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We review the design, simulation, and tests of a detection system for measuring the energy distribution of
daughter nuclei recoiling from the 8 decay of laser trapped neon isotopes. This distribution is sensitive to several
new physics effects in the weak sector. Our “decay microscope” relies on imaging the velocity distribution of
high-energy recoil ions in coincidence with electrons shaken off in the decay. We demonstrate by way of Monte
Carlo simulation that the nuclear microscope increases the statistical sensitivity of kinematic measurements to
the underlying energy distribution and limits the main systematic bias caused by discrepancy in the trap position

along the detection axis.

DOI: 10.1103/PhysRevC.101.035501

I. INTRODUCTION

Since the late 2000s, there has been a plethora of appli-
cations of experimental methods from the field of atomic
molecular and optical (AMO) physics to low-energy nuclear
physics observables, with motivations spanning nuclear struc-
ture [1,2], nuclear astrophysics [3,4], and searches for physics
beyond the standard model (BSM; [5,6]).

The static (ground or long-lived isomeric) properties of
stable and short-lived nuclei are especially useful for such
investigations. The isotopic masses, which grant access to Q
values and separation energies, are routinely extracted using
ion traps [7] and multiple reflection mass spectrometry [8];
and the long interrogation times in a magneto-optical trap
(MOT) enable us to identify trace amounts of isotopes for
radiometric dating [9,10] and preform laser spectroscopy of
ultracold short-lived samples, which is useful for studying
nuclear structure [11-13], measurement of atomic parity vi-
olation [14], and searches for a permanent electron electric
dipole moment (EDM; Refs. [15-18]).

For short-lived isotopes, which decay predominantly
within the small trap volume, the collision-free environment
enables the measurement of dynamic decay properties such as
branching ratios [19,20], waiting times [21,22], and angular
correlations of decay products. These angular correlations are
used in the search for BSM physics in the weak sector [23,24].
In fact, determinations of correlations to the level of few
per mil are competitive and complementary with high-energy
searches [5,25].

Advancements in AMO physics, and in the production,
separation and transport of rare radioactive isotopes, enable
an increasing variety of isotopes to be trapped in a MOT. See
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Table I for an overview of experiments which are ongoing,
recently commissioned or in preparation, and Refs. [24,26—
28] for reviews of past experiments.

In this paper we detail the neon atom trap experiment,
focusing on the detection system for charged particles re-
coiling from the trap. It relies on our recent merging of
advanced ion-imaging techniques with the MOT [29], and
an adaptation of the setup to the high energies encountered
in nuclear decay, which is detailed here. We demonstrate,
through Monte Carlo (MC) simulations, that this decay micro-
scope is able to determine angular correlations and branching
ratios at the few per mil level by collecting a few 107 coin-
cidence events, while removing the main sources of noise,
and systematic uncertainties associated with the trap size and
position.

Considering ongoing and planned experiments in the field,
we identify that the main impact of angular-correlation and
branching-ratio measurements utilizing several neon isotopes
is in constraining BSM tensor interactions coupled to right-
handed neutrinos and extracting the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element for superallowed Fermi and
mirror and transitions.

Assuming a general, Lorentz-invariant, interaction Hamil-
tonian density [50], the derived differential decay rate I', of
nonoriented nuclei reads [51]

d3F pﬂpv

Y &l+a + 2t (1
dEzdQpdS,

EgE, = E’

where we denote three-momenta as p, scalar energy as E, and
rest mass m and do not include various corrections and scale
factors.

Observing Eq. (1), there are two coefficients which govern
the kinematic observables of the decay products:
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TABLE I. Overview of rare radioactive atom trap experiments,
focusing on ones recently conducted and those that are in prepara-
tion. ATTA, atom trap trace analysis; LS, laser spectroscopy; APV,
atomic parity violation; EDM, electric dipole moment.

Isotope Half-life Experiment Facility Ref.
°He 0.8s Decay UW/ANL  [30-33]
18.19.23Ne 1.7-37 s Decay SARAF [34,35]
BAr 1.8s Decay Leuven [36]
¥ Ar 269y ATTA Heidelberg  [37,38]
K 125 Decay TRIUMF [39]
8K 09s Decay TRIUMF [5]
81Ky 22x10°y ATTA ANL,USTC  [40,41]
SKr 11y ATTA Columbia  [42,43]
ANL, USTC  [40,41]
“Rb 45s Decay TRIUMF [44]
Blcs 9.7d Decay UCLA [45,46]
134-142(g Diverse y-Laser, LS  Jyvaskyla [12,47]
20821128y 35-197 s LS, APV TRIUMF [13,48]
210py 32m EDM CYRIC [16,17]
22Ra 15d EDM ANL [18,49]

(1) The B-v angular coefficient,
a o |Mp|* (ICv|* + IC) 1> — |CsI* — 1Cs1%)
— Mt (CAP +1C, 1P = ICr1? = ICH17). (2)

(i1) The Fierz interference term,
b o [Mr|* (Cs + C§) + IMgr|*(Cr + C1),  (3)

where we denote the relevant Lee-Yang parameters Ci(/) as-
suming negligible time violation (see Ref. [5] for a more
general derivation). My denotes the Fermi matrix element and
Mgt the Gamow-Teller element, which depend on the nuclear
structure of the isotope in question.

To determine the statistical sensitivity of direct recoil ion
energy measurements to a for various conditions, we preform
a MC simulation. We fit the recoil ion energy distribution
resulting from Eq. (1), given in Ref. [52], by maximum
likelihood estimation, leaving a a free parameter, and extract
the standard deviation of the extracted values from the fit. Our
results are given in Table II. Due to the quadratic dependence
of a — ay, on new physics, we assume b = 0 in the fitting
process, an assumption which is aligned with the extraction of
p for mixed transitions and a search for new physics coupled

TABLE II. Sensitivity at the 1o level, of recoil ion spectral mea-
surements, with 107 events. S(a) = o(a)/a, S(BR) = c(BR)/BR
pertain to angular correlation and branching ratios, respectively,
and are given in percentages. Subscripts: F, pure Fermi; GT, pure
Gamow-Teller. Mass numbers for neon isotopes are described in the
text. The bottom row lists the most precise determinations from the
literature.

S(ar) S(agr) S(BRg) S(aig) S(ax) S(BR23)
0.07 0.19 0.2 1.1 0.24 0.3
0.5[53] 0.9 [54] 2.7 [55] 3.6 [56]  9.1[57] 9.4 [58]

to right-handed neutrinos for pure ones. We refer the reader to
Ref. [52] for the sensitivity of the spectrum to b assuming a =
0. Pure transitions are simulated with an end-point energy of 4
MeV, and the results are comparable in the range 0.5-4 MeV
[52]. As a realistic scenario, and in accordance with ongoing
and planned experiments, we assume 107 detected events for
recoil ion detection.

II. OPPORTUNITIES WITH NEON ISOTOPES

The inert nature of noble gases makes it possible to extract
them from a solid target through diffusion while leaving
most contaminants confined within the matrix. Such a scheme
dispenses with the need for an extensive ionization and mass
separation apparatus. Noble gases are also trappable by laser
radiation through driving of a dipole transition from a long-
lived atomic metastable state [59]. For neon, a 640-nm laser
drives the 3P, -3D; closed transition, the metastable lifetime
is 15 s [60-62], and the isotope shifts are of order 2 GHz [63].

Neon possesses three radioisotopes having appropriate
half-lives as follows: longer than the extraction time from the
target, which is of order of a few hundred milliseconds, and
shorter than, or comparable to, the intrinsic lifetime of the
excited atomic state, which is extended up to 30 s through
saturation of the cooling transition [34]. These isotopes are
18.19.23Ne, which display diverse modes of decay and so
offer a broad experimental campaign using a single trapping
apparatus.

Due to its long half-life of 37.15(3) s [64], and low thresh-
old for production by neutrons (3.8 MeV), our first campaign
focuses on 2*Ne, which decays by 8~ emission to >*Na. The
decay is pure GT, to an isospin-forbidden correction of order
0.1% for the first excited branch [65], and within the SM, a
precision correlation measurement will test this correction.
The previous most precise correlation measurement in 2Ne
yielded a = —0.33(3) [57], with fractional uncertainty limited
to 9% by the uncertainty of the absolute branching ratio (BR)
of 32(3)% to the first excited state as measured in Ref. [58].
Thus, a better determination of the BR is essential in order
to make a substantial improvement. A dedicated campaign
in our group aims at 1% relative uncertainty [66]; however,
our MC simulation shows that a uncertainty of that order
still contributes 0.75% to the relative uncertainty in a. Since
the BR and correlations affect the ion energy distribution
differently, it makes sense to use a new, 1% determination
of the BR as a prior and deduce a more stringent BR from
the recoil energy distribution itself. Such an approach was
recently and successfully utilized in 8-delayed neutron spec-
troscopy [22,67,68]. We find that for 107 2?*Ne-simulated
decay events, a two-parameter fit extracts the branching ratio
with a maximal relative bias of 0.3%, does not introduce
significant systematic shift in @, and only slightly increases
its statistical uncertainty, from 0.18% to 0.24%. Observing
Table II, and provided that systematics and theoretical correc-
tions are under control [6], the detection of 10° recoil ions
from >*Ne decay already improves on the state of the art.
Nevertheless, to be competitive with ongoing and planned
campaigns involving pure GT branches [31,32,69-72],
roughly 107 events are desired.

035501-2



DECAY MICROSCOPE FOR TRAPPED NEON ISOTOPES

PHYSICAL REVIEW C 101, 035501 (2020)

8Ne decays mainly to the ground state of 'SF through
a pure GT transition and to an excited state by a superal-
lowed Fermi transition. The possibility to extract V,; from the
Fermi branch motivated precise determinations of its half-life
[64,73] and is currently limited by the knowledge of the
branching ratio, of which the most precise published value is
7.7(2)% [55]. Whereas conventional counting experiments for
determining this BR suffer from the build-up of unstable '*F,
with half-life of roughly two hours, creating a time-dependant
background; an atomic trap is isotope selective, and on their
creation, '8F ion are evacuated by the vacuum system or
adhere to the chamber walls within milliseconds, without
contributing to the detected recoil ions emanating from the
trap center. Assuming standard model correlations, a well-
motivated scenario for CKM determination, a one-parameter
fit to the distribution of energy of 107 recoil ions determines
the branching-ratio to 0.2%. Under the reasonable assumption
that the Q value is improved soon at ISOLTRAP [74], this BR
will allow the Ft value to be determined to 0.2%. The impor-
tance of a high-precision F value for '®Ne lies in the fact that
it is the isotope most sensitive to the differences between the
predictions of various models for nuclear-structure-dependant
corrections [64,75], whose uncertainty now dominates the F¢
values for the most precise superallowed decays [76].

Ne decays almost exclusively to the ground state of
9F through a mixed T = 1/2 — 1/2 mirror transition. Its
mixing ratio p = —1.5995(45) is close to the minimum value
of —+/3 for such transitions, and so the high precision it
enjoys stems from a modest precision in the determination
of correlation coefficients, Namely A = —0.0391(14) [56].
Its singularly well-determined mixing ratio makes '°Ne the
best candidate (along with 37K) for determining V,,; in mirror
transitions. This fact motivated very precise measurements of
the ""Ne decay observables, namely its Q value [77,78], half-
life [79-81], and branching ratios [82,83], as well as recent
calculations of the relevant radiative and isospin-breaking
corrections [84,85]. Calculating the S-neutrino correlation co-
efficient from the mixing ratio, we arrive at a9 = 0.0414(15),
having a 4% relative uncertainty. Observing Table II, accumu-
lation of 10° recoil ion events in the decay of '°Ne already
improves on the state of the art and reduces the uncertainty
in the prediction of A, which is well motivated considering
the discrepancies in other determinations of A, as well as
deviations from the conserved-vector-current hypothesis as
discussed in Ref. [83]. To complement the highly precise de-
termination of V,4 from the body of 0t — 0% decay data [86],
and considering ongoing correlation measurement efforts with
nuclear mirror [36,39,87-92] and neutron [93-98] decays,
roughly 107 detected events are desired, especially in light of
the emergence of a significant deviation from CKM unitarity
obtained in some of the recent analyses [99-102].

