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Abstract After several decades of a dramatic development
Penning-trap mass spectrometry now demonstrates unprece-
dented precision and sensitivity in measurements of the
masses of a broad range of nuclides for various aspects of
fundamental physics. This article reviews one facet of such
mass measurements—a contribution of Penning-trap mass
spectrometry to experiments on studies of neutrinos. These
studies encompass the determination of the neutrino mass,
the search for sterile and relic neutrinos and the search for
neutrinoless double electron capture in order to determine
the type of neutrinos as well as to check the conservation law
of the total lepton number.

Introduction: Neutrino physics—an area beyond the
Standard Model

This review article is devoted to highly accurate measure-
ments carried out by means of Penning-trap mass spectrom-
etry (PTMS) for one of the challenging problems of modern
physics—neutrino physics. The study of the properties of
these mysterious particles is at the forefront of science [5].
Due to the extreme smallness of their masses (more than
106 times smaller than the electron mass), such a study has
to inevitably be based on various experimental techniques
that have to demonstrate unprecedentedly high sensitivity
and accuracy. PTMS belongs to a pool of such techniques
[9]. Moreover, this is the only technique that is capable of
providing the neutrino studies with precisely enough mea-
sured mass differences and mass ratios of relevant nuclides.

PTMS has become an important and indispensable player
in fundamental physics [7,9]. The success of this method
in measuring masses of a wide range of nuclides—from ele-
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mentary particles to superheavy chemical elements—is facil-
itated by a combination of three unconditional advantages.
First, PTMS deals with ions which are almost at rest, i.e. at
ultra-low energy. Second, PTMS possesses an unsurpassed
sensitivity originated from the ability to perform measure-
ments with just a single ion. Third, PTMS demonstrates a
very high precision, superior to all other mass spectrometry
methods.

PTMS is widely employed to test the Standard Model
(SM) by contributing to a determination of fundamental con-
stants, a test of quantum-electrodynamics (QED), quantum-
chromodynamics (QCD), the CPT-invariance theorem, CP-
and CVC-principles and by addressing various problems of
neutrino physics [7].

Neutrinos, which are included in the SM as massless par-
ticles, literally made a crack in the strength and harmony of
this model, achieved in recent decades. This arose from the
proof of a non-zero neutrino rest mass. Moreover, at present
the increasing search for new physics beyond the SM in many
respects is associated with the basic neutrino properties, some
of which are still entirely unknown [73]. The following list
shows some open problems in neutrino physics:

– absolute scale of the neutrino masses,
– neutrino mass hierarchy,
– existence of eV- and keV- sterile neutrinos,
– the number of neutrino generations,
– violation of the total lepton number,
– the existence of right-handed heavy neutrinos,
– Majorana or Dirac nature of neutrinos.

Some of these open problems can be addressed by exper-
iments that study nuclear processes that involve low-energy
neutrinos (nuclear beta and double-beta decays) [21,27].
PTMS can assist these experiments with a precise determi-
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Table 1 Minimum precision of
PTMS needed for different
problems of neutrino physics.
Absolute precisions are given
for a mass value A of 100

Problem Relative mass precision Absolute mass precision

Neutrino oscillation length 10−8 1 keV/c2

Sterile keV neutrino 10−9 0.1 keV/c2

Effective Majorana neutrino mass 10−9 0.1 keV/c2

Relic neutrino 10−10 10 eV/c2

Neutrino mass 10−11 1 eV/c2

nation of the decay energies (Q values) of these processes
by measuring the mass differences of decay nuclides.

This article briefly summarizes the latest achievements of
PTMS in neutrino physics with the focus on its contribution
to the determination of the neutrino mass and to a study of
neutrinoless double-beta processes.

