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Atmospheric isotopic abundance
J.-Y. Lee, et al., Geochim. Cosmochim. Acta 70 (2006) 4507-4512

36Ar – 0.334%
38Ar – 0.063%
40Ar – 99.604%

Solar system isotopic abundance
K. Lodders, Astrophys. J. 591 (2003) 1220-1247

36Ar – 84.59%
38Ar – 15.38%
40Ar – 246 ppm

40Ar comes from 40K decay

Atmosphere
39Ar produced by cosmic rays
39Ar concentration = 8×10-16 39Ar/40Ar

Crust
No cosmic rays
39Ar produced underground

Mantle
Very low U and Th
Lowest 39Ar levels
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40Ar comes from 40K decay

Atmosphere
39Ar produced by cosmic rays
39Ar concentration = 8×10-16 39Ar/40Ar

Crust
No cosmic rays
39Ar produced underground

Mantle
Very low U and Th
Lowest 39Ar levels

39Ar	production	reactions
40Ar(n,2n)à39Ar 40Ar(p,pn)à39Ar
40Ar(n,np)à39Cl 40Ar(p,2p)à39Cl
40Ar(n,pn)à39Cl 40Ar(𝛾,n)à39Ar
40Ar(n,d)à39Cl 38Ar(n,𝛾)à39Ar

40Ar(μ-,n)à39Cl
(Loosli &	Oeschger,	Earth	Planet.	Sci.	Lett.	5	(1968)	191-198)

 39
 19K 
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40Ar comes from 40K decay

Atmosphere
39Ar produced by cosmic rays
39Ar concentration = 8×10-16 39Ar/40Ar

Crust
No cosmic rays
39Ar produced underground

Mantle
Very low U and Th
Lowest 39Ar levels (O.	Šrámek,	et	al.,	Geochim.	Cosmochim.	Acta 196	(2017)	370)
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Mantle
Low	U	and	Th
(lowest	39Ar)

40Ar comes from 40K decay

Atmosphere
39Ar produced by cosmic rays
39Ar concentration = 8×10-16 39Ar/40Ar

Crust
No cosmic rays
39Ar produced underground

Mantle
Very low U and Th
Lowest 39Ar levels



values of 2.89 · 107 to 5.08 · 107 within all of the fields are
higher than both the measured average crust value of
1.71 · 107 and theoretical estimates of between 2.02 and
2.64 · 107 (Ballentine and Burnard, 2002). This is consistent
with release from a shallow, low temperature regime (Ball-
entine et al., 1994; Ballentine and Sherwood Lollar, 2002).

4.3.3. Argon
In all of the reservoirs except Sheep Mountain 40Ar cor-

relates directly with 4He and 20Ne. A similar relationship
exists between 36Ar and 20Ne within all the reservoirs and
is particularly strong within Bravo, McCallum and St.

John’s Dome. As with 20Ne, 36Ar increases with proximity
to the gas/groundwater contact.

Measured 40Ar/36Ar ratios from all of the reservoirs are
considerably above the air value of 295.5, as a result of a
resolvable excess of 40Ar (40Ar*) (Fig. 4). Helium isotopes
indicate both mantle and crustal contributions to the noble
gases, the 40Ar* is therefore a mixture of mantle and crus-
tal-derived 40Ar. In the case of Bravo Dome, 40Ar*/4He
correlates with 3He/4He isotope variation with a correlation
coefficient of 0.993 (Ballentine et al., 2005). Extrapolating
to 3He/4Hecrust = 1 · 10!8 (Ballentine and Burnard, 2002)
resolves 4He/40Arcrust = 22.0. This is significantly above
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Fig. 2. Plot of N2 against 4He concentration for the McElmo Dome, Doe Canyon and St. John’s Dome fields, showing a positive correlation
between N2 and 4He. This relationship is attributed to the gas phase (CO2) stripping old groundwater containing accumulated 4He and N2

(Ballentine and Sherwood Lollar, 2002).
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Fig. 3. Plot of CO2/3He against CO2 concentration for all of the reservoirs studied. All error bars are smaller than printed symbols. The
shaded region highlights the range of CO2/3He values measured in pure magmatic samples (MORB). All of the samples from the gas
reservoirs plot within or below this range, indicating the presence of a significant quantity of magmatic 3He. This implies a mantle origin for
the majority of the CO2 contained within these fields (Sherwood Lollar et al., 1999; Ballentine et al., 2001).

