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Direct measurement of the mass difference of 72As -72Ge rules out 72As as a promising
β-decay candidate to determine the neutrino mass
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We report the first direct determination of the ground-state to ground-state electron-capture Q value for the
72As to72Ge decay by measuring their atomic mass difference utilizing the double Penning trap mass spectrome-
ter, JYFLTRAP. The Q value was measured to be 4343.596(75) keV, which is more than a fiftyfold improvement
in precision compared to the value in the most recent Atomic Mass Evaluation 2020. Furthermore, the new Q
value was found to be 12.4(40) keV (3.1 σ ) lower. With the significant reduction of the uncertainty of the ground-
state to ground-state Q value combined with the level scheme of72Ge from γ -ray spectroscopy, we confirm that
the five potential ultralow Q-value β+ decay or electron capture transitions are energetically forbidden, thus
precluding all the transitions as possible candidates for the electron neutrino mass determination. However, the
discovery of small negative Q values opens up the possibility to use 72As for the study of virtual β-γ transitions.

DOI: 10.1103/PhysRevC.103.065502

I. INTRODUCTION

Neutrino oscillation experiments have given indirect evi-
dence for finite neutrino masses through the observation of
neutrino mixing. The fact that neutrinos are massive is the
strongest demonstration that the standard model (SM) of elec-
troweak interactions is incomplete and new physics beyond
the SM must exist. The oscillation experiments cannot answer
the question of the possible Majorana nature of neutrinos and
their absolute mass scale [1–3]. Present techniques, which
guarantee a model-independent approach for direct measure-
ments of the electron (anti)neutrino mass, are based on a
kinematical analysis near the endpoint of β-decay spectra
[4–10]. So far, the study of the tritium β-decay end point by
means of the electrostatic spectrometer KATRIN (KArlsruhe
TRitium Neutrino) has yielded the most stringent upper limit
for the electron antineutrino mass, 1.1 eV [90% Confidence
Level (C. L.)] [4,5]. The allowed β−-decay transition of
3H(1/2+) → 3He(1/2+), with a Q value of 18.59201(7) keV
[11], is employed in the KATRIN experiment.
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For β decays, the fraction of decay events that fall into
an energy interval just below the end-point energy (Qβ) is
proportional to Q−3

β ; while for electron capture (EC), the event
rate proportionality is even steeper. This implies that isotopes
with the lowest Q value are desirable [12]. 187Re has been
considered for its low Q value of 2.492(30)stat (15)syst keV
[13,14] and because it can be used as a bolometric detec-
tor [12,15]. MARE (Microcalorimeter Arrays for a Rhenium
Experiment) is the corresponding long-term project carrying
the expectations for the future direct neutrino mass measure-
ments [12,15]. Originally based on the development of fast
187Re bolometers, MARE is now also including 163Ho for
its low Q value of 2.833(30)stat (15)sys [16,17], suggested as
a unique opportunity for a self-calibrated and high statistics
experiment exploiting the enhancement in sensitivity due to
the closeness of the 163Ho EC Q value and the 163Dy atomic M
lines.

The search for other isotopes that could undergo a low
[especially ultralow (<1 keV)] Q-value β decay or EC is
of great interest for possible future (anti)neutrino mass de-
termination experiments [18–20]. These transitions include
decays into excited states in the daughter nucleus. Whether
these types of decays are energetically possible or not can be
experimentally determined by measuring the ground-state to
ground-state decay Q value and the excitation energy of the
state in the daughter nucleus.
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The ultralow Q-value decay branch of 115In (9/2+) to the
first excited state of 115Sn (9/2+) was first revealed by Catta-
dori et al. [21]. The Q value of this branch was independently
measured by Penning trap measurements at Florida State Uni-
versity [22] and at the University of Jyväskylä [23]. With the
accurately measured excitation energy of the first excited state
of 115Sn from [24], the Q value of this branch was determined
to be 0.147(10) keV.

