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Background: An ultra-low @Q value S-decay can occur from a parent nuclide to an excited nuclear state in the
daughter such that Qur, < 1 keV. These decay processes are of interest for nuclear S-decay theory and as potential
candidates in neutrino mass determination experiments. To date, only one ultra-low Q value 5-decay has been
observed—that of '**In with Qs = 147(10) eV. A number of other potential candidates exist, but improved mass
measurements are necessary to determine if these decay channels are energetically allowed and, in fact, ultra-low.

Purpose: To perform precise S-decay Q value measurements of 1123 Ag and *°Cd and to use them in combi-
nation with nuclear energy level data for the daughter isotopes 12113Cd and '%In to determine if the potential
ultra-low Q value $-decay branches of '***3Ag and '*5Cd are energetically allowed and < 1 keV.

Method: The Canadian Penning Trap at Argonne National Laboratory was used to measure the cyclotron
frequency ratios of singly-charged '2113Ag and '5Cd ions with respect to their daughters '%113Cd and '!*In.
From these measurements, the ground-state to ground-state S-decay Q values were obtained.

Results: The 12Ag — M2Cd, 13Ag — 13Cd, and '5Cd — !'5In B-decay Q values were measured to be
Qs(**2Ag) = 3990.16(22) keV, Qs(*'3Ag) = 2085.7(4.6) keV, and Qs(**°Cd) = 1451.36(34) keV. These results
were compared to energies of excited states in '2Cd at 3997.75(14) keV, '*3Cd at 2015.6(2.5) and 2080(10) keV,
and '5Tn at 1448.787(9) keV, resulting in precise Qur, values for the potential decay channels of ~7.59(26) keV,
6(11) keV, and 2.57(34) keV, respectively.

Conclusion: The potential ultra-low Q value decays of '2Ag and ''*Cd have been ruled out. '3Ag is still
a possible candidate until a more precise measurement of the 2080(10) keV, 1/2% state of '**Cd is available.
In the course of this work we have found the ground state mass of '3Ag reported in the 2020 Atomic Mass
Evaluation [Wang, et al., Chin. Phys. C 45, 030003 (2021)] to be lower than our measurement by 69(17) keV (a

40 discrepancy).

I. INTRODUCTION

Nuclear 5-decays offer insight into the underlying weak
interaction processes that govern them, and the in-
medium effects that modify them due to their occurrence
inside the atomic nucleus [1, 2]. The majority of unsta-
ble nuclides known to exist decay via allowed [-decay
and have relatively large Q values. This results in them
having typically short lifetimes, and making them fairly
straight-forward to observe. However, there are a num-
ber of isotopes with low S-decay Q values and/or high
forbiddenness, which results in them having much longer
half-lives. These isotopes are important tools for appli-
cations such as direct neutrino mass determination ex-
periments e.g. [3-6], and radioactive dating e.g. [7]. It is
also important to categorize and understand these rare
decays since they can contribute to backgrounds in other
rare event experiments, such as neutrinoless double (-
decay (Ovg33) and dark matter searches [8]. They also
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provide a testing ground for nuclear theory under atypi-
cal conditions [9].

Ground-state to ground-state (gs—gs) S-decays have Q
values covering a wide energy range from ~2.5 keV up to
~10 MeV. However, under special circumstances, such as
a decay from the ground state of the parent nuclide to a
nearby excited state in the daughter, the Q value can be
much lower. Such a decay, with Qur, < 1 keV, is known
as an ultra-low (UL) Q value 8-decay [10].

To date, the only known UL Q value 5-decay is that
of the 11°In(9/2%) ground state to the *15Sn(3/27) first
excited state. This decay was discovered by Cattadori,
et al. at the Laboratori Nazionali del Gran Sasso in
2005 [11], and was later confirmed at the HADES un-
derground laboratory in 2009 [12, 13]. In these experi-
ments, the 1°In(9/2%) — 11%Sn(3/2%) B-decay was in-
ferred via the detection of the 497.5 keV ~-ray emitted
from the ¢,/ = 11 ps, 3/2% state. Precise Penning trap
measurements of the 1°In — ''5Sn mass difference by
groups at Florida State University [14] and the Univer-
sity of Jyvaskyla [15], combined with the precisely known
energy of the 11°Sn(3/2%) state, showed that this de-
cay is energetically allowed with a Qur, value of 147(10)



