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A direct measurement of the ground-state-to-ground-state electron-capture decay Q (QEC) value of 97Tc has
been conducted employing the high resolving power phase-imaging ion-cyclotron-resonance technique with the
double Penning trap mass spectrometer JYFLTRAP. The resulting QEC value for 97Tc is 324.82(21) keV, ex-
hibiting a precision approximately 19 times higher than the value adopted in the newest Atomic Mass Evaluation
(AME2020) and differing by 1.2σ . Furthermore, by combining this refined Q value with nuclear energy-level
data for the decay-daughter 97Mo, a potential ultra-low Q-value transition, possibly of allowed type, 97Tc (9/2+,
ground state) → 97Mo∗ (320(1) keV), was evaluated for future long-term neutrino-mass determination experi-
ments. The ground-state-to-excited-state electron-capture decay Q value (Q∗

EC) of this transition was determined
to be 4.8(10) keV, confirming it to be energetically allowed with a confidence level of exceeding 4σ . The cap-
tures of electrons occupying the L and higher shells for this transition are energetically allowed, giving a value
of 2.0(10) keV for the closest distance of Q∗

EC to the allowed binding energy of the L1 shell. To predict partial
half-lives and energy-release distributions for this transition, the atomic self-consistent many-electron Dirac–
Hartree–Fock–Slater method and the nuclear shell model have been employed. Dominant correction terms such
as exchange and overlap corrections, as well as shake-up and shake-off effects, were included in the final results.
Moreover, the normalized distribution of released energy in the electron-capture decay of 97Tc to excited states
of 97Mo, is compared with that of 163Ho, which is being used for electron-neutrino-mass determination. A
pseudo-experiment technique was introduced to calculate error propagation in half-life and the 68% confidence
interval for normalized energy distributions.

I. INTRODUCTION

Neutrinos are electrically neutral fermions that interact only
via the weak force and gravity, and they have an incredibly
tiny rest mass compared to other elementary particles. Neu-
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trinos do not participate in electromagnetic or strong interac-
tions, thus allowing them to pass through matter unimpeded.
Up to now, three neutrino flavors have been found: electron
neutrino (νe), muon neutrino (νµ ), and tau neutrino (ντ ). For
each neutrino, there also exists a corresponding antineutrino,
which also has spin of 1/2 and no electric charge [1]. Although
neutrinos were initially thought to be massless as estimated by
the standard model (SM), the three neutrino mass eigenstates
do not show a one-to-one correspondence to the three flavors,
each flavor being a quantum superposition of all three mass
states [2]. Neutrinos oscillate between flavors, making their
detection even more intriguing [3–5]. Neutrino-oscillation ex-
periments reveal that at least two neutrino-mass eigenstates
have a non-zero rest mass, leading to a mass difference be-
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tween the three mass eigenstates. Laboratory experiments and
cosmological observations have provided experimental data
on differences in the squares of the neutrino masses, an up-
per limit on their sum, and an upper limit on the mass of the
electron (anti)neutrino. Among these experiments, the most
direct and model-independent way to pin down the exact mass
value of the electron antineutrino (mνe ) is to measure the elec-
tron energy spectrum of single β− decay, e.g., the Karlsruhe
Tritium Neutrino (KATRIN) experiment [6–8], which has re-
cently pushed the absolute electron antineutrino mass scale
boundary to 0.45 eV/c2 at the 90% confidence level (CL) [9].
KATRIN will finally set the mνe upper limit with a sensitivity
of 0.2 eV/c2 at 90% CL. Other single-β−-decay experiments,
Project 8 and PTOLEMY project, using cyclotron radiation
emission spectroscopy and the development of atomic tritium
sources, will eventually allow a sensitivity of tritium-based
neutrino-mass experiments to mνe beyond the design sensi-
tivity of KATRIN [10, 11] down to 0.04 eV/c2. An alterna-
tive method, employing electron capture in 163Ho (ECHo), an
experiment to calorimetrically measure the electron-capture
(EC) deexcitation spectrum [12–14], has set a current limit of
150 eV/c2 for the electron neutrino mass [14].