The ground-state to ground-state decay Q value (Qgs) for
β− and EC decays is the difference of atomic masses of the
decay parent (Mp) and the decay daughter (Md ):

Qβ−/EC
gs = (

Mp
β−/EC − Md

β−/EC
)
c2 (1)

and for β+ decay

Qβ+
gs = QEC

gs − 2mec2, (2)

where me is the rest mass of the electron and c is the speed of
light in vacuum. Combining the Qgs values with the excitation
energy of the decay daughter state, Ei

∗ yields the ground-state
to excited-state Q value:

Qβ±/EC
Ei

∗ = Qβ±/EC
gs − Ei

∗. (3)

For the EC decay, the atomic binding energy Bj , where j
denotes the atomic shell of the captured electron, needs to
be taken into account. Electron binding energies are typically
known to high precision.

The Q values of the decays to excited states in the daugh-
ter are normally known with only 1 keV precision or worse
[26,28]. The excitation energies E∗

i in the daughter nuclei are
typically known with sub-keV precision [27] while the Qgs

values are poorly known and commonly lack a value from
a direct measurement. Presently, Penning-trap mass spec-
trometry (PTMS) is the most precise and accurate method
for determining atomic masses and Qgs values and routinely
reaches sub-keV precision.

Several potential ultralow Q-value β-decay candidates
have recently been studied via PTMS, for example 89Sr, 131Cs,
135Cs, and 139Ba [29–31]. Among them, one promising candi-
date of the first-forbidden unique β−-decay transition, 135Cs
(7/2+, ground state)→ 135Ba (11/2−, second excited state),
was confirmed to be an ultralow Q-value decay channel. A Q
value of 0.44(31) keV was determined via a measurement at
the JYFLTRAP Penning trap [29].

In this work, we report on the Qgs-value determination
performed with the JYFLTRAP Penning trap for the promis-
ing candidate nucleus 72As [t1/2 = 26.0(1) h]. As shown in
Fig. 1, the decay daughter 72Ge has four closely lying ex-
cited states where the β+ decay of 72As could proceed with
an ultralow Q value. In addition, another state in the decay
daughter, which is more than 1 MeV higher in energy from
the other four, could possibly be an ultralow Q-value EC
decay transition channel. The candidate transitions are listed
in Table I. Three out of the five transitions are possibly al-
lowed and the other two are first-forbidden nonunique (FNU)
transitions. It is worth noting that the allowed transitions are
particularly interesting cases since they have larger branching
ratios, enabling the accumulation of more data in a shorter
time period and potentially making the case more lucrative for

FIG. 1. Partial β+/EC decay scheme of 72As ground state to
excited states in 72Ge. Qgs for both β+ and EC decays are from
AME2020 [25,26] and the energies of the excited states in72Ge from
[27]. The colored shaded bands show the 1σ uncertainty in the Q
value, which is almost solely defined by the uncertainty in Qgs. The
states below the thick dashed red line marked “EC” and blue line
marked “β+” are energetically possible with electron capture and β+

decay, respectively. The energies are given in units of keV. See also
Table I.

direct (anti)neutrino mass determination [20,28]. In addition,
because the decay transition is driven by a single decay matrix
element, the β spectral shape is universal, which makes the
analysis of the β-decay spectrum simpler.

TABLE I. Final states in 72Ge after EC/β+ decay of 72As 2−

ground state that potentially have a low Q value. The Qgs value
is from AME2020 [26] and the excitation energies from [27].
Spin-parity assignments enclosed by braces indicates that these are
uncertain, which results in an uncertainty in the decay type, indicated
by a {?} in the fourth column. First FNU represents first forbidden
nonunique. For the ground-state decay, the QEC

gs value is given. See
also Fig. 1 and text for details.

State, i E∗ (keV) Jπ Decay type Q (keV)

1 3325.01(3) 3− β+: Allowed 8.9(40)
2 3327(3) 2+ β+: 1st FNU 6.9(50)
3 3338.0(3) 1{+} β+: 1st FNU{?} −4.1(40)
4 3341.76(4) {2}− β+: Allowed{?} −7.9(40)
5 4358.7(3) 1 EC: Allowed{?} −2.8(40)

gs 0 0+ 4356(4)
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FIG. 2. Schematic overview of the IGISOL facility. The 72As+

and 72Ge+ ions were produced with deuteron-induced fusion re-
actions at the IGISOL target chamber (1). After production and
extraction from the gas cell, the ions were guided through an elec-
trostatic bender (2), mass number (A = 72) selected with a dipole
magnet (3), cooled and bunched in the RFQ cooler-buncher (4) and
finally used for the mass-difference measurement in the JYFLTRAP
Penning trap setup (5).