eV 1. Theoretical descriptions of this UL Q value decay
showed significant discrepancies between the calculated
and measured partial half-life [10, 18]. The identifica-
tion of additional UL Q value decays, and measurements
of their partial half-lives are required to aid further theo-
retical developments. Furthermore, UL Q value B-decays
have the potential to be new candidates for direct neu-
trino mass determination experiments, since the fraction
of decays in the energy interval AFE close to the endpoint,
which is relevant for the determination of the neutrino
mass, goes as (AE/Q)3 [19].

Potential UL Q value decay branches were identified in
H15Cd [20] and 135Cs [21] with Qur, values of -2.8(4.0) keV
and 0.5(1.1) keV respectively, limited by the uncertain-
ties in the masses of the parent and/or daughter isotopes.
Since Ref. [20] was published, new atomic mass data in
the 2016 Atomic Mass Evaluation (AME2016) [16] gave
an UL Q value for 1*5Cd of 3.1(0.7) keVZ2. Although this
would indicate that this transition is not UL, we note
that in AME2016 and AME2020 the '5Cd mass is de-
termined entirely through a (d, p) reaction measurement
linking it to ''#Cd [23]. Since atomic masses obtained
via nuclear reaction data are not always reliable, and be-
cause the mass of '*Cd was determined from an older
mass spectrometry technique, a direct Penning trap mea-
surement of the 115Cd Q value is called for.

Recently, the ground-state Q value of 3°Cs was mea-
sured with the JYFLTRAP Penning trap at the Uni-
versity of Jyvaskyld, and the Q value of the potential
UL decay branch was determined to be Qur, = 0.44(31)
keV [24], showing that it is indeed energetically allowed
with Qur, < 1 keV. Additional potential UL Q value de-
cay candidates have been identified in the literature [25—
28]. Again, more precise mass data for the parent and/or
daughter isotopes are required to determine whether
these decays are energetically allowed and if their Q val-
ues are ultra-low. Recently, a number of these poten-
tial candidates have been investigated via precise Pen-
ning trap measurements by the LEBIT group at the Na-
tional Superconducting Cyclotron Laboratory [29], the
ISOLTRAP group at ISOLDE, CERN [30], and by the
JYFLTRAP group [31-36].

In this paper we present the first direct measurement
of the '5Cd gs-—gs Q value (Q,s) and determination of
the Q value of the potential UL decay branch identified
in Ref. [20]. We also investigate two potential UL Q
value candidates identified in Ref. [28]: 12113Ag. Partial
decay schemes for all three candidates are shown in Fig.
1. For ''2Ag and ''°Cd, potential UL Q value decays
are to the 1 or 27 level at 3997.8 keV in ''2Cd, and to
the 9/2% level at 1448.8 keV in !'°In, respectively. In
the case of ''3Ag, two potential UL Q value branches to

! Here we use Qg = 497.489(10) keV from Ref. [16] and
E['15Sn(3/21)] = 497.342(3) keV from the recent measurement
of Ref. [17].

2 This Q value remains the same in the most recent 2020 update
to the Atomic Mass Evaluation (AME2020) [22].
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Figure 1. (color online) Decay schemes for ''*''*Ag and
115Cd showing the main S-decay branches (solid black ar-
rows) and the potential ultra-low Q value decay branches
(dashed blue arrows) investigated in this work. The ground-
state to ground-state Q values are obtained using data from
the AME2020 [22]. All values are given in units of keV.

1/2% states in 3Cd at 2015.6 keV and 2080 keV are
shown. A decay to the lower energy state was identified
as a potential UL Q value transition based on the gs—gs Q
value obtained using mass data from AME2016 [16], but
was ruled out by our measurement presented here. Based
on our new result, a decay to the higher energy state was
later identified as a potential UL Q value transition.



II. EXPERIMENTAL DESCRIPTION

The 112113Ag and ''5Cd gs—gs Q values were obtained
via measurements of the cyclotron frequency ratio of
singly-charged ions of the parent and daughter isotopes
using the Canadian Penning Trap (CPT) at Argonne Na-
tional Laboratory (ANL) [37, 38].