See Ref. [35] for the proposed production scheme for Neon
isotopes at SARAF-II.

III. DETECTION SYSTEM

The statistical sensitivity described in Table II and Sec. II
pertains to a direct detection of the daughter ion recoil ener-
gies, which are of order of few hundred eVs and so cannot

be measured precisely by direct calorimetric means. In cases
where the daughter nuclei are short lived, one may infer
this distribution from correlation measurements in §-delayed
proton [72,103] or « [70,104] emitters. For correlation mea-
surements in isotopes such as neon, which decay to a stable
or long-lived daughter, one infers the energy from kinematic
observables such as time-of-flight (TOF) and hit position
using charged particle detectors.

Systematic uncertainties, which usually dominate in this
sort of research, are dependent on the details of the im-
plemented detection scheme, as well as contributions from
the background. The main source of background is decay
products from neon in the atomic ground state, which does
not interact with the trapping light and may decay close to the
source volume before being pumped out of the system.

A. Deflection and compression

In order to significantly reduce the background from, and
collisions with, ground-state radioactive neon, we employ an
isotope-selective, 45°, deflection stage between the metastable
source and Zeeman-slower beamline, and the science cham-
ber, in which the MOT and detection system reside.

Our deflection stage utilizes a single 50-mW retro-
reflected, red-detuned laser beam which acts as a one-
dimensional (1D) optical molasses. Shutting off of the deflec-
tion beam enables estimation of background contributions to
the detectors without changing any trapping parameters. The
last coil of our segmented Zeeman slower [105,106], whose
field is responsible for the atomic beam velocity, is paired with
a compensation coil at the other end of the chamber, which
controls the turning position. Adding another coil pair in
anti-Helmholz configuration allows for adjusting the strength
of the magnetic gradient in the vicinity of the turning point
without changing its location (see Fig. 1). The combination
of a 1D optical molasses and a magnetic field gradient acts as
a cylindrical atomic lens which tilts and focuses the atomic
beam in one dimension. To test and optimize the beam fo-
cusing, brightness, and angle, we place a microchannel-plate

Regular Compressed

FIG. 1. Deflection computer assisted drawing (CAD) model.
MCP phosphor-screen image with regular and 1D compressed beam
is shown in the inset. For ion-imaging electrodes, see Fig. 3. AH,
anti-Helmbholtz pair; ZS, Zeeman slower.
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(MCP) detector equipped with a phosphor screen and image
the energetic metastable beam for various tuning conditions.
With the lens focus unadjusted, the deflected beam diverges
and completely covers the detector. By varying the mag-
netic degrees of freedom, the deflected beam focuses in one
dimension, with the unfocused dimension aligned with the
vertical trapping beam. By comparing the loading rate for
a MOT placed at the deflection chamber, and one in the
science chamber, we estimate the deflection efficiency at 20%,
which is comparable with other deflection setups relying on
push-beams ([39] 75%, [107] 50%, [108] 4% including dipole
trap loading), optical-dipole-trap transfer ([109] 25% includ-
ing dipole trap loading), and a push-and-guide technique for
metastable helium ([33], 10-20%).

In addition to reducing the ground-state neon background,
the science chamber is protected from the strong ionizing
VUV radiation and charged particles emanating from the RF
source [110]. At a pressure of a few 10710 torr the trap lifetime
is roughly 20 s, close to the limit imposed by the lifetime of
the meatastable state.

B. Coincidence ion imaging

To efficiently collect the decay products emerging from the
trap volume, it is surrounded by electrodes creating a static
field of few kV/cm. The same field folds the ion trajectories
in a nontrivial way, thus limiting the ability to recreate the ion
energy distribution from the kinematic observables.

The previous three experiments which measured a us-
ing trapped radioisotopes relied mainly on TOF detection
by triggering on the B particles or shake-off electrons
[31,53,111,112]. In all these experiments, a significant con-
tribution to the systematic uncertainty is the uncertainty in the
trap position.

To address the challenges above, we designed a new detec-
tion scheme which relies on state-of-the-art charged-particle
imaging techniques, namely velocity-map imaging (VMI), a
well-established, efficient, and simple scheme for imaging
electron and ion velocity distributions [113]. By placing the
interaction region at the focus of an electrostatic lens, VMI
employs space focusing, where, to first order, the trap size
and position do not affect the particle hit position and so the
deduced velocities.

To considerably reduce background counts, and dis-
tinguish between different charge-states of recoiling ions
[19,32,90,114,115], coincidence detection is desired, allowing
us to measure the recoils TOF in parallel with their hit posi-
tion. Similarly to Refs. [111,116], we opted to use shake-off
electrons as a start signal and detect recoil ions in coincidence.
We tested the first version of the MOT-VMI, including the
coincidence TOF detection, by imaging low-energy (1 eV)
ions emerging from cold collisions in a stable neon trap, and
deducing branching ratios and penning-ion energy distribu-
tions [29].

To adapt the MOT-VMI to the higher energy of recoils
from nuclear decay (shake-off electrons up to 50 eV, doubly
charged recoil ions up to 600 eV), while keeping the maximal
absolute voltages at 8 kV, we designed the setup with the de-
tectors much closer to the trap volume (see Fig. 3). The close

® Data
Doppler Model

08 10 12 14 16 18 20 22 24 26
Detuning (')

FIG. 2. Trap volume deduced from CCD camera images (inset).
The detuning is in units of the natural linewidth, I' = 8 MHz, and its
effect on volume is well described by the Doppler model.

imaging plane necessitates tuning the lens to have a short focal
distance, causing severe chromatic aberrations [117], where
the focal length is dependant on the ion energy. To correct for
these aberrations, while keeping the setup as simple as pos-
sible and complying with the trapping lasers restrictions, we
added an achromatic corrector lens on the opposite side of the
trap. See Refs. [117-119] for other high-energy VMI designs.

The trap size as a function of laser detuning was measured
using a calibrated charge-coupled device (CCD) camera and
a *Ne trap (Fig. 2), and the minimum possible trap radius
was determined to be 0.5 mm (full width at half maximum).
Using the Simion 8.1 software package [120], we optimized
the field shape so that each energy group emitted from the
decay volume, perpendicular to the detector plane, is focused
to a <0.1 mm thickness ring on the imaging plane, which is
on the order of the resistive-anode-detector inherent resolu-
tion (Fig. 3). At optimum conditions, the obtained position
resolution is 0.5-1%, yielding an energy resolution of 1-2%.
To gauge the response of the system, we simulated TOF
and squared hit position for recoil ions at various energies,
emitted isotropically from the trap volume (Fig. 4). We find
that the TOF resolution is limited by the trap size to 4 ns,
and that the TOF basis functions overlap to a large extent,
meaning that a similar response is obtained for various energy
groups, making it difficult to distinguish them. Observing the
squared hit position basis functions (Fig. 4, bottom), each
energy group display a sharp peak, corresponding to ions
emitted perpendicularly to the detector. The orthogonality of
the position basis functions indicate that an energy distribution
may be inferred from them with high sensitivity.

IV. MONTE CARLO SIMULATION

To asses the performance of the entire detection system
we conduct a MC simulation, mimicking a complete ex-
periment and its analysis. Doubly charged *’Na ions are
emitted isotropically, with the SM energy distribution for
a =—1/3,b =0, and from the decay volume of Fig. 2. They
are propagated to the detection plane utilizing a SIMION 8.1
simulation of the electrode system of Fig. 3, and their TOF
and hit positions are recorded on an event-by-event basis. A
small delay time of 3 ns caused by the flight time of shake-off
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Electrostatic lens 4.5 kV

// Flight tube + PSD
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\‘f

FIG. 3. Top: Simion 8.1 simulation of charged particles emerg-
ing from the trap volume and focused to the detectors. Shake-off
electrons up to 50 eV are collected on the microchannel plate (MCP)
and give a start signal. Doubly charged **Na ions of various energy
groups up to 600 eV are focused to 0.1 mm on a position-sensitive
detector. Bottom: CAD model of science chamber including the
trapping laser beams, the imaging setup electrodes, and the detectors.

electrons to the opposite MCP is subtracted from the results,
it has a spread of 0.1 ns which is negligible as compared with
the spread caused by the finite size of the trap.

To deduce the sensitivity to a for TOF and position de-
tection, we compare simulated experimental results with tem-
plates generated around the SM prediction, namely a = —0.2
and a = —0.4, which are propagated through the simulation
as well. Even though exotic tensor interactions will cause only
a > —1/3 [Eq. (2)] we find that allowing a < —1/3 is crucial
for identifying systematic biases caused by discrepancies
between the experimental and theoretical fit.

Incorporating various discrepancies in the MOT size and
position between the simulated experimental results and the
MC templates, we find that the trap position along the
electrode axis causes the largest bias in the results. An
unaccounted-for £0.2 mm shift in the MOT axial position,
which is the limit to our ability of pining-down the trap using
TOF of neon dimers, creates a systematic shift of roughly
F2% for position detection and +=10% for TOF detection.

01} |

530-550 eV

0 i i i) 2 N\ 3
0. 032 034 036 0.38 0.4 0.42
TOF bin center (ns)
1\0-5 ev
0.15 4
(
N: 0.1 “hj
= I
[t 545-550 eV

0.05 fii/l

100 200 300 400
r bin center (mm2)

FIG. 4. Simulated detection system response for different energy
groups emitted isotropically from the trap volume. Top: Time-of-
flight distributions. Bottom: Squared hit position distributions.

To decrease the above bias, which will severely limit a
precision determination of a, we allow the trap axial position
to become a free parameter in the fit, by simulating four fitting
templates Y, weighted to generate a combined template 7',

T (wy, wy) = wiw,Y (@ =-04,35, = +40.5)
+wi(1 —wy)Y(a=-04,5, =-0.5)
+ (1 —wpwyY (@ = —0.2,68, = +0.5)
+ (1 = w1 —wy)Y(a=-0.2,5, = —0.5).
“

The axial position and a are deduced by minimizing the neg-
ative log-likelihood function assuming Poisson distribution,

L(wi, wy) = ) T(wi, wy) — Elog[T (wy, wy)l,  (5)

bins

with E the simulated experimental TOF or hit position dis-
tributions, w; a weight corresponding to a, and w; to the
trap position. The returned correlation coefficient is calculated
as a = —0.4w; — 0.2(1 — wy), and its uncertainty is derived
from the standard deviation o (a), given in Table III, of the
distribution of a.

Without introducing more degrees of freedom to the fit,
we tested for biases caused by other unaccounted-for dis-
crepancies. The results, given in Table III indicate that any
discrepancy leads to a large offset using TOF detection and
a mostly negligible one utilizing position detection with a
two-parameter fit. We ascribe this reason to the cancellation
of volume effects by the lens system and to the fact that
an axial shift in the trap position behaves to first order as a
change in the average field of the imaging system. The largest
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TABLE III. One standard deviation sensitivity to a assuming b =
0 obtained by two-parameter fitting for 107 events. z = 0.2 denotes
the offset in a/agr caused by a +0.2 mm discrepancy in the location
of the trap along the detection axis, » + 0.2 the offset by a radial shift
of 0.2 mm from the trap center, and / x 1.5 by a 1.5% change to the
trap volume. V;, & 0.1% denotes a discrepancy in the lens voltage,
and D; £ 0.4 denotes +0.4 mm in the lens diameter.

Method S(agr) z+0.2 z—0.2 r+02 1[Ix1.5

Position 0.4% <0.3% <0.2% <0.1% <0.1%

TOF 0.8% 3.0% 1.5% 2.5% —7.5%
Vi+01% V; —01% D;—04 D;+04

Position <0.2% <0.2% —0.3% 0.4%

TOF 1.3% 1.4% 1.1% 1.6%

shift for position detection is caused by an unaccounted-for
discrepancy in the lens diameter. Even though a +0.4 mm
change is partially compensated as a 370.2 mm offset to the
trap axial position, it still leads to 0.4% change in a/agr. It
would be thus beneficial to measure the geometry to better
accuracy and to calibrate the magnification of the lens system
utilizing the known Q value for the decay.