The ground-state to ground-state Qβ+/EC
gs value in

AME2020 originates from β+-decay measurements of
72As(β+)72Ge, which fully defines the Q value [32,33].
As many previous Penning-trap experiments have already
demonstrated large deviations from the Qgs values and masses
deduced from β-decay or reaction experiments [34–36], direct
mass measurements are strongly desired. With the current
precision of the Qgs value, it is difficult to distinguish which
of these transitions are energetically possible and further, ac-
tually fall into the ultralow Q-value (<1 keV) category. This
puzzle is now solved for 72As by a direct mass difference
measurement of 72As -72Ge.

II. EXPERIMENTAL DESCRIPTION

The Qgs-value measurement was carried out at the Ion
Guide Isotope Separator On-Line facility (IGISOL) using the
JYFLTRAP double Penning trap mass spectrometer [37], lo-
cated at the University of Jyväskylä [38,39]. See Fig. 2 for
the layout of the facility. To produce the ions of interest at
IGISOL, a thin germanium target with a thickness of about
2 mg/cm2 was bombarded with a 9-MeV deuteron beam from
the K-130 cyclotron. The reaction simultaneously produced
both 72As+ and 72Ge+ ions.

The produced ions are stopped in the gas cell of the
IGISOL light-ion ion guide [40] through collisions with high-
purity helium gas at a pressure of about 100 mbar. During
this process, the highly charged ions recombine to become
predominantly singly charged. The recoils exit the gas cell
through a small nozzle into a sextupole ion guide (SPIG) [41].
The ions are guided via the SPIG into high vacuum and get
accelerated to 30 keV of energy. A magnetic dipole mass sep-
arator with a mass resolving power of about 500 is sufficient to
reject all but A = 72 ions, where A is the mass number. After
the separation, the mass number selected ions are transported
through an electrostatic switchyard housing a fast kicker elec-

trode used to chop the beam to have an optimum number of
ions. After the switchyard the ions are injected into a radio-
frequency quadrupole (RFQ) cooler-buncher [42], which is
used to cool and bunch the beam. Finally, the bunches are
transported to the downstream JYFLTRAP double Penning
trap for the actual frequency ratio measurement.

The JYFLTRAP double Penning trap consists of two cylin-
drical traps located in a 7 T superconducting magnet. The
cooled and bunched ions are confined in a homogeneous
magnetic field and a quadrupolar electrostatic potential in-
side the traps. The first trap, the purification trap, is used
as a high-resolution mass separator, while the second trap,
precision trap, is utilized for a high-precision mass deter-
mination by employment of the conventional time-of-flight
ion-cyclotron-resonance (TOF-ICR) method [43,44], or the
application of the phase-imaging ion-cyclotron-resonance (PI-
ICR) technique [45–47].

The ion beam contained 72Ga+ as a coproduced impurity.
In the first trap an isobarically pure sample of ions was pre-
pared by the mass-selective buffer gas cooling method [48],
which provides a typical resolving power M/�M ≈ 105. To
prepare a clean sample of 72Ge+, it was enough to use the
mass-selective buffer gas cooling method to remove 72Ga+,
72As+ and any other ion species present in the beam. Prepa-
ration of a clean sample of 72As+ required an additional
cleaning step. The 72Ge+ ions were removed with the buffer
gas cooling method but to remove 72Ga+ ions, a higher-
resolution Ramsey cleaning method was required [49].