In single-β−-decay experiments aimed at determining the
mass of the electron antineutrino, a Q value of the decay as
small as possible is sought. A smaller Q value leads to a
higher fraction of effective decays within a given energy in-
terval ∆E near the endpoint region. Currently, the running
direct (anti)neutrino-mass-determination experiments rely ex-
clusively on ground-state-to-ground-state (gs-to-gs) decay
cases, such as 3H (β− decay) and 163Ho (EC). However, ongo-
ing intensive searches are actively exploring isotopes having
low Q-value ground-state-to-excited-state (gs-to-es) β−/EC
decays [15–17] using high-precision Penning-trap mass spec-
trometry (PTMS) including JYFLTRAP, LEBIT, CPT, ISO-
TRAP, and SHIPTRAP Penning traps [18–32]. PTMS is the
most precise and accurate technique for determining atomic
masses and Q values. It remains the only direct method ca-
pable of measuring decay Q values to sub-keV precision or
better, allowing verification of potential ultra-low (< 1 keV)
Q-value transitions.

For the nuclide 97Tc, there exists a potential low Q-value
gs-to-es EC transition, 97Tc (9/2+, ground state) → 97Mo∗

(320(1) keV [33], excited state), that could be employed for
neutrino-mass detection. This speculated allowed transition,
having a gs-to-es Q-value of 0.0(41) keV deduced from the
existing experimental data [33, 34], makes itself a candidate
for an ultra-low Q-value transition. However, the Q value
of the decay to the excited state in the daughter nucleus is
known with only 4.1 keV precision. This uncertainty arises
from the combined uncertainties in the gs-to-gs EC Q value (4
keV) adopted from [34] and in the excitation energy (1 keV)
from [33]. As a result, a definitive conclusion regarding its
energetic feasibility cannot be drawn solely from the current
experimental information. To further determine whether this
specific decay is energetically feasible and whether it falls into
the ultra-low category, experimental measurements of the gs-
to-gs decay Q value and the excitation energy of the state in
the daughter nucleus are required.

Here, we present the first direct measurement of the gs-to-
gs EC Q value for 97Tc using the JYFLTRAP Penning-trap
mass spectrometer. The precise Q value obtained, along with
current nuclear energy-level information for excited states of
97Tc, is employed to refine the gs-to-es Q values. The pos-
sible ultra-low Q-value transition in 97Tc is verified with the
newly determined experimental data. We confirm the tran-
sition to be energetically allowed. To explore the viabil-
ity of this transition for neutrino-mass detection, we utilize
two computational methods: the atomic self-consistent many-
electron Dirac–Hartree–Fock–Slater method and the nuclear
shell model. These approaches enable us to predict the par-
tial half-lives and energy-release distributions for the relevant
EC-decay transition.

II. EXPERIMENTAL METHOD

The experiment was carried out at the Ion Guide Iso-
tope Separator On-Line facility (IGISOL) at the University of
Jyväskylä, Finland [35, 36]. Figure 1 gives a schematic view
of the experimental setup.

FIG. 1. (Color online). Schematic view of the IGISOL facility. The
97Tc+ ions were generated via proton-induced fusion-evaporation re-
actions on a natural Mo target in the IGISOL target chamber (1).
Simultaneously, stable 97Mo+ ions were created at the offline ion
source station (2) using glow discharge. An electrostatic kicker
(3) was utilized for ion-beam selection. A dipole magnet (4) se-
lected singly-charged ions with the same mass number. The RFQ-
CB (5) was employed for ion cooling and bunching, and the final Q-
value and mass measurements were performed with the JYFLTRAP
Penning-trap setup (6).

97Tc ions were generated in fusion-evaporation reactions
between a natural molybdenum target foil irradiated with a
few µA of a proton beam of energy 45 MeV produced by
the K-130 cyclotron. The secondary ions were stopped in
a small volume gas cell filled with helium at a pressure of
around 100 mbar as shown in Fig. 1. There, the ions end up
mainly singly charged from charge-exchange reactions. The
predominantly singly charged ions are extracted from the gas
cell by helium gas flow and are guided with electric fields fa-
cilitated by differential pumping and a sextupole ion guide
(SPIG) [37]. Subsequently, the ions were accelerated using a
30 kV electric potential and transported to the 55◦ dipole mag-
net for isobaric mass separation with a typical mass resolv-
ing power of approximately 500. The isobarically separated
ions with mass-to-charge ratio A/q = 97 (including reaction
products such as 97Nb+, 97mTc+, 97Tc+, and 97Mo+) were
then directed to a radiofrequency-quadrupole cooler-buncher
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(RFQ-CB) [38], where they underwent accumulation, cool-
ing, and bunching. To produce the decay-daughter ion 97Mo+

samples, an offline glow-discharge ion source was used [39].
Additionally, a 90◦ electrostatic bender, as presented in Fig. 1,
selectively guided ions either from the online target station
or the offline ion source for downstream transmission to the
RFQ-CB.