CPT is currently coupled to the Californium Rare
Isotope Breeder Upgrade (CARIBU) facility that pro-
duces neutron-rich rare isotopes via spontaneous fis-
sion of 252Cf [39]. Fission products are thermalized in
a gas catcher [40] and extracted as singly- or doubly-
charged ions. The ions are then accelerated and go
through a high-resolution mass separator to select ions
of a particular A/q. The selected ions then enter into
a radio-frequency quadrupole (RFQ) cooler and buncher
to prepare low emittance bunches for injection into the
CARIBU multi-reflection time-of-fight mass separator
(MR-TOF-MS) [41] where the next stage of mass se-
lection occurs as ions reflect between electrostatic mir-
rors and separate in time-of-flight with respect to their
mass, providing typical mass resolving powers of up to
100,000. A Bradbury-Nielsen Gate (BNG) [42] is then
used to select a particular isotope. However, depending
on the mass difference between isobars, more than one
species can pass through the BNG. Finally, ion bunches
are accumulated and further cooled in a linear Paul trap
before being injected into the Penning trap.

The CPT has a hyperbolic geometry with compensa-
tion ring and tube electrodes and is immersed in a uni-
form 5.9 T magnetic field produced by a superconduct-
ing solenoidal magnet. Ions confined in the Penning trap
undergo three normal modes of motion: axial, reduced-
cyclotron, and magnetron, with characteristic frequencies
fzy f+ and f_, respectively [43]. By combining mea-
surements of the observable normal mode frequencies,
one can obtain the free-space cyclotron frequency for an
ion with charge-to-mass ratio ¢/m in a magnetic field of
strength B:

_ 4B
fe= 2rm’

(1)

At the CPT, f. is measured using the so-called Phase-
Imaging Ton Cyclotron Resonance (PI-ICR) technique
that was originally developed and implemented by the
SHIPTRAP group [44, 45]. This technique enables a
measurement of the total phase accumulated by an ion
in its reduced-cyclotron or magnetron motion during a
precisely defined time interval, that in turn can be used
to determine the ion’s frequency in the trap. The phase
determination is performed by ejecting ions from the trap
onto a position sensitive micro channel plate (MCP) de-
tector, preserving the ion’s phase information.

In this work, the direct method for determining f. de-
scribed in Ref. [45] was used [38]. This method involves
two separate phase measurements known as the reference
spot measurement and the final spot measurement (an
additional measurement at the start of the experiment
is also required to determine the spot on the MCP that

corresponds to the center of the trap). For both the refer-
ence and final spot measurements, the reduced-cyclotron
motion of the ion is first excited to a well-defined radius
via a pulsed rf dipole drive at a frequency close to f.
For the reference spot, a quadrupole rf drive pulse at fre-
quency fif =~ f++ f— = f. is immediately applied, which
converts the ion’s reduced-cyclotron motion into mag-
netron motion. The ion is then allowed to accumulate
phase in its magnetron motion for a specific time period
before being ejected from the trap. For the final spot,
the quadrupole rf drive pulse is applied after a phase
accumulation period of length t,.., so that the ion accu-
mulates mass-dependent reduced-cyclotron phase before
its reduced-cyclotron motion is converted into magnetron
motion. The ion then remains in its magnetron orbit for
an additional period of time until it is ejected such that
the total time spent in the trap during the reference and
final spot measurements is the same. The cyclotron fre-
quency, f., is determined from the total phase difference
A¢ between the reference and measurement spots during
the time interval ¢, [45]

A¢ _ ¢meas + 27N
27Ttacc B 27Ttacc

fc = ’ (2)
where @peas 1S the measured angle between the reference
and final spot and NN is the number of complete revolu-
tions for an ion with cyclotron frequency f. during time
tacc-

