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The ground-state-to-ground-state 8~ -decay '3'I (7/2t) — 131Xe (3/2%) Q value was determined with
high precision utilizing the double Penning trap mass spectrometer JYFLTRAP at the IGISOL facility. The
Q value of this S~ -decay was found to be Q = 972.25(19) keV through a cyclotron frequency ratio
measurement with a relative precision of 1.6 x 10~°. This was realized using the phase-imaging ion-
cyclotron-resonance technique. The new Q value is more than 3 times more precise and 2.30 higher
(1.45 keV) than the value extracted from the Atomic Mass Evaluation 2020. Our measurement confirms
that the S~ -decay to the 9/27F excited state at 971.22(13) keV in '31Xe is energetically allowed with a Q
value of 1.03(23) keV while the decay to the 7/27" state at 973.11(14) keV was found to be energetically
forbidden. Nuclear shell-model calculations with established two-body interactions, alongside an accurate
phase-space factor and a statistical analysis of the logft values of known allowed g decays, were used
to estimate the partial half-life for the low-Q -value transition to the 9/2% state. The half-life was found
to be (1.971%%3) %107 years, which makes this candidate feasible for neutrino mass searches.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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In all of the kinematical approaches, the neutrino mass is de-
termined via precise measurement of the spectral shape distortion
close to the endpoint of the spectrum. Only a very small frac-
tion of the events land near the endpoint and thus it is desirable
to study a decay with as small Q value as possible [5]. Smaller
the Q value, bigger the fraction of events falling near the end-
point. The KATRIN experiment using tritium (3H) has a ground-
state-to-ground-state Q value of 18.6 keV [6] and '87Re has even
smaller Q value of about 2.5 keV [7]. 183Ho-nucleus has the lowest
known ground-state-to-ground-state electron-capture Q value of
about 2.8 keV [8,9]. The rhenium experiment relies on the 8 tran-
sition 187Re(5/21) — 1870s(1/27) which is of the first-forbidden
unique type with the lowest known ground-state-to-ground-state
B-decay Q value of 2.492(30)stac(15)sys keV [7,10]. The Q value of
rhenium decay is nearly an order of magnitude smaller than the
tritium decay one. Even though all these cases have a very low Q

1. Introduction

The absolute scale of neutrino mass is one of the big open ques-
tions in physics. The neutrino-oscillation experiments have demon-
strated that at least two of the three flavors of neutrinos have a
non-zero mass and for now there are only upper and lower limits
on the neutrino mass provided by experiments that in some cases
also depend on theoretical models. Stellar observations combined
with cosmological models yield an upper limit on the sum of the
neutrino masses, which at this point is ~ 0.12 eV/c? at 95% con-
fidence level [1]. Several approaches to pinpoint the mass of the
neutrino, namely nuclear 8 and double-8 decays [2-4], are based
on nuclear decay kinematics.
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value, they still suffer from the issue that only a very small frac-
tion of decays fall close to the endpoint. In addition, it is necessary
to understand the spectrum shape near the endpoint. To detect a
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distortion accounting for the mass of a (anti)neutrino, a substan-
tial amount of events are needed with extremely good background
suppression and understanding of the detector systematics.

Quite recently, decays that proceed to excited states in the
daughter with an ultra-low Q value (considered to be 1 keV or
less) have gained interest. These are of interest for future neutrino
mass scale determination experiments [11-20]. The existence of a
decay with an ultra-low Q value to an excited state in the daugh-
ter was first discovered by Cattadori et al. [21] in the 8~ decay
of 1In. The intriguing decay branch is the g~ decay of the 9/2%
ground state of ''°In to the 3/2% state in ''>In. The Q value of
the decay was confirmed to be less than 1 keV by two Penning
trap experiments, JYFLTRAP and Florida State University precision
Penning-trap mass spectrometer [22,23]. The existence of a de-
cay branch was experimentally confirmed by HADES underground
laboratory with the branching ratio of 1.07(17)x10~% [22]. Future
experiments to utilize these decays for pinpointing the mass of the
neutrino would need to take care of the vast background arising
from more dominant (usually ground state) decay branches. One
possibility is to use de-exciting gamma rays as a gating transition.