V. SUMMARY

Precise determinations of the energy distribution of recoil
ions emerging from nuclear 8 decay enables the determination
of branching fractions to various excited states and the mea-
surement of angular correlations between the decay products.
In light of ongoing and planned experiments in this field, the
main opportunities to make a significant impact using trapped
neon isotopes is in searching for, or excluding, new tensor
physics which is coupled to right-handed neutrinos, as well
as extracting the V,; CKM matrix element for mirror and
superallowed Fermi transitions.

For correlation measurements in isotopes decaying to a
stable or long-lived daughter, it is necessary to deduce en-
ergy distributions from the kinematics of the recoil daugh-

ter nucleus, necessitating the use of ion or atom traps for
confinement and cooling. In accordance with previous trap
experiments, we estimate that our final results will be lim-
ited by systematic uncertainties caused by background from
decays of nontrapped isotopes, and discrepancies in the de-
termination of the trap position. To reduce uncertainty asso-
ciated with background from decay of neon in the ground
state, we employ a unique continuous isotope and state-
selective deflection which compresses the atomic beam el-
liptically and displaces the science chamber from the main
beamline.

To maximize the sensitivity of a kinematic measurement
to the energy distributions, as well as reduce the contribution
from the trap size and position on the determined correlation
coefficients and branching ratios, we designed a high-energy
MOT-VMI, acting as a decay microscope, which images the
velocity distribution of recoiling ions from the trap volume,
in coincidence with shake-off electrons, enabling TOF de-
termination for charge/mass selection and noise reduction.
A low-energy version of the MOT-VMI, including the data
acquisition logic, timing and trap size characteristics, and
background contributions, was thoroughly tested by imaging
charged particles emerging from collisions in a dense stable
neon trap [29]. Here we described the adaptation of the
design to the requirements of a decay experiment. Through
extensive MC simulations, we devised a fitting procedure
which removes unaccounted-for volume effects from the de-
termined correlations and enables a significant improvement
over the state of the art by collecting a few 107 coincidence
events.

ACKNOWLEDGMENTS

The work presented here is supported by grants from the
Pazy Foundation (Israel), Israel Science Foundation (Grants
No. 139/15 and No. 1446/16), and the European Research
Council (Grant No. 714118 TRAPLAB). B.O. is supported
by the Ministry of Science and Technology, under the Eshkol
Fellowship, and by the Israel Academy of Sciences and Hu-
manities.

[1] K. Blaum, D. Beck, M. Breitenfeldt, S. George, F. Herfurth, A.
Herlert, A. Kellerbauer, H. J. Kluge, D. Lunney, R. Savreux,
S. Schwarz, L. Schweikhard, and C. Yazidjian, Penning trap
mass spectrometry for nuclear structure studies, in LASER
2006, edited by Z. Blaszczak, B. Markov, and K. Marinova
(Springer, Berlin, 2007), pp. 83-91.

[2] P. Campbell, I. Moore, and M. Pearson, Laser spectroscopy
for nuclear structure physics, Prog. Part. Nucl. Phys. 86, 127
(2016).

[3] T. Itahashi, N. Kudomi, Y. Sakemi, T. Shima, S. Yoshida, T.
Sakamoto, E. D. Donets, and E. E. Donets, Electron beam ion
trap for study of fusion reactions in nuclear astrophysics, J.
Phys.: Conf. Ser. 2, 75 (2004).

[4] S. Kreim, K. Blaum, J. Dilling, and Y. A. Litvinov,
Impact of precision mass measurements on nuclear
physics and astrophysics, Nucl. Phys. News 23, 18
(2013).

[5] M. Gonzalez-Alonso, O. Naviliat-Cuncic, and N. Severijns,
New physics searches in nuclear and neutron beta decay, Prog.
Part. Nucl. Phys. 104, 165 (2019).

[6] V. Cirgiliano, A. Garcia, D. Gazit, O. Naviliat-Cuncic, G.
Savard, and A. Young, Precision beta decay as a probe of new
physics, arXiv:1907.02164 (2019).

[7] H.-J. Kluge, Penning trap mass spectrometry of radionuclides,
Int. J. Mass Spectrom. 349-350, 26 (2013).

[8] W. R. PlaB3, T. Dickel, and C. Scheidenberger, Multiple-
reflection time-of-flight mass spectrometry, Int. J. Mass
Spectrom. 349-350, 134 (2013).

[9] C.Y. Chen, Y. M. Li, K. Bailey, T. P. O’Connor, L. Young, and
Z.-T. Lu, Ultrasensitive isotope trace analyses with a magneto-
optical trap, Science 286, 1139 (1999).

[10] Z.-T. Lu and K. D. A. Wendt, Laser-based methods for ultra-
sensitive trace-isotope analyses, Rev. Sci. Instrum. 74, 1169
(2003).

035501-6


https://doi.org/10.1016/j.ppnp.2015.09.003
https://doi.org/10.1016/j.ppnp.2015.09.003
https://doi.org/10.1016/j.ppnp.2015.09.003
https://doi.org/10.1016/j.ppnp.2015.09.003
https://doi.org/10.1088/1742-6596/2/1/010
https://doi.org/10.1088/1742-6596/2/1/010
https://doi.org/10.1088/1742-6596/2/1/010
https://doi.org/10.1088/1742-6596/2/1/010
https://doi.org/10.1080/10619127.2013.793089
https://doi.org/10.1080/10619127.2013.793089
https://doi.org/10.1080/10619127.2013.793089
https://doi.org/10.1080/10619127.2013.793089
https://doi.org/10.1016/j.ppnp.2018.08.002
https://doi.org/10.1016/j.ppnp.2018.08.002
https://doi.org/10.1016/j.ppnp.2018.08.002
https://doi.org/10.1016/j.ppnp.2018.08.002
http://arxiv.org/abs/arXiv:1907.02164
https://doi.org/10.1016/j.ijms.2013.04.017
https://doi.org/10.1016/j.ijms.2013.04.017
https://doi.org/10.1016/j.ijms.2013.04.017
https://doi.org/10.1016/j.ijms.2013.04.017
https://doi.org/10.1016/j.ijms.2013.06.005
https://doi.org/10.1016/j.ijms.2013.06.005
https://doi.org/10.1016/j.ijms.2013.06.005
https://doi.org/10.1016/j.ijms.2013.06.005
https://doi.org/10.1126/science.286.5442.1139
https://doi.org/10.1126/science.286.5442.1139
https://doi.org/10.1126/science.286.5442.1139
https://doi.org/10.1126/science.286.5442.1139
https://doi.org/10.1063/1.1535232
https://doi.org/10.1063/1.1535232
https://doi.org/10.1063/1.1535232
https://doi.org/10.1063/1.1535232

DECAY MICROSCOPE FOR TRAPPED NEON ISOTOPES

PHYSICAL REVIEW C 101, 035501 (2020)

[11] P. Mueller, I. A. Sulai, A. C. C. Villari, J. A. Alcantara-Nufiez,
R. Alves-Condé, K. Bailey, G. W. F. Drake, M. Dubois, C.
Eléon, G. Gaubert, R. J. Holt, R. V. F. Janssens, N. Lecesne,
Z.-T. Lu, T. P. O’Connor, M.-G. Saint-Laurent, J.-C. Thomas,
and L.-B. Wang, Nuclear charge radius of ®He, Phys. Rev.
Lett. 99, 252501 (2007).

[12] A. Giatzoglou, T. Poomaradee, I. Pohjalainen, S. Rinta-Antila,
I. D. Moore, P. M. Walker, L. Marmugi, and F. Renzoni, A
facility for production and laser cooling of Cesium isotopes
and isomers, Nucl. Instrum. Methods A 908, 367 (2018).

[13] M. R. Kalita, J. A. Behr, A. Gorelov, M. R. Pearson, A. C.
DeHart, G. Gwinner, M. J. Kossin, L. A. Orozco, S. Aubin, E.
Gomez, M. S. Safronova, V. A. Dzuba, and V. V. Flambaum,
Isotope shifts in the 7s — 8s transition of Francium: Measure-
ments and comparison to ab initio theory, Phys. Rev. A 97,
042507 (2018).

[14] E. Mariotti, K. Khanbekyan, C. Marinelli, L. Marmugi, L.
Moi, L. Corradi, A. Dainelli, R. Calabrese, G. Mazzocca,
L. Tomassetti, and P. Minguzzi, A magneto-optical trap for
radioactive atoms, in Proceedings of the 17th International
School on Quantum Electronics: Laser Physics and Applica-
tions, edited by T. N. Dreischuh and A. T. Daskalova, Inter-
national Society for Optics and Photonics, Vol. 8770 (SPIE,
Bellingham, 2013), pp. 120-126.

[15] J. R. Guest, N. D. Scielzo, I. Ahmad, K. Bailey, J. P. Greene,
R. J. Holt, Z.-T. Lu, T. P. O’Connor, and D. H. Potterveld,
Laser Trapping of **Ra and ??Ra with Repumping by
Room-Temperature Blackbody Radiation, Phys. Rev. Lett. 98,
093001 (2007).

[16] K. Harada, T. Aoki, K. Kato, H. Kawamura, T. Inoue, T. Aoki,
A. Uchiyama, K. Sakamoto, S. Ito, M. Itoh, T. Hayamizu,
A. Hatakeyama, K. Hatanaka, T. Wakasa, and Y. Sakemi,
Development of a magneto-optical trap system of Francium
atoms for the electron electric-dipole-moment search, J. Phys.:
Conf. Series 691, 012017 (2016).

[17] U. Dammalapati, K. ichi Harada, T. Hayamizu, K. Sakamoto,
K. Kato, T. Aoki, S. Ito, T. Inoue, A. Uchiyama, H. Kawamura,
M. Itoh, T. Aoki, A. Hatakeyama, and Y. Sakemi, Francium:
Tool for fundamental symmetry investigations, in Proceedings
of the 12th International Conference on Low Energy Antiproton
Physics (LEAP’16) (JPS, Tokyo, 2017), p. 011046.

[18] M. Bishof, R. H. Parker, K. G. Bailey, J. P. Greene, R. J. Holt,
M. R. Kalita, W. Korsch, N. D. Lemke, Z.-T. Lu, P. Mueller,
T. P. O’Connor, J. T. Singh, and M. R. Dietrich, Improved limit
on the 2*Ra electric dipole moment, Phys. Rev. C 94, 025501
(2016).

[19] K. Siegl, N. D. Scielzo, A. Czeszumska, J. A. Clark, G. Savard,
A. Aprahamian, S. A. Caldwell, B. S. Alan, M. T. Burkey, C. J.
Chiara, J. P. Greene, J. Harker, S. T. Marley, G. E. Morgan,
J. M. Munson, E. B. Norman, R. Orford, S. Padgett, A. P.
Galvén, K. S. Sharma, and S. Y. Strauss, Recoil ions from the
B decay of '**Sb confined in a paul trap, Phys. Rev. C 97,
035504 (2018).

[20] I. Miskun, T. Dickel, I. Mardor, C. Hornung, D. Amanbayeyv,
S. Ayet San Andrés, J. Bergmann, J. Ebert, H. Geissel, M.
Gorska, F. Greiner, E. Haettner, W. R. PlaB3, S. Purushothaman,
C. Scheidenberger, A.-K. Rink, H. Weick, S. Bagchi, P.
Constantin, S. Kaur, W. Lippert, B. Mei, 1. Moore, J.-H. Otto,
S. Pietri, I. Pohjalainen, A. Prochazka, C. Rappold, M. P.
Reiter, Y. K. Tanaka, J. S. Winfield, and For the Super-FRS
Experiment Collaboration, A novel method for the measure-

ment of half-lives and decay branching ratios of exotic nuclei,
Eur. Phys. J. A 55, 148 (2019).