The cooled and bunched ions from the RFQ-CB, were
further directed to the JYFLTRAP [40], which consists of
two cylindrical Penning traps within a 7-T superconducting
solenoid, for the final mass and Q-value measurements. The
first trap, filled with helium buffer gas, serves as a purifica-
tion trap and is employed for isobaric purification using the
sideband buffer gas cooling technique [41] with a resolving
power of approximately 105. To select the 97Tc+ ion samples,
this method could separate the aforementioned ions of 97Nb+,
but lacked sufficient mass resolving power to eliminate 97Mo+

and 97mTc+ ions.
Mono-isotopic samples of 97Tc+ were therefore prepared

using the coupling of the dipolar excitation with Ramsey’s
method of time-separated oscillatory fields [42] and the phase-
imaging ion-cyclotron-resonance (PI-ICR) technique [43, 44],
as described in [29]. A Ramsey-type dipole excitation fre-
quency scan in the second trap, employing a 2 ms (On) - 98
ms (Off) - 2 ms (On) excitation pattern, was used. The ions
of interest were selectively chosen by filtering through posi-
tional gates using PI-ICR identification with a 436 ms phase
accumulation time.

The PI-ICR method [43, 44] is used to measure the Q value
via the actual measurements of the cyclotron frequency,

νc =
1

2π

q
m

B, (1)

where m is the mass of the ion, q the charge and B the
magnetic field of the trap. The PI-ICR technique is around
25 times faster than the conventional time-of-flight ion-
cyclotron-resonance (TOF-ICR) method used to achieve the
same precision with a similar experimental condition [43–46].
The scheme of the PI-ICR technique used at JYFLTRAP [44]
relies on the direct measurements of the magnetron motion
and the reduced cyclotron motion at the same time while pro-
jecting the radial ion motion onto a position-sensitive MCP
detector. The angle αc between the two phase images of the
projected radial motions, obtained from two timing patterns
for determining the cyclotron frequency νc, is defined with re-
spect to the center spot: αc = α+−α−. Specifically, α+ and
α− correspond to the polar angles of the magnetron and re-
duced cyclotron motion phases. The cyclotron frequency νc
is determined from the αc measurements during the phase ac-
cumulation time tacc:

νc =
αc +2πnc

2πtacc
, (2)

where nc represents the full number of revolutions of the mea-
sured ions. To unambiguously assign nc in Eq. (2), different
accumulation times were used for 97Tc+. The actual measure-
ments employed an accumulation time of 436 ms to determine
the final cyclotron frequency νc for both 97Tc+ and 97Mo+

ions, ensuring that any leaked isobaric contaminant would not
overlap with the ions of interest.

To minimize any shifts in the νc ratio of the 97Tc+-97Mo+

pair, the positions of the phase spots for the magnetron and
reduced cyclotron motions were carefully chosen to maintain
the angle αc within a few degrees. This was done to account
for the conversion of the reduced cyclotron motion to the mag-
netron motion and the potential distortion of the ion-motion
projection onto the detector, ensuring that the shift remained
well below 10−10 [45]. Figure 2 shows a representative mea-
surement with "reduced cyclotron" and "magnetron" phase
spots relative to the center spot. During the measurements,
the excitation delay of ν+ was systematically scanned over
one magnetron period, while the extraction delay varied over
one cyclotron period, accounting for any residual motion that
might have affected the spots. The interleaved measurements
of νc for 97Tc+-97Mo+ ions had a total data accumulation time
of approximately 4.9 hours.

