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Fluorescence imaging of individual ions and
molecules in pressurized noble gases for
barium tagging in 136Xe

N.K.Byrnes1, E.Dey1, F.W. Foss2, B. J. P. Jones 1 , R.Madigan2,A.D.McDonald1,
R. L. Miller 2, L. R. Norman1, K. E. Navarro1, D. R. Nygren1 & NEXT Collaboration*

The imaging of individual Ba2+ ions in high pressure xenon gas is one possible
way to attain background-free sensitivity to neutrinoless double beta decay
and hence establish the Majorana nature of the neutrino. In this paper we
demonstrate selective single Ba2+ ion imaging inside a high-pressure xenon gas
environment. Ba2+ ions chelated with molecular chemosensors are resolved at
the gas-solid interface using a diffraction-limited imaging system with scan
area of 1 × 1 cm2 located inside 10 bar of xenon gas. This form of microscopy
represents key ingredient in the development of barium tagging for neu-
trinoless double beta decay searches in 136Xe. This also provides a new tool for
studying the photophysics of fluorescent molecules and chemosensors at the
solid-gas interface to enable bottom-up design of catalysts and sensors.

Single-molecule fluorescence imaging (SMFI) is a Nobel Prize-winning
technique1 that has enabled major advances in biochemistry and cel-
lular imaging2. SMFI enables super-resolution microscopy3, illuminat-
ing features in cells far below the diffraction limit. In addition to
transformationally advancing the resolution of optical microscopes,
SMFI also represents the ultimate frontier in analytic chemistry. By
custom chemosensor design, single molecules of specific analytes can
be sensed both in vitro and in vivo4. SMFI implemented at the gas-solid
interface has the potential to open a host of new applications, though,
beyond state-of-the-art microscopy methods, molecular and supra-
molecular synthesis approaches are required for its realization. An
especially compelling application that is currently driving the devel-
opment of SMFI at the gas-solid interface is barium tagging5,6, the
sensing of individual ions of Ba2+ in xenon, which could significantly
increase the discovery reach of neutrinoless double beta decay (0νββ)
searches. The identification of individual ions at a high-pressure gas
interface is an important advance for both SMFI and 0νββ.

A profound open question in physics today is whether the neu-
trino is its own antiparticle (a Majorana fermion). The only known
sensitive way to establish the Majorana nature of the neutrino is via
direct observation of 0νββ7,8. In this hypothetical radioactive process,
two neutrons (or protons) in a nucleus transform into two electrons
(positrons) with the emission of no neutrinos or anti-neutrinos. This

process violates the Lepton number9, would guarantee the generation
of at least a small Majorana neutrino mass through loop corrections10,
and couldprovide a compellingwindow into themechanism leading to
the dominance of matter over antimatter in the Universe11. Its detec-
tion would provide a revolutionary insight into the nature of neutrino
mass, potentially the only directly observed manifestation of physics
above the electroweak scale.

One isotope that has been used in many 0νββ searches to date is
136Xe, which can decay to 136Ba via nuclear decay 136

54 Xe!136
56 Ba + 2e�.

Because the daughter nucleus in the final state is very heavy relative to
the electrons, they carry away almost all of the available energy, pro-
ducing a nearly mono-energetic line at the Q-value for the decay,
Qββ = 2457.8 keV. Reconstructing electron energy deposits in media
enriched in 136Xe has enabled searches for this process, with the cur-
rent strongest limit being 2.3 × 1026yr at 90% confidence level12.

The expected rate of 0νββ depends on the neutrino masses and
mixing parameters, nuclear matrix elements13, and phase space
factors14. Neutrino oscillations have measured two characteristic mass-
squared differences between neutrino states, Δm2

32 � 2:4× 10�3eV2

and Δm2
21 � 7:4× 10�5eV2 15. The three neutrino masses are thus either

organized with a large gap between the heavier pair (normal ordering)
or the lightest pair (inverted ordering). If the value of the lightest neu-
trino mass is smaller than 100meV, the expected range of lifetimes for
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0νββ depends strongly on this ordering. In the inverted case, or if the
lightest neutrino mass is greater than 100meV under the normal
ordering, 0νββ ought to be discoverable with a lifetime τ ≤ 1028 yr. To
achieve such sensitivities, detectors with ≥ 1 Ton of the double beta
decay isotope and background levels (measured in counts per ton-year
in the energy region of interest (ROI)16) of order b <0.1 ct (ton yr ROI)−1

are required17. Factors between 20 and 2000 beyond existing demon-
strated technologies are required to meet these goals for the immedi-
ately forthcoming generation of experiments. Beyond this ton-scale
phase18–21, the task of extending sensitivities into the non-degenerate,
normal mass ordering band of parameter space appears truly formid-
able. The relevant experiments would employ far larger quantities of
active isotope22 and require still lower background indices. A distinct
but related question is how to confirm a signal of 0νββ following a
suggestive but inconclusive hint from the coming generation of still-
background-limited experiments. New and possibly radically new ultra-
lowbackground technologieswill be required tomeet these challenges.

