fit result. The presence

of 85Kr in UAr is unexpected. We have not attempted to
remove krypton from the UAr, although cryogenic distil-
lation would likely do this very effectively. The 85Kr in UAr
could come from atmospheric leaks or from natural fission
underground, which produces 85Kr in deep underground
water reservoirs at specific activities similar to those of
39Ar [20].
As in Ref. [6], we determine the nuclear recoil energy

scale from the S1 signal using the photoelectron yield of
NRs relative to 83mKr measured in the SCENE experiment
[21,22], and the zero-field photoelectron yield for 83mKr
measured in DarkSide-50. An in situ calibration with an
AmBe source was also performed, allowing a check of the
f90 medians obtained for NRs in DarkSide-50 with those
scaled from SCENE, as shown in Fig. 2. Contamination
from inelastic or coincident electromagnetic scattering
cannot easily be removed from AmBe calibrations, so
we still derive our NR acceptance from SCENE data where
available.
High-performance neutron vetoes are necessary to

exclude NR events due to radiogenic or cosmic-ray-
produced neutrons from the WIMP search. In the AAr
exposure [6], the vetoing efficiency of the LSV was limited
to 98.5 " 0.5% by dead-time considerations given the
∼150 kBq of 14C in the scintillator, resulting from the
unintended use of trimethylborate (TMB). For the UAr
data set, the LSV contains a scintillator mixture of low-
radioactivity TMB from a different supplier at 5% con-
centration by mass. As a result, the 14C activity in the LSV
scintillator is now only ∼0.3 kBq.
Neutron capture on 10B in the scintillator occurs with a

22 μs lifetime through two channels [13,23]:

FIG. 1. Live-time normalized S1 pulse integral spectra from
single-scatter events in AAr (black) and UAr (blue) taken with
200 V=cm drift field. Also shown are the 85Kr (green) and 39Ar
(orange) levels as inferred from a MC fit. Note the peak in the
lowest bin of the UAr spectrum, which is due to 37Ar from
cosmic-ray activation. The peak at ∼600 PE is due to γ-ray
Compton backscatters.

FIG. 2. f90 NR median vs S1 from a high-rate in situ AmBe
calibration (blue) and scaled from SCENE measurements (red
points). Grey points indicate the upper NR band from the AmBe
calibration and lower ER band from β-γ backgrounds. Events in
the region between the NR and ER bands are due to inelastic
scattering of high-energy neutrons, accidentals, and correlated
neutron and γ-ray emission by the AmBe source.

RESULTS FROM THE FIRST USE OF LOW … PHYSICAL REVIEW D 93, 081101(R) (2016)

081101-3

RAPID COMMUNICATIONS

x1400 
reduction
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The end of DarkSide-50 LRUA production

May 20, 2019LRT2019

March 
2016

Jan. 2016

Fall 2010

Cryogenic distillation 
column

Vacuum-pressure swing adsorption
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Hungarian LRUA Source

• CO2 reservoir in western Hungary
• Similar to the Colorado source
• 39Ar level unknown, but stable isotope 

studies show promise
• Linde Hungary mines the CO2

§ Potential from commercial production?
§ Available underground: 16-160 kg/day

May 20, 2019LRT2019

Dr. László Palcsu
Institute for Nuclear Research

Hungarian Academy of 
Sciences

Debrecen, Hungary

L. Palcsu, "A potential low-level argon source: a multistacked CO2 field in Central Europe," presented at 
the Low-Radioactivity Underground Argon Workshop, Richland, Washington, March 19-20, 2018. 
http://doi.org/10.5281/zenodo.1239146.
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Measuring Low-Levels of 39Ar - Radiometric 
Gas proportional counting, where argon is part of the count gas
Current state-of-art: 25 mBq/kg* (2.5% atmosphere concentration)

9

LLC In Bern Laboratory

¾Deep laboratory (70 m water equivalent)
build with low activity concrete

¾Passive shielding with old lead

¾Active shielding (anti-coincidence
arrangement)1

Counting (LLC) in Bern

Counter
Preamplifier
Internal lead shield 
Guard counter
External lead shield

May 20, 2019LRT2019

University of Bern, Switzerland Pacific Northwest National Laboratory, USA

(E. Mace, et al., Applied Radiation and Isotopes 126 (2017) 9-12)
(A. Seifert, et al., J. Radioanal. Nucl. Chem. 296 (2013) 915-921)
(*E. K. Mace, et al., (2018, May). Sensitivity and Detection Limits for Measuring 
Low-Levels of Argon Radioisotopes (Argon 37 and Argon 39) using Ultra-Low-
Background Proportional Counters. Zenodo. 
http://doi.org/10.5281/zenodo.1239118 

(R. Purtschert. (2018, May). Underground 
production of Ar-39: A field data based assessment. 
Zenodo. http://doi.org/10.5281/zenodo.1239123)
(H. H. Loosli, et al., NIM B17 (1986) 402-405)

New system also under development at Institute for Nuclear 
Research Hungarian Academy of Sciences
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Measuring Low-Levels of 39Ar
Atom Trap Trace Analysis (ATTA) 