[21] D. Rodriguez, K. Blaum, W. Nortershduser, M. Ahammed, A.
Algora, G. Audi, J. Aysto, D. Beck, M. Bender, J. Billowes,
M. Block, C. Bohm, G. Bollen, M. Brodeur, T. Brunner, B.
Bushaw, R. Cakirli, P. Campbell, D. Cano-Ott, G. Cortés,
J. Crespo Lopez-Urrutia, P. Das, A. Dax, A. De, P. Delheij,
T. Dickel, J. Dilling, K. Eberhardt, S. Eliseev, S. Ettenauer,
K. Flanagan, R. Ferrer, J.-E. Garcia-Ramos, E. Gartzke,
H. Geissel, S. George, C. Geppert, M. Gémez-Hornillos,
Y. Gusev, D. Habs, P.-H. Heenen, S. Heinz, F. Herfurth,
A. Herlert, M. Hobein, G. Huber, M. Huyse, C. Jesch, A.
Jokinen, O. Kester, J. Ketelaer, V. Kolhinen, I. Koudriavtsev,
M. Kowalska, J. Kramer, S. Kreim, A. Krieger, T. Kiihl, A.
Lallena, A. Lapierre, F. Le Blanc, Y. Litvinov, D. Lunney, T.
Martinez, G. Marx, M. Matos, E. Minaya-Ramirez, I. Moore,
S. Nagy, S. Naimi, D. Neidherr, D. Nesterenko, G. Neyens,
Y. Novikov, M. Petrick, W. PlaB3, A. Popov, W. Quint, A.
Ray, P.-G. Reinhard, J. Repp, C. Roux, B. Rubio, R. Sdnchez,
B. Schabinger, C. Scheidenberger, D. Schneider, R. Schuch,
S. Schwarz, L. Schweikhard, M. Seliverstov, A. Solders, M.
Suhonen, J. Szerypo, J. Tain, P. Thirolf, J. Ullrich, P. Van
Duppen, A. Vasiliev, G. Vorobjev, C. Weber, K. Wendt, M.
Winkler, D. Yordanov, and F. Ziegler, MATS and LaSpec:
High-precision experiments using ion traps and lasers at FAIR,
Eur. Phys. J.: Spec. Top. 183, 1 (2010).

[22] R. M. Yee, N. D. Scielzo, P. F. Bertone, F. Buchinger, S.
Caldwell, J. A. Clark, C. M. Deibel, J. Fallis, J. P. Greene,
S. Gulick, D. Lascar, A. F. Levand, G. Li, E. B. Norman,
M. Pedretti, G. Savard, R. E. Segel, K. S. Sharma, M. G.
Sternberg, J. Van Schelt, and B. J. Zabransky, S-Delayed
Neutron Spectroscopy Using Trapped Radioactive Ions, Phys.
Rev. Lett. 110, 092501 (2013).

[23] J. A. Behr and G. Gwinner, Standard model tests with trapped
radioactive atoms, J. Phys. G: Nucl. Part. Phys. 36, 033101
(2009).

[24] J. A. Behr and A. Gorelov, $-decay angular correlations with
neutral atom traps, J. Phys. G: Nucl. Part. Phys. 41, 114005
(2014).

[25] V. Cirigliano, S. Gardner, and B. R. Holstein, Beta decays and
non-standard interactions in the LHC era, Prog. Part. Nucl.
Phys. 71, 93 (2013).

[26] G. D. Sprouse and L. A. Orozco, Laser trapping of ra-
dioactive atoms, Annu. Rev. Nucl. Part. Sci. 47, 429
(1997).

[27] D. Vieira, S. Crane, R. Guckert, and X. Zhao, Trapping
radioactive atoms for basic and applied research, Hyperfine
Interact. 127, 387 (2000).

[28] S. N. Atutov, V. Biancalana, A. Burchianti, R. Calabrese,
L. Corradi, A. Dainelli, V. Guidi, B. Mai, C. Marinelli, E.
Mariotti, L. Moi, E. Scansani, G. Stancari, L. Tomassetti, and
S. Veronesi, Laser cooling and trapping of radioactive atoms,
in Proceedings of the 12th International School on Quantum
Electronics: Laser Physics and Applications, edited by P. A.
Atanasov, A. A. Serafetinides, and 1. N. Kolev, International
Society for Optics and Photonics, Vol. 5226 (SPIE, Belling-
ham, 2003), pp. 11-21.

[29] B. Ohayon, H. Rahangdale, J. Chocron, Y. Mishnayot, R.
Kosloff, O. Heber, and G. Ron, Imaging Recoil Ions from Op-
tical Collisions between Ultracold, Metastable Neon Isotopes,
Phys. Rev. Lett. 123, 063401 (2019).

035501-7


https://doi.org/10.1103/PhysRevLett.99.252501
https://doi.org/10.1103/PhysRevLett.99.252501
https://doi.org/10.1103/PhysRevLett.99.252501
https://doi.org/10.1103/PhysRevLett.99.252501
https://doi.org/10.1016/j.nima.2018.08.095
https://doi.org/10.1016/j.nima.2018.08.095
https://doi.org/10.1016/j.nima.2018.08.095
https://doi.org/10.1016/j.nima.2018.08.095
https://doi.org/10.1103/PhysRevA.97.042507
https://doi.org/10.1103/PhysRevA.97.042507
https://doi.org/10.1103/PhysRevA.97.042507
https://doi.org/10.1103/PhysRevA.97.042507
https://doi.org/10.1103/PhysRevLett.98.093001
https://doi.org/10.1103/PhysRevLett.98.093001
https://doi.org/10.1103/PhysRevLett.98.093001
https://doi.org/10.1103/PhysRevLett.98.093001
https://doi.org/10.1088/1742-6596/691/1/012017
https://doi.org/10.1088/1742-6596/691/1/012017
https://doi.org/10.1088/1742-6596/691/1/012017
https://doi.org/10.1088/1742-6596/691/1/012017
https://doi.org/10.1103/PhysRevC.94.025501
https://doi.org/10.1103/PhysRevC.94.025501
https://doi.org/10.1103/PhysRevC.94.025501
https://doi.org/10.1103/PhysRevC.94.025501
https://doi.org/10.1103/PhysRevC.97.035504
https://doi.org/10.1103/PhysRevC.97.035504
https://doi.org/10.1103/PhysRevC.97.035504
https://doi.org/10.1103/PhysRevC.97.035504
https://doi.org/10.1140/epja/i2019-12837-8
https://doi.org/10.1140/epja/i2019-12837-8
https://doi.org/10.1140/epja/i2019-12837-8
https://doi.org/10.1140/epja/i2019-12837-8
https://doi.org/10.1140/epjst/e2010-01231-2
https://doi.org/10.1140/epjst/e2010-01231-2
https://doi.org/10.1140/epjst/e2010-01231-2
https://doi.org/10.1140/epjst/e2010-01231-2
https://doi.org/10.1103/PhysRevLett.110.092501
https://doi.org/10.1103/PhysRevLett.110.092501
https://doi.org/10.1103/PhysRevLett.110.092501
https://doi.org/10.1103/PhysRevLett.110.092501
https://doi.org/10.1088/0954-3899/36/3/033101
https://doi.org/10.1088/0954-3899/36/3/033101
https://doi.org/10.1088/0954-3899/36/3/033101
https://doi.org/10.1088/0954-3899/36/3/033101
https://doi.org/10.1088/0954-3899/41/11/114005
https://doi.org/10.1088/0954-3899/41/11/114005
https://doi.org/10.1088/0954-3899/41/11/114005
https://doi.org/10.1088/0954-3899/41/11/114005
https://doi.org/10.1016/j.ppnp.2013.03.005
https://doi.org/10.1016/j.ppnp.2013.03.005
https://doi.org/10.1016/j.ppnp.2013.03.005
https://doi.org/10.1016/j.ppnp.2013.03.005
https://doi.org/10.1146/annurev.nucl.47.1.429
https://doi.org/10.1146/annurev.nucl.47.1.429
https://doi.org/10.1146/annurev.nucl.47.1.429
https://doi.org/10.1146/annurev.nucl.47.1.429
https://doi.org/10.1023/A:1012653330886
https://doi.org/10.1023/A:1012653330886
https://doi.org/10.1023/A:1012653330886
https://doi.org/10.1023/A:1012653330886
https://doi.org/10.1103/PhysRevLett.123.063401
https://doi.org/10.1103/PhysRevLett.123.063401
https://doi.org/10.1103/PhysRevLett.123.063401
https://doi.org/10.1103/PhysRevLett.123.063401

BEN OHAYON et al.

PHYSICAL REVIEW C 101, 035501 (2020)

[30] R. Hong, A. Leredde, Y. Bagdasarova, X. Fléchard, A. Garcia,
P. Miiller, A. Knecht, E. Liénard, M. Kossin, M. Sternberg, H.
Swanson, and D. Zumwalt, High accuracy position response
calibration method for a micro-channel plate ion detector,
Nucl. Instrum. Methods A 835, 42 (2016).

[31] R. Hong, Developments for a measurement of the beta-Nu
correlation and determination of the recoil charge-state distri-
bution in *He beta decay, Ph.D. thesis, University of Washing-
ton, 2016.

[32] R. Hong, A. Leredde, Y. Bagdasarova, X. Fléchard, A. Garcia,
A. Knecht, P. Miiller, O. Naviliat-Cuncic, J. Pedersen, E.
Smith, M. Sternberg, D. W. Storm, H. E. Swanson, F. Wauters,
and D. Zumwalt, Charge-state distribution of Li ions from the
B decay of laser-trapped ®He atoms, Phys. Rev. A 96, 053411
(2017).

[33] Y. Bagdasarova, A measurement of the e — ¥, angular corre-
lation coefficient in the decay of ®He, Ph.D. thesis, University
of Washington, 2019.

[34] B. Ohayon, J. Chocron, T. Hirsh, A. Glick-Magid, Y.
Mishnayot, I. Mukul, H. Rahangdale, S. Vaintraub, O. Heber,
D. Gazit, and G. Ron, Weak interaction studies at SARAF,
Hyperfine Interact. 239, 57 (2018).

[35] I. Mardor, O. Aviv, M. Avrigeanu, D. Berkovits, A. Dahan,
T. Dickel, I. Eliyahu, M. Gai, I. Gavish-Segev, S. Halfon, M.
Hass, T. Hirsh, B. Kaiser, D. Kijel, A. Kreisel, Y. Mishnayot,
[. Mukul, B. Ohayon, M. Paul, A. Perry, H. Rahangdale, J.
Rodnizki, G. Ron, R. Sasson-Zukran, A. Shor, 1. Silverman,
M. Tessler, S. Vaintraub, and L. Weissman, The soreq ap-
plied research accelerator facility (SARAF): Overview, re-
search programs and future plans, Eur. Phys. J. A 54, 91
(2018).

[36] R. D. Glover, F. Lenaers, P. Velten, P. Finlay, C. Couratin, L.
Hayen, N. Severijns, and T. Bastin, Towards precision S-decay
measurements with laser cooled ¥ Ar, J. Phys.: Conf. Ser. 635,
042008 (2015).

[37] F. Ritterbusch, S. Ebser, J. Welte, T. Reichel, A. Kersting,
R. Purtschert, W. Aeschbach-Hertig, and M. K. Oberthaler,
Groundwater dating with atom trap trace analysis of *Ar,
Geophys. Res. Lett. 41, 6758 (2014).

[38] S. Ebser, A. Kersting, T. Stoven, Z. Feng, L. Ringena, M.
Schmidt, T. Tanhua, W. Aeschbach, and M. K. Oberthaler,
¥ Ar dating with small samples provides new key constraints
on ocean ventilation, Nat. Commun. 9, 5046 (2018).

[39] B. Fenker, A. Gorelov, D. Melconian, J. A. Behr, M. Anholm,
D. Ashery, R. S. Behling, I. Cohen, I. Craiciu, G. Gwinner, J.
McNeil, M. Mehlman, K. Olchanski, P. D. Shidling, S. Smale,
and C. L. Warner, Precision Measurement of the 8 Asymmetry
in Spin-Polarized 3K Decay, Phys. Rev. Lett. 120, 062502
(2018).

