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Applications of Xenon-Doped Argon

= Low energy nuclear recoils:
= Reactor monitoring via CEVNS, sub-GeV
dark matter
= Tradeoff: counts vs recoil energy

Argon vs Xenon expected CEVNS
rate 19 m from the 3 GW Kalanin
Nuclear Power Plant core (RED-100,
https://www.mdpi.com/2624-

rate, 1/20eV/day/100kg

= Xe: large cross section, low energy 8174/5/2/34)
recoils |
= Ar:smaller cross section, higher (but HNHM.[HIIH s
still low) energy recoils e .

PandaX-4T 2022
LUX 2021

10-40L —-- DAMIC 2020

—— XenonlT 2020

= Enhanced detector performance:
= Potentially faster pulses (important for
ionization-only!)
= Easier to detect scintillation light
= Reduced Raleigh scattering of :
scintillation light ol s

My [Gev/c?]

—— Cresst-III 2019
- Piece-60 2019

Darkside 50 lonization-only limits
. ~—— XenonlT Migdal 2019
(https://arxiv.org/pdf/2207.11966) ~ bsse ao1s
------ CDMSlite 2017
PICASSO 2017
CDMS 2013
Cogent 2013
DAMA/LIBRA 2008
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Dual Phase Time Projection Chambers (TPCs) and Doping
Motivation

= Key point: Dual-phase allows for single-electron
(SE) sensitivity
S2(charge)
= Argon:
" Long decay time in the gas (3.6 us)
= Wide S2 pulses | |
» Harder to identify SE /-, ST Drift time

- . . . . . Particl F indicates depth
I(_: ;rgner ;:1 erjs::;o)l(ci )for ionization and excitation a/'C/e/ !,l[[II””m""'"“‘“\\\\\\\N_“ |
. p I qaw . ap >S1(Iight)
= Xenon:
= 22 ns triplet lifetime in liquid
" 100 ns triplet lifetime in gas  riation electons
NN UV scintillation photons (~175 nm)
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Xenon-Doping of Liquid Argon

Scintillation CDF

Gas electroluminescence
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Thermodynamics of Xenon-Doped Argon

Recall: S2 light becomes
shifts from Ar light at O(10
ppm) level

%-levels in the liquid for 10s
of ppm in the gas

Solubility limit at 92K: ~ 6%

Doable in theory!

Henry's constant
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1600 1 Xe Fraction in gas for 175
liquid doping from 1% to 8% c
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CHILLAX: CoHerent lonization Limit of Liquid Argon and Xenon

Concept: A liter-scale dual phase xenon-
doped argon TPC

Goals:
Obtain a stable mixture of percent level
Xe in LAr

Quantify potential benefits to dual phase
argon TPC’s ionization signal from xenon
doping
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Complications from Xenon-Doping

The large temperature discrepancy between xenon and argon

boiling points are a major source of system instability Xe Condenses (L8 bar): 176 K

Xe Freezes (1.8 bar): 162 K
Xe ice

Evaporation

[ R

Evaporation
Ar Condenses (1.8 bar): 93 K

P

Left: Condensation of Xe-rich Ar gas causes Xe to freeze if Xe pressure exceeds saturation vapor pressure 0K
Middle: Evaporation of liquid mixture causes Xe concentration to increase in the liquid
Right: Unintended evaporation of liquid isolated by surface tension can cause Xe ice to form
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Demonstration of Xe-Ar Mixture Stability

Ohr  12hr 24hr 36hr 48hr

2.675

2.650

2.625

Capacitance (pF)
N
o
=}
=]

Cryostat view

Xe ice

Stable mixture:

Date

12hr  24hr  36hr 48hr 60hr  72hr Xenon Doping Periods in Gray

Missing data corresponds to glitches in capacitance
meter

Instabilities at the end of the run correspond to a
failing heater

Lawrence Livermore National Laboratory N

0.0‘ 8
LLNL-PRES-XXXXXX

National Nuclear Security Administ uion



Gas Sampling

Sample
— D

Integrating Xe
Initial pressure: ~2 atm Residual :
P oas | Operates at partial pressure

= Gas Xe concentration Expansion volume Analyzer | <104 Torr effectively “counts”
determines S2 (RGA) the xenon in the
response ] ]

= RGA operates in integration volume!
vacuum

X e

Integration volume
Leak valve

Turbo pump

. . ( "-l
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Gas Sampling Calibrations and Measurements

le—5 le—=11
L ot roorT ! — "t L
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= Xe-127 is not a real isotope, it’s noise associated with turning on the leak valve