The Qgs value determination is based on the measurement
of the cyclotron frequency

νc = 1

2π

q

m
B (4)

for both the decay parent and decay daughter ions. Here
q/m is the charge-to-mass ratio of the stored ion and B the
magnetic field strength. The Qgs value is obtained through the
cyclotron frequency ratio

R = νc,Ge

νc,As
, (5)

where νc,As is the cyclotron frequency for 72As+ and νc,Ge

for 72Ge+. During this experiment, we alternated between
72As+ and 72Ge+ cyclotron frequency measurements every
few minutes to minimize contribution of the magnetic field
fluctuation in the measured cyclotron frequency ratio. Still, a
linear interpolation was used to obtain the magnetic field at
the moment of the parent cyclotron frequency measurement.

In this work, the PI-ICR technique was used to measure
the cyclotron frequencies [45–47]. This technique is about 25
times faster reaching a certain precision compared to the TOF-
ICR method. In particular, the measurement scheme number
2 described in Ref. [46] was utilized to directly measure the
cyclotron frequency.

Two timing patterns, one called magnetron and the other
cyclotron, were used, see Ref. [45]. These patterns are oth-
erwise identical except for the switching on instant of the π

pulse that converts the ions’ cyclotron motion to magnetron.
In the magnetron pattern the ions predominantly revolve in
the trap for a time duration t (accumulation time) with mag-
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FIG. 3. Center, cyclotron phase, and magnetron phase spots of
72As+ on the position-sensitive MCP detector after the PI-ICR ex-
citation pattern with an accumulation time of 321 ms. The figure
comprises all data recorded in the experiment. The cyclotron phase
spot is displayed on the left side and the magnetron phase spot with
a center spot on the right. The angle difference between the two
spots relative to the center spot is utilized to deduce the cyclotron
frequency of the measured ion species. The color bar illustrates the
number of ions in each pixel.

netron motion while in the cyclotron pattern the ions revolve
with cyclotron motion. The exact knowledge of the switch-
on time difference t is essential. The used patterns produce
so-called magnetron and cyclotron spots or phases on the
position-sensitive microchannel plate (MCP) detector [50].
Additionally, it is necessary to measure the motional center
spot. With these data, it is then possible to obtain the angle
between the cyclotron and magnetron motion phases with
respect to the center spot

αc = α+ − α−, (6)

where α+ and α− are the polar angles of cyclotron and mag-
netron phases, respectively. Finally, the cyclotron frequency
νc is deduced from

νc = αc + 2πnc

2πt
. (7)

nc is the number of complete revolutions during the phase
accumulation time t . The measurement is set up so that αc will
be small in order to minimize systematic shifts due to image
distortion by choosing t to be as close to integer multiples of
νc period as possible. This minimized the angle αc to ensure
minimal influence from the interconversion of magnetron and
cyclotron motions [46,51]. In these measurements αc did not
exceed a few degrees.

The accumulation time t for both 72Ge+ and 72As+ ions
during the interleaved measurement was about 321 ms, which
ensured that the cyclotron spot was not overlapping with any
possible isobaric, isomeric, or molecular contamination.

The collected magnetron and cyclotron phase spots of
72As+ ions are plotted in the left and right panels of Fig. 3.
The delay of the cyclotron motion excitation was repeatedly
scanned over one magnetron period and the final extraction
delay was varied over one cyclotron period to account for any

residual magnetron and cyclotron motion that could shift the
different spots. These constituted in a total of 5 × 5 = 25 scan
points for both magnetron and cyclotron phase spots. As the
decay parent 72Ge+ and the decay daughter 72As+ ions were
produced simultaneously at IGISOL and were alternatively
measured in JYFLTRAP after separation and purification of
the samples, a direct doublet measurement was realized. The
measurement of the νc of the ions 72Ge+ and 72As+ was
performed continuously for a total duration of about 6.5 h.

The frequency measurement directly yields the QEC
gs value

[see Eq. (8)] via the cyclotron frequency ratio R

QEC
gs = (R − 1)(Md − me)c2 + �Bm,d , (8)

where Md is the atomic mass of the decay daughter (72Ge).
�Bm,d is a term that takes into account the electron bind-
ing energy difference of the decay parent-daughter atoms
(≈2.6 eV) using ionization energies from the National In-
stitute of Standards and Technology (NIST) [52]. Since
both the parent and daughter have the same A/q, the mass-
dependent error effectively becomes negligible compared to
the statistical uncertainty achieved in the measurement [53].
Additionally, due to the fact that the mass difference �M/M
of 72Ga and 72As is smaller than 10−4, the contribution to the
QEC

gs value from the mass uncertainty (0.08 keV/c2) of the
reference72Ge is negligible.