In order to obtain ¢neas, the central coordinates and
associated uncertainties of the reference spot and final
spot need to be determined. This was done using an un-
supervised learning cluster-finding model, the Gaussian
mixture model, which has been developed based on an
expectation—maximization algorithm, see e.g. Ref. [46].
For the final phase measurement, there can be several
spots along with the spot corresponding to the ion of in-
terest depending on contaminants present in the beam.
In such cases, t,cc was carefully chosen so that the spot of
interest is well separated from the other spots. Such an
example can be seen in Figure 2, which displays the out-
put of the cluster-finding model and shows the presence
of A = 113 isobars '13Ag, 113mAg 3Cd, and ''*Pd.
Typically ~100 — 500 ions were accumulated in a spot
to enable a determination of f. to a precision of ~3 —
5 mHz. Such a measurement took ~2 — 30 mins, de-
pending on the rate at which the isotope of interest was
delivered to the Penning trap. When necessary, this rate
was limited to allow only a few ions per shot into the
trap to avoid potential systematic frequency shifts due
to ion-ion interactions.

ITIT. DATA AND ANALYSIS
A. Experimental Runs and Data

The experimental data were acquired during three sep-
arate runs in 2016, 2017 and 2018. During the ini-
tial 2016 run, data were taken for the ratios of interest
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Figure 2. (Color online) An example of a PI-ICR data set
showing the separation of '*Ag* and the 3™ Ag" isomer,
as well as ''3Cd ™ and '3Pd™" isobaric contaminants, as iden-
tified with the cluster-finding algorithm. The red dot in each
spot shows the center of each cluster. In this data set, a 545
ms tacec was used.

U2 g+ 11200+, 18Ag+/113Cd+, and 15CdT/1PInt,
and for test ratios ''2Sn*t/'2Cd* and PInt/15Sn*
that involve isotopes whose masses have already been
precisely measured with Penning traps [14, 15, 47]. In
this data we observed shifts in the @Q values calculated
from the test ratio measurements of up to 10 keV com-
pared to literature values. We also observed variations
in the Q values for different ... times that were found
to result from variations in f. for different t,.. times.

After the 2016 run, it was discovered that these shifts
were due to a systematic sinusoidal variation of f. as
a function of t,.. with a frequency corresponding to the
magnetron frequency of ions in the trap. A corresponding
systematic variation was observed in the final radial po-
sition of the ions on the MCP with a 90° phase shift com-
pared to the f. data, see Figure 3 and Ref. [38]. These
observations indicate that ions injected into the trap had
some initial magnetron motion with a reproducible am-
plitude and phase when they were initially confined in
the trap, before their reduced-cyclotron motion was first
driven by the pulsed rf dipole drive. This motion is then
transferred to the final magnetron motion of the ions be-
fore they are ejected from the trap, with a phase that de-
pends on the phase accumulated during the ¢,.. period.
Hence, the position of the final spot on the MCP is modi-
fied slightly resulting in a final radial position and phase,
Pmeas, that depend on t,... Following this discovery, a
second experimental run was performed in 2017 with the
A = 115 ion pairs 15Cd* /15InT and 15Int /115Sn™,
and a third experimental run was undertaken in 2018 to
take additional A = 115 data and data for the A = 112
ion pairs 112Ag* /12Cd T and 112Snt/H2Cd 7.

During the 2017 and 2018 runs, t,.. was systematically
varied to map out and account for the sinusoidal variation
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Figure 3. (Color online) Sinusoidal variation of (a) f. and (b)
radius of the projected orbit of the *5Cd™ ion spot observed
on the MCP as a function of accumulation time, tacc, from
the 2017 data set.

of f. versus t,... A sinusoidal fit to the data of the form

fe(t) = feo + Ao(t)sin(2m ft + 1)) 3)

was then performed. In this fit, Ay(¢) is the amplitude
of the sine fit function,  is a phase offset, and f.g is the
baseline cyclotron frequency when no systematic shift oc-
curs. Hence, f.o and its associated uncertainty are ex-
tracted. In this fit, f_ was constrained to the measured
magnetron frequency. We note that, although the mag-
nitude of the shift in ¢neas does not depend on taee, Ag
does because f. from Eqn. (2) goes as 1/t,¢c.

The procedure to measure f,o in this way was then
repeated with the other isotope for the parent-daughter
pair so that the Q value could be obtained, as discussed
in section IV. Depending on the isotope pair, between
one and three f.y measurements were performed for each
isotope, alternating between the two.