The gs-to-gs EC Q value (QEC), the mass difference of the
decay pair, can be derived from their measured cyclotron fre-
quency ratio R (= νc,d

νc,p
):

QEC = (Mp −Md)c2 = (R−1)(Md −qme)c2 +(R ·Bd −Bp),
(3)

where Mp and Md are the masses of the parent and daughter
atoms, and me the mass of an electron. The electron binding
energies of the parent and daughter atoms, denoted as Bp and
Bd , are neglected due to their small values (on the order of a
few eVs [47]), and R is close to 1. Given that both the par-
ent and daughter ions share the same A/q value and their rela-
tive mass difference ∆M/M < 10−4, the mass-dependent error
becomes insignificant compared to the statistical uncertainty
achieved in the measurements. Additionally, the contribution
of uncertainty to the Q value arising from the mass uncer-
tainty of the daughter ion chosen as areference, 0.16 keV/c2

for 97Mo [34], can be safely disregarded.

TABLE I. Final results from the analysis of the mean cyclotron fre-
quency ratio between the ground state of daughter 97Mo and parent
(97Tc, 9/2+) nuclei. Frequency ratio R, QEC values (in keV) and the
mass excess (in keV/c2) of parent nuclei determined in this work are
listed in comparison with the AME2020 values [34].

R QEC mass excess
97Tc (AME2020) 320.0(40) -87224.0(40)
97Tc (This Work) 1.00 000 359 84(23) 324.82(21) -87219.88(26)

III. RESULTS AND DISCUSSION

From the measurements of the cyclotron frequency ratio R,
QEC was calculated via Eq. 3. As shown in Fig. 3, 20 PI-ICR
measurement data sets were collected for 97Tc+-97Mo+. In
less than 5 minutes, a full scanning measurement (one cy-
cle) of the magnetron phase, reduced cyclotron phase and
center spot in sequence was completed for each ion species
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TABLE II. Potential candidate transitions from the initial state (ground state) of the parent nucleus 97Tc (9/2+) to the final states in the daughter
nucleus 97Mo. The first column lists the excited final state of 97Mo for the low Q value transition. The decay type is provided in the second
column. The third to sixth columns present the derived decay QEC values, sourced from literature (Lit.) [34] and this work (T. W.), respectively.
The seventh column displays the experimental excitation energy E∗ [33]. The eight column shows the confidence level (σ ) of the Q∗

EC being
positive. Columns nine to eleven, denoted as ∆x, represent the distance of QEC values to the binding energy εx of the electrons in the daughter
atoms, sourced from [48]. Spin-parity assignments and energy values enclosed in braces {} signify uncertain assignments or uncertainties in
excitation energy, resulting in uncertainties in the decay type or decay energy. All decay-energy and energy-level values are in units of keV.

Final state Decay type Qgs−gs
(Lit.)

Qgs−gs
(T. W.)

Q∗
EC

(Lit.)
Q∗

EC
(T. W.) E∗ Q/δQ

(T. W.)
∆L1

(T. W.)
∆L2

(T. W.)
∆M1

(T. W.)
97Mo ({9/2+}) {allowed} 320.0(40) 324.82(21) 0.0(41) 4.8(10) 320.0(10) 4.8 2.0(10) 2.2(10) 4.3(10)

97Mo (5/2+, ground state) 320.0(40) 324.82(21)
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FIG. 2. (Color online). Example 97Mo+ ion spots of center, re-
duced cyclotron (Cyc.) phase and magnetron (Mag.) phase on the 2-
dimensional position-sensitive MCP detector after a typical PI-ICR
excitation pattern with an accumulation time of 436 ms. The Mag.
phase spot is demonstrated on the left side and the Cyc. phase spot on
the right. The angle difference between these two spots in relation to
the center is employed to calculate the cyclotron frequency νc. The
color in each pixel corresponds to the number of ions as illustrated
by color bars.

of the decay pair 97Tc+-97Mo+. In the analysis, we deter-
mined the position of each spot using the maximum likeli-
hood method. After summing a few cycles to obtain reason-
able counts for fitting, phase angles were calculated based on
the determined positions of the phase spots as demonstrated
in Fig. 2. These phase angles allowed us to deduce the cy-
clotron frequencies of each ion species. By linearly inter-
polating the νc of the daughter ion 97Mo+ (reference) to the
time of the measurement of the parent ion 97Tc+ (ion of in-
terest), the cyclotron frequency ratio R was derived. To min-
imize potential cyclotron frequency shifts resulting from ion-
ion interactions [49, 50], a median ion rate was constrained to
1-2 ions per bunch during the measurements. Bunches with
fewer than five detected ions per bunch were considered dur-
ing the data analysis. In the analysis, the count-rate related
frequency shifts were not observed. The temporal fluctuation
of the magnetic field δB(νc)/νc = ∆t ×2.01×10−12/min [43]
is taken in account in the final results. Here, ∆t represents the
time interval between consecutive reference measurements.
The contribution of magnetic field fluctuations to the final fre-
quency ratio uncertainty was less than 10−10, as the parent-