Two neutrino double beta decays (2νββ) are one source of back-
ground to 0νββ and can be efficiently rejected by technologies with
full-width-half-maximum (FWHM) energy resolution EFWHM ≤ 1%. The
remaining backgrounds in contemporary experiments originate from
radiogenic gamma rays in detector materials, cosmogenic material
activation, and in principle, solar neutrino interactions in the detector.
One especially promising technical approach to remove all such events
and hence reach the ultra-low background limit is barium tagging—
identification of the 136Ba daughter ion produced in the double beta
decay of 136Xe5. An efficient and selective barium ion tag could reduce
contamination from all backgrounds except for 2νββ to effectively
zero. Demonstration of a method of capture and imaging of barium
ions from one to several tons of xenon requires significant advances in
instrumentation. To provide either a significant sensitivity boost or a
signal confirmation, barium ionsmust be captured and then identified
with high efficiency (greater than around 50% to avoid substantial loss
of sensitivity relative to current analysis methods23) in coincidence
with electron energy deposits near the Q-value reconstructed with
resolution better than 1% FWHM to reject the two-neutrino mode. The
two-neutrino decay mode also produces barium ions at a rate of
around 5 per kilogram per day24, which imposes a loose spatio-
temporal requirement on the coincidences that must be established
between the ion and electron signatures. 3D imaging of electron tracks
may provide further confirmation of the two-electron topology25,26, in
principle enabling a robust three-fold coincident signature.

Much progress has been made on promising methods for single
barium ion or atom identification in liquid and gaseous xenon27–41.
Most approaches to barium tagging apply a form of fluorescence
imaging, exciting transitions in atoms, molecules, or materials that are
caused by the presence of a barium atom or ion. In xenon gas
experiments, the target charge state for barium tagging is the dication
Ba2+ due to the absence of recombination from thermalized electrons
around the decay42. This ion has no low-lying atomicfluorescence lines
to access with visible lasers. However, when chelated within a suitable
organic molecule, its appearance can, in principle, be observed via
single-molecule fluorescence imaging (SMFI). The proposal to use
SMFI to tag the daughter ion in 0νββ was first outlined in refs. 6,34.
Commercial dyes developed for Ca2+ sensing in biological applications
were demonstrated as sensitive barium tagging agents in the solution
phase. Soon thereafter, single ion sensitivitywas achieved32. Themodel
system in thatwork, liquid dropletswithin a polymermatrix, is notwell
representative of conditions within a xenon gas time projection
chamber. Several aspects of the chemistry of binding and fluorescence
of the commercial dyes were found to be inadequate for dry barium
sensing, instigating a program of novel organic fluorophore develop-
ment, which has culminated in multiple candidates for single Ba2+

sensing based on crown-ether derivatives33,36,39,43–46. These molecules
have been used to demonstrate single-molecule sensitivity to barium

in dry and solvent-less conditions35,46 and shown via electron micro-
scopy to react with neutral barium perchlorate in vacuum39. An active
ongoing R&D program is underway within the NEXT collaboration to
bring these techniques to fruition in barium tagging sensors for a
future ton- to multi-ton neutrinoless double beta decay experiment.

Experiments searching for 0νββ in 136Xe typically employ time
projection chambers filled with purified, pressurized, or liquified
xenon at part-per-billion purity in oxygen and water to avoid electron
attachment. To augment such a detector with a barium tagging sys-
tem, two distinct problems must be overcome: first, how to bring the
ion to a sensor37,38 or sensor to an ion33; and second, how to sense the
arrival of Ba2+ with single-ion precision within a large, pure volume of
xenon. This is a complex environment in which to realize single-ion
microscopy, with no commercial devices or past proofs-of-principle
available. This paper presents a demonstration of single Ba2+ imaging
within the working medium of a time projection chamber.

Beyond 0νββ, the development of single-molecule fluorescence
imaging technologies at gas-solid interfaces has far-reaching implica-
tions for the bottom-up design of catalytic and sensing materials47–49.
The heterogeneous catalysis of gases is critical to advanced energy
technologies and sustainable materials50. Likewise, gas-phase sensors
are critical to themonitoring of industrial, defense, and environmental
processes51–53. SMFI in these systems enables a deeper understanding
of kinetics and thermodynamics that aredependent on local structures
and orientations within functional materials47. While the field of cata-
lysis has seen recent growth in SMFI to observe shape and orientation
at the single metal atom scale, similar advancements are relatively
underdeveloped in gas analyte sensing. The instrumentation, materi-
als, and approach to SMFI developed in our work open the door to
researchers in both catalysis and gas sensing to observe single mole-
cule binding and surface dynamics. The range of pressures that the
microscope functions under enables catalysis and sensor study at real-
system operational pressures.

A detailed description of the instrument developed for this work
is provided in the methods section. Briefly, a fluorescencemicroscope
basedonnanometer precision vacuumstages ismountedon the inside
of a high-pressure chamber connected to a recirculating xenon gas
system. Images are recorded by an electron-multiplying CCD camera
following laser excitation of barium-induced fluorescence in Ba2+

selective organic chemosensors. The system has been characterized
using emission from BODIPY fluorophores54 excited at 488 nm. The
configuration for this characterization study is shown in Fig. 1.

Results
A raw data image of sparsely distributed molecules, produced by ras-
tering in 33μm steps over a 1mm2 surface area and auto-focusing on
the single molecule candidates at each point is shown in Fig. 2. The
unprocessed raw data shows the effects of non-uniform illumination
over the laser field of view, with each point in the raster-scan having a
bright center and dimmer tails, as well as some bright spots where
crystals of fluorophore have settled, among the field of isolated single
molecules. Some streak-like features from the motion of the solution
during spin coating are also visible. Nevertheless, the capability for
single-molecule imaging over this large surface area is clearly
demonstrated, with resolution near the Abbe diffraction limit. Since
the exposure at each raster point is 500ms, a scan of this size is per-
formed in approximately ten minutes. Further studies of the system
imaging resolution can be found in the methods section.

