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ARTICLE INFO ABSTRACT

Keywords: nEXO is a proposed experiment that will search for neutrinoless double-beta decay (Ovpp) in 5-tonnes of
Barium-tagging liquid xenon (LXe), isotopically enriched in !3*Xe . A technique called Ba-tagging is being developed as a
nEXO potential future upgrade for nEXO to detect the 3°Xe double-beta decay daughter isotope, 3°Ba . An efficient

Neutrinoless double-beta decay

Ba-tagging technique has the potential to boost nEXQ’s Ovp sensitivity by essentially suppressing non-double-

beta decay background events. A conceptual approach for the extraction from the detector volume, trapping,
and identification of a single Ba ion from 5 tonnes of LXe is presented, along with initial results from the
commissioning of one of its subsystems, a quadrupole mass filter.

1. Introduction

Cosmological observations provide compelling evidence that the
Universe is dominated by matter, which contradicts the expectation
that the Big Bang produced similar amounts of matter and anti-matter
[1]. Leptogenesis is a theory that explains this asymmetry but re-
quires the violation of lepton number in weak decays, which is so
far a conserved quantity in the Standard Model of particle physics
(SM) [2]. Following the discovery of neutrino oscillations, neutrinos
have emerged as a promising candidate for the observation of lepton
number violation, as there is now a possibility that neutrinos are their
own antiparticles, referred to as Majorana particle [3]. One of the most
effective ways to probe the Majorana nature of the neutrino is through
the search for neutrinoless double-beta decay (Ovpp).

Ovpp is a Standard Model (SM) forbidden decay which, if observed,
would violate the conservation of lepton number and provide insight
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into the mass-scale and mass-ordering of neutrinos along with exper-
imental proof of their Majorana nature. Double-beta decay (2vfg) is
a second-order weak nuclear decay that involves the simultaneous
decay of two neutrons to two protons, two electrons, and two electron-
type antineutrinos. This is a rare type of nuclear decay seen only in
a few even-even nuclei [4], where single beta decay is energetically
forbidden (e.g., I;?Xe — 122Ba+2+2e‘ +27,). If neutrinos are their own
antiparticles, it could be possible to observe an event where the anti-
neutrinos from 2vfp annihilate each other, resulting in a ‘neutrinoless’
double-beta decay.

Over the past decade, several experiments have been searching for
Ovpp in different isotopes, using different techniques, yet no discovery
has been made to date. Current sensitivity limits of the Ovgp half-life
reach 10% — 10% years [5-7]. Next-generation experiments are being
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Fig. 1. Schematic of the entire Ba-tagging scheme. The '3°Ba* is extracted from the TPC along with LXe. Following the phase transition to Xe gas, an RF carpet facilitates 13°Ba*™
injection into the RF funnel, which transports the 13°Ba* from high-pressure Xe (2-3 bar) to high vacuum (<10~® mbar). It is then transferred to a linear Paul trap for filtering,
cooling, and trapping. Here the Ba ion is identified using laser fluorescence spectroscopy and then transferred to a mass spectrometer to determine its mass.

developed with increased sensitivity to Ovfp by one to two orders of
magnitude.

nEXO is a proposed tonne-scale experiment that seeks to search
for Ovpp in the isotope 13°Xe with the goal to reach a sensitivity
beyond 102 years [8]. The nEXO detector is a single-phase Time
Projection Chamber (TPC), which will hold 5 tonnes of liquid xenon
(LXe) isotopically enriched in the 2vfp isotope 36Xe to 90%. TPCs
are powerful detectors that allow the reconstruction of the position,
energy, and topology of each event [9]. This opens the door to locate
events in the detector volume and then extract from it and identify
the!36Xe decay daughter '36Ba. This technique is called Ba-tagging and
is being developed as a future upgrade to nEXO. A successful Ba-tagging
technique will allow unambiguous identification of a decay of interest
as a true double-beta decay event, virtually eliminating all gamma
background events.

2. Ba-tagging scheme

The technique for detecting 3°Ba in a Xe-based detector using laser
spectroscopy was first proposed by M. Moe to facilitate the search for
Ovpp [10]. Since then, identification of Ba has been demonstrated in
neutral Ba [11], in Ba* [12,13], and in BaZ* [14].

A remaining challenge with implementing Ba-tagging is the ex-
traction and isolation of a single 13®Ba* from tonnes of LXe. Several
groups within the nEXO collaboration are working on various ap-
proaches to Ba-tagging by combining ion trapping and spectroscopic
techniques [11,14-17].

One approach is based on well-established ion-manipulation tech-
niques to extract and identify the ion, and it is schematically presented
in Fig. 1.