After obtaining f.o for ions of the parent and daughter
isotopes, the cyclotron frequency ratio, corresponding to
the inverse mass ratio of the ions, was obtained:

0 _ Md
R=i2 T (1)
c0 P

In the case that more than one f.o measurement was per-
formed for parent and/or daughter isotope, neighboring
feo measurements for one ion were linearly interpolated



to the time of the f.y measurement of the other ion to ac-
count for temporal magnetic field drifts. A weighted av-
erage of all resulting cyclotron frequency ratio measure-
ments for a given ion pair was then obtained. The average
cyclotron frequency ratios, after applying the systematic
corrections discussed below, are given in Table I.

B. Systematic Corrections and Checks

During the experimental runs in 2017 and 2018, the
data were obtained by measuring f. as a function of ¢,
and extracting the baseline value, f.o, from a fit using
Eqn. (3). This procedure enabled us to account for the
phase dependent shift to f. as a function of ¢,.. so that
it did not affect the cyclotron frequency ratio, R. Hence
there is no ARg, correction to the 2017 or 2018 data in
Table L.

For the 2016 data, measurements were performed for
each ratio at specific t,.. times, resulting in frequencies
and corresponding ratios that did suffer from systematic
shifts. In the case of 5Cd* /1°Int, we were able to
use the parameters from the fit of Eqn. (3) to the 2017
A = 115 data to correct the 2016 data. The correction,
ARgn, and the corrected ratio are shown in Table I. Af-
ter this correction, there is good agreement between the
corrected 2016 15Cd* /H15Int data and the data taken
in 2017 and 2018. As such, we averaged '*Cd*/!5In™
data from all three runs to obtain the average ratio listed
in Table I to be used to determine the '°Cd gs-gs 8-decay
Q value.

Correcting the 2016 A = 115 data was possible because
the 2017 data was taken within two months of the 2016
data and no significant changes to the CPT apparatus
were made. Before the 2018 run, some 18 months after
the 2017 run, a magnet quench had occurred, requiring
the magnet to be re-energized, and a new voltage source
for the Penning trap electrodes had been installed. As
such, the parameters from the fit of Eqn. (3) to the
2018 data did not reproduce those from the 2017 data.
Hence, we were not able to use the 2018 A = 112 data to
correct the 2016 12Ag* /112Cd*+ data. We also did not
take additional data at A = 113 in 2018 because the 2016
data was sufficient to rule out the potential UL Q value
decay branch. As such, we do not apply a correction,
ARg,, to the 2016 ''2:113Ag data. Instead, we include
an uncertainty due to this effect that we estimate from
Eqn. (2) and (3) based on the 4. that was used and the
variation in the observed orbital radius of the ion spot
on the MCP, as seen, for example, in Figure (3). We also
applied the ARy, correction to the 2016 1°In* /1158Sn+
test ratio data, and included the systematic uncertainty
due to this effect in the 12Sn*/12Cd" test ratio, as
reported in Table II.

After the 2018 run, a smaller, additional systematic
shift to f. data taken using the PI-ICR technique at the
CPT was discovered [38]. This shift affected the phase
of the reference spot and is due to contaminant ions of
the same nominal A/q in the trap. During the pulsed

rf dipole drive at fi that is used to initially drive the
ions to their reduced cyclotron orbit, and also during the
pulsed rf quadrupole drive at f. that is used to convert
cyclotron motion into magnetron motion, ions accumu-
late a phase difference that depends on m/q. Because the
f+ and f. drive pulses are of short duration (=500 us),
the resulting phase difference is typically small (/5°),
and a separation of different species in the reference spot
is not observed. However, depending on the proportion
of contaminant ions to the ion of interest entering the
trap, the weighted average phase of the reference spot
can be systematically offset from the phase of just the
ions of interest [38]. This effect can be corrected for by
determining the percentage of contaminant ions vs ions
of interest and calculating the corresponding weighted
phase shift. This correction was accounted for in the
data, and has been included in Table I as the correction
A}%ref-

Our cyclotron frequency ratio measurements of
H2gn+ /12C0d+ and M5Int/M5Snt were performed to
serve as an independent check of our measurements by
comparing them to the inverse mass ratios calculated
with data listed in the AME2020 [22]. We also ob-
served the '»™MAg isomer, so were able to obtain the
ratio 113mAgt /13Agt  which can be compared to the
mass ratio of the '3Ag ground and isomeric state. A
comparison of these data is shown in Table II.