III. RESULTS AND DISCUSSION

The data was collected by initiating a νc measurement of
72As+ for four full scan rounds (one round consisting of 5 × 5
points for both magnetron and cyclotron phases) followed by
measurement of 72Ge+ also for four full scan rounds. After, a
center spot was recorded with 72Ge+ ions. In total, these steps
lasted about 7 min in total and were repeated over a period of
6.5 h.

For each repetition, positions of each spot were determined
using the maximum likelihood method and the phase angles
were calculated to deduce the cyclotron frequencies. Con-
secutive fitted cyclotron frequencies of 72Ge+ were linearly
interpolated to the time of the measurement of 72As+. This
interpolated frequency was used to deduce the cyclotron res-
onance frequency ratio R. In this manner, a total of about
70 frequency ratios were obtained. Contribution of temporal
fluctuations of the magnetic field to the final frequency ratio
uncertainty was less than 10−10 since the frequency measure-
ments of the ion pair were tightly interleaved.

The incident ion rate was limited to a maximum of 5
detected ions/bunch with the median value being around 2
ions/bunch. Bunches with more than 5 ions were rejected
from the analysis in order to reduce a possible cyclotron
frequency shift due to ion-ion interactions [53,54]. Count-rate
class analysis [54] was used to confirm that the frequency was
indeed not shifting.

The frequency shifts due to ion image distortions were well
below the statistical uncertainty. This was ensured by keeping
αc of Eq. (6) small (<4 degrees). The weighted mean ratio
R of the single ratios for PI-ICR data was calculated along
with the inner and outer errors. The ratio of inner and outer
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errors, otherwise known as the Birge ratio [55], was found to
be 0.987. The larger of the errors, the outer error, was taken
as the final uncertainty. In Fig. 4, the results of the analysis
are compared to the literature values. The final frequency
ratio R and the resulting QEC

gs value are 1.0000648351(11) and
4343.596(75) keV, respectively.

To check the reliability of the above interpolation method,
a polynomial fitting method [45,56] was also used to deduce
the frequency ratio. The temporal evolution of the measured
cyclotron frequencies νc,p(t ) for parent 72As+ ions and νc,d (t )
for daughter 72Ge+ ions can be described with the same poly-

FIG. 5. Cyclotron frequency ratio determination using a simulta-
neous polynomial fit to the measured cyclotron frequency data. The
reduced χ 2 was 0.95. See text for more details.

TABLE II. Final results based on the analysis of the mean cy-
clotron frequency ratio between the daughter (72Ge+) and parent
(72As+) ions. QEC

gs value and the mass excess (ME) of 72As deter-
mined in this work in comparison to the AME2020 values [25].

QEC
gs (keV) ME (keV/c2)

This Work 4343.596(75) −68242.305(106)
AME2020 4356(4) −68230(4)

nomial function f (t ) and the frequency ratio R:

νc,p(t ) = f (t ), νc,d (t ) = Rνc,p(t ) = R f (t ). (9)

The order of the polynomial was chosen to be four, which
gives the smallest reduced χ2 of the fit. The result is shown
in Fig. 5, where individual frequency points are shown with
the fit. The frequency ratio obtained from the polynomial fit
agrees well with the one obtained from the linear interpolation
analysis within a combined 1σ uncertainty.

The final QEC
gs value and the mass excess of 72As obtained

from the mean cyclotron frequency ratio is given in Table II.
The QEC value from this work is a factor of 54 more precise
and 12.4(40) keV smaller than the value in AME2020 [25].
The mass-excess value of 72As was improved by a factor
of 38. It has an additional 0.08 keV/c2 uncertainty in the
reference mass, daughter72Ge.