To demonstrate single Ba2+ ion imaging in high-pressure gas,
slides were coated with nanomolar concentrations of the Ion Potas-
sium Green (IPG-1) fluorophore reported in ref. 46. Solutions were
prepared at 10−8 M concentration, with and without barium ions sup-
plied via 100mM barium perchlorate in water, and activity was com-
pared between scan surfaces coatedwith Ba2+ chelated and unchelated
solutions. The optical system for this test was configuredwith a 510 nm
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Fig. 1 | Picture of the apparatus developed for this study. a The head of the high-pressure microscope that sits inside the pressure chamber. b Optical paths and
components in the high-pressure single-molecule microscope. SP and LP refer to short-pass and long-pass optical filters, respectively.

Fig. 2 | Large-scale rawdata image of BODIPYmolecules drip-coated onto a slide surface. a Full 1mm× 1mm image; (b) zoom into one raster frame of 33μm×33μm;
(c) resolved single molecule in a 2.5μm ×2.5μm square. The image is resolved with a point-spread function close to the Abbe Diffraction Limit.
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laser with 10mW incoming laser power and a filter set suitable for this
dye, as described in the methods section. The vessel was then sealed,
evacuated, and filled with cleaned, pressurized xenon. Figure 3 shows
images taken under purified 10 bar xenon gas for slides prepared with
and without added Ba2+. In this image each frame has been Fourier
transformed and spatially filtered. A low pass filter is used to remove
the broad background from residual glass fluorescence, and a high
pass filter to remove speckles associated with thermal CCD noise. The
resultant images display clear bright spots consistent with single
molecule emission.

A clear increase in activity is observed upon the addition of Ba2+.
Some visible streaks in the distribution of single molecule candidates
emanate in a radial direction and are a result of the spin-coating pro-
tocol, where the solution from which molecules are deposited leaves
some residual droplets as it dries. Single molecules remain resolvable
within the streaks, though our analysis methods preferentially select
those that are isolated single spots. The rawpixel histogram indicates a
dramatic increase in activity in bright pixels, as shown in, Fig. 4, left. A
small number of very weak emitters are present in the Ba2+-free runs,
though the bright spots associated with Ba2+-bound IPG molecules are
unambiguously identified as being present only in the Ba2+-che-
lated runs.

As a control experiment, blank coverslips with no fluorophore
deposited were also scanned. The characteristic diffuse glow from
background fluorescence in the slide was observed in all locations.
However, no localized bright emitters could be brought into focus at

any point on the slides. This suggests that the background due to
accidental fluorescent molecules in the environment is extremely low,
and has proven to be unquantifiably so in the present system. Because
no emitters could be found, the microscope could not be focused and
so no images from the blank slide surfaces can be reported.

The hallmark of single-molecule fluorescent imaging is bright
points that are characterized by their sharp photobleaching transi-
tions. A set of analysis tools for single-molecule fluorescence imaging
and analysis have been developed and are applied to the images cap-
tured by the high-pressure microscope. To produce a time sequence,
the first ten images in a sequence are summed, and a list of local
fluorescent maxima ordered by their intensity is used to determine
initial points of interest. Each frame is Fourier transformed and con-
volved with a bipolar filter kernel consisting of one normalized narrow
Gaussian (± 4 pixels) with positive amplitude and one normalized
broad Gaussian (± 8 pixels) with negative amplitude. This filter serves
to subtract the local background while integrating fluorescencewithin
the characteristic width of the fluorescent emission area. A cut on the
maximal identified step confidencemetric (described in the “Methods”
section) in each trace is used to identify single molecule photo-
bleaching event candidates.

Such candidates are identifiable in all conditions tested, including
ambient air, vacuum, and pressurized argon and xenon, in Ba2+ spiked
runs. The time and intensity distributions of the reconstructed steps in
tests with and without Ba2+ are provided in Fig. 4, right. In these plots,
the y-axis corresponds to the fluorescence integral up to the

33 m 33 ma.

.b.a

Fig. 3 | Effect of Ba2+ addition to the sensor system. Images show a slide spin-coated in IPG-1 chemosensor, showing the activity with (a) and without (b) added Ba2+.

.b.a

Fig. 4 | Statistical response of chemosensors to the addition of Ba2+ in
xenongas. a Pixel intensity distribution for images taken using IPGvs IPG+ Ba in 10
bar xenon gas. b reconstructed single molecule candidate brightnesses and step
times for IPG vs IPG+ Ba in 10 bar xenon gas. The plotted points are obtained over

seven exposure regions on a single slide, and the trend is found to be repeatable
over multiple slides. The horizontal line shows a cut that we place on this dis-
tribution for selecting single-ion candidate spots.

Article https://doi.org/10.1038/s41467-024-54872-0

Nature Communications | (2024)15:10595 4

www.nature.com/naturecommunications


photobleaching transition divided by the total time to the step, pro-
viding a measure of the average brightness of the emitter. The x-axis
corresponds to the step time, which is defined as the time when the
most significant change in fluorescence intensity between five pre-
samples and five post-samples is observed. Only very small steps are
observed in the Ba2+-free runs, whereas the Ba2+-enriched ones contain
large steps associated with single barium ion candidates.