IV. RESULTS AND DISCUSSION
A. Qs values for >3 Ag and ''*Cd B-decay

The goal of this work was to obtain gs—gs (-decay Q
values for 1213 Ag and ''°Cd. These Q values, defined
as the energy equivalent of the mass difference between
parent and daughter atoms, can be determined from the
measured cyclotron frequency ratios via

Qgs = (M, — My)? = (Mg —me)(R™' —1)2,  (5)

where M, and My are the mass of the parent and daugh-
ter atoms, respectively, and m. is the mass of the elec-
tron. The conversion factor from atomic mass units to
keV, 1 u = 931494.10242(28) keV/c? from Ref. [49] was
used. The average cyclotron frequency ratios listed in
Table I were used to obtain these QQ values, and the re-
sults are listed in Table III. Daughter atomic masses were
taken from the AME2020 [22], and m, from the most re-
cent CODATA recommended values of the fundamental
physical constants [49]. Q values obtained in this work
are compared to those from the AME2020 in Table III
and in Fig. 4.

Our Q values for '2Ag and ''°Cd are slightly lower,
but in agreement with the values obtained from the
AME2020. Our result for ''2Ag is a factor of 10 more
precise, while that for '5Cd is about a factor of two more
precise. Our result for ''3Ag shows a significant, 40 dis-
crepancy compared to the AME2020, and is a factor of
three more precise.



Table I. Average cyclotron frequency ratios obtained from the measurements performed in this work. Measurements were
performed in three separate experimental runs in 2016, 2017 and 2018. The accumulation times for each measurement are
listed under tacc in ms. ARg, and AR,es are corrections (and associated uncertainties in parentheses) x10° applied to the
ratio to account for systematic shifts to the final and reference spots, respectively (see text for details). o is the statistical
uncertainty x10°, and R is the resulting corrected ratio, with combined statistical and systematic uncertainties in parentheses.

Ton Pair Year tacc (ms) ARgn AR ef Ost R
H2 A+ /1120qt 2016 350 0(48) 48(5) 8 0.999 961 658(49)
H2 At /1120qt 2018 710 0(0) -1.6(2) 2.1 0.999 961 721 5(21)
H2gpt /112oqt 2016 350 0(48) 18(2) 9 0.999 981 445(49)
H2gpt /112oqt 2018 710 0(0) 2.1(2) 2.4 0.999 981 582 2(24)
H3 At /M3Cat 2016 340 & 545 0(42) 2.3(2) 12 0.999 980 169(44)
13 gt /H8m A gt 2016 348 & 545 0(41) 7.5(8) 15 0.999 999 616(44)
Hsodt /Mt 2016 349 -4(9) 15(2) 1.4 0.999 986 451 4(93)
Hsodt /M8t 2017 348 0(0) -19(2) 6.0 0.999 986 435 5(63)
Heodt /Mt 2018 440 0(0) -1.4(2) 3.9 0.999 986 440 1(39)
Average 0.999 986 440 3(31)
MBSt /115G T 2016 349 26(13) 5(1) 2.2 0.999 995 361(13)
MBSt /11580 + 2017 160, 318 & 348 0(0) 14(2) 3.9 0.999 995 351 8(44)
ST+ /1580 + 2018 440 0(0) 4.9(5) 7.0 0.999 995 332 7(70)
Table II. Comparison of test ratio measurements, R, given in 801 {
Table I to inverse mass .ratios, .Rm, obtained from .literatu.re 604
values for mass [22] and isomeric energies [48]. AR is the dif- ~ "2ng "8eq
ference (R — Rii) X 10° with total uncertainty in parentheses. % 401 J§ E— |
Ion Pair Year Ryt AR (x107?) 52( 0] . Oy
H2gpt /112oqt 2016 999 981 582 5(37) -137(49) E P / i
2018 -0.3(4.4) S -
U3 At /13mAgt 2016 0.999 999 586 4(10) 30(44) -
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B. Evaluation of QuL values for 112’113Ag and '°Cd

Using the new Q values listed in Table I1I, the potential
UL Q values for decay branches to excited states in the
daughter nuclei can be evaluated via

QUL = Qgs - E*a (6>

Table III. Q values obtained in this work, Qcpr, from the
cyclotron frequency ratio measurements listed in Table I and
using Eqn. (5). Results obtained from the AME2020 [22],
Qame, and the differences AQ = Qcpr — QamE are also
listed. All values are in keV.