daughter measurements were interleaved with intervals less
than 10 minutes. Additionally, the frequency shifts in the
PI-ICR measurement caused by ion image distortions were
ignored, as they were well below the statistical uncertainty.
Furthermore, the fact that decay pair ions 97Tc+-97Mo+ are
mass doublets, cancels out many systematic uncertainties in
the cyclotron frequency ratio. The weighted mean ratio R of
all single frequency ratios was calculated, considering the in-
ner and outer errors to deduce the Birge rato [51]. The max-
imum of the inner and outer errors served as the weight for
computing R. Results of our analysis including all data sets,
in comparison to literature values, are presented in Fig. 3 and
Table I. The final daughter-to-parent frequency ratio R with its
uncertainty is determined to be 1.000 003 598 4(23), resulting
in a gs-to-gs Q value of 324.82(21) keV.
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ground and {9/2+} final states, the spin-parity assignment being un-
certain for the latter state. The dashed green horizontal lines extend-
ing from the left indicate the threshold energy for the marked electron
orbitals from which the EC can happen. The boxes with a red hor-
izontal line show the QEC value using data from literature [34, 52]
with 1σ uncertainty in comparison to the Q value from this work
(hatched blue box). Our results indicate that EC to the {9/2+} state
can occur only from the L1 orbital or higher, while the data from
literature cannot give a conclusive clue of whether there are any al-
lowed electron orbitals higher than the K orbital for EC to occur.

The gs-to-gs QEC value of 324.82(21) keV obtained from
this work, which represents the first direct measurement, is
approximately 19 times more precise than the value deduced
from the evaluated masses in AME2020 [34, 52]. The mea-
sured QEC value has a deviation of 4.8(40) keV from the
AME2020 value and is ≈1σ larger.

In the case of EC, the closer is the Q value of the decay to
one of the ionization energies of the captured electrons, the
larger the resonance enhancement of the rate near the end-
point, where the effects of a non-vanishing neutrino mass are
relevant. Which orbital electrons take part in the EC process
and the absolute Q values of the decays are crucial for mod-
elling the spectrum shape near the endpoint. The current pre-
cision deduced from literature [33, 34, 52] does not allow a
definitive conclusion on whether any other electron orbitals
allow EC to occur for the transition 97Tc (9/2+) → 97Mo∗

(320.0 keV). In this work, the high-precision Q-value mea-
surement allows an unambiguous characterization of all the
possible lines in the EC spectrum at a significance level of at
least 2σ for the transition. This makes the modeling of its
shape possible. The high-precision EC energy measured from
this work, together with the nuclear energy level data from
Ref. [33] of the excited state of 97Mo as tabulated in Table II,
was used to determine the gs-to-es Q value (Q∗

EC) of the can-
didate state. The newly determined Q∗

EC confirms that the de-
cay of the ground state of 97Tc to the excited state of interest
is energetically allowed with a confidence level of more than
4σ , as shown in Table II. A comparison of the Q values of
the gs-to-es EC transition from this work to the value derived
from AME2020 is shown in Fig. 4. As tabulated in Table II,
∆x gives the distance of the Q∗

EC value to the binding energy
εx [48] of the electrons in the allowed daughter atomic shells
(x = L1, L2, and other electrons from s levels and p1/2 levels

from the third and higher shells). For the state with the excita-
tion energy of 320.0(10) keV, the captures of electrons occu-
pying the L1 and higher shells for the transition 97Tc (9/2+)
→ 97Mo∗ are energetically allowed as indicated in Fig. 4. The
transition 97Tc (9/2+) → 97Mo∗ (320.0 keV), giving the val-
ues of 2.0(10) keV and 2.2(10) keV for the distance of Q∗

EC to
the allowed binding energies εL1 = 2.866 keV and εL2 = 2.625
keV [48], is potentially of the allowed Fermi plus Gamow-
Teller type. This transition is of high interest for future neu-
trino mass determination due to a possible high branching ra-
tio. To confirm whether the emitted neutrino energy 2.0(10)
keV is ultra-low, further high-precision measurements of the
excitation energy of the state are required. Moreover, the par-
ity of this state needs to be determined to verify the decay type
of the transition to this state.