* Fixed volume = fixed calibration curve
= Measured 63+4 ppm of Xe in Ar gas at 5% Xe concentration in LAr!*

*Actual gas concentration is likely higher, see backup slides
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Xenon-Doped Argon S2 Experiment (2-grid TPC)

Argon Gas + Xenon doping ~ 50 ppm

SiPM signals

SiPM Array

Time

Anticipated data

: /f_*
g
= /
(a1
o
21
S~
5 /
g Solubility limit
a
o
(V]
0 Xe fraction in gas

Detector Vessel
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Two-Grid TPC

2x2 Windowless
VUV SiPMs
(S13370)

Windowed VUV
SiPM (S13371)

Windowless VUV
SiPM (S13371)

SiPM top and bottom arrays (simpler scheme for first run, more
details next slide)
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TPC Internals: 2 Grid TPC Prototype

Proof of Concept

» Two Grid TPC, only 1 active HV feedthrough
(easier to avoid HV breakdown)

= 3 SiPMs on top, 3 on bottom

Other Tools

= Two LEDs + Camera for monitoring bubbling,
ice, rain

= RGA straw for superior gas sampling

= Dual RTD level meter (~¥0.5 mm precision)

= Capacitor for monitoring xenon
concentration

= New bubble router for a more stable liquid
surface

& Lawrence Livermore National Laboratory
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First S2s in CHILLAX (Pure LAr)

Windowless Channel (not

trigger) 5-b69ch5
Windowless £
Channel (trigger) &sool
: %6005— 52
Windowed Channel (mostly e
opaque to Ar, and ArXe -
|Ight) 1200:— S1
Example S2 waveforms seen R g
on oscilloscope with Am-241 ALl
(60 keV gamma) source - ° ° " cample time {us]
Narrow drift region (1.1 cm)
=>» S1s are merged with S2s Example S2 waveform
(most of the time) recorded on Struck digitizer

. . (‘_l
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Effects of Doping: Pulse Shape

Top WL . .
T T T i i xe 00w omvig | ™ Doping at around 1% Xe actually makes S2s wider
1.75L —— Am?241 pos7 2.0% Xe 10.0kV 0.32 V Trig 1 . ) T
. — Am241 pos7 3.0% Xe 10.0KV 0.32 V Trig " Likely due to presence of slowly decaying ArXe* dimer
2.: 1.50}F —— Am?241 pos4 0.0% Xe 48V V Trig :
E 1.25
£ . oo =" Doping more makes the S2s narrower again!
= . . .
2 s = Likely due to higher presence of Xe,* dimer!
A Bottom W
© 0.50 2.00p— T T ]
E — Am?241 pos4 1.0% Xe 10.0kV 0.32 V Trig |
Z 0.25 1.75F —— Am241 pos7 2.0% Xe 10.0kV 0.32 V Trig ]
- —— Am241 pos7 3.0% Xe 10.0kV 0.32 V Trig |
0.00 ] 2 1.50 Am?241 pos4 0.0% Xe 48V V Trig ]
R T T = ArXe* likely excites Xe in
pme e g liquid t length shift
£ 1.00 iquid to wavelength shi
£ 75 to Xe,* light
)
o
Pure Ar average 5 0.50
. . >
waveform is just <025
averaging over noise 0.00f *¥V M o oo —
0 10 20 30
Time [1s]
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Conclusion

We can establish stable concentrations of xenon of up t0 5.27% in liquid argon
= Can monitor Xe concentration in liquid with a capacitor
= Can monitor Xe concentration in gas with RGA system

Two-grid TPC run is currently under way!
= We saw S2 pulse-shape effects from doping, but still have a lot more to
dope (currently at 3%, plan to go above 5%)

= May need to dope large amounts of Xe in liquid to shift light to Xe,* to
mitigate long ArXe* tail
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Thank you! Questions?