• Global systems:
§ University of Heidelberg, Germany
§ University of Science and Technology China
§ Argonne National Laboratory, USA (focused on Krypton)

May 20, 2019LRT2019The Heidelberg ArTTA: Application of quantum technology for single atom 39Ar detectionZhongyi Feng

ArTTA System

Throughput configuration

Required sample size: 50 mL STP/h
1 L STP argon $ 2500 kg water or 1000 kg ice
(First dating of groundwater: Oberthaler et al., 2014)

Sven Ebser Heidelberg University Feb 12, 2018 6

45

The Heidelberg ArTTA System
Atom Trap Trace Analysis for Argon Intercomparison Study First 39Ar-Dating of Small Ocean Samples

ArTTA System

Throughput configuration

Required sample size: 50 mL STP/h
1 L STP argon $ 2500 kg water or 1000 kg ice
(First dating of groundwater: Oberthaler et al., 2014)

Recycling configuration

Typically required sample size:
2 mL STP argon $ 5L water or 2 kg ice

Sven Ebser Heidelberg University Feb 12, 2018 6

/ open mode / closed mode

 First dating of groundwater: Oberthaler Group (2014)

Single atom counting in small argon samples (2 ml)
Detection limit <1.7% atmospheric concentration 

(W. Jiang, Phys. Rev. Lett. 106 (2011) 103001)
(S. C. Ebser, 2018, Dating of Ice and Ocean Samples with Atom Trap Trace Analysis of 
39Ar, PhD Dissertation, University of Heidelberg, Heidelberg, Germany)
(Zhongyi Feng. (2018, May). The Heidelberg for ArTTA: Application of quantum technology 
for single atom 39Ar detection. Zenodo. http://doi.org/10.5281/zenodo.1239158)

fluorescence signal from individual 38Ar atoms. The
single-atom detection threshold with optimum signal-to-
noise ratio was determined to be 5:5! above background
based on an analysis of 38;39Ar single-atom signal sizes and
of the random detector noise under 39Ar detection
conditions.

In order to demonstrate 39Ar trapping from an atmos-
pheric sample, we alternated among three frequencies for
the trapping laser and sidebands:!20, !6, andþ10 MHz
relative to the transitions in 39Ar. All other experimental
parameters were held constant. Laser cooling and trapping
of 39Ar should occur only at!6 MHz, while the other two
frequencies serve as background measurements. We re-
corded fluorescence signals at each frequency for 3 hours.
At the beginning and the end of each three-hour period, we
checked the system by measuring the 38Ar loading rate and
single-atom signal. The full cycle of measurements at all
three frequencies was repeated a total of 19 times. For
atmospheric samples,we used commercial argon gas,which
had been extracted from air within the preceding year.

The data from a three-hour run at !6 MHz are illus-
trated in Figs. 3(c) and 3(d): Two events stand out above
background and are interpreted as fluorescence signals
from individual trapped 39Ar atoms. On average, we ob-
tained a signal-to-noise ratio of 7 for 39Ar single-atom
signals in 100 ms integration time. The CCD camera image
shown in Fig. 2(b) corresponds to data collected from the
second event in Fig. 3(c). The spatial distribution of the
atom fluorescence of 39Ar matches that of 38Ar. Zooming
into the data in Fig. 3(c) also reveals that the fluorescence
signals persisted over several loading-detection cycles,
indicating that the 39Ar atoms stayed in the trap for more
than 450 ms. Accordingly, consecutive detection cycles
above threshold are counted only once. In the histogram
in Fig. 3(d), a total of eight cycles originating from two
atoms lie above the detection threshold.

In total, we registered 12 events above the 5:5! detec-
tion threshold at !6 MHz, while no such events were

observed at either !20 or þ10 MHz as shown in
Fig. 4(a). Assuming a Gaussian distribution of the camera
signal background, there is less than 1% probability for one
out of the 12 events to be caused by random background.
Based on the zero count at !20 and þ10 MHz, we can
exclude contaminations due to other atomic or molecular
species above 1# 10!16 at the 90% confidence level. To
illustrate the expected line shape we plotted the normalized
atom count rate of 81Kr from an atmospheric sample
(81Kr=Kr ¼ 5# 10!13) as a dashed line in Fig. 4(a) on
the same frequency scale relative to the cycling transition.

FIG. 2 (color). False-color CCD images of the MOT at 39Ar
settings. In (a) no atom is present; the background is dominated
by scattered laser light imaged through a 1 mm diameter aperture
and an additional ring-shaped diffraction pattern. In (b) the
fluorescence emitted by a single 39Ar atom can be clearly
distinguished above background. The dashed circle indicates a
0.5 mm diameter region of interest for averaging the CCD signal.

FIG. 4. (a) 39Ar atom counts as a function of laser frequency.
Atoms were detected only at a laser frequency of !6 MHz
relative to the cycling transition. The dashed line represents
the normalized loading rate of 81Kr on the same relative fre-
quency scale for comparison. (b) 39Ar counts per 60 hours at
!6 MHz for the atmospheric and depleted sample.