Required uncertainties in the determination of the Q val-
ues of beta anddouble-beta processes relevant to neutrino
physics

Nuclear single beta processes such as β− decay and electron
capture (EC) are accompanied by an emission of neutrinos.
The total energy carried away by the emitted neutrinos is
defined by the total decay energy (i.e. mass difference of
the mother and daughter nuclides, Q value of the decay).
For β− decay the neutrino-energy spectrum is continuous,
whereas electron capture yields a neutrino-energy spectrum
with characteristic peaks which correspond to the binding
energies of various captured electrons. The uncertainty in
the neutrino-energy determination is thus defined to large
extent by the uncertainty of the atomic mass difference of
the decay nuclides. In the case of double-beta processes only
their neutrinoless mode is of particular interest [22]. Here,
the uncertainty of the atomic mass difference of the decay
nuclides defines the uncertainty in the determination of the
half-life of the decay and hence of the effective Majorana
neutrino mass.

How precisely one has to measure mass differences ΔM
of the decay nuclides depends on the particular goal (Table 1):

– Measurements related to the absolute neutrino mass
determination require fractional uncertainties δ(ΔM)/M
at the level smaller than 10−11, where M is the mass of
the decaying nuclide. Such fractional uncertainties cor-
respond to absolute uncertainties of a few ten meV/c2 to
about one eV/c2 depending on the masses of the decaying
nuclides.

– For the study of neutrinoless double-electron capture
uncertainties at the level of 1–10 eV/c2 seem quite rea-
sonable presently, because similar values are typically
attributed to the widths of the intermediate levels in

double-electron capture, which govern the resonance
enhancement of the probability of the neutrinoless mode
of double-electron capture.

– One of the goals of neutrino oscillometry is a measure-
ment of the oscillation length of neutrinos emitted in elec-
tron capture. This length depends on the neutrino energy
and hence on the mass difference of the decay nuclides. A
spatial resolution of liquid scintillator neutrino detectors
employed in neutrino oscillation measurements [51,71]
requires to know the neutrino energy at the level of 100
eV.

– In the search for keV-sterile neutrinos the ratio of the cap-
ture probabilities from different atomic electron orbits is
sensitive to the existence of sterile neutrinos. This ratio
contains the total decay energy, which must be deter-
mined with an accuracy of better than 100 eV.

– Relic neutrinos, not yet observed, can be detected in a
resonant absorption of antineutrinos by a nucleus dur-
ing orbital electron capture [67]. Such a resonant absorp-
tion becomes possible when the atomic mass difference
of parent and daughter decay nuclides is equal to the
binding energy of the captured electron in the daughter
nuclide. Here, an uncertainty of ΔM at the level of 10
eV is required.

PTMS—the best approach for direct precise mass mea-
surements of nuclides

Ion motion in a Penning trap

The basic principle that underlies Penning-trap mass spec-
trometry is a trapping of a charged particle (an ion) with mass
m and charge q in a static, uniform magnetic field B. In such a
magnetic field the ion is forced to perform in the radial plane
that is perpendicular to the magnetic-field lines a circular
motion (free cyclotron motion) with frequency (Fig. 1a)

νc = 1

2π

q

m
B. (1)

This motion is termed “free”, because an ion in a pure homo-
geneous magnetic field can freely move along the magnetic
field lines. Thus, the ion motion is not confined to a certain
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Fig. 1 (a) A circular (free cyclotron) motion of a charged particle with
mass m and charge q in a strong uniform magnetic field B. (b) A
quadrupole (harmonic) electrostatic potential well U created by, e.g., a
stack of five cylindrical electrodes in order to confine the ion’s motion

along the magnetic field lines. (c) Trajectories of the ion’s eigenmo-
tions in a Penning trap ( motional amplitudes are arbitrary and are not
to scale)

volume. By measuring the ratio of the free cyclotron fre-
quencies of two ions of interest one can directly determine
the ratio of their masses. High-precision mass-ratio measure-
ments imply the confinement of the ion’s motion to a very
small volume for up to several days. This is achieved by
superimposing on the magnetic field a weak quadratic (har-
monic) electrostatic potential in order to constrain the ion’s
motion along the magnetic field lines (Fig. 1b). A combi-
nation of two such fields is named the “Penning trap”. In
experiments a static uniform magnetic field of several Tesla
is usually generated by a superconducting solenoid that is
operated in a persistent mode. An ideal quadratic electro-
static potential can be created by three electrodes—one ring
electrode and two end-cap electrodes that are hyperboloids
of revolution. Very often due to practical reasons a stack of
five or seven cylindrical electrodes is used instead (Fig. 1b).
In the Penning trap due to the presence of the electrostatic
field the ion’s motion differs from the free cyclotron motion.
It can be treated as three independent trap motions: the axial
motion, the trap cyclotron motion and the magnetron motion
with frequencies νz , ν+ and ν−, respectively (Fig. 1c).