IV. THEORETICAL PREDICTIONS

Two calculation methods are employed to predict the dis-
tribution of energy released in the decay, the transition half-
life and their error spread, namely the atomic many-electron
Dirac–Hartree–Fock–Slater (DHFS) self-consistent method
and the Nuclear Shell Model (NSM) many-nucleon frame-
work. For the atomic-structure calculations we made use
of the RADIAL subroutine package [53], which also con-
tains the DHFS.F code, while for the NSM we employed the
NuShellX@MSU code [54].

In our calculation we consider the initial atom in its ground
state. The electronic structure of the final atom is constructed
starting from the configuration of the initial atom with an elec-
tron hole in the shell from where it was captured. When the
nucleus captures the electron, the other electrons (the specta-
tor electrons) undergo processes that impact the decay rate. A
couple of important corrections related to these processes are
considered [32]: exchange and overlap corrections, shake-up
and shake-off effects.

The atomic shells are denoted using the main quantum
number n, and the relativistic quantum number κ as x=(n,κ).
In order to compute the released energy distribution of an al-
lowed EC event we sum all the contributions from the atomic
shells with the relativistic quantum number κ =±1 as:

ρ(E ′) =
G2

β

(2π)2 C∑
x

nxβ
2
x BxSx pν Eν

Γx/(2π)

(E ′− εx)
2 +Γ2

x/4
. (4)

Here we employ two corrections, namely the exchange and
overlap correction represented by the Bx factor and the shake-
up and shake-off corrections introduced as the Sx factor [55].
The Coulomb amplitude is calculated for the initial atom and
is represented by βx. The Cabibbo angle θC and the Fermi
constant GF are present in Gβ = GF cosθC. The relative oc-
cupancy of the shell is denoted as nx. The energy and mo-
mentum of the emitted neutrino are represented as Eν and
pν =

√
E2

ν −m2
ν , with mν being the neutrino mass. A recent

improvement [56] in the computation of the relaxation energy
following the capture is the usage of total binding energy as
εx = |Tg.s.|− |Tx|, where Tg.s. indicates the energy of the final
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TABLE III. Computed half-lives for the EC decay of 97Tc to the excited state (320.0 keV) in 97Mo, with the Q∗
EC value shown in Table II. The

errors are computed acording to the approach presented in Sec. IV A.

Channel Interaction Total half-life L1 L2 M1 M2 N1 N2 O1
(104yr) (104yr) (107yr) (104yr) (106yr) (105yr) (107yr) (106yr)

L1 allowed jj45pnb 19+17
−0.7 46+120

−26 2.2+5.0
−1.2 47+32

−17 26+18
−10 20+12

−7 13+8
−4 42+25

−15
L1 allowed glekpn 2.1+1.8

−0.7 5.0+14
−2.9 0.25+0.50

−0.13 5.2+4.0
−1.9 2.9+2.0

−1.1 2.2+1.3
−0.8 1.4+0.9

−0.5 4.7+2.8
−1.6

L1 forbidden jj45pnb 93+7
−6 − 570+4000

−340 169+50
−34 91+27

−18 60+18
−12 38+11

−8 127+40
−25

L1 forbidden glekpn 10+0.8
−0.6 − 60+500

−40 19+5.0
−4.0 10+3.0

−2.1 6.7+1.9
−1.4 4.3+1.2

−0.9 14+4
−2.9

atom in its ground state, while x represents the energy of the
excited state of the final atom with a hole in the x shell. The
Γx represents the intrinsic line-widths of Breit–Wigner reso-
nances centered at εx and they were taken from [57]. The
nuclear structure part is represented by the C factor as:

C =
1

2Ji +1
(
g2

V|MF|2 +g2
A|MGT|2

)
, (5)

with gV being the weak vector coupling, and gA and Ji being
the weak axial coupling and the angular momentum of the ini-
tial nucleus. The Fermi nuclear matrix element is denoted by
MF and the Gamow-Teller nuclear matrix element is denoted
as MGT.