Figure 5, left shows the time traces for some single Ba2+ ions
identified via single-step photo-bleaching 10 bar xenon gas. To the
right of each trace are shown the fluorescence intensity maps corre-
sponding to each, representing the activity recorded on a small subset

of the CCD pixels. Each surface plot shows the integral of the activity
between the last 20 frames before the photo-bleaching step. The
characteristic photo-bleaching and, in some cases, photo-blinking
behavior associated with single-molecule fluorescence imaging is
clearly observed in each time series.

Studying the photo-bleaching time distribution illuminates a
striking difference in the bleaching dynamics of Ba2+-chelated IPG dyes
in noble gas vs air environments, with substantially faster bleaching
behavior observed in air. The quantitative photo-bleaching lifetime
depends on both the local laser intensity and the step-identification
protocol, in particular how the latter accounts for multi-step

Brightness in 20 fram
es 

a. b.

Fig. 5 | Single barium ions chelated with IPG-1 turn-on chemosensor imaged in
10 bar xenon gas. a time trace of fluorescence for the identified emitters, with
discrete photobleaching and photoblinking steps indicative of single molecule
origin. The intensity is taken from the central pixel after applying a double-Gaussian
filter as described in the text and thus represents the baseline-subtracted integral

over the diffraction-limited fluorescent spot. b 2D spatial map of fluorescence
around each emitter, integrated for 20 frames before photo-bleaching, showing a
well-localized peak in each case. In the caseof the second and fourthfigures, nearby
peaks from adjacent ions are also visible in the 3D image histograms.
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trajectories associated with photo-bleaching and photo-blinking are
handled. Using the algorithm outlined in the Methods Section, which
identifies the first significant (5σ in step confidence) transition in
selected each time sequence, the photo-bleaching lifetime in 10 bar
xenon gas is extracted to be 70.6 s, whereas in air it is much faster at
15.9 s, as shown in Fig. 6. These values are extracted from accumulated
barium ion candidates identified over seven long timescale runs of
500 s each. This observation supports the hypothesis that has been
discussed in association with solution-based studies (for example,
refs. 55,56), that reactions with oxygen are likely primarily responsible
for the bleaching process. Nevertheless, even absent ambient oxygen
somephoto-bleachingmechanism appears to be present, albeit at a far
slower rate. While large datasets of IPG +Ba2+ images were not col-
lected in vacuumor argon conditions for thiswork, visual inspectionof
the photo-bleaching behavior while imaging in those conditions
showed a time profile far more similar to the xenon data than to air, as
may be expected under the oxygen-mediated hypothesis.

Discussion
We have demonstrated a diffraction-limited, high-pressure fluores-
cence imaging system that is capableof single ion identification in high-
pressure gases at the gas-solid interface. Single fluorescent molecules
are resolved over large surface areas, and we have demonstrated a
sweep over 1 × 1mm2 via a 2D raster scan. An autofocus algorithm that
reliably brings emitters as weak as a single molecule into focus is used
to provide a map of the focal plane that can be extrapolated for rapid
and repeatable imaging. The total possible scan region is in excess of
1 × 1 cm2, with effective focusing possible over the full area.

Single Ba2+ ions have been imaged in high-pressure xenon gas
using turn-on fluorophores, representing a demonstration of imaging
of individual Ba2+ ions within a candidate active medium of a time
projection chamber for 0νββ. Given the large observed binding con-
stants of the crown-ether-based dyes46, this mode of microscopy
appearswell suited to providing an efficient barium imaging technique
for future xenon 0νββ experiments.

Since barium tagging rejects all radiogenic background events,
the radio-purity requirements of themolecularmonolayer and barium
imaging system are expected to be modest, and likely already to be

met by the current system. Furthermore, if coupled with an ion
transport device such as a radiofrequency carpet38, the demonstrated
scan area will also suffice for a realistic barium tagging sensor for a
0νββ experiment. Some modifications are still required for imple-
mentation within a time projection chamber, which we now briefly
discuss. First, in this work, rastering was performed by moving a slide
past a fixed objective lens, due to volume limitations within the vessel.
In the final device it should be the converse, with rastering of the
objective across a fixed imaging region. Since the image rays are
brought out of the vessel in infinity space, this will add little in the way
of complexity but require some mechanical adjustments. Second,
continuous and lossless operation at this resolution generates a tre-
mendous amount of data (15 GB uncompressed, for the single raster
image in Fig. 2). A rational zero suppression algorithm and an online
trigger for frames of interest will be advantageous for real-time
application, with factors of over 1000 in data reduction to be rea-
sonably expected. These issues require attention but appear man-
ageable. Themolecular layer used here for Ba2+ sensing is produced by
spin coating a sparse group of molecules from the solution; ultimately
a fully sensitive Ba2+ tagging layer must use densely packed fluor-
ophores. Detailed investigations into the behavior of densely packed
fluorophore layers on surfaces39 and into self-assembled monolayer
growth44, as well as studies of the efficiency of barium ion capture at
these surfaces using Ba2+ ion beams57 are currently underway within
the NEXT collaboration and represent the next crucial frontier in
chemical Ba2+ ion sensor development. While important workmust be
done to realize the ultimate sensing layers, an optical system like the
one described in this paper will be capable of imaging ions arriving at
their surfaces in a future xenon gas barium tagging detector.