More recently, 8~ decay of 13°Cs was confirmed to be very sim-
ilar to '"°In by a recent JYFLTRAP Q -value measurement. The Q
value to the second excited 11/2~ state in '3Ba was measured
with JYFLTRAP Penning trap mass spectrometer [24,25] and it is
equal to 0.44(31) keV [26]. This confirms that the decay is ener-
getically allowed with an ultra-low Q value. The transition is of
first-forbidden unique type with a simple universal spectral shape.
The decay has not been experimentally confirmed yet but the-
oretical partial half-life estimate yields a similar branching ratio
(~107%) as for "5In decay. Thus, also 13°Cs is a potential candi-
date for antineutrino-mass measurements.

Here, we report on a new 8~ decay Q value of 1311. Prior to our
measurement, the ground-state-to-ground-state (7/2% — 3/2%) Q
value is known to be 970.80(60) keV [27,28]. There is a 9/2F
state in the 13'Xe daughter at 971.22(13) keV, which is potentially
fed by the g~ decay of 1311 [29,30]. The transition is of allowed
type, making it a lucrative candidate since this type of transition is
expected to have a reasonable branching ratio and a simple spec-
tral shape. With the available data, a Q value of —0.42(61) keV
is deduced. Evidently, it is not possible to conclude whether this
transition is energetically possible or not.

The B~ decay Q value of the ground state of '3' to the 9/2+
state in 131Xe is simply the ground-state-to-ground-state Q value
of 1311 minus the energy of the excited state. The excitation energy
is already known with 130 eV precision [31] while the Q value is
known only to 600 eV precision. The focus of this work was to im-
prove the precision of the ground-state-to-ground-state Q value.
This is equivalent to mass difference of 1311 and 131Xe, which was
measured via direct high-precision cyclotron frequency-ratio deter-
mination with the double Penning trap JYFLTRAP.

Based on the new Q value, an estimate of the partial half-life
and the branching ratio is derived using wave functions obtained
from a nuclear shell-model calculation based on a two-body inter-
action suitable for the presently discussed mass region. In addition,
an analysis of three known allowed 8 decays was performed in or-
der to compare with the result of the shell-model calculation.

2. Experimental method

The Q value of the ground-state-to-ground-state 8~ -decay of
131] was measured at the lon Guide Isotope Separator On-Line
facility (IGISOL) with the JYFLTRAP double Penning trap mass
spectrometer [25] in the accelerator laboratory of University of
Jyvaskyld [32,33]. Layout of the facility is shown in Fig. 1. Both
the decay parent (1311) and the stable decay daughter (13'Xe) ions
were simultaneously produced in proton-induced fission reaction.
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Fig. 1. Layout of the IGISOL facility. The 3'I* and '3'Xe* ions were produced with
proton-induced fission reactions at the IGISOL target ion chamber (1). The online
beam was selected with an electrostatic kicker (2). The mass number selection
was performed with a dipole magnet (3), the ion cooling and bunching in the RFQ
cooler-buncher (4) and finally the mass-difference measurement with the JYFLTRAP
Penning trap setup (5).

A primary beam of protons with the energy of 30 MeV from the
K-130 cyclotron impinged on a uranium target of 15 mg/cm? thick-
ness placed inside a gas cell [34]. The secondary products from
the fission reactions were stopped in helium gas and extracted
with the help of a sextupole radiofrequency ion guide (SPIG) [35].
Through charge-exchange reactions with helium gas and impuri-
ties, most of the extracted products were singly charged. After
passing the length of the SPIG, the ions are accelerated with 30
kV and guided through a 55° dipole magnet, which has mass re-
solving power M/AM =~ 500. This is sufficient for separation of
different isobars in the secondary beam. After the secondary beam
has been isobarically separated, the ions of the chosen mass num-
ber A =131 containing '31Xe™, 1311+ and other fission fragments
having the same mass number are injected into a radiofrequency
quadrupole cooler-buncher (RFQ) [36]. The RFQ is used to accu-
mulate, cool and bunch the ions so they can be efficiently injected
into JYFLTRAP double Penning trap setup for the actual Q-value
measurement.

