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Argon on Earth

Atmospheric isotopic abundance
J.-Y. Lee, et al., Geochim. Cosmochim. Acta 70 (2006) 4507-4512
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The Hunt
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2007:	Helium	Reserve	39Ar	
content	<	5%	atmospheric	levels

2007:	Begin	Searching	CO2 Wells

2009:	Move	to	Colorado

2008:	First	Production



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

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

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

Approximate	Input:
Gas	Type Concentration	in Output
Helium 85-95%
Argon 3-6%
Nitrogen 1-10%
Methane,	Oxygen Trace
Carbon	Dioxide Trace
Other	Hydrocarbons Trace

Average	Production:	140g/day



First Measurement of Underground Argon
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--- UAr @	Surface
--- Aar,	@KURF
--- UAr,	@Surface	w/Veto
--- UAr,	@KURF,	w/Veto

Upper	Limit:	150x	Reduction

2011-2012



Purification– Fermilab, Illinois, USA
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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

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



The Target Leaves FNAL for LNGS
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Underground Argon tested in SCENE cryostat
Test final polishing technique (Zirconium Getter)
Recaptured in Condenser Booster, ”Lossless test” 

Moved to coast by truck, transported by sea 
Reduce possible cosmogenic activation

Final ~10 kg flown
Detector filled April 2015



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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DarkSide-50: The First Underground Argon-based Dark Matter Detector.
Physics Letters B, 743 (2015) & Phys. Rev. D 93, 081101(R) (2016)

x1400!

Phys.	Rev.	D.	93 (2016)

be seen in Fig. 4, there are in fact no events in the WIMP
search region in the present UAr exposure.
We can compare the observed number of “neutron

events”—events within the WIMP search region that pass
the TPC cuts and are accompanied by veto signals—with
our MC prediction. We do not observe any neutron events
in the present exposure. In the previous AAr exposure of
47.1 live days [6] we observed two. One of the AAr neutron
events was classified as cosmogenic based on its WCVand
LSV signals. Combining the two exposures, we observe
one radiogenic neutron event in 118 live days of data,
which is in agreement with our MC prediction of (2! 2)
events before the veto cuts. MC simulations for the UAr
exposure predict that <0.02 radiogenic neutrons would
produce events in the TPC and remain un-vetoed. The
unvetoed cosmogenic neutron background is expected to be
small compared to the radiogenic neutron background [17].
Dark matter limits from the present exposure are

determined from our WIMP search region using the
standard isothermal galactic WIMP halo parameters
(vescape ¼ 544 km=s, v0 ¼ 220 km=s, vEarth ¼ 232 km=s,
ρdm ¼ 0.3 GeV=ðc2cm3Þ; see [6] and references cited
therein). Given the background-free result shown above,
we derive a 90% C.L. exclusion curve corresponding to the
observation of 2.3 events for spin-independent interactions.
The null result of the UAr exposure sets the upper limit on
the WIMP-nucleon spin-independent cross section of
3.1 × 10−44 cm2 (1.4 × 10−43 cm2, 1.3 × 10−42 cm2) for
a WIMP mass of 100 GeV=c2 (1 TeV=c2, 10 TeV=c2).
When combined [25] with the null result of our previous
AAr exposure, we obtain an upper limit of 2.0 × 10−44 cm2

(8.6 × 10−44 cm2, 8.0 × 10−43 cm2) for a WIMP mass of

100 GeV=c2 (1 TeV=c2, 10 TeV=c2). Figure 5 compares
these limits to those obtained by other experiments.
The DarkSide-50 detector is currently accumulating

exposure in a stable, low-background configuration with
the characteristics described above. We plan to conduct a
3-yr dark matter search with increased calibration statistics
and several improvements in data analysis (see Fig. 7 in
Appendix A). These first results show that UAr can
significantly extend the potential of argon for WIMP dark
matter searches. The ER rejection previously demonstrated
in AAr data and the reduction of 39Ar shown here already
imply that UAr exposures of at least 5.5 tonne-yr can be
made free of 39Ar background.
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FIG. 4. Distribution of events in the f90 vs S1 plane surviving
all cuts in the energy region of interest. Shaded blue with solid
blue outline: WIMP search region. The red points (with their
uncertainties) are derived from the SCENE measurements of NR
acceptance. The f90 acceptance contours are drawn by connecting
the red points and extending the contours using DarkSide-50
AmBe data (see text). Lighter shaded blue with dashed blue line
show that extending the WIMP search region to 99% f90 NR
acceptance is still far from ER backgrounds.

FIG. 5. Spin-independent WIMP-nucleon cross section
90% C.L. exclusion plots for the DarkSide-50 AAr (dotted
red) and UAr campaigns (dashed red), and combination of the
UAr and AAr [6] campaigns (solid red). Also shown are results
from LUX [26](solid black), XENON100 [27] (dashed black),
PandaX-I [28] (dotted black), CDMS [29] (solid green), PICO
[30] (solid cyan), ZEPLIN-III [31] (dash dotted black) and
WARP [32] (magenta).
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Exposure:	1422	± 67	kg-
day	(Atmospheric	Argon)

157 kg produced in 5 years
39Ar – 0.73 mBq/kg 
85Kr – 2.05 mBq/kg

Exposure:	2616	± 43	kg-
day	(Underground	

Argon)



Tackling Future Challenges
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VPSA Challenges:
Operating R&D plant as production facility 
Lower production rate than expected
Zeolite poisoning

Reduced adsorption efficacy over time
900 lbs of zeolite was replaced 3 times

Distillation/Purification Challenges
Unexpected helium and oxygen levels 
Minor contaminations in VPSA output clogged 
distillation column
Low production rate from VPSA (recapture of 
UAr from waste streams)

Contaminants	found	in	Zeolite	and	Purification	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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Why Did We See Oxygen? One Possibility. 

x1400???

Phys.	Rev.	D.	93 (2016)

Air equivalent for O2 contamination in CO2
Assume all O2 is from air
Precision gas analysis of CO2 [one snapshot]:

O2 = 6.7 ppm
Ar = 427 ppm

DS-50 target production history:
Always measured O2/Ar ~1.5-2%

6.7 ppmO2 / 427 ppmUAr è 0.392 molsO2/kgUAr è 1.87 molsAir/kgUAr

Could all the 39Ar have come from an 
air infiltration?

39Ar concentration air equivalent:
1.95 molsAir/kgUAr



March 14, 2018 12

Why Did We See Oxygen? One Possibility. 

x1400???

Phys.	Rev.	D.	93 (2016)

Air equivalent for 85Kr contamination
Assume all 85Kr is from air

85Kr concentration in air = 1.3 Bq/m3
air

2.05 mBq/kgUAr è 0.070 molsAir/kgUAr

Assume 85Kr can absorb on zeolite ~ like N2
N2 reduction factor through VPSA = 35

0.070 molsAir/kgUAr-DS50 × 35 = 2.45 molsAir/kgUAr-CO2
Very rough, NOT proof of contamination

39Ar concentration air equivalent: 1.95 molsAir/kgUAr

O2 Contamination in Argon:         1.87 molsAir/kgUAr
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LOGAN: The LOng-term Gas ANalyzer

Based on an SRS UGA
Great for qualitative, or if well calibrated, 
quantitative, measurements

Ruggedized
Custom control software
Autonomous 



14

UAr production – Onwards and Upwards
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