Alongside the ongoing development of molecular
synthesis33,36,39,43–46, ion transport38 anddetector readoutmodalities58–61

that can enable barium tagging at the cathode, the new technology
demonstrated in this paper represents an important step toward a
large, barium tagging xenon gas detector. Such a device holds great
promise as a concept for a truly background-free, ton-to-multi-ton
scale neutrinoless double beta decay experiment in 136Xe. It also
represents a step into a new field of high-precision, single-molecule
photo-physical fluorescence analysis at the gas-solid interface.

a.

b.

Fig. 6 | Photo-bleaching timedistribution for Ba2+ candidates chelated in IPGdyes in xenon and air. a in xenon gas; (b) in air. The X-axis is shared between the top and
bottom histogram. Error bars indicate representative 1σ statistical errors calculated as

ffiffiffiffi
N

p
of detected counts N.
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Methods
Toobtain high quality images, any fluorescencemicroscopemust have
carefully arranged optical paths for both illumination and image col-
lection. We begin by describing these optical elements in Sec. IV A and
IV B, respectively, and then describe the mechanical construction of
the device in Sec. IV E. Section IV C describes the alignment and
focusing protocol and quantifies some of the imaging metrics of the
system.

Excitation
Past work on single Ba2+ imaging for NEXT has shown that single ion
candidates can be observed with as little as 0.2mW of laser power in
the field of view (FOV), corresponding to around 1Wcm−232, given
molecules with sufficiently high quantum efficiencies. On the other
hand, fluorescent molecules that are exposed to large integrated light
intensities undergo destructive photobleaching reactions62, limiting
the practically usable laser power for prolonged observation. As such,
we have optimized the current system to provide few-mW levels of
excitation to enable clear single molecule resolution while offering
suitably long (few seconds) observation times to establish the pre-
sence of an individual ion. We have also opted for an epi-fluorescence
configuration. While through-objective total internal reflection fluor-
escence (TIRF) imaging was used in our earliest studies of fluorescent
single barium ion complexes in order to suppress deeper backgrounds
arising in thick samples32, more recent work demonstrated that for
sufficiently thin fluorescent materials, single molecule resolution can
also be obtained in an epi-fluorescence mode35. The latter approach is
more straightforward to realize with remote illumination and forms
the basis of our illumination scheme for this device. For this form of
microscopy, light is focused on the axis on the back-focal plane of the
objective by an external lens, leading to the parallel and uniform
passage of light through the focal plane, which is aligned to the surface
supporting the fluorescent emitters to be imaged.

We use a series of solid-state lasers as excitation sources, each
suitable for a different set of fluorescent dyes. For the characteriza-
tions of the optical system performance, we have used a 488 nm laser
with power controlled by an adjustable DC power supply. This wave-
length choice is sufficiently long to escape the tail of fluorescence from
glass that compromises single-molecule imaging with shorter wave-
length excitation (at 450nm and below, the autofluorescence from the
objective and substrate proved prohibitive for single-molecule ima-
ging), and is well matched to the absorption peak of the BODIPY54

molecule used for our optical system characterizations. For Ba2+ sen-
sing, a 510 nm laser is used to excite the IPG-1 species studied in ref. 46.
Due to their long excitation wavelength, the IPG class of molecular
probes have been found to provide excellent signal-to-background
ratio for single molecule microscopy, in studies undertaken in pre-
paration for this work46. An illustrative diagram showing the system
configured with the 488 nm laser is shown in Fig. 1, top left.

To obtain smooth excitation profiles over the image plane, the
excitation laser beam is first spatially cleaned. For the 488nm laser, it is
first launched from the laser into a single mode optical fiber (Thorlabs
P1-405B-FC-2) via a 20X microscope objective (Olympus PLN20X with
0.4NA). At theother endof thefiber, a 10Xobjective (Olympus PLN10X)
produces a parallel Gaussian beam of around 2mm in diameter. The
longitudinal positioning of this second objective on amicrometer stage
allows for fine-tuning of the size of the illumination site on the sensing
plane by controlling the beam divergence from the objective. For the
510nm laser, the beam is instead launched into a 5x beam expander,
with adjustabledivergence, and then spatiallyfiltered throughapinhole.

Immediately down-beam, a flip-mirror can be used to redirect the
laser over a 4m path to quantify its divergence. Optimal illumination
performance was found to correspond to a very slightly divergent
beam from this mirror. The excitation light is then passed through an
adjustable iris to remove the halo. The 488 nm laser configuration then

includes a 488nm laser line filter (Thorlabs FL488-10); whereas for the
510 nm configuration, no subsequent excitation filtering proved to be
necessary external to the vessel. The reflected ray from the line filter
contains the long and short wavelength tails of the laser spectrum and
is absorbed on an external beam dump.

The spatially and spectrally cleaned laser light is reflected from
two external adjustable mirrors in a periscope arrangement to allow
for fine steering of the path into the vacuum / pressure chamber. The
beam next passes through a 1.6mm thick sapphire pressure window
into the vacuum or gas volume. Just in front of the sapphire window, a
final 40 cm spherical planoconvex lens is placed at approximately its
focal length from the main microscope objective, focusing the nearly
parallel beam onto the back-focal plane.