The 136Ba* extraction process is initiated when a Ovgg-like event
is detected inside the TPC. A capillary is inserted into the detector vol-
ume, and its opening is moved close to the reconstructed location where
the 136Ba* is expected. The 13°Ba* will be flushed out of the detector
volume by the LXe through the capillary. The LXe undergoes a phase
transition to gas as it travels through the capillary, leaving the 136Ba* in
a high-pressure xenon environment. An RF carpet is proposed to guide

the ion from the capillary to a converging—diverging nozzle that injects
the ion into an RF-only ion funnel [15]. There, RF potentials separate
the ion from electrically neutral xenon, transporting the 13°Ba* from
a high-pressure environment (2-3 bar) to a high-vacuum level (< 1076
mbar). The ion is then injected into a quadrupole mass filter (QMF)
to suppress possible accompanying background ions. After filtering,
the ion enters a linear Paul trap (LPT), where first it is collisionally
cooled with helium gas [18] and then trapped. Laser fluorescence spec-
troscopy of the trapped ion confirms the presence of Ba* [13,19]. After
elemental identification, the ion is injected into a multiple reflection
time-of-flight mass spectrometer (MRTOF) to determine its mass and
confirm the Ba* ion to be " Ba®.

Performance of the RF funnel was first studied in [15] where
ions were produced by a 22Cf fission source placed inside the Xe
just upstream of the RF funnel assembly. Further testing of the RF
funnel, which was done using a linear quadrupole ion trap [20], found
evidence of background ions and charged molecular entities like xenon
and xenon dimers.

To effectively demonstrate and characterize the extraction process
from Xe gas to vacuum, with subsequent ion identification, we have
upgraded the RF-funnel assembly with a linear Paul trap, an MRTOF,
and an in-gas laser ablation ion source to produce ions in high-pressure
(up to 10 bar Xe and up to 7.8 bar Ar) gas environments [21].

3. Characterization of ion-extraction from xenon gas

RF Funnel, QMF, LPT, and MRTOF for ion extraction from gaseous
xenon are currently being assembled and commissioned at McGill
University.

The quadrupole mass filter (QMF) is located upstream from LPT
and filters incoming ions based on their mass-to-charge ratio. Initial
tests performed using a Cs thermal ion source yielded a resolving
power, R = m/Am > 100, as shown in Fig. 2, sufficient for filtering
most background ions such as xenon dimer, xenon hydride-hydroxide,
krypton-xenon excimers but not the isobar 36y e+ [22]. Currently, the
LPT is at the final stages of commissioning, with ion trapping and
bunching remaining to be optimized. The electrodes of the Paul trap
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Fig. 2. Mass peak of Cs-133 ion obtained from scanning potentials of QMF. The data
is fit with a gaussian distribution and resolving power estimated to be R = m/Am =
q/Aq =116 + 8.

are strategically designed to optimize clear visibility and accessibility to
the trap center. Once ion cooling and bunching have been established,
the system can be modified to enable laser fluorescence spectroscopy.

The MRTOF [23] was commissioned in parallel to the LPT and is
currently fully operational, using ions generated by a laser ablation
source [24]. With copper ion bunches created by laser ablation, the
maximum resolving power achieved using the two mass peaks from
naturally occurring isotopes of copper (°*Cu, **Cu) was determined to
be 20,000. After a successful demonstration of ion bunching with the
LPT, the MRTOF will be operated using bunched ions, at which point
the resolving power is expected to reach 100,000 [25].

4. Summary and future outlook

Ba-tagging is an active background rejection technique unique to
Ovpp searches in Xe-based detectors like nEXO. Several groups are de-
veloping Ba-tagging techniques for a possible future upgrade to nEXO.
In addition, the group at TRIUMF is developing an accelerator-based
Ba-ion source where radioactive '*°Cs (T 2 = 9.3 mins) is injected
into a liquid Xe volume instrumented as a TPC, where subsequent
decays to 139Ba are identified, and localized [26]. These ions will then
be extracted and identified with the aim of determining the overall
efficiency of the Ba-tagging technique.

In the very near future, ion bunching of LPT will be demonstrated
using a downstream channeltron, and subsequently, MRTOF operation
will be optimized using bunched ions from the LPT. Following the
completion of commissioning, ions produced in 2Cf fission will be
extracted from Xe gas via the RF funnel and subsequently identified by
the combined LPT and MRTOF assembly. Future work will then focus
on developing an RF carpet to transport Ba-ions from an in-gas laser
ablation ion source in high-pressure Xe gas to a nozzle where they
will be injected into the RF funnel. This setup will then be coupled
to the capillarity, and its ion extraction efficiency will be quantified
using the aforementioned accelerator-driven Ba-ion source. Following
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the successful demonstration of the entire Ba-tagging scheme, this
technique will be considered for the future upgrade to nEXO to further
push the detector’s sensitivity.
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