The axial motion is an oscillation of the ion along the
magnetic field lines in the harmonic potential well. The mag-
netron motion is a slow motion in the radial plane which is
caused by a cross-product of the magnetic and electrostatic
fields. The radial component of the electrostatic field also
reduces the frequency of the cyclotron motion. The frequen-
cies of the trap motions are given by ([12], pages 237–239
therein)

νz = 1

2π

√
q

m

U

d2 , ν+ = 1

2

(
νc +

√
ν2
c − 2ν2

z

)
, ν−

= 1

2

(
νc −

√
ν2
c − 2ν2

z

)
, (2)

where d is the characteristic trap dimension ([12], pages 237
and 304 therein).

Neither the magnetron nor the trap cyclotron frequency
is a simple function of the ion’s mass and hence neither of
these two frequencies alone can be used to determine the
ion’s mass with high precision. A measurement of the axial
frequency could in principle be used for the determination
of the ion’s mass due to a simple relation between the axial
frequency and the ion’s mass. Nevertheless, impossibility to
have a sufficiently stable electrostatic potential of the Penning
trap over the entire measurement time rules out this option
too.

The recipe for the determination of the free cyclotron fre-
quency and hence the mass of an ion lies in measuring the
frequencies of all trap motions with subsequent employment
of the invariance theorem [11]

ν2
c = ν2+ + ν2

z + ν2−. (3)

The invariance theorem holds true even for real Penning traps
with such unavoidable imperfections as a misalignment of
the magnetic-field and electrostatic-field axes and a certain
ellipticity of the trap electrodes. In an ideal Penning trap
a somewhat simpler expression for the free cyclotron fre-
quency holds,

νc = ν+ + ν−. (4)

The sum frequency in Eq. (4) is named “side-band frequency”
and is usually used in Penning-trap mass spectrometry of
short-lived nuclides where mass ratios are rarely measured
with fractional uncertainties of better than 10−9 [33].

High-precision PTMS across the world

High-precision Penning-trap mass spectrometry naturally
is divided into two subfields: (1) online PTMS of short-
lived nuclides and (2) offline PTMS of long-lived and stable
nuclides. The prefixes “online” and “offline” point to the pro-
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Fig. 2 All operational high-precision Penning-trap facilities and their locations

duction mechanism of nuclides of interest. “Online” implies
a production of short-lived nuclides at Rare Ion Beam (RIB)
facilities in various nuclear reactions, whereas “offline”
implies a production of ions with various ion sources from
samples of (virtually) stable nuclides present in nature or of
long-lived nuclides that can be synthesized elsewhere and
brought to the experiment site. There are eleven experiments
that aim at high-precision Penning-trap mass measurements.
They are scattered over Europe, USA and Canada (Fig. 2).

Seven of them (ISOLTRAP [42], SHIPTRAP [10,19],
TRIGA-TRAP [41], JYFLTRAP [28], CPT [57], LEBIT [55]
and TITAN [20]) constitute the group of online Penning-trap
facilities. Their physics programs complement each other to
very large extent, since they carry out mass measurements
on short-lived nuclides produced in different nuclear reac-
tions and hence they probe different regions of the nuclear
chart. The remaining four Penning-trap experiments (LION-
TRAP [39], BASE [62], FSU-trap [61] and PENTATRAP
[54]) comprise the group of offline setups. They are tai-
lored to perform mass measurements on specific long-lived
and stable nuclides. The BASE experiment is situated at
CERN’s antiproton decelerator and devoted to experiments
on antiprotons (g-factor and mass of an antiproton). LION-
TRAP focuses on mass measurements of light nuclides. The
FSU-trap and PENTATRAP are more universal machines
devoted to mass measurements on a wide range of nuclides.