Inside the chamber, the beam arrives at a fine-adjustment mirror
with twodegrees of freedom,which is set before the chamber is closed
and left aligned for the duration of the experiment. Thismirror directs
the beam into an internalfilter cube,whichhas emission and excitation
filters and a long-pass dichroic beam splitter. For the 488 nm config-
uration, these are 500 nm short pass (SP) excitation (Thorlabs
FESH050) and 500 nm long pass (LP) emission (Thorlabs FELH0500)
filters, and a 490nm dichroic mirror, also LP (Thorlabs DMLP490R).
For 510 nm, a fluorescence microscopy filter set (Chroma 49023)
consisting of an excitation filter: bandpass 500 ± 20nm, emission fil-
ter: bandpass 560 ± 25 nm, and dichroic mirror: long pass 525 nm. On
the fourth side of the filter cube, a high optical density neutral density
filter serves as a shallow-depth internal beam dump.

The excitation beam is guided to the back face of a vented 100X,
high NAmicroscope objective (Customized PLFLN100X; PLAN FLUOR
100X DRY OBJ, NA 0.95, WD 0.2), which we have customized for
operation in high-pressure environments. Earlier experiments with
commercial objectives resulted in various bursting and internal mis-
alignment failures due to the pressurization and depressurization
process. The beam is focused by the objective onto the front face of a
160μm thick glass coverslip (Ted Pella Schott D263M 22 × 30mm
Glass Coverslips) in transmission mode, and the fluorescence emitted
from the sample is collected back through the same high numerical
aperture objective.

Imaging
The longer wavelength fluorescence light emitted from the sample
plane transmits through the dichroic mirror and exits through a sec-
ond 2-inch diameter sapphire viewport (CeramTec 18617-01-CF). The
infinity-space optical path on the fluorescence side is completely
enclosed in black optical piping to prevent the ambient background
from laboratory lighting. The light isolation in the image path is found
to be sufficiently effective that single molecule resolution is comfor-
tably accomplished with laboratory lights on. The image is reflected
twice from a pair of mirrors in a periscope arrangement that allows for
external adjustment of the regionof the objective in the camera FOV. A
second, external 500 nm LP filter (Thorlabs FELH050) removes any
residual short-wavelength light, and then a tube lens focuses the image
from infinity space onto the camera. Adjusting the tube lens position
and focal length allows for the system tobe run inmodeswithdifferent
levels of magnification. For this paper, we have used amedium level of
magnification, with approximately 40μm field of view per frame
achieved using a 15 cm focal length tube lens.

The image acquisition device is an electron-multiplying CCD
camera (Hamamatsu ImagEM2 EMCCD) with 90% quantum efficiency
and a 512 × 512 array of 16μm× 16μmpixels (pix), operating at 500ms
exposure time. The camera is connected via a demountable tube
coupling with an external shutter to protect the camera from being
exposed to high-light environments. It is read out over IEEE 1394
conduits to a PC running a bespokedata acquisition software suite that
we have developed specifically for this device that interfaces to the
internal micrometer stages and camera readout.
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Alignment and focusing
At eachX and Yposition, there is an approximately 1μmdeep range ofZ
values where the fluorescence plane is in focus. Finding this plane at
each position requires the identification of a weak single molecule
fluorescence signal among the range of plausible focal points, which
vary by around 70μm in absolute terms, given the repeatability affor-
ded by our slide installation protocol. Few μm variations of the focal
plane depth with temperature are observed, consistent with expecta-
tions based on the thermal expansion of structural materials and the
range of temperatures recorded. Furthermore,when changing between
gaseous and vacuum conditions we observe a slow drift of the focal
plane position on few-hour timescales, consistent with the expected
effect of swellingof plastics in the structure throughgas absorption and
degassing63. These effects, taken together imply that a dynamical
method of establishing and tracking the focal plane is required.

To find the focal plane, a single-molecule-sensitive autofocus
mechanismhasbeendeveloped.The focalmetric is the ratioof thepixel-
wise kurtosis over themeanpixel intensity,which ismaximized at eachX
and Y to establish the focal plane location in stage travel coordinates.
This metric favors images with a small number of bright pixels among a
field of dimmer ones, which is the characteristic of an in-focus image.
Occasionally a cosmic raymuon or radioactive event passes through the
EMCCD leading tooneor a fewextremelybrightpixels, presenting to the
autofocus metric as an anomalously in-focus image. We exclude such
anomalous events by rejecting imageswith up to 5bright pixels among a
field of otherwise dim ones. This signature can also be distinguished
fromthat associatedwith an extremelybrightfluorescenceemitter by its
lack of persistence when stationary in the fluorescence plane.

Figure 7 illustrates the performance of the autofocusmetric using
single BODIPY molecules. Far from the focal plane, there are no dis-
cernible features, either in the images or in themetric. A set of very dim
features are visible on the back of the slide. Since there is no fluor-
escent layer coated onto this back surface, we interpret these features
as being associated with a small amount of out-of-focus fluorescence
light scattering from optical imperfections on the reverse of the glass.
Inside the cover-slip volume, no visible features are present. On the far
side of the coverslip where we approach the desired focal plane, a
sharp spike in autofocusmetric is apparent. A higher resolution scan in
this region (inset in Fig. 7, left) shows that the depth of focus is around
1μm.Maximizing the autofocusmetric is reliably found to obtain focal
plane to ±0.3μm precision.

