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A precise determination of the atomic mass of "> As has been performed utilizing the double Penning trap mass
spectrometer, JYFLTRAP. The mass excess is measured to be —73035.519(42) keV /c?, which is a factor of 21
more precise and 1.3(9) keV/c? lower than the adopted value in the newest Atomic Mass Evaluation (AME2020).
This value has been used to determine the ground-state—to—ground-state electron-capture decay Q value of "> Se
and B~ decay Q value of ”Ge, which are derived to be 866.041(81) keV and 1178.561(65) keV, respectively.
Using the nuclear energy-level data of 860.00(40) keV, 865.40(50) keV (final states of electron capture), and
1172.00(60) keV (final state of B~ decay) for the excited states of > As*, we have determined the ground-
state—to—excited-state Q values for two transitions of °Se — 7As* and one transition of "Ge — " As*.
The ground-state—to—excited-state Q values are determined to be 6.04(41) keV, 0.64(51) keV, and 6.56(60) keV,
respectively, thus confirming that the three low Q-value transitions are all energetically valid and one of them is a
possible candidate channel for antineutrino mass determination. Furthermore, the ground-state—to—excited-state
Q value of transition Se — 7SAs* [865.40(50) keV] is revealed to be ultralow (<1 keV) and the first-ever

confirmed electron capture transition possessing an ultralow Q value from direct measurements.

DOI: 10.1103/PhysRevC.106.015501

I. INTRODUCTION

The discovery of flavor oscillations of atmospheric, so-
lar, and reactor neutrinos confirms that neutrinos have mass
[1-3]. The standard model (SM) contradictorily predicts that
the neutrino mass is zero. How neutrinos acquire their small
masses is consequently a matter of great theoretical interest
and may be an evidence of new physics beyond the SM.
Oscillation data provide only the differences of the squared
neutrino masses but not their absolute values. In order to
solve the open problem of the absolute values of the neu-
trino masses, laboratory measurements are necessary. Among
these experiments, the ones dedicated to measurements of the
neutrinoless double  decay aim to determine if neutrinos
are of Dirac or Majorana nature and to measure the effective
Majorana neutrino mass [4—7]. Unfortunately, this method is
model-dependent and highly relies on the calculated values of
the involved transition matrix elements. A direct and model-
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independent method for determining (anti)neutrino mass is
based on single B decay or electron capture (EC) [8,9]. From
the B~ decay of tritium, one can determine the electron-
antineutrino mass by zooming in the slight distortion of the
shape of the electron spectrum near the endpoint, determined
by the decay Q value minus the antineutrino mass. In a
similar vein, in the EC of '3Ho [8], one can determine the
electron-neutrino mass from the endpoint of the measured de-
excitation spectrum, which is shifted below Q by the nonzero
neutrino mass. In both B decay and EC, the sensitivity to
(anti)neutrino mass is increased by a small Q value. Therefore,
as small as possible Q value is desired in these (anti)neutrino-
mass determination experiments. Due to this reason, tritium
with low B~ -decay Q value of 18.59201(7) keV [10] in the
KATRIN (KArlsruhe TRitium Neutrino) experiment [11,12],
and '®*Ho with low EC Q value of 2.833(30),4(15),s keV
[13] in the ECHo (electron capture in '*Ho) [8,14] HOLMES
[15,16] experiments are used. An upper limit of 0.8eV/c?
[90% confidence level (C.L.)] for the electron-antineutrino
mass is achieved in the tritium decay by KATRIN [9], and
for electron-neutrino mass an upper limit of 150eV /c? (95%
C.L.) was obtained exploiting the EC of '*Ho in the ECHo
experiment [17].