JYFLTRAP consists of two cylindrical Penning traps which are
both situated inside the same 7-T superconducting solenoid. The
first trap, performing as the purification and preparation trap, is
filled with helium buffer gas and used to remove isobaric con-
taminants via the sideband buffer gas cooling technique [37]. This
technique alone can usually provide sufficient cleaning with a re-
solving power M/AM ~ 10° but in this work, an extra cleaning
step was required to separate 311t and 3'Xe* ions from each
other. To prepare a clean sample containing only one isotope, the
Ramsey dipolar cleaning technique was utilized [38]. It is im-
perative for high precision mass measurement that only one ion
species is present in the trap when performing the mass measure-
ment to avoid frequency shifts arising, for example, from ion-ion
interactions [39]. In the end, the selection of the ion species was a
matter of choosing the suitable excitation frequency to either pass
the 1311+ or 131Xe* for the actual mass measurement.

In Penning trap mass spectrometry, the mass m of an ion with
charge q is based on the measurement of the cyclotron frequency

_1q
T 2T m

B, (1)

Ve

where B is the magnetic field. The best way to deduce the Q value
is to measure the cyclotron frequency ratio of the two ions. In this
work, singly charged ions were used and the frequency ratio

B vc(13lxe+) B m(131]+)
UC(131[+) - m(lBlXe+)

(2)
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determined, where m(!3'17) and m(!3'Xe*) are the masses of the
decay daughter (13'I7) and decay parent (13'Xe*) ions, respec-
tively. The ground-state-to-ground-state 4~ Q value of 13 is the
atomic mass difference of the parent and daughter

Qs (P = [M(ml) _ M(B]Xe)] 2 3)
and using the frequency ratio from Eq. (2),
Qs (D= (R = D [M(P'Xe) ~me | + AB, (4)

where m, is the mass of an electron and AB accounts for the
atomic electron binding energy difference (here a few eV).

In this work, the cyclotron frequencies v. for the ions were
measured using the phase-imaging ion-cyclotron-resonance (PI-
ICR) technique [40]. It requires projection of the ion motion in
the Penning trap onto a position-sensitive microchannel-plate
(MCP) ion detector and provides around 40 times better resolving
power than the conventionally used time-of-flight ion-cyclotron-
resonance (TOF-ICR) method [40-42]. Measurement scheme 2
described in [41] was applied to directly measure the cyclotron
frequency v, of the corresponding nuclide.

The cyclotron frequency measurement begins after the ions of
interest have been captured into the center of the precision trap.
First, coherent components of the magnetron and the axial motions
are damped with short RF pulses applied in dipolar configuration.
This is followed by the excitation of cyclotron motion using dipolar
RF field with the reduced cyclotron frequency (v ) to increase the
cyclotron radius to about 1 mm. This sets the initial phase of the
cyclotron motion.

The next step is the utilization of a quadrupole RF field to con-
vert the cyclotron motion to magnetron motion. For every other
measurement cycle the application is done right after the previous
step while for every other after a preset longer duration. The cy-
cle with short time interval produces so-called magnetron phase
while the longer cycle yields the cyclotron phase. The time differ-
ence t of the conversions is called the phase accumulation time.
It is known extremely precisely and is the key to high precision
frequency determination.