After focusing, the images of single point-like emitters exhibit
consistent point-spread function (PSF) in air, vacuum, and pressurized
gases. Figure 8 shows the X and Y projections of the measured point-
spread function obtained using singlemoleculeswithin 7 bars of argon
gas. These PSF projections are obtained by averaging over the X and
Y-directions around the brightest 20 fluorescent emitters, re-focusing
in 5 distinct locations (Fig. 8, left). The width of the PSF depends
slightlyuponhowperfectly the focal planehas beenobtained, but in all
cases is very similar to the expectation from Abbe’s theory of dif-
fracting optics64. The averaged PSFs in the X and Y-directions are
compared directly to the Abbe limit in Fig. 8, right. These results
suggest that the microscope essentially saturates the theoretical limit
of optical resolution, even when running within a pressurized noble
gas environment. We note that, due to its single molecule sensitivity,
super-resolution techniques can also beused in this system to advance
beyond the diffraction limit, though this is of limited value for the
barium tagging application.

Once a slide is installed, the standard procedure is to find the focal
Z position at 5–10 points on the face of the slide. These data are then
used to generate a 3D map of the focal plane by extrapolating a 2D
surface through the data points. This fitted focal plane can then be
used to find the focus at any other point for subsequent imaging. The
focal plane map continues to accumulate data points as in-focus ima-
ges are found, which serves to continuously refine its precision for
extrapolation to new points. This approach allows the focus to be
found rapidly at new imaging locations and thus allows for the con-
struction of larger, raster images by scanning over X-Y positions.

Image sequence manipulation and analysis
Here we present amore complete description of the spot identification
and analysis method. A figure showing some of the steps in the analysis
chain is provided in Fig. 9. Raw data is represented by a sequence of NI

images Ii(x, y), indexed by integer 0 < i <NI, each composed of pixel
values at x, y. The first processing step (Fig. 9a) is to remove diffuse
background light and camera noise by applying a filter via convolution
with two Gaussian functions of width σA and σB to obtain filtered image
J(x, y),

Jðx, yÞ= Iðx, yÞ � 1
2πσ2

A

exp � x2 + y2

2σ2
A

 !
� 1

2πσ2
B

exp � x2 + y2

2σ2
B

 !" #
:

ð1Þ

Fig. 7 | Illustration of the single molecule autofocus procedure. An autofocus
metric defined in terms of image brightness and kurtosis is applied thatmaximizes
for an in-focus image. The left plot shows the Z dependence of the autofocus
metric, with images at different focal depths provided on the right plot. A small

signal is seen on the back face of the slide (A). No features are present when totally
out of focus (B). Within around 2 microns of focus, some activity is seen (C), with
sharp images only at the focal plane (D). The inset shows that the depth of the
in-focus region is around 1μm.
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The equal normalization but opposite signs of the two Gaussian
functions means that this filter is approximately peak-area conserving
as long as the spot is smaller than σA and σB, and it effectively acts as a
local averaging of region σA and background subtraction of region σB,
removing thebaseline light aroundeachfluorescent spot; or frequency
space it canbe considered as serving as both a low- and high-passfilter.
Based on trial and error, good performance is found with σA ~ 4 pixels
and σA ~ 8 pixels, though the analysis results are rather insensitive to
modest changes in these values. To identify points of interest, the first
20 and last 20 frames of each image are subtracted to produce a

differencemapΔi(x, y) between the beginning and endof the sequence
(Fig. 9b),

Δiðx, yÞ=
1
20

X20
i= 1

Jðx, yÞ �
XN

i=NI�20

Jðx, yÞ
2
4

3
5 ð2Þ

The highest-valued pixels in Δ are identified as points of further
interest. If a pixel is adjacent to either an identified point of interest or
otherwise a previously vetoed pixel, it is itself vetoed, so that only new

Fig. 9 | Illustration of the steps in the image series analysis used to identify and
quantify thebehaviorof singlemolecule candidates. a Frequencyfiltering of raw
data to remove diffuse backgrounds and CCD speckle noise. b Bright spot

identification by pixels over the threshold. c Step time series identification.
d Comparison between images in different conditions.

Fig. 8 | Study of position resolution of the diffraction-limited microscope sys-
tem. a Measured point-spread function in X and Y-directions at five re-focused
locations using single molecules in 7 bar argon gas. b Average X and Y PSF

compared to the Abbe diffraction limit. The horizontal line on the right plot
represents the baseline, as measured away from the bright spot.
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isolated spots are added to the list SofNSpoints of interest, indexedby
integer s.

S= f½xs, ys�g, 1 < s <NS: ð3Þ

The first 100 points S are represented as red circles in (Fig. 9b). At each
S, a time series B is produced of the spot brightness over each of the NI

frames (Fig. 9c).

BsðiÞ= Jiðxs , ysÞ, 1 < i<NI : ð4Þ

This series is then analyzed to search for large steps that are consistent
with single-molecule photobleaching events. A variable called the Step
Confidence Cs(i) is used to identify sharp steps, where

CsðiÞ=
μ�ði, sÞ � μ + ði, sÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ�ði, sÞσ + ði, sÞ
p : ð5Þ

Here μ± and σ± are the mean and standard deviation of the activity in
the 5 frames before and after sample i, respectively,

μ�ði, sÞ=
1
5

Xi
j = i�5

BsðjÞ, μ+ ði, sÞ=
1
5

Xi + 5
j = i

BsðjÞ, ð6Þ

σ�ði, sÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
5

Xi
j = i�5

BsðjÞ � μ�
� �2vuut , σ + ði, sÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
5

Xi + 5
j = i

BsðjÞ � μ+

� �2vuut : ð7Þ

A spike in the value of Cs(i) represents a step that is larger than the
typical fluctuations in the vicinity of that time. We accept steps that
have Cs(i) >Cmax = 5, though qualitatively similar results are found for
any value in the range 3 <Cmax< 10. For cut values higher than 10, too
few spots pass to furnish reasonable statistics for further analysis; cuts
below 3 begin to accept noise from fluctuations that do not appear to
be associated with single molecule photo-bleaching transitions in the
camera images.