These two groups of Penning-trap experiments signifi-
cantly differ in techniques employed to reduce the amplitudes
of the ion’s motions (to “cool” the ion’s motions) and to mea-
sure the frequencies of the ion’s motions. This difference is
a consequence of substantially different requirements put on
mass measurements of short-lived and long-lived nuclides.
The online Penning-trap facilities perform measurements
with a moderate fractional uncertainty of down to approx-
imately 10−8 of masses of short-lived nuclides synthesized
with very low production rates. Thus, the main demand for
ion-motions cooling and trap-frequencies measurement tech-

niques in such experiments is their fastness, relative simplic-
ity and a single-ion sensitivity of the ion detection system at
room temperature. The major goal of the offline Penning-trap
setups are mass measurements on long-lived nuclides with
extremely low fractional uncertainties of down to 10−12. In
order to be able to reach such uncertainties it is mandatory to
reduce the ion’s motion confinement volume to a few cubic
micrometers. Despite such small ion’s motional amplitudes
the frequency measurement techniques have to be sensitive
enough to allow frequency measurements on just a single
ion. Thus, the offline Penning-trap experiments are inevitably
cryogenic with Penning traps kept at a temperature of approx-
imately 4.2 K (temperature of liquid helium at normal atmo-
spheric pressure).

Cyclotron-frequency measurement techniques

In online Penning-trap mass spectrometry a two-trap exper-
imental scheme is predominant. The first trap (preparation
or cooler trap) is filled with helium gas at a typical pressure
of approximately 10−4 mbar and serves for cooling the ion’s
motions with the mass-selective buffer gas cooling technique
[56]. The trap cyclotron and axial motions lose their ener-
gies through collisions with helium atoms until they reach
within a few ten to hundred ms thermal equilibrium with
helium gas. The magnetron motion is metastable. Its inter-
action with helium gas results in an increase of its radius.
The cooling of the magnetron motion is accomplished by its
coupling to the cyclotron motion by means of a quadrupole rf
field at the side-band frequency of the ion of interest. Thus,
this cooling technique is mass-selective making the cooler
trap additionally a mass separator with a typical resolving
power of about 105. A “cooled” ion has the radii of the
radial motions of approximately 0.1 mm and the amplitude
of the axial motion of about 1 mm. After cooling the ion is
transported to the second trap (measurement trap) where a
measurement of its trap-motion frequencies takes place with
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Fig. 3 (a) A sketch of the Time-of-Flight Ion-Cyclotron-Resonance
technique. (b) Time-of-Flight (ToF) resonances. The left and right ToF
resonances are obtained with a single rf-pulse and a two rf-pulse (Ram-
sey) excitation schemes, respectively. The black points with uncertain-

ties are experimental data, the blue curves are model functions fit to the
experimental points [43,44]. tr f —duration of the rf excitation—defines
the resolving power of the technique

two frequency-measurement techniques: (1) Time-of-Flight
Ion Cyclotron Resonance (ToF-ICR) [38] and Phase-Imaging
Ion Cyclotron Resonance (PI-ICR) [24,25] techniques. The
determination of the cyclotron frequency with the ToF-ICR
is based on a measurement of the time of flight of an ion
between the Penning trap and an ion-counting detector (usu-
ally a microchannel-plate (MCP) detector) that is placed on
the axis of the trap in a weak magnetic field (Fig. 3a).

An ion in the Penning trap possesses an orbital magnetic
moment �μ that is given by

| �μ| = |π · q · (r2+ν+ + r2−ν−)|, (5)

where r− and r+ are the magnetron-motion and the cyclotron-
motion radii, respectively. The ion ejected from the trap
toward the MCP detector passes a region with a gradient
of the magnetic field ∂ �B/∂z, in which the ion is exposed to
an accelerating force �F which is given by

| �F | = | �μ · ∂ �B
∂z

|. (6)

Thus, the time of flight of an ion from the trap to the MCP
detector depends on the radii of the ion magnetron and
cyclotron motions. The radii can be altered in various ways
through exerting on the ion radio-frequency (rf) fields of var-
ious multipolarities and temporal profiles at certain frequen-
cies. In order to determine the cyclotron frequency of an ion
a sequential combination of a dipole rf field at the magnetron
frequency and a quadrupole rf field at a frequency close to
the side-band frequency is exerted on the ion. By varying
the frequency of the quadrupole rf field one can obtain a so-
called time-of-flight resonance (ToF resonance)—the depen-
dence of the time of flight of the ion on the frequency of the
quadrupole rf field exerted on the ion (Fig. 3b). The shape
of the ToF resonance depends on the temporal profile of the
quadrupole rf field. By fitting to the experimental ToF reso-

nance a corresponding model function [43,44] one can deter-
mine the side-band frequency and hence the mass of the ion.