Other isotopes with low Q-value decay transition, es-
pecially ultralow (<1 keV), are of significant interest for

©2022 American Physical Society
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FIG. 1. (a) Schematic view of ion production and mass measurements with PI-ICR technique. The stable ”As* and °Ge™ ions were
simultaneously produced with an offline glow-discharge ion source, where the ions were produced and transported with an He gas flow and
electric fields. Ions having mass number of 75 or 76 were selected with a dipole magnet and transported to the JYFLTRAP PTMS for final
ion species selection in the preparation trap by means of a buffer-gas cooling and cyclotron frequency determination using the phase-imaging
technique at the measurement trap. A position-sensitive MCP detector was used to register the images of the phases. (b) An illustration of the

» 9

radial-motion (“magnetron”,

cyclotron”, and “center”) projection of the >As™ ions onto the position-sensitive MCP detector. The magnetron

phase spot is displayed on the left side and the cyclotron phase spot on the right. The angle difference between the two spots relative to the
center spot is utilized to deduce the cyclotron frequency of the measured ion. The number of ions in each pixel is illustrated by color bars.

future neutrino-mass absolute-scale determination experi-
ments [18-23]. The Q values determined with indirect
methods may include unknown systematic uncertainties. This
can make these O values deviate by more than 10 keV
[22,24,25] from those directly determined through high-
precision Penning-trap mass spectrometry (PTMS). Direct
measurements of the masses or Q values through PTMS,
which is to date the only direct method to have achieved
~100 eV precision or better, are indispensable in the searches
for ultralow Q-value transitions. The first ultralow Q-value
decay, '"In (9/2%, ground state) — ''3Sn (9/27, excited
state), was discovered by Cattadori ef al. [26] and the ultralow
Q value was confirmed by the JYFLTRAP Penning trap [27]
and the FSU Penning trap [28]. The second ultralow Q-value
case of 1*>Cs (7/2*, ground state) decaying to '**Ba (11/2",
second excited state) was discovered at JYFLTRAP [21,29]
recently. These are the only two cases that are confirmed to
possess ultralow Q values from direct measurements, and they
both belong to the category of B~ decay.

In this paper, we report on the high-precision mass de-
termination of 7> As from cyclotron frequency measurements
with high-precision PTMS. The ground-state—to—ground-state
(g.s.-to-g.s.) EC Q value of the transition °Se — °As
and B~ -decay Q value of the transition "Ge — "As are
determined. The high-precision g.s.-to-g.s. Q values from
this work, combined with the nuclear energy-level data for
three excited states of ">As, are used to determine their
ground-state—to—excited-state (g.s.-to-es) Q values. Three low
Q-value transitions are confirmed to be energetically possible
and the first to date ultralow Q-value EC transition has been
discovered in this experiment.

II. EXPERIMENTAL METHOD

The atomic mass of As was measured with the
JYFLTRAP double PTMS [30] at the Ion Guide Isotope
Separator On-Line facility (IGISOL) [31] of the University
of Jyviskyld. The stable ">As™ ions were produced with an

offline glow-discharge ion source. To measure the mass of
5 As precisely, °Ge* ions with well-known mass value were
used as reference ion, coproduced from the same ion source.
As shown in Fig. 1(a), the gas cell of the glow-discharge ion
source contains two sharp electrodes, of which one is made
of the mixture of natural abundance arsenic and germanium,
allowing simultaneous production of ions of these elements.
The produced ions were stopped in the gas cell and extracted
out with gas flow and electric fields. They were subsequently
accelerated with a voltage of ~30 kV and transported further
to a 90° electrostatic bender to the main horizontal beamline
before the dipole magnet. With a mass resolving power of
M/AM = 500, the dipole magnet is used to selectively trans-
port the "As™ or °Ge™ ions to a radiofrequency quadrupole
cooler-buncher (RFQ) [32]. After cooling and bunching the
ions with the RFQ, they were transported to the JYFLTRAP
double PTMS as schematically shown in Fig. 1(a).