Decay QcrT QaME AQ
H2A0 5 112Cd  3990.16(22)  3991.1(2.4) -1.0(2.4)
HW3Ag — M3Cd  2085.7(4.6)  2016.5(16.6)  69.2(17.3)
H50d — Y5In 1451.36(34)  1451.88(65)  -0.52(73)

Figure 4. (Color online) Ground-state to ground-state Q val-
ues measured in this work. The red bands show the AME2020
uncertainty and the red dots are our measured values.

where Qg5 is the gs—gs Q value from Table III, and E* is
the energy of the final state in the daughter (see Table IV
for relevant references). The Qur, values that we obtained
are listed in Table IV.

Our new Qur, values definitively show that the poten-
tial UL Q value decay for ''?Ag identified in Ref. [28]
is not energetically allowed, and that the potential UL
Q value decay for '5Cd identified in Ref. [20] is not <
1 keV and hence not ultra-low. The fact that our new
Qgs value for 113Ag deviates from the AME value by 69
keV, means that the potential UL Q value decay to the
1/27 state in '3Cd at 2015.6 keV is > 1 keV and is
ruled out. However, there is another 1/2% state in 13Cd
at 2080(10) keV that an UL Q value decay could poten-
tially go to. The 10 keV uncertainty in the *3Cd(1/2%)
daughter state does allow for the possibility of there be-
ing a decay branch to this state with a Q value that is



<1 keV. We have performed an initial evaluation of the
possible half-life for such a decay if the @ value were ~1
keV. To do this, we followed the “statistical approach”
described by Eronen, et al. [35]. We used the NNDC
logft calculator [50], where logft = logioft; o with f the
phase space factor and ¢/, the half-life [51], to deter-
mine the transition intensity for '3 Ag S-decay to the
1/2* daughter state of interest in 13Cd for a range of
logft values between 8.1 and 8.4. These values were se-
lected based on values listed for decays to 1/2% daughter
states in 113Cd at 883.6 keV and 988.4 keV [52]. The
validity of the logft calculator values was confirmed by
comparing logft values for decays to these 1/2% excited
states, the 1/2% ground state, and to 3/27" excited states,
all of which are 15 forbidden non-unique transitions. All
results agreed with the listed logft values [52] to within
40.1. In this analysis we varied the daughter energy level
from 2085.6 to 2084.2 keV, to give a range of Qur, val-
ues of 100 — 1500 eV. The corresponding partial half-life
was then determined from the transition intensity [51].
A plot of partial half-life vs Qur, value is given in Fig. 5.
The partial half-life for this decay with Qur, = 500 eV is
~ 5 x 10% yr, which is extremely long compared to the
13 Ag total half-life of 5.37 hr, thus making the detection
of this decay very challenging.

C. Mass Excesses for 11213 Ag and !°Cd

The ratios in Table I were used to obtain absolute
atomic masses for the parent nuclides, '2!''3Ag and
150, via

M, = (Mg —m¢)R™ +m,, (7)

with corresponding values for My taken from Ref. [22].
Mass excesses were then obtained and are listed in Ta-
ble V where they are compared with the values from the
AME2020 [22].

The mass excesses for 12Ag and '5Cd are in good
agreement with the AME2020 data, but are factors of

1074,
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e Partial half-life for log(ft) = 8.4
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Figure 5. (Color online) Evaluation of the S-decay partial

half-life of 3Ag(1/27, gs) — '3Cd(1/2", 2080(10) keV),
on a logip scale, as a function of Qur value using the logft
statistical approach (see text for details).