The PI-ICR technique is based on a measurement of the
phases of the magnetron and cyclotron motions that are accu-
mulated in a certain well defined phase-accumulation time
tphase. The phase of the corresponding ion radial motion is
derived from the position of the ion in the trap with respect
to the trap center for different phase-accumulation times
(Fig. 4). The position of the ion in the trap is projected with
a certain amplification factor onto a position-sensitive MCP
detector. The ion position on the detector is defined by two
polar coordinates: the distance R with respect to the image of
the trap center (radial position) and the angle φ with respect
to an arbitrarily chosen polar axis (angular position). Two
angular positions φ1 and φ2 that correspond to two phase-
accumulation times tphase1 and tphase2 , respectively, yield the
frequency νradial of the corresponding radial motion accord-
ing to

νradial = (φ2 − φ1) + 2πn

2π(tphase2 − tphase1)
, (7)

where n is the number of revolutions the ion performs in time
tphase2 − tphase1 .

Compared to the ToF-ICR, the PI-ICR technique offers a
gain of approximately 5 in the precision of the side-band fre-
quency determination and a gain of about 40 in the resolving
power.

The virtue of both techniques is its sensitivity to a single
ion achieved at a room temperature. A substantial drawback
of the techniques is the necessity to have at least a few ten ions
to acquire a ToF resonance or a phase image. This is the major
limiting factor of these techniques for mass measurements on
nuclides synthesized with extremely low production rates.
In this respect, the record is held by SHIPTRAP with its
measurement of the mass of 257Rf which was delivered to
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Fig. 4 A basic principle of the
Phase-Imaging
Ion-Cyclotron-Resonance
technique (the different parts of
the figure are not to scale). The
frequency of the ion’s radial
motion is determined from the
projection of the ion’s position
in the trap at different times onto
a position-sensitive MCP
detector. For more details see
the text

Fig. 5 (a) A schematic representation of a LCR resonant tank that is
employed for reducing the ion’s motional amplitudes and for measur-
ing the frequencies of the ion’s eigenmotions. (b) A noise amplitude
spectrum of a LCR resonant tank in the frequency domain. (c) A noise
spectrum of a resonant tank with one of the ion’s eigenmotions coupled

to the resonant tank. The coupled ion’s motion shorts at its frequency
the impedance of the resonant tank, thus resulting in an appearance of
a dip. (d) A side-band coupling of another ion’s eigenmotion to the
eigenmotion coupled to the resonant tank splits the single dip into two
dips. For more details see the text

the Penning trap with a rate of just one ion per day (paper in
preparation).

In offline Penning-trap mass spectrometry of long-lived
and stable nuclides ions of the nuclide of interest are usu-
ally available to mass measurements in a sufficiently large
quantity. The major challenge in this case is the cooling of
the ion’s motion amplitudes to a few μm with a subsequent
measurement of the ion’s motion frequencies with extremely
low uncertainties of down to a few parts in 1012. In order to
make such high-precision frequency measurements feasible,
an ion-motion cooling and a frequency measurement tech-
niques based on the non-destructive detection of the image
current induced by the ion motion in an external LCR res-
onant circuit (resonant tank) are employed. The electrodes
of the Penning trap and the associated image-charge detec-
tion electronics are cooled to a temperature of liquid helium
(about 4 K) to provide a single-ion sensitivity. The resonant
tank is formed by the inductance of a superconducting induc-
tor attached to one of the electrodes of the trap and by the par-

asitic capacitance of the trap electrode, the inductor and the
wires that connect the inductor to the trap electrode (Fig. 5a).