After the dipole magnet, in principle pure ion beams of
5Ast and 7®Ge* with unambiguous identification from the
offline ion source are separated and selected. To ensure that
any possible isobaric or molecular contaminations are re-
moved, the first (preparation) trap is used via the sideband
buffer gas cooling technique [33] with a typical resolving
power of around 10°. Finally, the purified sample of "> As™
or °Ge" ions are injected into the second (measurement)
trap. The ion’s cyclotron frequency v, = % %3, where B is the
magnetic field strength, g is the charge state and m the mass
of the ion, is determined in the second Penning trap.

The phase-imaging ion-cyclotron-resonance (PI-ICR)
technique [34] at JYFLTRAP is used to measure the cyclotron
frequency in this work. This technique depends on projecting
the ion motion in the Penning trap onto a position-sensitive
multichannel-plate ion detector [schematic shown in Fig. 1(a)]
and provides around 40 times better resolving power and is 25
times faster than the conventional TOF-ICR method [34-36].
Measurement scheme 2 described in [35] was applied to mea-
sure the cyclotron frequency v, of the corresponding nuclide.
The timing patterns utilized to measure the magnetron or
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cyclotron motion phases to determine v, are described in
detail in [34,37]. The PI-ICR measurement is initiated by
exciting a cooled ion bunch with a dipolar radiofrequency
electric field at the trap-modified cyclotron frequency v.. This
is a short excitation lasting approximately 1 ms. Afterwards,
the trap-modified cyclotron motion is converted to magnetron
motion using a quadrupole excitation with the cyclotron fre-
quency v, and a duration of approximately 2 ms. Two different
delays for the application of this excitation are alternatively
used. In one, the conversion pulse is applied right after the
dipolar excitation and in the other after a longer time. The
time difference of the excitation pulses is called the phase ac-
cumulation time, denoted ¢. During this time, in a cycle with a
very short conversion pulse delay, the ions perform magnetron
motion and in the one with a long delay modified cyclotron
motion. After, the ions are extracted from the trap (the time
difference between the initial dipolar excitation and the ex-
traction is always constant irrespective of the quadrupole
conversion delay) and their positions are recorded with a
position-sensitive MCP detector [38]. The spot obtained with
the small conversion time delay is called the magnetron spot
and the one with the long delay is the cyclotron spot. The
center spot of the ions of interest is collected by extracting the
ions directly to project them onto the MCP detector without
applying any excitation. The angle between the spots of the
cyclotron and magnetron phases with respect to the center
spot is o, = w4+ — a—, where oy and «_ are the polar angles
of the magnetron motion phase and cyclotron motion phases,
respectively. The cyclotron frequency v, is deduced from

o, + 2mn,
ve = 2t M
where n. are the number of complete revolutions of the
measured ion during the phase accumulation time ¢. The ac-
cumulation time ¢ for 2As™ and 7°Get was 400 ms, which
ensures the spot of interest was resolved from any possible
isobaric, and molecular contamination. The positions of the
magnetron-motion and cyclotron-motion phase spots were
chosen such that the angle o, did not exceed a few degrees. By
this way, the shift in the frequency ratio measurements, due to
the conversion of the cyclotron motion to magnetron motion
and the possible distortion of the ion-motion projection, can
be reduced to a level well below 10~!° [35]. In addition, the
start of the initial dipolar excitation with frequency v, was
repeatedly scanned over one magnetron period (six points)
and the extraction was scanned over one cyclotron period (six
points) to average out any residual magnetron and cyclotron
motion that could shift the different spots. One collected data
of phase imaging of on the MCP detector on Fig. 1(b).
The atomic mass of the ion of interest was derived from the
measured cyclotron frequency ratio:

M, = R(Mref —me) +m, + (RBref - Bioi)/cza (2)

where M;, and M,.r are the masses of the ion of interest
("3As™) and reference ("®Ge™) atoms, respectively. R = y
is their cyclotron frequency ratio for singly charged ions. m,
is the mass of electron and c is the speed of light in vacuum.
B,.s and By, are the electron binding energy of 76Get and

TABLE 1. Final results from the analysis of mean cyclotron fre-
quency ratio between the ion of interest and reference nuclei. The
first column gives lists of ion of interest and the reference (I0I-Ref)
nuclei. The measured frequency ratio R is in the second column. The
mass excess (ME) in keV/c? of ion of interest determined in this
work in comparison to the AME2020 values [40] are listed in the
third column and splited in two rows. The last column demonstrates
the difference of the ME value from this work and that adopted from
AME2020.