FIG. 3. Laser-induced fluorescence signals from single 38Ar
and 39Ar atoms. (a) 38Ar signals vs time with the atom loading
rate reduced to about one per second. (b) The histogram reveals
discrete signal levels corresponding to the fluorescence emitted
from individual 38Ar atoms. (c) 39Ar signals vs time. Two 39Ar
atoms were detected with >5:5! significance and remained in
the trap for a total of eight detection cycles as seen in the
respective histogram in (d).

PRL 106, 103001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

11 MARCH 2011

103001-3

First 39Ar ATTA demonstration
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• Verification of 39Ar 
depletion

• In situ during production 
(gross verification)

• In laboratory batch check 
(sensitive measurement)

May 20, 2019

LRUA
Quality Assurance 
Quality Control 
(39Ar level)

• Atmospheric and underground argon have 
different stable isotope ratios

• Provides method to determine atmospheric 
argon contamination
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• Verification of 39Ar 
depletion

• In situ during production 
(gross verification)

• In laboratory batch check 
(sensitive measurement)

May 20, 2019

LRUA
Quality Assurance 
Quality Control 
(39Ar level)

Repurposing the ArDM detector for 
ultra-low 39Ar measurements
Sensitivity = 

4

Insertion of active small chamber in ArDM.  
Use ArDM target as VETO (single phase).DART in ArDM

array

DART

ArDM in single phase 

Use existing flanges on 
top 

Use spare DAQ 
channels 

Dissipated power and 
condensation heat to 
be absorbed by ArDM 
cryogenic system 

Thermodynamic 
stability to be tested at 
CERN

Luciano Romero “Low-radioactivity argon for DarkSide 20k” 
Monday 17:30 next

LRT2019
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39Ar, 37Ar Cosmogenic Production in Argon
Low-Radioactivity Argon “Shelf-Life”

There are almost no existing cross-section 
measurements for 40Ar(n,2n)39Ar, 
40Ar(n,d)39Cl, and 40Ar(n,4n)37Ar

Cross-section calculations can differ by an 
order of magnitude

Irradiate argon and use 
self-counting to measure 
beta decays and x-rays

Use high-intensity neutron beam 
to increase production rate 

compared to sea-level cosmic rays 

Extrapolate from measured 
activity to expected sea-level 
cosmogenic production rate

40Ar(n,2n)39Ar 40Ar(n,d)39Cl
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39Ar, 37Ar Cosmogenic Production in Argon
Low-Radioactivity Argon “Shelf-Life”

39Ar Cosmogenic production rate:
(8.6 ± 1.1) × 10−8 Bq/kgAr/day

37Ar Cosmogenic production rate:
(1.3 ± 0.2) × 10−5 Bq/kgUAr/day

Cosmogenic production could have 
accounted for 13% of DS-50 39Ar rate

arXiv:1902.09072 (Submitted to Phys. Rev. C)

We irradiated three cylinders of 
underground and atmospheric 
argon for 3 days on the LANSCE 
ICE-HOUSE II neutron beam and 
then counted them for 39Ar and 
37Ar in ultra-low background 
proportional counters at PNNL

https://arxiv.org/abs/1902.09072


Preliminary lay-out

a^er	POLARIS	Srl	
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DarkSide-20k Target Production
(Luciano Romero “Low-radioactivity argon for DarkSide 20k” Monday 17:30 next)

• Urania (planned)
§ Extracts argon from CO2
§ Same source as DarkSide-50 target
§ Production:

ü 100 kg/day
ü 99.9% pure

May 20, 2019LRT2019

Seruci Wells
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 590 600

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 590 600

R&D Column
30 cm diameter

350 m height

 

 

 

• Volatilità relative => 1.007 

• Valori tipici >1.5 

• Numero di stadi teorici => ordine delle migliaia 

• HETP = 10 cm 

• H=200-400 m 

• Usuali = 20-30 m 

• Fuori terra 

• A sezioni separate 

32
5 

m
 

Thousands of equilibrium stages reflects in a very tall column

• Aria (under construction)
§ Final argon purification
§ Capable of isotope separation (39Ar depletion)
§ Located in the Seruci mine in Sardinia, Italy

(A. Renshaw. (2018, May). Procuring 50 Tonnes of Underground 
Argon for DS-20k. Zenodo. http://doi.org/10.5281/zenodo.1239080)

(M. Simeone. (2018, May). The ARIA project: production of depleted argon for 
the DarkSide experiment. Zenodo. http://doi.org/10.5281/zenodo.1239128)
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Summary

• Long-lived radioactive argon isotopes in argon derived from the 
atmosphere pose background issues for several experiments

• Argon deep underground is predominately low in these isotopes
§ Is there a 42Ar production mechanism? How significant is it?

• Since the DarkSide-50 demonstration of low-radioactivity 
underground argon demand has grown

• Technologies and techniques developed in the age-dating 
communities can be leveraged to search for new low-radioactivity 
underground argon sources (and to characterize current source)

• Large production of low-radioactivity underground argon has new 
challenges
§ Measuring very low-levels of 39Ar … Do we need to worry about 42Ar?
§ Ensuring modern argon does not contaminate underground argon

May 20, 2019LRT2019
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