The noise spectrum of the resonant tank in the frequency
domain takes on the shape of a resonant curve (Fig. 5b). If the
frequency of one of the ion’s motions is close to the resonant
frequency of the resonant tank, this ion’s motion couples to
the resonant tank. It means the ion’s motion comes within a
few ten to a few hundred ms through Coulomb interaction
into thermal equilibrium with the electrons of the resonant
tank. This technique is known as “resistive cooling” [70].
The “cooled” ion motion reveals itself in the frequency noise
spectrum of the resonant tank as a dip with the minimum
that corresponds to the frequency of the coupled ion’s motion
(Fig. 5c). Thus, a coupling of the ion’s motion to the resonant
tank also allows one to directly measure the frequency of the
“cooled” ion motion (dip technique [70]). Usually, one cools
in this way only the axial motion, since its frequency can be
easily adjusted to the frequency of the resonant tank by vary-
ing the electrostatic potential of the trap. The radial motions
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are cooled indirectly by their coupling to the axial motion
by means of a quadrupole rf field at a sum or a difference of
the frequencies of the coupled motions. The coupling splits
the single dip into two dips (Fig. 5d) (double-dip technique
[66]). By measuring the frequencies that correspond to the
minima of two dips one can determine the frequency of the
coupled radial motion. Thus, with the dip and double-dip
techniques one can, first, reduce the amplitudes of all three
ion’s trap motions to few μm and, second, to measure their
frequencies. Indeed, the dip and double-dip techniques are
methods of choice to measure the frequencies of the axial and
magnetron motions, respectively. The frequency of the trap
cyclotron motion is usually measured with much faster Pulse-
and-Phase (PnP) [15] or Pulse-and-Amplify (PnA) [63] tech-
niques. The basic idea that underlies these techniques is very
similar to that of the PI-ICR method. One determines the
trap cyclotron frequency from the measurement of the phase
accumulated by the trap cyclotron frequency in a well defined
time tphase. Here, one first excites the trap cyclotron motion
to a radius of a few ten μm to set and measure its initial
phase. After that the trap cyclotron motion freely evolves for
tphase with subsequent measurement of its final phase. The
phases are measured by coupling the trap cyclotron motion
to the axial motion with a quadrupole pulse of certain dura-
tion and amplitude (π -pulse [16]) at a sum (PnP) or a dif-
ference (PnA) of the trap cyclotron and axial frequencies.
The π -pulse imprints the cyclotron-motion phase into the
axial-motion phase. The coupling of the axial motion to the
resonant tank allows for the readout of the axial-motion and
hence cyclotron-motion phases.

Mass-difference measurements for the determination of
the electron (anti)neutrinomass in β− decay and electron
capture

The three flavor eigenstates να (α = e, μ and τ ) of the neu-
trino in the SM are considered linear combinations of three
neutrino mass eigenstates νi (i = 1, 2, 3) with masses, m1,
m2 and m3. The electron neutrino mass mνe is defined as

mνe =
√√√√ 3∑

i=1

|Uei |2m2
i , (8)

where Uei are the elements of the top row of the 3×3 uni-
tary leptonic mixing matrix. This electron neutrino mass is
determined in experimental studies of β− decay and elec-
tron capture. It approximately equals m1 regardless of the
mi ordering (normal or inverted) [32]. To date, an upper
limit of about 0.8 eV/c2 on the electron antineutrino mass
has been obtained from the study of the tritium β− decay
[1], whereas a substantially larger value for an upper limit on

the electron neutrino mass at the level of 150 eV/c2 has been
yielded by the ECHo experiment within the first phase of the
ECHo-1k from the analysis of the electron capture in 163Ho
[35,65]. There are two more experiments, still under con-
struction, that also aim to determine the (anti)neutrino mass
with an uncertainty of smaller than one eV/c2 [29,46,52].
In these experiments the (anti)neutrino mass value is deter-
mined from the analysis of either the atomic de-excitation
spectrum of the electron capture in 163Ho or the the electron
energy spectrum of the β− decay of tritium. Regardless of
the decay process, the analysis requires the knowledge of
the Q value of the decay under investigation with a very low
uncertainty. Presently two Penning-trap experiments, namely
FSU-trap [48] and PENTATRAP [54] have in their measure-
ment programme the determination of the Q values of these
two beta processes.