[40] W. Jiang, K. Bailey, Z.-T. Lu, P. Mueller, T. O’Connor,
C.-F. Cheng, S.-M. Hu, R. Purtschert, N. Sturchio, Y. Sun,
W. Williams, and G.-M. Yang, An atom counter for mea-
suring 3'Kr and 3°Ar in environmental samples, Geochim.
Cosmochim. Acta 91, 1 (2012).

[41] G.-m. Yang, L.-y. Tu, C.-f. Cheng, X.-y. Zhang, and S.-m.
Hu, Counting radio-Krypton atoms with a laser, Chi. J. Chem.
Phys. 28, 445 (2015).

[42] E. Aprile, T. Yoon, A. Loose, L. W. Goetzke, and T.
Zelevinsky, An atom trap trace analysis system for measuring
krypton contamination in Xenon dark matter detectors, Rev.
Sci. Instrum. 84, 093105 (2013).

[43] E. Aprile, D. Daw, Z. Greene, G. Plante, and T. Zhu, Atom
trap trace analysis of Krypton in Xenon for the XENON dark
matter project, J. Instrum. 13, P10018 (2018).

[44] J. C. McNeil, A. Gorelov, M. J. Anholm, D. G. Melconian, D.
Ashery, J. A. Behr, and I. Cohen, Reconstructed anti-neutrino
energy spectrum and ground state branching ratio of laser
trapped **Rb — °?Srg7, Bull. Am. Phys. Soc. 63 (2018),
http://meetings.aps.org/link/BAPS.2018.HAW.CN.5.

[45] P. F. Smith, Proposed experiments to detect keV-range sterile
neutrinos using energy-momentum reconstruction of beta de-
cay or k-capture events, New J. Phys. 21, 053022 (2019).

[46] X. Yu, F. Granato, B. Lamichhane, C. J. Martoff, and P. F.
Smith, Simion optimization for ion collection in 131Cs ster-
ile neutrino search, Nucl. Instrum. Methods A 959, 163511
(2020).

[47] L. Marmugi, P. M. Walker, and F. Renzoni, Coherent gamma
photon generation in a Bose-Einstein condensate of '3"Cs,
Phys. Lett. B 777, 281 (2018).

[48] M. Tandecki, J. Zhang, R. Collister, S. Aubin, J. A. Behr,
E. Gomez, G. Gwinner, L. A. Orozco, and M. R. Pearson,
Commissioning of the Francium trapping facility at TRIUMF,
J. Instrum. 8, P12006 (2013).

[49] D. H. Potterveld, S. A. Fromm, K. G. Bailey, M. Bishof, D. W.
Booth, M. R. Dietrich, J. P. Greene, R. J. Holt, M. R. Kalita, W.
Korsch, N. D. Lemke, P. Mueller, T. P. O’Connor, R. H. Parker,
T. Rabga, and J. T. Singh, Characterizing the optical trapping
of rare isotopes by Monte Carlo simulation, arXiv:1903.07798
(2019).

[50] T. D. Lee and C. N. Yang, Question of parity conservation in
weak interactions, Phys. Rev. 104, 254 (1956).

[51] J. D. Jackson, S. B. Treiman, and H. W. Wyld, Possible tests
of time reversal invariance in beta decay, Phys. Rev. 106, 517
(1957).

[52] M. Gonzélez-Alonso and O. Naviliat-Cuncic, Kinematic sen-
sitivity to the Fierz term of 8-decay differential spectra, Phys.
Rev. C 94, 035503 (2016).

[53] A. Gorelov, D. Melconian, W. P. Alford, D. Ashery, G. Ball,
J. A. Behr, P. G. Bricault, J. M. D’ Auria, J. Deutsch, J. Dilling,
M. Dombsky, P. Dubé, J. Fingler, U. Giesen, F. Gliick, S. Gu,
O. Héusser, K. P. Jackson, B. K. Jennings, M. R. Pearson, T. J.
Stocki, T. B. Swanson, and M. Trinczek, Scalar Interaction
Limits from the S—v Correlation of Trapped Radioactive
Atoms, Phys. Rev. Lett. 94, 142501 (2005).

[54] C. H. Johnson, F. Pleasonton, and T. A. Carlson, Precision
measurement of the recoil energy spectrum from the decay of
®He, Phys. Rev. 132, 1149 (1963).

[55] J. Hardy, H. Schmeing, J. Geiger, and R. Graham, The super-
allowed 8 decay of '®Ne, 22Mg and 2°Si, Nucl. Phys. A 246,
61 (1975).

[56] F. P. Calaprice, S. J. Freedman, W. C. Mead, and H. C. Vantine,
Experimental Study of Weak Magnetism and Second-Class
Interaction Effects in the 8 Decay of Polarized '°Ne, Phys.
Rev. Lett. 35, 1566 (1975).

[57] T. A. Carlson, Recoil energy spectrum of the sodium ions
following the 8~ decay of Ne®*, Phys. Rev. 132, 2239 (1963).

[58] J. R. Penning and F. H. Schmidt, Radioactive decay of Ne?,
Phys. Rev. 105, 647 (1957).

[59] W. Vassen, C. Cohen-Tannoudji, M. Leduc, D. Boiron, C. L.
Westbrook, A. Truscott, K. Baldwin, G. Birkl, P. Cancio, and
M. Trippenbach, Cold and trapped metastable noble gases,
Rev. Mod. Phys. 84, 175 (2012).

035501-8


https://doi.org/10.1016/j.nima.2016.08.024
https://doi.org/10.1016/j.nima.2016.08.024
https://doi.org/10.1016/j.nima.2016.08.024
https://doi.org/10.1016/j.nima.2016.08.024
https://doi.org/10.1103/PhysRevA.96.053411
https://doi.org/10.1103/PhysRevA.96.053411
https://doi.org/10.1103/PhysRevA.96.053411
https://doi.org/10.1103/PhysRevA.96.053411
https://doi.org/10.1007/s10751-018-1535-x
https://doi.org/10.1007/s10751-018-1535-x
https://doi.org/10.1007/s10751-018-1535-x
https://doi.org/10.1007/s10751-018-1535-x
https://doi.org/10.1140/epja/i2018-12526-2
https://doi.org/10.1140/epja/i2018-12526-2
https://doi.org/10.1140/epja/i2018-12526-2
https://doi.org/10.1140/epja/i2018-12526-2
https://doi.org/10.1088/1742-6596/635/4/042008
https://doi.org/10.1088/1742-6596/635/4/042008
https://doi.org/10.1088/1742-6596/635/4/042008
https://doi.org/10.1088/1742-6596/635/4/042008
https://doi.org/10.1002/2014GL061120
https://doi.org/10.1002/2014GL061120
https://doi.org/10.1002/2014GL061120
https://doi.org/10.1002/2014GL061120
https://doi.org/10.1038/s41467-018-07465-7
https://doi.org/10.1038/s41467-018-07465-7
https://doi.org/10.1038/s41467-018-07465-7
https://doi.org/10.1038/s41467-018-07465-7
https://doi.org/10.1103/PhysRevLett.120.062502
https://doi.org/10.1103/PhysRevLett.120.062502
https://doi.org/10.1103/PhysRevLett.120.062502
https://doi.org/10.1103/PhysRevLett.120.062502
https://doi.org/10.1016/j.gca.2012.05.019
https://doi.org/10.1016/j.gca.2012.05.019
https://doi.org/10.1016/j.gca.2012.05.019
https://doi.org/10.1016/j.gca.2012.05.019
https://doi.org/10.1063/1674-0068/28/cjcp1505108
https://doi.org/10.1063/1674-0068/28/cjcp1505108
https://doi.org/10.1063/1674-0068/28/cjcp1505108
https://doi.org/10.1063/1674-0068/28/cjcp1505108
https://doi.org/10.1063/1.4821879
https://doi.org/10.1063/1.4821879
https://doi.org/10.1063/1.4821879
https://doi.org/10.1063/1.4821879
https://doi.org/10.1088/1748-0221/13/10/P10018
https://doi.org/10.1088/1748-0221/13/10/P10018
https://doi.org/10.1088/1748-0221/13/10/P10018
https://doi.org/10.1088/1748-0221/13/10/P10018
http://meetings.aps.org/link/BAPS.2018.HAW.CN.5
http://meetings.aps.org/link/BAPS.2018.HAW.CN.5
https://doi.org/10.1088/1367-2630/ab1502
https://doi.org/10.1088/1367-2630/ab1502
https://doi.org/10.1088/1367-2630/ab1502
https://doi.org/10.1088/1367-2630/ab1502
https://doi.org/10.1016/j.nima.2020.163511
https://doi.org/10.1016/j.nima.2020.163511
https://doi.org/10.1016/j.nima.2020.163511
https://doi.org/10.1016/j.nima.2020.163511
https://doi.org/10.1016/j.physletb.2017.12.036
https://doi.org/10.1016/j.physletb.2017.12.036
https://doi.org/10.1016/j.physletb.2017.12.036
https://doi.org/10.1016/j.physletb.2017.12.036
https://doi.org/10.1088/1748-0221/8/12/P12006
https://doi.org/10.1088/1748-0221/8/12/P12006
https://doi.org/10.1088/1748-0221/8/12/P12006
https://doi.org/10.1088/1748-0221/8/12/P12006
http://arxiv.org/abs/arXiv:1903.07798
https://doi.org/10.1103/PhysRev.104.254
https://doi.org/10.1103/PhysRev.104.254
https://doi.org/10.1103/PhysRev.104.254
https://doi.org/10.1103/PhysRev.104.254
https://doi.org/10.1103/PhysRev.106.517
https://doi.org/10.1103/PhysRev.106.517
https://doi.org/10.1103/PhysRev.106.517
https://doi.org/10.1103/PhysRev.106.517
https://doi.org/10.1103/PhysRevC.94.035503
https://doi.org/10.1103/PhysRevC.94.035503
https://doi.org/10.1103/PhysRevC.94.035503
https://doi.org/10.1103/PhysRevC.94.035503
https://doi.org/10.1103/PhysRevLett.94.142501
https://doi.org/10.1103/PhysRevLett.94.142501
https://doi.org/10.1103/PhysRevLett.94.142501
https://doi.org/10.1103/PhysRevLett.94.142501
https://doi.org/10.1103/PhysRev.132.1149
https://doi.org/10.1103/PhysRev.132.1149
https://doi.org/10.1103/PhysRev.132.1149
https://doi.org/10.1103/PhysRev.132.1149
https://doi.org/10.1016/0375-9474(75)90563-1
https://doi.org/10.1016/0375-9474(75)90563-1
https://doi.org/10.1016/0375-9474(75)90563-1
https://doi.org/10.1016/0375-9474(75)90563-1
https://doi.org/10.1103/PhysRevLett.35.1566
https://doi.org/10.1103/PhysRevLett.35.1566
https://doi.org/10.1103/PhysRevLett.35.1566
https://doi.org/10.1103/PhysRevLett.35.1566
https://doi.org/10.1103/PhysRev.132.2239
https://doi.org/10.1103/PhysRev.132.2239
https://doi.org/10.1103/PhysRev.132.2239
https://doi.org/10.1103/PhysRev.132.2239
https://doi.org/10.1103/PhysRev.105.647
https://doi.org/10.1103/PhysRev.105.647
https://doi.org/10.1103/PhysRev.105.647
https://doi.org/10.1103/PhysRev.105.647
https://doi.org/10.1103/RevModPhys.84.175
https://doi.org/10.1103/RevModPhys.84.175
https://doi.org/10.1103/RevModPhys.84.175
https://doi.org/10.1103/RevModPhys.84.175

DECAY MICROSCOPE FOR TRAPPED NEON ISOTOPES

PHYSICAL REVIEW C 101, 035501 (2020)

[60] M. Zinner, P. Spoden, T. Kraemer, G. Birkl, and W. Ertmer,
Precision measurement of the metastable > P, lifetime of Neon,
Phys. Rev. A 67, 010501(R) (2003).