This material is based upon work supported by the Department of Energy National Nuclear Security
Administration under Award Number DE-NAO0O00979 and DE-NA0003996.
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Backup Slides
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Chemistry of Xenon-Doped Argon

_ _ *
Fast e- + Ar ?j'ow e-+Ar Example: Electrons inelastically

colliding with xenon or argon

— Threshold 11.8 eV
Fast e- + Xe & slow e- + Xe*

\ Threshold 8.4 eV

%k
Ar® +Ar = Ar, Argon and xenon form

Ar* + Xe - ArXe™ metastable excimers
Xe* + Xe—> Xe,

Ar, > 2 Ar + hv (128 nm, 1.6 us in liquid, 3.6 us in gas) Excimers decompose and
ArXe > Xe + Ar + hv (147 nm, (?) ns) release scintillation light
Xe, > 2 Xe + hv (178 nm, 22 ns in liquid, 100 ns in gas)

19
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Thermodynamics of Xenon-Doped Argon

Xenon-argon miscibility is highly
dependent on temperature

Xenon-doping past the solubility
limit results in unwanted xenon
solid formation
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Capacitive Technique to Measure Xenon Concentration in Argon

One can derive a nearly linear dependence of ¢,- on Fy,:

The dielectric constant of xenon-doped

argon can be determined by the Clausius- - -
Mossotti equation: R K,_,_.f"”
s -
2 ::_), 1.51| --f’fﬁ
Ey — 1 _ Z n;a; % .__5”;,,*"’;"
gr + 2 l=1 380 2 I].?;I] 0.01 .02 0.03 0.04 0.05

Xenon Concentration (%)
n;: number density of molecule (or atom)
type i Then the capacitance of a capacitor with a xenon-
doped argon dielectric medium is linearly

«;: atomic polarizability of molecule type i
g P y yP dependent on the xenon concentration
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Circulation Design

Camera

/

Level
meter

v

Conc
meter

Bubble
router

Thermometers Heaters
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Circulation Design

To pump
Gas << 35 and getter
ppm Xe _ 1 Secondary Cooling

Bubble router Gas ~10s _
Evaporation &

+ liquid return of ppm Condensation

Liquid %-level Xe

Primary cooling

Gas 35 ppm Xe from pump and getter

Ar Condenser Detector Vessel

\’(‘_l
.a‘
=y

D
tion
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Capacitance and Xenon Concentration in Response to Doping

The CHILLAX capacitor tracks xenon
concentration throughout the doping
process with 0.05% precision

160

-0.15

140

120

FEC) N ] O (D) [ A |

The capacitor is sensitive to variations
in doping conditions (fast vs slow
introduction of xenon)

|
=]
[\

.
Xenon Concentration (%)

_O .25 ;, : - = K _. .......

Reference-subtracted Capacitance (pF)

|
=]
W

20

Drifts in capacitance

Ll
L

should be attributed L T 0
" to changes in xenon Time (hours)
- concentration or Capacitance and xenon concentration in CHILLAX over time, with
temperature doping stages highlighted in pink
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Stability Tests with Controlled vs Uncontrolled Detector
Temperature Gradient

Camera 1 i - Camera 1 u -—‘
—

|
Controlling thermal profile with 170K 93.5k

thermosiphon at top of
detector greatly enhances Ice
xenon stability in detector
volume

Change in xenon concentration
characteristics. Detrimental for 12he 2d4hr  36hr 12hr  24hr  36hr 48hr  60hr  72hr
any detector’s performance!

1e9y

heat

'93K v 93K

Maintaining a 0.5 K temperature gradient

A 95 K temperature gradient . .
prevents ice buildup for at least 3.5 days

results in rapid ice buildup
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Capacitive and Pixel Measurements of Xenon Stability Tests

< 0.5K gradlent

.............................................

..........................................................................................................

100
80
60
40
20

Xenon ring thickness (pixels) Xenon concentration (%)

0 80 l 00 120 140
Time (hours)

Lawrence Livermore National Laboratory N A‘ 4.0

LLNL-PRES-XXXXXX

iational Nuclear Security Adminisi



	Default Section
	Slide 1: Status of Xenon-Doped Argon with the CHILLAX Experiment 
	Slide 2: Applications of Xenon-Doped Argon
	Slide 3: Dual Phase Time Projection Chambers (TPCs) and Doping Motivation
	Slide 4: Xenon-Doping of Liquid Argon
	Slide 5
	Slide 6
	Slide 7
	Slide 8: Demonstration of Xe-Ar Mixture Stability
	Slide 9
	Slide 10
	Slide 11: Xenon-Doped Argon S2 Experiment (2-grid TPC)
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16: Conclusion
	Slide 17: Thank you! Questions?
	Slide 18: Backup Slides
	Slide 19
	Slide 20
	Slide 21: Capacitive Technique to Measure Xenon Concentration in Argon
	Slide 22: Circulation Design 
	Slide 23: Circulation Design 
	Slide 24: Capacitance and Xenon Concentration in Response to Doping
	Slide 25
	Slide 26: Capacitive and Pixel Measurements of Xenon Stability Tests