[OI-Ref R ﬁg Eil;\;gz"élz‘z)) Diff.
5As-76Ge  0.986 830 896 52(53) :;gg;i;gggf) —1.32(90)
77Se76Se  1.013 181 218 27(79) :;iggg:igggg; 0.047(84)
%Mo-SMo 0989 455 235 86(72) ool 101(136) 11 195

—88414.06(14)

75 As*, which are 7.899440(10) eV and 9.78855(25) eV from
[39], respectively. The main contributions of the final mass
uncertainty of As are from the statistical uncertainty of
the measurements of R and the reference mass uncertainty
(0.018 keV from [40]).

III. RESULTS AND DISCUSSION

A. Q value determination

Five data sets for PI-ICR measurements were performed
in different time slots. Every data set was accumulated by
switching between the ion species > As* and "°Ge™ every four
cycles. Each cycle took less than 2 min to complete a full
scanning measurements of the magnetron phase, cyclotron
phase and center spot in sequence. In the analysis, typically
8 to 16 cycles were summed before determining the position
of each spot by fitting with the maximum likelihood method.
The phase angles were calculated accordingly to deduce the
cyclotron frequencies of each ion species. Closest measured
cyclotron frequencies v, of the reference was linearly inter-
polated to the time for measurement of the ion of interest
to deduce the cyclotron frequency ratio R. Only events less
than five ions/bunch were considered in the analysis in order
to reduce the possible cyclotron frequency shifts due to ion-
ion interaction [42,43]. A countrate-class analysis [43] was
performed and the count rate related frequency shifts were
not observed in the analysis. A temporal fluctuation of the
magnetic field 8g(vyer)/Vier = At x 2.01(25) x 1072 /min
[37], where At is the time interval between two consecutive
reference measurements, is considered in the analysis. Fur-
thermore, a mass-dependent uncertainty of 8,,(r)/r = Am X
2.35(81) x 10719/ [37], was taken into account as there
is one mass unit (1 u) difference of the two measured ion
species. To check whether some other systematic error should
be added due to this technique, a crosscheck [44] has been
carried out using well-known mass pairs ’Se-"®Se and **Mo-
%Mo [40,45], which both have one mass unit difference. The
measured results are shown in Table 1. The measured mass
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FIG. 2. The measured cyclotron frequency ratios

R(w.("*Ge™)/v.(PAst) (left axis) and mass excess (right axis)
in this work compared to values adopted from AME2020. The red
dots with uncertainties are the measured PI-ICR single ratios in five
time slots, which are separated with vertical brown dashed lines.
The weighted average value in this work R = 0.986 830 896 52(53)
represents by the solid red line and its 1o uncertainty band is
shaded in red. The dashed blue line indicates the value adopted from
AME2020 with its 1o uncertainty area shaded in blue.

excesses of both cases are consistent with AME2020 values
within 1o uncertainty. Therefore, in our final results, we did
not include any further systematic error.

The weighted mean ratio R of all single ratios was calcu-
lated along with the inner and outer errors to deduce the Birge
ratio [46]. The maximum of the inner and outer errors was
taken as the weight to calculate R. Results of the analysis in-
cluding all PI-ICR data sets in comparison to literature values
are demonstrated in Fig. 2. The final frequency ratio R as well
as the derived mass-excess value are, respectively, 0.986 830
896 52(53) and —73035.521(42) keV/c>.

