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A 136Xe ideal candidate

A Allowsto build large detectorswith
Access taopologicalinformation.

A The NEXT experiment can alreac
reconstruct this track
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Detecting “tagging” the Ba** signaling a BBOv process has been a long sought holy grail of xenon chambers.
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Detecting “tagging” the Ba** signaling a BBOv process has been a long sought holy grail of xenon chambers.
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Detecting “tagging” the Ba** signaling a BROv process has been a long sought holy grail of xenon chambers.



Detecting the barium daughter in “**Xe 0-vBp decay using
single-molecule fluorescence imaging techniques

David R. Nygren

Department of Physics, University of Texas at Arlington
Box 19059, Arlington, TX 76015

nygren@uta.edu

Abstract. Single-molecule fluorescent imaging may provide an avenue to efficiently detect the
Ba** daughter atom in the decay ““Xe — Ba + 2e”, and, unambiguously associate the birth
point in space within the electron trajectories of the decay event. Chelation of doubly-charged
alkaline earth elements such as calcium and barium by certain precursor molecules converts the
resulting complex from a non-fluorescent to a fluorescent state. Repeated photo-excitation of a
single fluorescent complex reveals both presence and location with high precision. This
technique, widespread now in biochemistry, biophysics and biology, may permit a similar
discriminating response in a large high-pressure xenon gas TPC for the Ba™ ion from xenon
double-beta decay. The TPC measures the event time and energy of the two nascent electrons,
as well as topology and position in 3-D from their trajectories in the gas. Measurement of the
2-D location of the molecular ion after arrival at the cathode plane permits an association of ion
with the event. Demonstration of an efficient, highly specific detection of the barium daughter
would provide a long-sought pathway to a background-free result in the search for this decay
mode, of central importance for determining the nature of the neutrino.

Fluo 3 O Fluo 3-Ca complex

Figure 1. The skeletal formula for Fluo-3 is shown before and after complex formation.
The conformal change that Fluo-3 undergoes in chelation with Ca** creates a fluorescent
complex. In that state, the fluorescent response increases by a factor of 60 - >100 in the
cellular environment. Image source: Dojindo Molecular Industries, Inc.

David RNygren2015J.Phys: Conf. Se650012002
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Demonstration of Single-Barium-Ion Sensitivity for Neutrinoless Double-Beta Decay
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FIG. 1. A single Ba™™ candidate. A fixed region of the CCD
camera is shown with a 0.5 s exposure before (top) and after
(bottom) the photobleaching transition.

éﬂ‘ / I To camera
T 4 7 |

Dichroic Emission

Objective . ‘ ) RN .
mirror filter FIG. 3. A sample image from the EM-CCD in one of the
barium-spiked samples showing both near-surface (bright) and 15
deeper (dim) fluorescent molecules. .
Phys. Rev. Lett20, 132504¢ Published 26 March 2018

FIG. 2. A schematic view of the TIRF system.
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Demonstration of Selective Single-Barium lon Detection with Dry
Diazacrown Ether Naphthalimide Turn-on Chemosensors
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Charleston A. Newhouse, Thanh T. Vuong, Katherine Woodruff, Kwangho Nam, David R. Nygren,
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ABSTRACT: Single-molecule fluorescence imaging (SMFI) of
gas-phase ions has been proposed for “barium tagging,” a
burgeoning area of research in particle physics to detect individual
barium daughter ions. This has potential to significantly enhance
the sensitivity of searches for neutrinoless double-beta decay
(0upp) that is obscured by background radiation events. The
chemistry required to make such sensitive detection of Ba®* by
SMFI in dry Xe gas at solid interfaces has implications for solid-
phase detection methods but has not been demonstrated. Here, we
synthesized simple, robust, and effective Ba**-selective chemo-
sensors capable of function within ultrapure high-pressure '**Xe
gas. Turn-on fluorescent naphthalimide-(di)azacrown ether
chemosensors were Ba*-selective and achieved SMFI in a
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polyacrylamide matrix. Fluorescence and NMR experiments supported a photoinduced electron transfer mechanism for turn-on
sensing. Ba>* selectivity was achieved with computational calculations correctly predicting the fluorescence responses of sensors to
barium, mercury, and potassium ions. With these molecules, dry-phase sing]e—Bal+ ion imaging with turn-on fluorescence was
realized using an oil-free microscopy technique for the first time—a significant advance toward single-Ba** ion detection within large
volumes of '**Xe, plausibly enabling a background-independent technique to search for the hypothetical process of 0uf3f.

KEYWORDS: barium tagging, barium sensor, turn-on fluorescence, PET chemosensor, single-molecule imaging
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Figure 7. Solid-matrix measurements of barium-sensing fluorophore 1D. (A) Bulk spectrophotometry in a dried cyanoacrylate matrix; (B) raw pixel
histogram of three 1D-coated slides imaged at the single-molecule level; (C) single-molecule level microscopy images of the 1D layer with and
without Ba** (i) and with Ba™ after background removal (ii); (D) specific single reconstructed barium-chelated 1D molecule; and (E) barium-
chelated 1D molecule fluorescence time trajectory showing a single-step photobleaching characteristic of SMFI detection.

ACS Sensors 2021 6 (1),2292-202



FMIs (FluorescenMonocolorindicatorg and
FB$ (FluorescenBicolorindicatorg

2y on

.
@

Ba*

onQ 0 ghift)dgS onQ  sNB R

FBIs



FMIs (FluorescenMonocolorindicatorg and
FB$ (FluorescenBicolorindicatorg

AA (Nm)

on

Ba*

emission intensity

onQ 0 ghift)dgS onQ  sNB R

A (nm)
FBIs



\ 4

CaddCt dz2 NB A P8 QLA RWNGH yUR2
AROBY RN

C.adCf dz2 NS A VRN U2 NA
AL (Nm)
[ [ @
& on
5| feat }
f, [ B
(D)
\ onQ 6 ghift)dgS onQ A R
A (nm)

FBIs



FMIs (FluorescenMonocolorindicatorg and
FB$ (FluorescenBicolorindicatorg

Eo (@@

off on

on on

Bet*

on O o

on off _ . .
onQ 0O €hift)dgS onQ s R

Cala \_ FBIs )/




1stgenerationFBls TwoFluorophoresn OneMolecule

fluorophore 1 (A4 14)

exc

| |
(UV) o ~ 0 deg.
Ar'
AN
em
(Vis) B
l2(22)
1360 o 0 136, 24| Ar'--Ar?
54Xe ?I > 56827 | gecoupling Ba?* lo(22)
S
2e :; g’
D
<
Y < E |
GX\‘; fluorophore 2 (A2</4, 1)
— (UV) o ~ 90 deg. 11(32)

rem

®-
em
(Vis)
fluorophore 2 (44 11)

Phys Chem. ChenfRhys 23, 1544(;15457 (2021)
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in one molecule

A Crown Ethe(Chelating agent)

A Two responses depending on the coordinator state of
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A GC or &N coupling reactions
A High order 8+2 cycloadditions reactions
A Library of sensors or candidates
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