Table IV. Q values for potential UL decay branches identified
in Refs. [20, 28]. The Qur, values were obtained using the
gs—gs Q values, Qcpr and Qamg, from Table 111, and excited
state energies, E*. The E* values, listed in Ref. [53], are
from nuclear data sheet compilations [52, 54, 55]. Relevant
measurements and references for determining those energy
levels are given in the table footnotes. All energies listed are
in keV.

Decay E* Qur
CPT AME
W2Ag — 1120d 3997.75(14)  -7.59(26) -6.6(2.4)
3, 1130 2015.6(2.5)>  70.1(5.2) 0.9(16.8)
2080(10)° 5.7(11.0)  -63.5(19.4)
H5Cd — M5In 1448.787(9)%  2.57(34) 3.1(0.7)

a 11Gd(n,y) [56]); 112Cd(v,7'po1) [57),[58]; compilation [54]

b 114Gd(dper,t) [59]; compilation [52]

© 124 (dpoy,p), 11Cd(dpor,t) [59; 112Cd(d,p) [60]; comp. [52]
d Multiple sources; compilation [55]

Table V. Mass excesses for 1'2Ag, 1'3Ag and ''5Cd obtained
in this work along with results from the AME2020 [22] and
the difference AME = MEcpt — MEAME

This work AME2020 AME
Isotope 5 N 5

(keV/c?) (keV/c?) (keV/c?)
H2A0 86 584.70(33)  —86 583.7(2.4) -1.0(2.4)
H3Ag —86 957.6(4.6)  —87 026.8(16.6)  69.2(17.2)
15Cd  —88085.00(42)  —88 084.5(0.7) -0.5(0.8)

approximately seven and two more precise, respectively.
Our result for ''3Ag shows that it is less bound by
69.2(17.2) keV compared to the AME2020 value, a 40
discrepancy. The mass of '3Ag in AME2020 is de-
rived almost entirely from three '>Ag B-decay measure-
ments [61, 62], the most precise of which is listed as a
private communication to the Nuclear Data Group from
1957 [22]. The 5Cd mass, on the other hand is derived
from a (d,p) reaction linking it to 11*Cd, and the ''2Ag
mass is from a Penning trap measurement performed by
the ISOLTRAP group [63]. We note that we did ob-
serve the '™ Ag isomer in addition to the ''3Ag ground
state, as shown in Fig. 2, and determined their mass
difference to be 40.4(4.6) keV /c?, consistent with the lit-
erature value of 43.5(1) keV [48] for the energy of the
isomeric state.

V. CONCLUSION

We have performed precise determinations of the gs—gs
B-decay Q values of 1213 Ag and ''5Cd by measuring
the cyclotron frequency ratios of singly-charged parent
and daughter ions with the Canadian Penning Trap mass
spectrometer. By comparing these Q values with excited
state energy levels in the daughter nuclei, the Qur, values
for potential UL Q value decays of 12Ag and *'°Cd were



found to be —7.59(26) keV and 2.57(34) keV respectively.
The former is not energetically allowed and the latter is
too large (i.e. > 1 keV) to be considered as an UL decay,
ruling both out as potential UL Q value -decays. Our
Q value measurement of '3Ag indicated a 69(17) keV
discrepancy compared to data from the AME2020. This
result ruled out the potential UL Q value decay to the
1/2%,2015.6 keV state in 113Cd, but indicated a new po-
tential UL Q value branch to the 1/2% state at 2080(10)
keV. Hence, 13Ag is still a potential candidate with a
Qur of 6(11) keV. While a more precise determination
of the 113Cd(1/27F, 2080 keV) state energy and dedicated
theoretical calculations are required to further evaluate
this decay branch, an initial analysis indicates that the
partial half-life for this decay with a Qur, <1 keV is >107
yr. Hence, the observation of this decay, if it turns out to
be energetically allowed, would be experimentally chal-
lenging.

Finally, we also report improved atomic masses for

H2,13A0 and 115Cd. The atomic masses of ''2Ag and
15Cd are in good agreement with the AME2020 values,
and have had their uncertainties reduced by factors of
seven and two, respectively. We observed an =70 keV
discrepancy in the mass of '*Ag compared to the AME.
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