Once the steps of interest are identified, we consider their prop-
erties for further analysis. We define the step time ts for a given single
ion candidate to be the timeof the first i in each image sequencewhere
Cs(i) >Cmax. The brightness of the spot that bleached is quantified via
the Integrated Fluorescence Is, defined via

Is =
1
ts

Xts
i= 1

BsðiÞ: ð8Þ

The distributions of ts and Is are shown in Fig. 9d. To report ts in
physical units, it is multiplied by the camera exposure time of 500ms.

Since some spots photo-blink in addition to photo-bleaching they
may experience multiple transitions in one image sequence; as such
these variables are not a unique or complete set of criterion by which
to measure fluorescence activity. More detailed quantification of
images sequences Ii(x, y) and brightness traces Bs(x, y) is surely pos-
sible. Nevertheless, we have found these methods to be functionally
useful for identifying single ion candidates and for quantitatively
comparing fluorescence responses in different conditions, the primary
goals of the present work.

Mechanical design and gas handling
The high-pressure microscope system is built into a 16-inch long,
6-inch diameter custom-manufactured pressure vessel with 8-inch
ConFlat flanges on both ends. The microscope front end-cap is fixed
down to an air-levitated optical table with a thick aluminum bracket.
Vibration isolation was found to be crucial to achieving optimal

resolution, and careful positioning of the various vacuum pumps
and circulation pumps around the optical table proved to be
instrumental in achieving sharp images. The pressure vessel pipe
and back end cap slide on a set of two parallel rails to open and close
the vessel, leaving the microscope head fixed in place in order to
maintain rough alignment when opening and closing the large CF
flanges.

Inside the vessel and cantilevered from the front end cap, a
machined aluminum frame supports a small HDPE bracket that holds
the internal microscope objective in a fixed position. A 3-axis vacuum
stage system (PI Q545.140) is used to maneuver and monitor a
microscope slide in three dimensions in front of the objective. The
stage is rated for ultra-high vacuum and has nanometer precision
along all three axes, with an active feedback loop inside the device.
Our specifications demand only a few hundred-nanometer precision,
below which diffraction limits the point spread function, and the
stage comfortably meets these requirements. Careful frequency
tuning of the feedback mechanism within the stages had to be made
in order to avoid exciting resonant mechanical normal modes of the
cantilevered system that inhibited stable positioning. The full range
of motion of the stages is ± 6.5 mm in each direction, though our
control software restricts the X and Y (in-plane) motion to a region of
10 × 10mm and the range of Z (focusing) motion to within 1.5mm in
front of the microscope slide, to avoid damage from scratching the
objective.

The system is evacuated using a turbo pumping station (Pfeiffer
HiCube 80 Eco) which can be decoupled using an isolation valve
(Carten HB-51) when pressurized. Despite the use of some plastics in
the system, the vacuum quality, as monitored by a hot filament ion
gauge (Kurt Lesker KJLC 354) routinely reaches 10−6 Torr prior to filling
with gas, which is an adequate vacuum quality for subsequent fill and
operation of time projection chamber detectors. Pressurized xenon
gas is supplied to the system by a specially constructed gas handling
system. The majority of the gas handling system is formed from 1/4
inch stainless steel piping with Swagelok fittings mounted to a gas
control panel. The same system was used to supply purified xenon to
the NEXT-CRAB0 detector in ref. 61.

Noble gases are supplied from cylinders with 99.999% purity and
circulated through hot (SAES PS4-MT3-R-1) and cold (SAES MicroTorr
HP190-902F) zeolite getters to clean at ~ 3 slpm for several hours to
remove oxygen, water and nitrogen contamination. Pumping action is
providedby a hermetic, piston-drivengaspumpwith neoprenebuffers
(PumpWorks PW2070) with pump speed controlled by a variac on the
power line. Experiencewith devices on the samegas system shows that
this is sufficient to achieve part-per-billion levels of oxygen and water
impurity. Gas pressure ismonitored by several analog pressure gauges
on the gas panel, and over-pressurization is prevented by a 400 psig
relief on the panel, 250psig relief on the vessel, and a 15 psig burst disk
on the vacuum line. The temperature inside the vessel is monitored by
an internal thermocouple, and flow both into and out of the vessel in
standard liters per minute is monitored using mass flow meters
(Omega FM1800).

After running with argon, the gas is typically vented to the room
through a vent line, whereas due to its much higher cost xenon is
recaptured into bottles by cryogenic condensation with liquid
nitrogen. A few psi of xenon is typically lost with each fill cycle due to
the incompleteness of this capture process. A manifold-like gas
mixing arrangement allows for the use of multiple gases or mixtures
if needed.

Data availability
High level processed data to reproduce plots from thismanuscript can
be found at the following https://doi.org/10.5281/zenodo.14043360.
Original raw data can be obtained from the authors upon request.
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Code availability
Code to reproduce the figures in this manuscript is available at the
following https://doi.org/10.5281/zenodo.14043360.
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