Irrespective of the delay of the conversion excitation, the ions
spend same amount of time in the trap before they are extracted
towards the MCP detector, which registers the time-of-flight and
positions of the ions. The two used time intervals produce two
spots of ions on the detector. Combined with a center spot, which
is measured without cyclotron and conversion excitations, angles
o_ and a4 for magnetron and cyclotron phases, respectively, are
obtained. The time difference between the excitation pulses was
chosen to be as close as possible to multiple integer of periods of
ion’s v, frequency (see Eq. (1)) so that the angle difference o =
o4 - o— is as small as possible to minimize systematic shifts to
level below 10719 [41]. Finally, the cyclotron frequency is deduced
from:

oc + 2mn,
Vo= ———, 5
c ot (5)

where n. the number of full revolutions with cyclotron frequency
Ve during the phase accumulation time t.

The cycles with short and long delay before the conversion
pulse were alternately applied for a total measurement time of ap-
proximately 1 minute with the center spot measured right after.
Although the magnetron motion was minimized prior to the mea-
surement and the quadrupole conversion excitation pulse carefully
tuned to fully convert the induced cyclotron motion to magnetron,
still a tiny fraction of both motions remained. These were taken
into account by varying the start of the cyclotron excitation over
one magnetron period (& 600 ps) and the extraction delay over
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Fig. 2. Ion spots (center, cyclotron phase and magnetron phase) of 3'I* on the 2-
dimensional position-sensitive MCP detector after a typical PI-ICR excitation pattern
with an accumulation time of 500 ms. The cyclotron phase spot is displayed on the
left side and the magnetron phase spot on the right. The angle difference between
the two spots relative to the center spot yields o of Eq. (5). The color of the pixel
represents the number of detected ions.

one cyclotron period (&~ 0.8 us). Five points in each were cho-
sen and thus one full measurement cycle consisted of 25 points
for both the magnetron and cyclotron phases, effectively averag-
ing out any residual motion influence. The collection was repeated
for 4 times before switching to the other ion species, for which
the cycle was repeated. In total, this was repeated for 3.5 hours
for accumulation time t of 399 ms and for 16.5 hours for accumu-
lation time of 500 ms (rounded to the nearest integer of period
of v¢). Fig. 2 shows data with 500 ms accumulation time. The
quick changing in timescale of a few minutes, not just between
the magnetron and cyclotron spots but also between the two ions,
ensured that the magnetic field B is nearly identical for the mea-
surement of both ions, minimizing effect of temporal fluctuation of
the field.

3. Results and discussion

In total, five sets of data were collected with one using 399 ms
of accumulation time and four using 500 ms accumulation time.
In each set the measurements of the cyclotron frequencies v, of
131Xet and '3'I* were interleaved by switching ion species ev-
ery ~6 minutes. To obtain their cyclotron frequency ratio R, the
values of v. of 131Xe™ were linearly interpolated to the time of
1311+ measurement. The frequency ratio for each set was obtained
by averaging the individual ratios. Fast switching between the two
ion species ensured that the temporal fluctuations of the mag-
netic field had less than 10~1° contribution to the uncertainty [43].
Bunches with up to five detected ions were considered in the
data analysis to reduce a possible cyclotron frequency shift due to
ion-ion interaction [39,43]. The count-rate related frequency shifts
were not observed in the analysis. The frequency shifts in the PI-
ICR measurement due to ion image distortions, which were well
below the statistical uncertainty, were ignored [41]. Since both
ions have the same A/q, the mass-dependent systematic shift,
which is due to the imperfections of the electric-quadrupolar field
in the Penning trap or a misalignment of the electrostatic trapping
field with respect to the magnetic field axis, effectively becomes
inferior compared to typical statistical uncertainty achieved in the
measurement. The uncertainty of the M('3!Xe) is only 8 eV/c? and
does not contribute to the Q -value uncertainty.

The final frequency ratio was obtained by calculating a weighted
mean ratio R from the five individual sets. The reduced x? was
found to be 1.40, indicating that the statistical uncertainty estimate
was too low. To account for this, the uncertainty was expanded
by the square root of the reduced chi-squared [44]. The final fre-
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Table 1
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Potential candidate transitions of ground state of parent nuclei '3'I (7/2%) to the excited state of daughter '3'Xe with an ultra-low Q value.
The first column gives the excited final state of interest for the low Q -value transition. The second column gives decay type. The third column
gives the derived experimental decay Q value in units of keV from literature (AME2020) [28] and fourth column lists the Q value from this
work. The fifth column gives the experimental excitation energy E* with the experimental error [29]. The sixth column shows the mass excess
(ME) in units of keV/c? from AME2020 and the last column from this work. Spin-parity of the 971.22(13) keV transition has been confirmed

experimentally in [30].