[61] T. Feldker, J. Schiitz, H. John, and G. Birkl, Magneto-optical
trapping of bosonic and fermionic neon isotopes and their mix-
tures: isotope shift of the 3P, — 3D; transition and hyperfine
constants of the *Dj state of 2'Ne, Eur. Phys. J. D 65, 257
(2011).

[62] J. Li, P. Jonsson, M. Godefroid, C. Dong, and G. Gaigalas,
Effects of the electron correlation and breit and hyperfine
interactions on the lifetime of the 2p°3s states in neutral neon,
Phys. Rev. A 86, 052523 (2012).

[63] B. Ohayon, H. Rahangdale, A. J. Geddes, J. C. Berengut, and
G. Ron, Isotope shifts in 2>?>Ne: Precision measurements and
global analysis in the framework of intermediate coupling,
Phys. Rev. A 99, 042503 (2019).

[64] A. T. Laffoley, C. E. Svensson, C. Andreoiu, G. C. Ball,
P. C. Bender, H. Bidaman, V. Bildstein, B. Blank, D. S.
Cross, G. Deng, A. D. Varela, M. R. Dunlop, R. Dunlop,
A. B. Garnsworthy, P. E. Garrett, J. Giovinazzo, G. F. Grinyer,
J. Grinyer, G. Hackman, B. Hadinia, D. S. Jamieson, B.
Jigmeddorj, D. Kisliuk, K. G. Leach, J. R. Leslie, A. D.
MacLean, D. Miller, B. Mills, M. Moukaddam, A. J. Radich,
M. M. Rajabali, E. T. Rand, J. C. Thomas, J. Turko, C.
Unsworth, and P. Voss, High-precision half-life measurements
for the superallowed fermi 8+ emitter 'Ne, Phys. Rev. C 92,
025502 (2015).

[65] B. Ridley, The electron-neutrino angular correlation in decay
of Ne?, Nucl. Phys. 6, 34 (1958).

[66] H. Rahangdale, Y. Mishnayot, B. Ohayon, T. Hirsh, S.
Vaintraub, A. Glick-Magid, D. Gazit, and G. Ron, Branching
ratio measurement in 2Ne beta decay, HNPS Proceedings 26,
31 (2019).

[67] N. Scielzo, R. Yee, P. Bertone, F. Buchinger, S. Caldwell, J.
Clark, A. Czeszumska, C. Deibel, J. Greene, S. Gulick, D.
Lascar, A. Levand, G. Li, E. Norman, S. Padgett, M. Pedretti,
A. P. Galvan, G. Savard, R. Segel, K. Sharma, M. Sternberg,
J. V. Schelt, and B. Zabransky, A novel approach to S-delayed
neutron spectroscopy using the beta-decay Paul trap, Nuclear
Data Sheets 120, 70 (2014).

[68] B. S. Wang, S. A. Caldwell, N. D. Scielzo, A. Czeszumska,
J. A. Clark, G. Savard, A. Aprahamian, M. T. Burkey, C. J.
Chiara, J. Harker, A. F. Levand, S. T. Marley, G. E. Morgan,
J. M. Munson, E. B. Norman, A. Nystrom, R. Orford, S. W.
Padgett, A. P. Galvdn, K. S. Sharma, K. Siegl, and S. Y.
Strauss, B-delayed-neutron studies of '33!*Sb and 4 per-
formed with trapped ions, Phys. Rev. C 101, 025806 (2020).

[69] I. Mukul, M. Hass, O. Heber, T. Hirsh, Y. Mishnayot, M.
Rappaport, G. Ron, Y. Shachar, and S. Vaintraub, A °He
production facility and an electrostatic trap for measurement
of the beta-neutrino correlation, Nucl. Instrum. Methods A
899, 16 (2018).

[70] M. T. Burkey, G. Savard, A. Gallant, N. D. Scielzo, J. A. Clark,
T. Y. Hirsh, D. P. Burdette, E. Heckmaier, J. Klimes, K. Kolos,
S. T. Marley, G. E. Morgan, R. Orford, S. Padgett, J. Pierce, R.
Segel, K. S. Sharma, L. Varriano, and B. S. Wang, Precision
Bv correlation measurements with the beta-decay Paul trap,
Hyperfine Interact. 240, 36 (2019).

[71] V. Araujo-Escalona, D. Atanasov, X. Fléchard, P. Alfaurt, P.
Ascher, B. Blank, L. Daudin, M. Gerbaux, J. Giovinazzo,
S. Grévy, T. Kurtukian-Nieto, E. Liénard, G. Quéméner,

N. Severijns, S. Vanlangendonck, M. Versteegen, and D.
Zakoucky, Simultaneous measurements of the beta neu-
trino angular correlation in 3*Ar pure Fermi and pure
Gamow-Teller transitions using beta-proton coincidences,
arXiv:1906.05135 (2019).

[72] V. Araujo-Escalona, P. Alfaurt, P. Ascher, D. Atanasov, B.
Blank, L. Daudin, X. Fléchard, M. Gerbaux, J. Giovinazzo,
S. Grévy, T. K. Nieto, E. Liénard, L. Nies, G. Quéméner, M.
Roche, N. Severijns, S. Vanlangendonck, M. Versteegen, P.
Wagenknecht, and D. Zakoucky, Scalar current limit from the
beta-neutrino correlation: the WISArD experiment, J. Phys.:
Conf. Ser. 1308, 012003 (2019).

[73] G. F. Grinyer, G. C. Ball, H. Bouzomita, S. Ettenauer, P.
Finlay, A. B. Garnsworthy, P. E. Garrett, K. L. Green, G.
Hackman, J. R. Leslie, C. J. Pearson, E. T. Rand, C. S.
Sumithrarachchi, C. E. Svensson, J. C. Thomas, S. Triambak,
and S. J. Williams, Improved half-life determination and 8-
delayed y-ray spectroscopy for '®Ne decay, Phys. Rev. C 87,
045502 (2013).

[74] M. Eibach and M. Mougeot, High-precision measurement of
the '®Ne superallowed B-decay Q-value, Tech. Rep. CERN-
INTC-2018-015. INTC-P-545 (CERN, Geneva, 2018).

[75] A. Laffoley, High precision half-life measurements for the
superallowed Fermi beta emitters oxygen-14 and neon-18,
Ph.D. thesis, University of Guelph, 2015.

[76] M. R. Dunlop, C. E. Svensson, G. C. Ball, G. F. Grinyer, J. R.
Leslie, C. Andreoiu, R. A. E. Austin, T. Ballast, P. C. Bender,
V. Bildstein, A. Diaz Varela, R. Dunlop, A. B. Garnsworthy,
P. E. Garrett, G. Hackman, B. Hadinia, D. S. Jamieson, A. T.
Laffoley, A. D. MacLean, D. M. Miller, W. J. Mills, J. Park,
A. J. Radich, M. M. Rajabali, E. T. Rand, C. Unsworth, A.
Valencik, Z. M. Wang, and E. F. Zganjar, High-Precision Half-
Life Measurements for the Superallowed B+ Emitter '°C:
Implications for Weak Scalar Currents, Phys. Rev. Lett. 116,
172501 (2016).

[77] W. Geithner, T. Neff, G. Audi, K. Blaum, P. Delahaye, H.
Feldmeier, S. George, C. Guénaut, F. Herfurth, A. Herlert,
S. Kappertz, M. Keim, A. Kellerbauer, H.-J. Kluge, M.
Kowalska, P. Lievens, D. Lunney, K. Marinova, R. Neugart, L.
Schweikhard, S. Wilbert, and C. Yazidjian, Masses and Charge
Radii of '7"2Ne and the Two-Proton-Halo Candidate '"Ne,
Phys. Rev. Lett. 101, 252502 (2008).

[78] M. Wang, G. Audi, F. G. Kondev, W. Huang, S. Naimi, and X.
Xu, The AME2016 atomic mass evaluation (II). Tables, graphs
and references, Chin. Phys. C 41, 030003 (2017).

[79] S. Triambak, P. Finlay, C. S. Sumithrarachchi, G. Hackman,
G. C. Ball, P. E. Garrett, C. E. Svensson, D. S. Cross, A. B.
Garnsworthy, R. Kshetri, J. N. Orce, M. R. Pearson, E. R.
Tardiff, H. Al-Falou, R. A. E. Austin, R. Churchman,
M. K. Djongolov, R. D’Entremont, C. Kierans, L.
Milovanovic, S. O’Hagan, S. Reeve, S. K. L. Sjue, and
S. I. Williams, High-Precision Measurement of the '*Ne
Half-Life and Implications for Right-Handed Weak Currents,
Phys. Rev. Lett. 109, 042301 (2012).

[80] L. J. Broussard, H. O. Back, M. S. Boswell, A. S. Crowell,
P. Dendooven, G. S. Giri, C. R. Howell, M. F. Kidd, K.
Jungmann, W. L. Kruithof, A. Mol, C. J. G. Onderwater,
R. W. Pattie, P. D. Shidling, M. Sohani, D. J. van der Hoek,
A. Rogachevskiy, E. Traykov, O. O. Versolato, L. Willmann,
H. W. Wilschut, and A. R. Young, Measurement of the Half-
Life of the r = % Mirror Decay of °Ne and its Implication

035501-9


https://doi.org/10.1103/PhysRevA.67.010501
https://doi.org/10.1103/PhysRevA.67.010501
https://doi.org/10.1103/PhysRevA.67.010501
https://doi.org/10.1103/PhysRevA.67.010501
https://doi.org/10.1140/epjd/e2011-20068-5
https://doi.org/10.1140/epjd/e2011-20068-5
https://doi.org/10.1140/epjd/e2011-20068-5
https://doi.org/10.1140/epjd/e2011-20068-5
https://doi.org/10.1103/PhysRevA.86.052523
https://doi.org/10.1103/PhysRevA.86.052523
https://doi.org/10.1103/PhysRevA.86.052523
https://doi.org/10.1103/PhysRevA.86.052523
https://doi.org/10.1103/PhysRevA.99.042503
https://doi.org/10.1103/PhysRevA.99.042503
https://doi.org/10.1103/PhysRevA.99.042503
https://doi.org/10.1103/PhysRevA.99.042503
https://doi.org/10.1103/PhysRevC.92.025502
https://doi.org/10.1103/PhysRevC.92.025502
https://doi.org/10.1103/PhysRevC.92.025502
https://doi.org/10.1103/PhysRevC.92.025502
https://doi.org/10.1016/0029-5582(58)90074-9
https://doi.org/10.1016/0029-5582(58)90074-9
https://doi.org/10.1016/0029-5582(58)90074-9
https://doi.org/10.1016/0029-5582(58)90074-9
https://doi.org/10.12681/hnps.1792
https://doi.org/10.12681/hnps.1792
https://doi.org/10.12681/hnps.1792
https://doi.org/10.12681/hnps.1792
https://doi.org/10.1016/j.nds.2014.07.009
https://doi.org/10.1016/j.nds.2014.07.009
https://doi.org/10.1016/j.nds.2014.07.009
https://doi.org/10.1016/j.nds.2014.07.009
https://doi.org/10.1103/PhysRevC.101.025806
https://doi.org/10.1103/PhysRevC.101.025806
https://doi.org/10.1103/PhysRevC.101.025806
https://doi.org/10.1103/PhysRevC.101.025806
https://doi.org/10.1016/j.nima.2018.05.017
https://doi.org/10.1016/j.nima.2018.05.017
https://doi.org/10.1016/j.nima.2018.05.017
https://doi.org/10.1016/j.nima.2018.05.017
https://doi.org/10.1007/s10751-019-1580-0
https://doi.org/10.1007/s10751-019-1580-0
https://doi.org/10.1007/s10751-019-1580-0
https://doi.org/10.1007/s10751-019-1580-0
http://arxiv.org/abs/arXiv:1906.05135
https://doi.org/10.1088/1742-6596/1308/1/012003
https://doi.org/10.1088/1742-6596/1308/1/012003
https://doi.org/10.1088/1742-6596/1308/1/012003
https://doi.org/10.1088/1742-6596/1308/1/012003
https://doi.org/10.1103/PhysRevC.87.045502
https://doi.org/10.1103/PhysRevC.87.045502
https://doi.org/10.1103/PhysRevC.87.045502
https://doi.org/10.1103/PhysRevC.87.045502
https://doi.org/10.1103/PhysRevLett.116.172501
https://doi.org/10.1103/PhysRevLett.116.172501
https://doi.org/10.1103/PhysRevLett.116.172501
https://doi.org/10.1103/PhysRevLett.116.172501
https://doi.org/10.1103/PhysRevLett.101.252502
https://doi.org/10.1103/PhysRevLett.101.252502
https://doi.org/10.1103/PhysRevLett.101.252502
https://doi.org/10.1103/PhysRevLett.101.252502
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1103/PhysRevLett.109.042301
https://doi.org/10.1103/PhysRevLett.109.042301
https://doi.org/10.1103/PhysRevLett.109.042301
https://doi.org/10.1103/PhysRevLett.109.042301

BEN OHAYON et al.