1182 S.M.V. Gilfillan et al. / Geochimica et Cosmochimica Acta 72 (2008) 1174–1198
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Geological formations trap gases underground
CO2 in US Southwest is magmatic-like

One of many parameters that define magmatic
(Geochim. et Cosmochim. Acta 72 (2008) 1174–1198)

CO2 well in SW Colorado with 400ppm Ar
(Nucl. Phys. B, 197 (2009) 70-73)
(Nucl. Instr. Meth. A 587 (2008) 46-51)

April 5, 2016



TAUP2017

DarkSide-50 target production
UAr extraction - Colorado

July 26, 2017 7

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

Approximate product 
composition:

He – 85-95%
Ar – 3-6%
N2 – 1-10%

Average production rate:
140 g/day

Gas	Type Concentration	from	well
Carbon	Dioxide 96%
Nitrogen 2.4%
Methane 0.57%
Helium 0.43%
Other	hydrocarbons 0.21%
Argon 440	ppm

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
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Cryogenic	
Distillation	
Column	
(CDC)

Colorado	gas
3-6%	Ar,	1-10%	N2,	85-

95%	He

After	He	separation
order-of:	40%	Ar,	60%	N2

Final	Product
~100%	UAr1 kg/day 6	kg/day

Contaminants	frozen	in	cryogenic	systems
C3H8 C5H10O C7H14 C6H12O C7H16 C8H18
C5H10O C5H10O C6H13I C6H12O C6H12O C8H18
C5H12 C6H14 C6H13I C7H16 C5H8O2 C6H10O2
C6H14 C6H12O C7H16 C6H6 C8H16 C8H18
C5H10 C6H12 C7H16 C6H6 C8H16 C9H20
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After	He	separation
order-of:	40%	Ar,	60%	N2

Final	Product
~100%	UAr1 kg/day 6	kg/day

Total	DS-50	production:	157	kg

Final contamination	concentration

Nitrogen 279	ppm

Oxygen 192	ppm

Methane 95	ppm

Helium 3	ppm

Carbon	Dioxide 14	ppm
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Fall	2010

March	2016

Jan.	2016

Cryogenic	distillation	column

Vacuum-pressure	swing	adsorption
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APPENDIX: FIELD OFF SPECTRA
AND S2/S1 CUT

Figure 6 compares the measured field off spectra for the
UAr (blue) and AAr (black) targets, normalized to expo-
sure. The horizontal axis (“S1-late”) is the integral of the S1
pulse from 90 ns to 7 μs, which includes ∼70% of the total
S1 light for electron recoils (ERs). Despite the sacrifice of
photoelectron statistics, use of S1-late avoids distortion of
the spectra by digitizer saturation at high S1 values
(S1 > 2 × 103 PE) and, with the asymmetry correction
for S1 described above, gives a net improvement in the
pulse height resolution. The background γ-ray lines origi-
nate from identified levels of 238U, 232Th, 40K, and 60Co in
the detector construction materials and are consistent
with the expectations from our materials screening. The

repeatability in the positions of the peaks in the AAr and
UAr data shows the stability of the detector system as
a whole.
Figure 7 demonstrates available improvements in back-

ground rejection, which we do not utilize in this analysis.
When adding an S2/S1 cut (requiring that S2/S1 be lower
than the median value for NRs) and also xy fiducialization
(requiring the reconstructed radius to be less than 10 cm),
we obtain an even greater separation between the events
surviving the selection and the previously defined WIMP
search region. Should a signal appear in the region of
interest, the S2/S1 parameter would provide a powerful
additional handle in understanding its origin.
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FIG. 6. Comparison of the measured field off spectra for the
UAr (blue) and AAr (black) targets, normalized to exposure. Also
shown are the MC fit to the UAr data (red) and individual
components of 85Kr (green) and 39Ar (orange) extracted from the fit.

FIG. 7. Distribution of events in the f90 vsS1planewhich survive
all quality and physics cuts (including veto cuts), and which in
addition survive a radial cut and a S2/S1 cut. Shaded blue with
solid blue outline: WIMP search region. Lighter shaded blue with
dashed blue line show that extending the WIMP search region to
99% f90 NR acceptance is still far away from ER backgrounds.

P. AGNES et al. PHYSICAL REVIEW D 93, 081101(R) (2016)
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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)
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X1400	reduction	in	39Ar

39Ar	<	0.07%	of	atmospheric	argon
39Ar	specific	activity	=	0.73	mBq/Kg

Residual	39Ar	is	likely	from	
air	infiltration	during	
production
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Urania (planned)
Extracts argon from CO2

Same source as DarkSide-50 target
Production:

100 kg/day
99.9% pure

     27-29 January 2016                                                                                                                                                                                                               DarkSide General Meeting - Milan

The new Urania plant

Preliminary lay-out

a^er	POLARIS	Srl	

Remove	most	CO2 Scrub	rest	of	CO2 Separate	CH4 Separate	N2

0.04%	
Ar in

99.9%	
Ar out
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Aria (under construction)
350m distillation column
Capable of isotope separation through distillation

Noble gas isotopes have different vapor pressure 
(i.e., non-zero relative volatilities) 

Final argon purification for DS-20k
Can further deplete UAr of 39Ar
Located in coal mine shaft in Sardinia, Italy

Seruci Wells
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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 
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Thousands of equilibrium stages reflects in a very tall column



TAUP2017

DarkSide-50 successfully produced 157 kg argon target with 1400x less 
39Ar than atmospheric argon

Challenges to DarkSide-50 target production are understood (minor 
contaminations)

Residual  39Ar in DarkSide-50 target likely from an air infiltration
è intrinsic 39Ar in underground argon < DarkSide-50 target ç

Plans for producing and purifying 50 tons of underground argon for 
DarkSide-20k are firmly in place

Further reduction of 39Ar possible through cryogenic distillation with Aria

Conclusions / Highlights

July 26, 2017 14