The mass-excess value of As in AME2020 is evalu-
ated from two indirect reaction measurements, > As( p,n) Se
and Se(p, a) > As, which have the influences of 85.3% and
14.7% on the primary nuclide, respectively. The refined mass-
excess value of > As from our direct measurements is 21 times

75Ge
12 0
80.78(4)mﬂ\
75As
(1/2-:7/27)
1172.00(60) SN
75Se
{32,527} 52+ 0
8654050 222 ue T119.78(5)d
Q- Q¢
1
860.00(40) 1,
312 0
stable

FIG. 3. Partial decay scheme of "*Se and "Ge to " As using Q
values from AME2020 [40,45] in comparison to this work. The en-
ergies of the excited states and spin-parities indicated in the figure are
from [41]. The solid lines demonstrate the levels of the excited states
with the Q values from AME2020 and dashed lines from the refined
Q values in this work. The shaded or hatched areas (in blue for 8~
decay or in red for EC) illustrate the corresponding 1 ¢ uncertainties
of the Q values. See Table II for more details on the Q values.

more precise. The value is 1.32(90) keV/c? lower than that
adopted in AME2020 and indicates that "> As is more bound.
The high-precision mass-excess value of As was used to
deduce the g.s.-to-g.s. Q values (Q° deduced from the mass
difference of the decay-parent and decay-daughter nuclei) of
the °Se — 7>Asand ”Ge — "3As transitions. Combined
with the excitation energies E* from [41] for the excited
states of "> As, the g.s.-to-es Q values (Q* = Q° — E*) were
calculated. The comparison of the Q values from this work
to the corresponding Q values from literature is performed in
Table II. A comparison of Q values derived from AME2020
with the newly determined Q values of this work is illustrated
in Fig. 3 as well. The presently measured g.s.-to-es Q values
of the transitions tabulated in Table II are determined with
uncertainties less than 100 eV, while the uncertainties of the
g.s.-to-es Q values are much larger than 100 eV, the main
contributions coming from the large uncertainties of the exci-
tation energies of the final states. Our results confirm that three

TABLE II. Transitions from the ground states of parent nuclei >Ge and 7 Se to the excited states of the daughter ”* As. The first and second
columns illustrate the experimental spin-parities of the initial ground states and the half-lives of the parent nuclei. The third column gives
the measured spin-parities of the excited final states for the transitions. The fourth column gives the decay type. The fifth column gives the
g.s.-to-g.s. decay Q values (Qg, for B~ decay and Qgc for EC) from literature (AME2020) [40] and the sixth column from this work. The
seventh and eighth columns give the g.s.-to-es decay Q values (Q*) from literature and this work, respectively. The last column gives the
excitation energies £* from [41]. All the energy values are in units of keV. Spin-parity assignments enclosed in braces indicate that these are
uncertain, which results in an uncertainty in the decay type, indicated by {?}. FNU denotes forbidden nonunique.

Q° Q° 0" o
Initial state Half-life Final state Decay type (AME2020) (This work) (AME2020) (This work) E*
Se (5/27) 119.78(5)d As ({3/27,5/2"})  EC: 1st FNU 864.72(90)  866.041(81) —0.7(10) 0.64(51) 865.40(50)
Se (5/21) 119.78(5) d BAs (1/27) EC:2nd FNU  864.72(90) 866.041(81) 4.7(10) 6.04(41) 860.00(40)
BGe (1/27) 82.78(4)m PAs({1/27:7/27}) pB~: Allowed{?} 1177.24(90) 1178.561(65) 5.2(11) 6.56(60)  1172.00(60)
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low Q-value transitions from the ground states of °Se and
5Ge to the corresponding excited states of ">Se, as tabulated
in Table II, are all energetically allowed. Furthermore, our
measurements confirm that the Q* value corresponding to the
EC transition °Se — 7°As” [865.40(50) keV] is ultralow
and positive at a level of ~1.30. This transition and the tran-
sition to the 1/2% state at 860.00(40) keV are nonunique EC
transitions and thus their characteristics depend on nuclear-
structure details through the nuclear matrix elements [6,47].
This excludes their use as reliable sources of information
about the electron-neutrino mass. On the other hand, the 8~
decay to the excited state at 1172.00(60) keV might be of
interest for the electron-antineutrino mass measurements if
the spin of the state is either 1/27 or 3/27, corresponding
to an allowed B~ transition. Hence, accurate determination of
the excitation energy and spin of the state is highly important
and called for.