PHYSICAL REVIEW C 101, 035501 (2020)

on Physics Beyond the Standard Model, Phys. Rev. Lett. 112,
212301 (2014).

[81] C. Fontbonne, P. Ujic, F. deOliveiraSantos, X. Flechard, F.
Rotaru, N. L. Achouri, V. G. Alcindor, B. Bastin, F. Boulay,
J. B. Briand, A. M. Sanchez-Benitez, H. Bouzomita, C.
Borcea, R. Borcea, B. Blank, B. Carniol, 1. Celikovic, P.
Delahaye, F. Delaunay, D. Etasse, G. Fremont, G. deFrance,
J. M. Fontbonne, G. F. Grinyer, J. Harang, J. Hommet, A.
Jevremovic, M. Lewitowicz, I. Martel, J. Mrazek, M. Parlog, J.
Poincheval, D. Ramos, C. Spitaels, M. Stanoiu, J. C. Thomas,
and D. Toprek, High precision measurement of the °Ne g-
decay half-life using real-time digital acquisition, Phys. Rev.
C 96, 065501 (2017).

[82] E. R. J. Saettler, F. P. Calaprice, A. L. Hallin, and M. M.
Lowry, Beta asymmetry of the first forbidden 1/27 — 1/2~
transition in '°Ne and its relationship to the parity noncon-
serving nucleon-nucleon interaction, Phys. Rev. C 48, 3069
(1993).

[83] B. M. Rebeiro, S. Triambak, P. Z. Mabika, P. Finlay, C. S.
Sumithrarachchi, G. Hackman, G. C. Ball, P. E. Garrett, C. E.
Svensson, D. S. Cross, R. Dunlop, A. B. Garnsworthy, R.
Kshetri, J. N. Orce, M. R. Pearson, E. R. Tardiff, H. Al-
Falou, R. A. E. Austin, R. Churchman, M. K. Djongolov,
R. D’Entremont, C. Kierans, L. Milovanovic, S. O’Hagan, S.
Reeve, S. K. L. Sjue, S. J. Williams, and S. S. Ntshangase,
Precise branching ratio measurements in '°Ne 8 decay and
fundamental tests of the weak interaction, Phys. Rev. C 99,
065502 (2019).

[84] L. Hayen and N. Severijns, Radiative corrections to gamow-
teller decays, arXiv:1906.09870 (2019).

[85] M. Konieczka, P. Baczyk, and W. Satuta, Precision calcula-
tion of isospin-symmetry-breaking corrections to t=1/2 mirror
decays using multi-reference charge-dependent density func-
tional theory, arXiv:1909.09350 (2019).

[86] J. C. Hardy and I. S. Towner, Superallowed 0% — 0™ nuclear
B decays: 2014 critical survey, with precise results for V,; and
CKM unitarity, Phys. Rev. C 91, 025501 (2015).

[87] P. Delahaye, C. Couratin, E. Liénard, O. Bajeat, G. Ban, D.
Durand, X. Fléchard, O. Naviliat-Cuncic, M. Saint Laurent,
T. Stora, J. C. Thomas, and E. Traykov, Production and
separation of T=1/2 nuclides for 8’v angular correlation mea-
surements, in Proceedings of the 4th International Conference
on Proton Emitting Nuclei and Related Topics, edited by
B. Blank, AIP Conf. Proc. No. 1409 (AIP, Melville, 2011),
pp. 165-170.

[88] E. Liénard, G. Ban, C. Couratin, P. Delahaye, D. Durand, X.
Fabian, B. Fabre, X. Fléchard, P. Finlay, F. Mauger, A. Méry,
O. Naviliat-Cuncic, B. Pons, T. Porobic, G. Quéméner, N.
Severijns, J. C. Thomas, and P. Velten, Precision measure-
ments with LPCTrap at GANIL, Hyperfine Interact. 236, 1
(2015).

[89] M. Brodeur, J. Kelly, J. Long, C. Nicoloff, and B. Schultz,
V.a determination from light nuclide mirror transitions, Nucl.
Instrum. Methods B 376, 281 (2016).

[90] X. Fabian, X. Fléchard, B. Pons, E. Liénard, G. Ban, M.
Breitenfeldt, C. Couratin, P. Delahaye, D. Durand, P. Finlay, B.
Guillon, Y. Lemiére, F. Mauger, A. Méry, O. Naviliat-Cuncic,
T. Porobic, G. Quéméner, N. Severijns, and J.-C. Thomas,
Electron shakeoff following the 8+ decay of '*Ne" and ¥Ar"
trapped ions, Phys. Rev. A 97, 023402 (2018).

[91] P. Delahaye, G. Ban, M. Benali, D. Durand, X. Fabian, X.
Fléchard, M. Herbane, E. Liénard, F. Mauger, A. Méry, Y.
Merrer, O. Naviliat-Cuncic, G. Quéméner, B. M. Retailleau,
D. Rodriguez, J. C. Thomas, and P. Ujic, The open LPC paul
trap for precision measurements in beta decay, Eur. Phys. J. A
55,101 (2019).

[92] D. Burdette, M. Brodeur, P. O’Malley, and A. Valverde, De-
velopment of the St. Benedict Paul Trap at the Nuclear Science
Laboratory, Hyperfine Interact. 240, 70 (2019).

[93] D. Pocani¢, R. Alarcon, L. Alonzi, S. BaeBler, S. Balascuta,
J. Bowman, M. Bychkov, J. Byrne, J. Calarco, V. Cianciolo,
C. Crawford, E. Frlez, M. Gericke, G. Greene, R. Grzywacz,
V. Gudkov, F. Hersman, A. Klein, J. Martin, S. Page, A.
Palladino, S. Penttild, K. Rykaczewski, W. Wilburn, A. Young,
and G. Young, Nab: Measurement principles, apparatus and
uncertainties, Nucl. Instrum. Methods A 611, 211 (2009).

[94] G. Darius, W. A. Byron, C. R. DeAngelis, M. T. Hassan,
F. E. Wietfeldt, B. Collett, G. L. Jones, M. S. Dewey, M. P.
Mendenhall, J. S. Nico, H. Park, A. Komives, and E. J.
Stephenson, Measurement of the Electron-Antineutrino An-
gular Correlation in Neutron g Decay, Phys. Rev. Lett. 119,
042502 (2017).

[95] F. E. Wietfeldt, W. A. Byron, G. Darius, C. R. DeAngelis,
M. T. Hassan, M. S. Dewey, M. P. Mendenhall, J. S. Nico, B.
Collett, G. L. Jones, A. Komives, and E. J. Stephenson, Mea-
surement of the electron-antineutrino correlation in neutron
beta decay: aCORN experiment, arXiv:1810.00857 (2018).

[96] L. J. Broussard, S. BaeBler, T. L. Bailey, N. Birge, J. D.
Bowman, C. B. Crawford, C. Cude-Woods, D. E. Fellers, N.
Fomin, E. Frlez, M. T. W. Gericke, L. Hayen, A. P. Jezghani,
H. Li, N. Macsai, M. F. Makela, R. R. Mammei, D. Mathews,
P. L. McGaughey, P. E. Mueller, D. Pocani¢, C. A. Royse,
A. Salas-Bacci, S. K. L. Sjue, J. C. Ramsey, N. Severijns,
E. C. Smith, J. Wexler, R. A. Whitehead, A. R. Young, and
B. A. Zeck, Using nab to determine correlations in unpolarized
neutron decay, Hyperfine Interact. 240, 1 (2018).

[97] M. Beck, F. A. Guardia, S. BaeBler, M. Borg, F. Gliick, W.
Heil, J. Kahlenberg, M. Klopf, G. Konrad, R. Maisonobe,
R. M. Horta, C. Schmidt, U. Schmidt, M. Simson, T. Soldner,
R. Virot, A. Wunderle, and O. Zimmer, Improved determina-
tion of the 8-V, angular correlation coefficient a in free neu-
tron decay with the a SPECT spectrometer, arXiv:1908.04785
(2019).

[98] Daniel Moser, Hartmut Abele, Joachim Bosina, Harald
Fillunger, Torsten Soldner, Xiangzun Wang, Johann Zmeskal,
and Gertrud Konrad, NoMoS: An r x b drift momentum spec-
trometer for beta decay studies, EPJ Web Conf. 219, 04003
(2019).

[99] B. Belfatto, R. Beradze, and Z. Berezhiani, The ckm uni-
tarity problem: A trace of new physics at the Tev scale?
arXiv:1906.02714 (2019).

[100] Y. Grossman, E. Passemar, and S. Schacht, On the statistical
treatment of the Cabibbo angle anomaly, arXiv:1911.07821
(2019).

[101] C.-Y. Seng, M. Gorchtein, and M. J. Ramsey-Musolf, Disper-
sive evaluation of the inner radiative correction in neutron and
nuclear B decay, Phys. Rev. D 100, 013001 (2019).

[102] A. Czarnecki, W. J. Marciano, and A. Sirlin, Radiative correc-
tions to neutron and nuclear beta decays revisited, Phys. Rev.
D 100, 073008 (2019).

