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Barium tagging: the ultimate method for background rejection
AA potential upgrade for nEXO

AMultiple approaches

A Stanford U: laser resonance ionization, mass spectrometry

AAn apparatus to manipul ate and i Xeont i f
K. Twelker et al., Rev. Sci. Instrum. 85, 095114 (2014)

A Colorado State U: cold probe, laser spectroscopy

dmaging individual Ba atoms in solid xenon for barium tagging in nEXO¢
C. Chambers, et.alNature 569, 203-207 (2019)

A McGill, Carleton, TRIUMF: RF funnel, ion trap, laser spectroscopy, mass spectrometry

A A n -oRlyion-funnel for extraction from high-pr essur e g
T. Brunner, et al., Int. J. Mass Spec. 379, 110 (2015)
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http://dx.doi.org/10.1063/1.4895646
https://www.nature.com/articles/s41586-019-1169-4
http://dx.doi.org/10.1016/j.ijms.2015.01.003

lon trap requirements
AContinuously capture all the extracted ions

ACool ions and store them for laser spectroscopy identification
A Low temperature to avoid Doppler broadening

AFound contaminant ions in offline experiments, purify ions with m/cqan>80

AEject ions as fine bunches to a Multi-Reflection Time-of-Flight (MR-TOF)
mass spectrometer

A Small energy spread and time spread

Needs to develop a special linear Paul trap (LPT)

lon Trap: LPT 1
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Linear Paul Trap (LPT)

AMajor components
A Quadrupole mass filter (QMF): ion purification according to ion mass-to-charge ratio
A Cooler: ion cooling with helium buffer gas
A Laser spectroscopy ion trap (LSIT): barium ion identification
A Buncher: ion ejection for the MR-TOF mass spectrometer

A Laser spec. ion trap
QMF Cooler Buncher
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APre cooler for effective differential pumping:
A Differential pumping channel

AMechanical precision
and alignment
AQMF : <50 em

positional precision,
others ~ 0.1 mm




Experiments

—

AExperiments with LR
prototypes at TRIUMF Y 1§
AMade prototypes of LPT [l

ADeveloped electronics,
control and DAQ systems

AFinal LPT at McGilll N meeperciRlinG: v o E NI )Pl T A



Prototypes
A100+ happy hours in machine shop
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Quadrupole mass fllter prototype QMF2.2

AThird iteration of
QMF prototypes
A~30 hours each

AQuadrupole electrodes
have positional
precision around 10e m

A except one mistake
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QMF2.2 results

Alon transmission matches
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QOMF2.2 results: best achievable R Measurement . Simulation

ADetailed measurement
around tip of stability diagram

AMass resolving power R
Alon count rate
9 transmission efficiency
9 jon acceptance

ACompare with simulations
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resolving power R ., a 1
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RFQ ion cooler prototype > Vacuuriy
A3D printing for complicated geometries 8 ~
AFast and cheap
AMaterials vacuum compatible
AMechanical precision of 0.1 mm is sufficient
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lon cooler prototype tests

A lons cooled and trapped at potential minimum
A lons ejected when V,, switched to low
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lon ToF vs. ion temperature: , ¢ /7Y
Alon ToF measurements qualitatively validated simulations

Alon temperature simulation for laser spec. ion trap and buncher
AlLongitudinal: T, close to buffer gas temperature

ARadial: T, and T, below 400 K when g<0.6 Stability parameter g
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Conclusion and outlook

ABarium tagging helps nEXO to reach the ultimate background
level

AA,speciaI linear Paul trap has been designed for barium tagging
Alon trapping properties studied and meet requirements

APrototypes built for experimental studies
AQMF prototype has R, a 1, 4x@eeding requirement (R=80)
AValidated novel cooler for ion trapping, cooling and ejection

Alon ToF measurements agrees qualitatively with simulations
ASimulated ion temperatures meet requirements for LSIT and buncher

AFinal LPT set up and being commisioned at McGill

AWill be combined with RF funnel and MR-TOF for barium tagging
studies
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Neutri no physics é& without neu
ANeutrinos in beta decay (Db)
AMissing energy/momentum

M A particle that cannot be d

Neutrino proposed by Wolfgang pauli in 1930
continuous electron spectrum
g (ODsServed experimentally)

Intensity

0 0.2 0.4 0.6 0.8 10 12
Kinetic energy, MeV
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Neutrino experiments

AFirst detection in 1956 at a nuc:learJr reactor (Relnes and Cowan)

Alnverse b decay: Ve TP — n—+e€ TR S e

A e++ T e

e ?