Combining the new QEC
gs value together with the nuclear

energy level data gives the final Q values for decays to the
potential low Q-value states, see Table III. Also comparison to
Q values obtained with AME2020 values is given. The results
are also plotted in Fig. 6.

The AME2020 QEC
gs value, being 12.4 keV larger and hav-

ing 4 keV uncertainty, could not unambiguously rule out these
decays. Our results confirm that decays to any of the potential
states are energetically forbidden. Decay to the 3327(3) keV
2+ level is forbidden at the 1.8σ level, and others more than
42σ .

Though the EC/β+ transitions studied here turned out to
be energetically forbidden, this opens the door for the possi-
bility to study another interesting decay type: radiative detour

TABLE III. Q values for the decay candidates to the excited
states of the daughter nucleus 72Ge obtained in this work compared
to the values derived using AME2020 QEC

gs [25,26]. All data in the
table are in keV. The first column gives the experimental excitation
energy E∗ [27] of the daughter state in 72Ge. The second and third
columns give the Q value using the Qgs from AME2020 and from
this work, respectively. The last column shows the confidence (σ ) of
the Qgs being negative.

Q value Q value Q/δQ
E∗ (AME2020) (This work) (This work)

3325.01(3) 8.9(40) −3.42(8) 43
3327(3) 6.9(50) −5.4(30) 1.8
3338.0(3) −4.1(40) −16.41(31) 53
3341.76(4) −7.9(40) −20.17(8) 238
4358.7(3) −2.8(40) −15.11(31) 49
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FIG. 6. Q values of the five potential candidate transitions of
72As ground state β+/EC decay to the potential excited states in the
daughter 72Ge from this work compared to the values derived using
AME2020 Qgs. The square and round points with 1σ error bars use
ground-state to ground-state Q values from this work and AME2020,
respectively, and show only the contribution from uncertainty of
the ground-state to ground-state Q value. The total uncertainty (in-
cluding both the Qgs value and the excitation energy uncertainty) is
indicated with shaded square areas.

transitions. In addition to regular EC/β+ decay, a second-
order process where a photon accompanies the lepton(s) is
also possible. When the direct transition is hindered by an-
gular momentum selection rules, a virtual transition via an
excited state higher than the Q value can contribute sig-
nificantly, as pointed out in Ref. [57]. Evidence of such a
transition in 59Ni was seen in Ref. [58], where a transition
via a state 26 keV higher than the Q value was shown to
contribute about 4% of the experimental γ spectrum. Since
the probability of such a detour transition is proportional to
(E∗ − Eγ )−2 [57], where E∗ is the energy of the intermediate
state and Eγ the energy of the emitted γ ray, a transition with a
small negative Q value would be optimal for the experimental
study of detour transitions. In the case of 72As interesting
transitions could proceed via the spin-1 state at 4358.7(3)
keV. If this state turns out to have a negative parity, then

the ground-state to ground-state transition could proceed via
GT+E1 decay. However, finding transitions with even smaller
negative Q values and less competing transitions would be
even better. Such transitions are likely to be found when other
possible ultralow Q-value transitions are investigated.

IV. CONCLUSION AND OUTLOOK

A direct high-precision ground-state to ground-state EC-
decay Q-value measurement of 72As (2−) → 72Ge (0+) was
performed using the PI-ICR technique at the JYFLTRAP Pen-
ning trap mass spectrometer. A Q value of 4343.596(75) keV
was obtained and its uncertainty was improved by a factor of
54. A discrepancy of more than three standard deviations was
found to the previously adopted value in the AME2020. Our
updated and significantly more precise Q value is 12.4 keV
smaller than the one adopted in AME2020. We confirmed
that all five potential ultralow Q-value decay transitions, one
through EC and four through β+ decay are energetically
forbidden at least at the 1.8σ level. This finding underlines
the need to measure the Q values to high precision before
attempts to detect such possible low Q-value decay branches
is made, with the goal to realize these decays for neutrino
mass determination. While the negative Q values exclude the
use of 72As to study neutrino mass, the small negative Q
values could make it a candidate for the study of β-γ detour
transitions proceeding via virtual states.
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