B. B-decay study via nuclear shell model

The low-Q EC transitions of interest go to a 1/2% state
at 860.00(40) keV and a negative-parity state at 865.40(50)
keV, experimentally either a 3/27 or a 5/2~ state. The 8~
transition goes to a negative-parity state at 1172.00(60) keV,
the experimental spin assignment being betweena 1/2~ and a
7/2~ state. One may try to shed light on these spin-assignment
ambiguities by performing nuclear shell-model (NSM) cal-
culations. States of the isotope *As were computed using
the software NUSHELLX [48] in a single-particle model space
consisting of the orbitals 1f5/2,2p3/2, 2p1 /2, and 1g9,» for both
neutrons and protons. Effective single-particle energies have
been fitted to be used within the region of interest A = 63-96
in [49]. In the present study both jun45pn and jj44bpn inter-
actions were applied. The interaction jun45pn was originally
applied to a neighboring isotope ("®Ge) [50] while the jj44bpn
was fitted to work within the presently studied region [49].

The sequence of the spin-parities of the levels in "> As are
well reproduced by both interactions up to the experimental
negative-parity state at 865.40(50) keV. The level energies
predicted by the NSM agree with the experimental ones
within a range of 50 to 200 keV. The two interactions suggest
consistently the spin assignment 5/2~ for the experimental
865.40(50) keV state. The corresponding EC transition is thus
predicted to be a first-forbidden non-unique AJ = 0 transition
and thus its properties depend sensitively on nuclear-structure
details.

Concerning the experimental state at 1172.00 keV, jun45pn
predicts a 3/27 state at 910.0 keV and a 5/27 state at 1296.0

keV. This suggests that the most likely spin-assignments for
the 1172.0 keV state are either 3/2~ or 5/27. The jj44bpn
interaction predicts a 7/2~ state at 1129.0 keV and a 3/2~
state at 1269.0 keV. Considering the predictions of both
interactions together leaves the 3/27 as the most likely spin-
parity for the 1172.00 keV state. This, in turn, makes the
B~ transition from the 1/2 state of °Ge to this state an
allowed one, with an available Qg- of 6.56(60) keV. This
would make the transition interesting from the point of view
of electron-antineutrino mass measurements. Eventually, a
remeasurement of the spin-parities of the states in question
is called for.

IV. CONCLUSION

The atomic mass of As is precisely measured directly
with the PI-ICR technique at the JYFLTRAP double PTMS.
The precision of the 7 As mass has been improved by a factor
of 21 and was found to be 1.32(90) keV/c2 more bound
than the evaluated value in the AME2020 mass evaluation.
This allows a high-precision determination of the g.s.-to-g.s.
Q values of the decays of °Ge and °Se to ”As with an
uncertainty of better than 100 eV. Exploiting the energy-level
data of the excites states of °As, the g.s.-to-es Q values
of three low Q-value transitions have been determined to a
sub-keV precision. The derived positive g.s.-to-es Q values
have all been confirmed to be associated with energetically-
allowed low Q-value EC and 8~ transitions. Among them, a
first ultralow (<1 keV) Q-value EC transition has been found.
One of the transitions, namely the low-Q B~ transition, has
the potential to be used in determination of the value of the
electron-antineutrino mass. For this to be realized, a more
precise determination of the excitation energy and spin of the
corresponding final state is of paramount importance.
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