@ > © 7
A) Antinentrino interaction
V,+p—> n+e*

Antineutrinos flux Y
from reéactor

|
. 3 10K 1 _ e h'” L
1079 /em® . gee n + Cd— Cd + v @ -= - W

) Neutron capture by a Cadmium nucleus

I % = -J'I' | ||| i.'
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ASolar neutrino problem: 1960s to 2002
ADetected solar neutrinos only 1/3 of expectation

4 : - - Flavor . Mass
ACaused by neutrino oscillation ... PMNS matrix — ggates
Ve U, el U e2 U el V1
V| = U (el U (12 U 3 V2
Z3 U1 Uz Urs| |3
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Mass scale of neutrinos

2 2
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ANon-zero mass confirmed by neutrino oscillation experiments
Slide courtesy of @ratta AAbSolute mass scale to be measured



Neutrino mass

AAbsolute mass scale measurement

ADirect approach:
Beta decay spectrum end point
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Figure credit: KATRIN collaboration (2001)
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Neutrino mass

ABeta decay
spectrum end point

AMainz and Troitsk:
a O 2.2 e

ANext generation
experiment: KATRIN

AAiming at 0.2 eV

A2019 result: i

a O 1.1 e =

ANeutrinoless double beta decay
ASensitive to neutrino mass below 0.01 eV

Science 356 (2017) 6345
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Double beta decay (bb )

Abb S a > €¢C O_ nd O_r d & Candldape I’IUC?eIWItE >2§\/Iev
ADet ectable if first order ;{gundangLe

energetically forbidden Candidate %)
BC a YeTi 0.187
%G e YbSe 7.8
825 e Y2Kr 9.2
%7 r $¥Mo 2.8
1000 0 YAO0Ry 9.6
110p d YEOCd 11.8
116C d W6Sn 7.5
1245 n Y24Te 5.64
130T e YROXe 34.5
136X e YR6Ba 8.9
150N d Y°0Sm 5.6




EXO-200

ALocated at Waste Isolation Pilot Plant (WIPP), New Mexico
A655 m underground (1600 m.w.e)

A175 kg of liquid xenon in a Time Projection Chamber (TPC)
cooled to 167 K

HV FILTER AND
FEEDTHROUGH

DOUBLE-WALLED
~  CRYOSTAT

FRONT END
ELECTRONICS —_|

VACUUM PUMPS -7 ' | LXe VESSEL

LEAD SHIELDING




EXO-200 TPC

Avalan(’l%

Photodiodes
AMeasurement of both 1onization and scintillation

AReconstruct events 3D locations
ADistinguish true b bdecay from backgrounds
ALocate daughter isotope 136Ba for tagging (future plan)

Ground -75kV
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EXO-200 energy resolution

ACombining ionization and scintillation to enhance energy resolution

Scintillation energy [keV]

AEnergy resolution ~ 1.25% at Q value in rotated axis
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EXO-200 phase-Il data

APhase-Il data taking: May 2016 to December 2018

AUnderground shift: December 2017

AData quality analyzer: from Jan 2017 to Dec 2018

AEnsured EXO-200 operation and data taking
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PRL 123 (2019) 161802
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EXO-200 results and backgrounds

AEXQG200 experiment:

A200 kg of liquid xenon
AData: phase |: 2011 to 2014,
phase Il: 2016 to 2018

AWeekly data quality analysis:
Jan 2017 to Dec 2018

ANo evidence forOgr f

A"y o® p Y6
AOne of the best results

AnEXO: 5 tonnes xenon

ALowest background level
ABarium tagging

@ Physical review letteyd23(16):161802, 2019
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