To compute the decay probability λ (E) in the interval
(0,E) we integrated the distribution of the released energy:

λ (E) =
∫ E

0
ρ
(
E ′)dE ′, (6)

The energy E variable respects the relation E = Q∗
EC − Eν .

By using the narrow-width approximation, the total decay rate
can be written as λ = ∑x λx, with the partial decay constant
defined as:

λx =
G2

β

(2π)2 Cnxβ
2
x BxSx pνx (Q∗

EC − εx) , (7)

where pνx =

√(
Q∗

EC − εx
)2 −m2

ν .
In Table III, we present the predicted half-lives and associ-

ated uncertainties for the decay of 97Tc to the excited state of
97Mo, corresponding to the experimental energy E∗ = 320.0
keV, across all relevant atomic shells. In the top two lines,
we consider the L1 channel to be energetically possible (L1
allowed), while in the bottom two lines, we assume that the
capture of L1 electrons is not energetically possible, but the
capture from L2 is possible (L1 forbidden). As can be seen,
there is a significant difference between the upper and lower
error because the Q-value spans a considerable interval of val-
ues, and it appears in quadratic form in the half-life time for-
mula.

In Fig. 5 we present the normalized distributions of re-
leased energy within a shaded-in-blue 68% confidence band
between the blue curves. Considering a Gaussian distribution
for the Q-value 97.3% of cases permit the capture of an elec-
tron from the L1 shell (bottom plot). In 1.2% the L1 channel is

FIG. 5. Normalized distributions of released energy as a function
of E in the statistical approach, Sec. IV A. We represented the 68%
confidence interval shaded in blue with a dark blue contour. The
blue lines indicate the 1σ distributions. The black line represents the
median value of the normalized energy distribution at each energy
point. The plots are for EC decay of 97Tc to the excited state of in-
terest in 97Mo with a Q∗

EC= 4.8(10) keV. The Q value follows a broad
Gaussian distribution. For 97.3% of the elements in the distribution,
the L1 channel is energetically possible (bottom plot). For 1.2% of
them, the L1 channel is energetically forbidden, but the L2 channel
is possible (top plot).

energetically impossible but the capture from the L2 sub-shell
is possible (top plot). The other 1.5% of cases were not pre-
sented here, due to their decreasing probability of occurrence.
The black line represents the median values for each energy
point in the graph. The interval was obtained as described in
section IV A. This analysis shows the high dependence of the
normalized distribution on the Q∗

EC value, especially in the in-
teresting region at the end of the spectrum. The biggest impact
in the error of Q∗

EC comes from the uncertainty in the energy
of the level of interest in the final nucleus. Thus a better as-
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FIG. 6. Normalized distributions of released energy in the EC decay
of 97Tc in the transitions to the excited state of 97Mo, of interest here,
as functions of E −Q∗

EC. The blue line corresponds to the decay to
the excited final state of energy E∗ = 320.0 keV and with Q∗

EC = 3.8
keV, which is 1σ away from the central value of Q∗

EC = 4.8 keV.
L1, L2, M1, and N1 indicate subshells from which the electron was
captured. The M2, N2 and O1 subshells are harder to distinguish and
are not labeled.

sessment of the energy of this level is necessary in order to
have a more well-defined distribution of energy at Q∗

EC.
The current measurement of the Q∗

EC value with the associ-
ated error does not give a definite picture of the capture pro-
cess. In order to investigate the implications of the associ-
ated uncertainties, we present in Fig. 6 a comparison between
the normalized distribution of released energy as a function of
the energy, E −Q∗

EC, for the decay of 97Tc to excited state of
97Mo with Q∗

EC = 3.8 keV, within 1 σ range of the experimen-
tal central value, and 163Ho to the ground state of 163Dy with
QEC = 2.8623 keV. As can be seen in the enlarged scale in the
inset of Fig. 6, the neutrino-mass-sensitive region provides a
higher EC event rate for 97Tc for this Q value, making it com-
parable with the rate for 163Ho. Also, this inset shows exactly
the impact of the neutrino mass on the shape of the spectrum
and how it could be highlighted. The long half-life of about 4
My for 97Tc renders it a good candidate for future long-term
neutrino-mass measurements.