035501-10


https://doi.org/10.1103/PhysRevLett.112.212301
https://doi.org/10.1103/PhysRevLett.112.212301
https://doi.org/10.1103/PhysRevLett.112.212301
https://doi.org/10.1103/PhysRevLett.112.212301
https://doi.org/10.1103/PhysRevC.96.065501
https://doi.org/10.1103/PhysRevC.96.065501
https://doi.org/10.1103/PhysRevC.96.065501
https://doi.org/10.1103/PhysRevC.96.065501
https://doi.org/10.1103/PhysRevC.48.3069
https://doi.org/10.1103/PhysRevC.48.3069
https://doi.org/10.1103/PhysRevC.48.3069
https://doi.org/10.1103/PhysRevC.48.3069
https://doi.org/10.1103/PhysRevC.99.065502
https://doi.org/10.1103/PhysRevC.99.065502
https://doi.org/10.1103/PhysRevC.99.065502
https://doi.org/10.1103/PhysRevC.99.065502
http://arxiv.org/abs/arXiv:1906.09870
http://arxiv.org/abs/arXiv:1909.09350
https://doi.org/10.1103/PhysRevC.91.025501
https://doi.org/10.1103/PhysRevC.91.025501
https://doi.org/10.1103/PhysRevC.91.025501
https://doi.org/10.1103/PhysRevC.91.025501
https://doi.org/10.1007/s10751-015-1198-9
https://doi.org/10.1007/s10751-015-1198-9
https://doi.org/10.1007/s10751-015-1198-9
https://doi.org/10.1007/s10751-015-1198-9
https://doi.org/10.1016/j.nimb.2015.12.038
https://doi.org/10.1016/j.nimb.2015.12.038
https://doi.org/10.1016/j.nimb.2015.12.038
https://doi.org/10.1016/j.nimb.2015.12.038
https://doi.org/10.1103/PhysRevA.97.023402
https://doi.org/10.1103/PhysRevA.97.023402
https://doi.org/10.1103/PhysRevA.97.023402
https://doi.org/10.1103/PhysRevA.97.023402
https://doi.org/10.1140/epja/i2019-12777-3
https://doi.org/10.1140/epja/i2019-12777-3
https://doi.org/10.1140/epja/i2019-12777-3
https://doi.org/10.1140/epja/i2019-12777-3
https://doi.org/10.1007/s10751-019-1606-7
https://doi.org/10.1007/s10751-019-1606-7
https://doi.org/10.1007/s10751-019-1606-7
https://doi.org/10.1007/s10751-019-1606-7
https://doi.org/10.1016/j.nima.2009.07.065
https://doi.org/10.1016/j.nima.2009.07.065
https://doi.org/10.1016/j.nima.2009.07.065
https://doi.org/10.1016/j.nima.2009.07.065
https://doi.org/10.1103/PhysRevLett.119.042502
https://doi.org/10.1103/PhysRevLett.119.042502
https://doi.org/10.1103/PhysRevLett.119.042502
https://doi.org/10.1103/PhysRevLett.119.042502
http://arxiv.org/abs/arXiv:1810.00857
https://doi.org/10.1007/s10751-018-1538-7
https://doi.org/10.1007/s10751-018-1538-7
https://doi.org/10.1007/s10751-018-1538-7
https://doi.org/10.1007/s10751-018-1538-7
http://arxiv.org/abs/arXiv:1908.04785
https://doi.org/10.1051/epjconf/201921904003
https://doi.org/10.1051/epjconf/201921904003
https://doi.org/10.1051/epjconf/201921904003
https://doi.org/10.1051/epjconf/201921904003
http://arxiv.org/abs/arXiv:1906.02714
http://arxiv.org/abs/arXiv:1911.07821
https://doi.org/10.1103/PhysRevD.100.013001
https://doi.org/10.1103/PhysRevD.100.013001
https://doi.org/10.1103/PhysRevD.100.013001
https://doi.org/10.1103/PhysRevD.100.013001
https://doi.org/10.1103/PhysRevD.100.073008
https://doi.org/10.1103/PhysRevD.100.073008
https://doi.org/10.1103/PhysRevD.100.073008
https://doi.org/10.1103/PhysRevD.100.073008

DECAY MICROSCOPE FOR TRAPPED NEON ISOTOPES

PHYSICAL REVIEW C 101, 035501 (2020)

[103] P. D. Shidling, V. S. Kolhinen, B. Schroeder, N. Morgan, A.
Ozmetin, and D. Melconian, TAMUTRAP facility: Penning
trap facility for weak interaction studies, Hyperfine Interact.
240, 40 (2019).

[104] M. G. Sternberg, R. Segel, N. D. Scielzo, G. Savard, J. A.
Clark, P. F. Bertone, F. Buchinger, M. Burkey, S. Caldwell,
A. Chaudhuri, J. E. Crawford, C. M. Deibel, J. Greene, S.
Gulick, D. Lascar, A. F. Levand, G. Li, A. Pérez Galvan, K. S.
Sharma, J. Van Schelt, R. M. Yee, and B. J. Zabransky, Limit
on Tensor Currents from SLi 8 Decay, Phys. Rev. Lett. 115,
182501 (2015).

[105] B. Ohayon and G. Ron, New approaches in designing a
Zeeman slower, J. Instrum. 8, P02016 (2013).

[106] B. Ohayon and G. Ron, Investigation of different magnetic
field configurations using an electrical, modular Zeeman
slower, Rev. Sci. Instrum. 86, 103110 (2015).

[107] J. Zhang, R. Collister, K. Shiells, M. Tandecki, S. Aubin,
J. A. Behr, E. Gomez, A. Gorelov, G. Gwinner, L. A.
Orozco, M. R. Pearson, and Y. Zhao, Efficient inter-trap
transfer of cold Francium atoms, Hyperfine Interact. 237, 150
(2016).

[108] F. Fang, D. J. Vieira, and X. Zhao, Precision polarization
measurements of atoms in a far-off-resonance optical dipole
trap, Phys. Rev. A 83, 013416 (2011).

[109] R. H. Parker, M. R. Dietrich, K. Bailey, J. P. Greene, R. J.
Holt, M. R. Kalita, W. Korsch, Z.-T. Lu, P. Mueller, T. P.
O’Connor, J. Singh, I. A. Sulai, and W. L. Trimble, Efficient,
tightly-confined trapping of 22¢ Ra, Phys. Rev. C 86, 065503
(2012).

[110] B. Ohayon, E. Wahlin, and G. Ron, Characterization of a
metastable neon beam extracted from a commercial RF ion
source, J. Instrum. 10, PO3009 (2015).

[111] J. R. A. Pitcairn, D. Roberge, A. Gorelov, D. Ashery, O. Aviv,
J. A. Behr, P. G. Bricault, M. Dombsky, J. D. Holt, K. P.
Jackson, B. Lee, M. R. Pearson, A. Gaudin, B. Dej, C. Hohr,
G. Gwinner, and D. Melconian, Tensor interaction constraints

from B-decay recoil spin asymmetry of trapped atoms, Phys.
Rev. C 79, 015501 (2009).

[112] P. A. Vetter, J. R. Abo-Shaeer, S. J. Freedman, and R.
Maruyama, Measurement of the S—v correlation of 2'Na
using shakeoff electrons, Phys. Rev. C 77, 035502 (2008).

[113] A. T. Eppink and D. H. Parker, Velocity map imaging of
ions and electrons using electrostatic lenses: Application in
photoelectron and photofragment ion imaging of molecular
Oxygen, Rev. Sci. Instrum. 68, 3477 (1997).

[114] T. A. Carlson, F. Pleasonton, and C. H. Johnson, Electron
shake off following the 8~ decay of He®, Phys. Rev. 129, 2220
(1963).

[115] C. Couratin, P. Velten, X. Fléchard, E. Liénard, G. Ban, A.
Cassimi, P. Delahaye, D. Durand, D. Hennecart, F. Mauger,
A. Méry, O. Naviliat-Cuncic, Z. Patyk, D. Rodriguez, K.
Siegien-Iwaniuk, and J.-C. Thomas, First Measurement of
Pure Electron Shakeoff in the 8 Decay of Trapped He™ Tons,
Phys. Rev. Lett. 108, 243201 (2012).

[116] N. Scielzo, S. Freedman, B. Fujikawa, I. Kominis, R.
Maruyama, P. Vetter, and J. Vieregg, Detecting shake-off
electron-ion coincidences to measure B-decay correlations in
laser trapped 2!'Na, Nucl. Phys. A 746, 677 (2004).

[117] S. Skruszewicz, J. Passig, A. Przystawik, N. Truong, M.
Kother, J. Tiggesbdumker, and K.-H. Meiwes-Broer, A new
design for imaging of fast energetic electrons, Int. J. Mass
Spectrom. 365-366, 338 (2014).

[118] N. G. Kling, D. Paul, A. Gura, G. Laurent, S. De, H. Li, Z.
Wang, B. Ahn, C. H. Kim, T. K. Kim, L. V. Litvinyuk, C. L.
Cocke, 1. Ben-Itzhak, D. Kim, and M. F. Kling, Thick-lens
velocity-map imaging spectrometer with high resolution for
high-energy charged particles, J. Instrum. 9, PO5005 (2014).

[119] D. Schomas, N. Rendler, J. Krull, R. Richter, and M. Mudrich,
A compact design for velocity-map imaging of energetic elec-
trons and ions, J. Chem. Phys. 147, 013942 (2017).

[120] D. A. Dahl, simion for the personal computer in reflection, Int.
J. Mass Spectrom. 200, 3 (2000).

035501-11


https://doi.org/10.1007/s10751-019-1584-9
https://doi.org/10.1007/s10751-019-1584-9
https://doi.org/10.1007/s10751-019-1584-9
https://doi.org/10.1007/s10751-019-1584-9
https://doi.org/10.1103/PhysRevLett.115.182501
https://doi.org/10.1103/PhysRevLett.115.182501
https://doi.org/10.1103/PhysRevLett.115.182501
https://doi.org/10.1103/PhysRevLett.115.182501
https://doi.org/10.1088/1748-0221/8/02/P02016
https://doi.org/10.1088/1748-0221/8/02/P02016
https://doi.org/10.1088/1748-0221/8/02/P02016
https://doi.org/10.1088/1748-0221/8/02/P02016
https://doi.org/10.1063/1.4934248
https://doi.org/10.1063/1.4934248
https://doi.org/10.1063/1.4934248
https://doi.org/10.1063/1.4934248
https://doi.org/10.1007/s10751-016-1347-9
https://doi.org/10.1007/s10751-016-1347-9
https://doi.org/10.1007/s10751-016-1347-9
https://doi.org/10.1007/s10751-016-1347-9
https://doi.org/10.1103/PhysRevA.83.013416
https://doi.org/10.1103/PhysRevA.83.013416
https://doi.org/10.1103/PhysRevA.83.013416
https://doi.org/10.1103/PhysRevA.83.013416
https://doi.org/10.1103/PhysRevC.86.065503
https://doi.org/10.1103/PhysRevC.86.065503
https://doi.org/10.1103/PhysRevC.86.065503
https://doi.org/10.1103/PhysRevC.86.065503
https://doi.org/10.1088/1748-0221/10/03/P03009
https://doi.org/10.1088/1748-0221/10/03/P03009
https://doi.org/10.1088/1748-0221/10/03/P03009
https://doi.org/10.1088/1748-0221/10/03/P03009
https://doi.org/10.1103/PhysRevC.79.015501
https://doi.org/10.1103/PhysRevC.79.015501
https://doi.org/10.1103/PhysRevC.79.015501
https://doi.org/10.1103/PhysRevC.79.015501
https://doi.org/10.1103/PhysRevC.77.035502
https://doi.org/10.1103/PhysRevC.77.035502
https://doi.org/10.1103/PhysRevC.77.035502
https://doi.org/10.1103/PhysRevC.77.035502
https://doi.org/10.1063/1.1148310
https://doi.org/10.1063/1.1148310
https://doi.org/10.1063/1.1148310
https://doi.org/10.1063/1.1148310
https://doi.org/10.1103/PhysRev.129.2220
https://doi.org/10.1103/PhysRev.129.2220
https://doi.org/10.1103/PhysRev.129.2220
https://doi.org/10.1103/PhysRev.129.2220
https://doi.org/10.1103/PhysRevLett.108.243201
https://doi.org/10.1103/PhysRevLett.108.243201
https://doi.org/10.1103/PhysRevLett.108.243201
https://doi.org/10.1103/PhysRevLett.108.243201
https://doi.org/10.1016/j.nuclphysa.2004.09.048
https://doi.org/10.1016/j.nuclphysa.2004.09.048
https://doi.org/10.1016/j.nuclphysa.2004.09.048
https://doi.org/10.1016/j.nuclphysa.2004.09.048
https://doi.org/10.1016/j.ijms.2014.02.009
https://doi.org/10.1016/j.ijms.2014.02.009
https://doi.org/10.1016/j.ijms.2014.02.009
https://doi.org/10.1016/j.ijms.2014.02.009
https://doi.org/10.1088/1748-0221/9/05/P05005
https://doi.org/10.1088/1748-0221/9/05/P05005
https://doi.org/10.1088/1748-0221/9/05/P05005
https://doi.org/10.1088/1748-0221/9/05/P05005
https://doi.org/10.1063/1.4984076
https://doi.org/10.1063/1.4984076
https://doi.org/10.1063/1.4984076
https://doi.org/10.1063/1.4984076
https://doi.org/10.1016/S1387-3806(00)00305-5
https://doi.org/10.1016/S1387-3806(00)00305-5
https://doi.org/10.1016/S1387-3806(00)00305-5
https://doi.org/10.1016/S1387-3806(00)00305-5