Final state in 131Xe Decay type Q value (AME2020) Q value (This work) E* ME (AME2020) ME (This work)
9/2% allowed -0.42(61) 1.03(23) 971.22(13)
7/2+ allowed -2.31(62) -0.86(24) 973.11(14)
3/2% (ground state) 970.80(60) 972.25(19) 0 -87442.70(60) -87441.32(19)
2 L ! 131] 131X e
AME2020 ===--
this work .
data —=— [ g74 f oo Q"= 1.03(23) (This work)
& | N
o | .
T 1 1Qp = 972.25(19) (This work) N
o I
. - 973 J AN
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- 0 < |72 0.0 .
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Fig. 3. Cyclotron frequency ratios R of the five sets (points with error bars) and their
weighted average compared to the literature value (dashed blue line). The shaded
bands show the 1o uncertainty. The first data point is the set with an accumulation
time t = 399 ms while the other four have t = 500 ms. The left axis shows the
frequency ratio with zero being the average frequency ratio from this work and the
right axis shows the corresponding Q value.

quency ratio was found to be R = 1.0000079734(16). Fig. 3 shows
the results of the analysis. Q value for the ground-state-to-ground-
state decay and decays to the relevant excited states are tabulated
in Table 1 along with the mass excess value of 1311.

The Q value of 972.25(19) keV from this work is more than
a factor three more precise than 970.80(60) keV derived from
the evaluated masses in AME2020 [27,28]. Also, the Q value is
1.45(63) keV larger. The value in AME2020 originates primarily
from the difference between the atomic masses of the parent
1311 and that of the daughter '3'Xe as listed therein. The 13'Xe
AME2020 mass value has dominant contribution from a direct Pen-
ning trap mass measurement [45], while the adopted AME2020
mass value of 13'I was principally derived from a decay measure-
ment of 1311(8~)131Xe [46,47]. Previous studies have demonstrated
that mass values derived in indirect methods, such as decay spec-
troscopy and nuclear reactions, can suffer from systematic shifts
and thus have large discrepancies with values obtained from direct
mass measurements [48-50].

The Q values to the excited states near the ground-to-ground-
state Q value are obtained by combining the high-precision
ground-state-to-ground-state Q value from this work with the ex-
citation energies of the '3!Xe states from [29]. The resulting Q
values to these low Q value states are given in Table 1 and il-
lustrated in Fig. 4. The decay to the 7/2% state was found to be
energetically forbidden at about 40 while the decay to the 9/2%
state is energetically possible with more than 3o confidence, re-

Fig. 4. The '3'I ground-state 8~ decay to the 971.22(13) keV 9/2% state in 3! Xe.
The horizontal blue line depicts the level with the Qg- taken from AME2020
(shaded area shows the 1o uncertainty) and the red dashed line the Qg- from
this work. The data for the level scheme are adopted from [27-29].

moving the ambiguity of the AME2020-derived Q value whether
the decay to the 9/2% state is energetically allowed or not.

The Q value, 1.03(23) keV, is lower than in presently run-
ning or planned direct (anti)neutrino mass experiments (the low-
est B~ decay Q value is 2.492(30)stac(15)sys keV for '87Re and the
lowest electron-capture decay Q value is 2.833(30)stat(15)sys for
163Ho [8]).