A. Statistical approach

In order to calculate the propagation of errors in the half-
life and the 68% band in the normalized distributions of re-
leased energy as shown in Fig. 5, we employed the pseudo-
experiment technique. This method involves the sampling of
parameters that potentially fluctuate from probability distribu-
tion functions (PDFs). For each set of parameters the half-life
times and the normalized distribution of released energy are
computed, thus obtaining their PDFs. The central values are
obtained as medians of the PDFs. For the two-sided bounds
we took the element at 0.16 and 0.84 of the CPDFs. The un-
certainties are reported as the difference between each bound

and the median value.
We took into account Q∗

EC and gA as sources of uncertainty.
Assuming a Gaussian distribution of Q∗

EC, in about 2.7% cases
the capture from the L1 sub-shell will not be energetically
possible. Thus, we split the sampled values into groups and
considered two in the current study. For the first group, the
capture of the L1 electron is possible (L1 allowed), while for
the second, the L1 channel is energetically forbidden, and the
L2 channel is energetically possible (L1 forbidden). For each
group we plotted the median and the 1 σ band of the normal-
ized distribution of released energy. For the distribution of gA
we have used a uniform distribution with values between 0.7
and 1.0. We consider a number of 106 pseudo-experiments. In
particular, for the normalized distributions of released energy,
we constructed a uniform grid of 104 points for E. In each
point the procedure described above was applied.

V. CONCLUSION AND OUTLOOK

A direct high-precision gs-to-gs EC-decay Q-value mea-
surement of 97Tc (9/2+)→97Mo (5/2+) was performed using
the PI-ICR technique at the JYFLTRAP Penning-trap mass
spectrometer. A Q value of 324.82(21) keV was obtained and
the precision was improved by a factor of around 19 com-
pared to literature. The measurement also improved the mass
excess of 97Tc , -87219.88(26) keV/c2, by a factor of 15 com-
pared to the previously measured value. With the refined gs-
to-gs Q value, the candidate transition of 97Tc (9/2+)→97Mo∗

(320.0 keV) was validated to be energetically allowed. This
also allows an unambiguous characterization of all the pos-
sible lines in the EC spectrum of this transition at a signif-
icance level of at least 2σ . The transition to the 320.0-keV
state with a possible allowed decay type, has a small distance
of 2.0(1.0) keV for the gs-to-es Q∗

EC to the binding energy of
the electrons in the allowed daughter atomic shell L1. For
further confirmation of whether this lowest emitted neutrino
energy is ultra-low, the excitation energy needs to be deter-
mined with higher precision and accuracy. The atomic self-
consistent many-electron Dirac–Hartree–Fock–Slater method
and the nuclear shell model were utilized to predict the par-
tial decay half-lives and energy distributions of gs-to-es EC
transitions in 97Tc with low Q values. To calculate error prop-
agation in half-life and the 68% confidence interval for nor-
malized energy distributions, a pseudo-experiment technique
was introduced. Multiple corrections, such as exchange, over-
lap, shake-up, and shake-off effects, were accounted for in
these predictions for modelling the spectrum shape near the
endpoint.
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A. Kovalík, H. Krause, L. L. Cascio, T. Lasserre, J. Lauer, T. Le,
O. Lebeda, B. Lehnert, G. Li, A. Lokhov, M. Machatschek,
M. Mark, A. Marsteller, E. L. Martin, C. Melzer, S. Mertens,
S. Mohanty, J. Mostafa, K. Müller, A. Nava, H. Neumann,
S. Niemes, A. Onillon, D. S. Parno, M. Pavan, U. Pinsook,
A. W. P. Poon, J. M. L. Poyato, S. Pozzi, F. Priester, J. Ráliš,
S. Ramachandran, R. G. H. Robertson, C. Rodenbeck, M. Röl-
lig, C. Röttele, M. Ryšavý, R. Sack, A. Saenz, R. Salomon,
P. Schäfer, M. Schlösser, K. Schlösser, L. Schlüter, S. Schnei-
dewind, U. Schnurr, M. Schrank, J. Schürmann, A. Schütz,
A. Schwemmer, A. Schwenck, M. Šefčík, D. Siegmann, F. Si-
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