To estimate the half-life of this transition, nuclear shell-model
(NSM) calculation utilizing the NuShellX [51] code with the effec-
tive interaction sn100pn used to describe 32Sn [52] with 190Sn
as a closed core was used. The single-particle model space 1g7,2,
2ds/2, 3812, 2d3/2 and 1hq1/; was used for both protons and neu-
trons. The NSM calculations were able to predict most of the level
energies within 100 keV of the corresponding experimental energy
below 1 MeV of excitation energy in 3Xe. For the state of interest,
9/2%, the computed excitation energy was 937.0 keV, reasonably
close to the experimental energy 971.22(13) keV. The dependence
of the Q value to the partial half-life of the 7/2% — 9/2% transi-
tion is illustrated in Fig. 5.

Due to the small Q value of this transition, the correspond-
ing partial half-life is extremely sensitive to the exact value of the
decay energy, as evident in Fig. 5 where we depict the computed
half-life (dashed line) as a function of the Q value. The colored
rectangle represents the NSM-predicted partial half-life (vertical
span of the rectangle) for the 9/2% transition, taking into account
the 1o error in the presently measured Q value (horizontal span
of the rectangle). The NSM-predicted half-life reads (1.97'_%:;3)
x107 years.

In order to see how reasonable the half-life prediction of the
NSM is, an analysis of the measured log ft values of the well-
known allowed transitions to the low-lying 7/2% and to two 5/2%
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Fig. 5. Shell-model computed half-life as a function of the Q value (dashed line
in blue) and the corresponding predicted half-life range for the decay to the 9/2%
state (colored rectangle). The points with uncertainties in black are estimates of
the half-life assuming the measured Q value 1.03 keV (central point) and its 1o
(points next to the central point) and 2o errors (points on the extreme left and
right), based on a log ft value deduced using the allowed g transitions to the lower
three states in '3!Xe (statistical approach, see the text).

states in 131Xe was performed. In this analysis the average of the
known log ft values with their sample standard deviation were
used to deduce log ft = 6.86(17) for the transition to the 9/2%
state, in accordance with the NSM calculations. This is called the
“statistical approach”. The obtained log ft was then converted to
half-life using five values of phase-space factors, calculated for the
central value Q = 1.03 keV and its 1o deviations, Q = 0.80, 1.26
keV, and 20 deviations, Q = 0.57, 1.49 keV, as shown by the black
points in Fig. 5. In the calculation of phase-space factors exact
Dirac wave functions with finite nuclear size and electron screen-
ing were used in a similar manner previously employed in the
case of B~ B~ decay [53]. The intrinsic uncertainties in the phase-
space calculations come from the uncertainty in the nuclear radius
and effective charge. However, these uncertainties cause less than
1 percent error in the phase-space factors so that the only non-
negligible error comes from the uncertainty in the log ft value.
In Fig. 5, the 10 error limits of the deduced log ft are shown as
black vertical bars where the error bars are solely from the log ft
standard deviation by the statistical approach. As can be seen, the
results agree within error bars with the NSM-computed partial
half-life for the 9/27 -state transition.

In conclusion, a low Q -value transition was searched for in the
B~ decay of 3! to states in '*'Xe. Such a low-Q-value transi-
tion to the 9/2% state at 971.22(13) keV was now verified by a
precise Penning-trap measurement of the mass difference of the
two nuclei involved while the transition to the 7/2% state was
found to have negative Q value. It should be noted that the en-
ergy of the 9/2% state was recently reported to be 972.8(1) keV
in [30]. However, this and other energies deviate significantly from
the evaluated values [29]. Although we are quite confident in using
the evaluated energy of 971.22(13) keV, it is clear that a dedicated,
high-precision measurement of the 9/2% state energy is needed to
remove any ambiguity.

The decay 7/2% — 9/2% is of allowed type and from the emit-
ted electron spectrum point of view, the transition has a simple
universal shape and thus would serve well as a direct electron
antineutrino-mass probe. Unfortunately, the estimated partial half-
life is so long that the expected decay branch is on the order of
10710, dominated by 8~ decay to 5/2% state at 364.490 keV with
~89% branch. Only time will tell whether future detector technol-
ogy can overcome the branching problem and lead to a realizable
antineutrino-mass experiment on 311,
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