β− decay energy of tritium

Experiments on the determination of the antineutrino mass
from the β− decay of tritium have a long history dating back
to the 40’s of the past century. It is thus no surprise that
the first direct high-precision determination of the Q value
of this beta process was undertaken with Penning traps at
the advent of high-precision Penning-trap mass spectrometry
on nuclides in early 90’s of the past century. Van Dyck at
the University of Washington measured with his Penning-
trap mass spectrometer the mass difference of tritium and
3He (ΔM(T-3He)) with an uncertainty of 1.7 eV/c2 utilizing
a frequency-shift detector to observe cyclotron resonances
[64]. Thirteen years later SMILETRAP slightly reduced the
uncertainty of the ΔM(T-3He) to 1.2 eV/c2 employing the
ToF-ICR technique [49]. A breakthrough in the measurement
of the ΔM(T-3He) happened in 2015 when E. G. Myers with
his FSU-trap decreased the uncertainty of the ΔM(T-3He)
by almost two orders of magnitude by employing the PnP
technique on two ions simultaneously stored in the trap [48].
The obtained ΔM(T-3He) value of 18 592.01(7) eV/c2 is still
unbeaten.

Electron-capture decay energy of 163Ho

Few years ago, the electron capture in 163Ho began to be con-
sidered a real alternative to the β− decay of tritium for the
determination of the neutrino mass thanks to a rapid develop-
ment of cryogenic microcalorimetry and based on this tech-
nique two experiments, ECHo [35,65] and HOLMES [52].
With this development came the need in a direct precise deter-
mination of the Q value of this beta process. The first determi-
nation of the Q value of 2833(33) eV was carried out in 2015
with SHIPTRAP utilizing at that time the novel PI-ICR tech-
nique [26]. The reached uncertainty of approximately 33 eV
allowed one to solve in favour of cryogenic microcalorime-
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try the long-standing problem of large discrepancies in the Q
value of the EC in 163Ho determined by different techniques.

The ECHo and HOLMES experiments are expected to
determine the Q value from the analysis of the atomic
microcalorimetric spectrum of the EC in 163Ho with an uncer-
tainty of a few eV. Thus, an independent and direct deter-
mination of the Q value with Penning traps has to yield
an uncertainty smaller than 1 eV in order that the ECHo
and HOLMES experiments could use it in their calculations
of the systematic uncertainty in the neutrino mass determi-
nation. PENTATRAP has recently accomplished this task
by measuring with uncertainties smaller than 5 · 10−12 the
cyclotron-frequency ratios of 163Ho and 163Dy ions in differ-
ent charge states [58]. It has become feasible due to several
unique features of PENTATRAP. First, the mass spectrometer
of the PENTATRAP experiment has five cryogenic geomet-
rically identical cylindrical Penning traps that are placed in
the vertical cold bore of a 7-T persistent-mode superconduct-
ing magnet. The magnetic field is very stable demonstrating
an almost linear relative drift of just 10−10/h. Second, the
traps are biased by a high-stability voltage source Starep
[13] that is an in-house development for PENTATRAP. The
use of several Penning traps opens the door to the possibil-
ity to perform simultaneous measurements on several ions.
Third, measurements are carried out on highly charged ions.
Compared to measurements on low charged ions this substan-
tially increases the precision of measurements of a cyclotron-
frequency ratio of two ions. For instance, an approximately
12-h long measurement on 163Ho40+ and 163Dy40+ ions
yields a statistical uncertainty of about 6 · 10−12 of their
cyclotron-frequency ratio. Fourth, an EBIT ion source com-
bined with a laser-desorption technique allows for a produc-
tion of highly charged ions from solid samples that contain
just a few nanograms of a nuclide of interest [59]. And finally,
the mass spectrometer is placed in a dedicated temperature-
stabilized room.

The measurement was carried out on pairs of 163Ho and
163Dy ions in three charge states (38+, 39+ and 40+) in order
to rule out a potential shift of the cyclotron-frequency ratio
due to a possible existence of an atomic metastable state in
one of these ions [60]. In order to come from the measured
cyclotron-frequency ratio to the required Q value, which is
just the mass difference of neutral 163Ho and 163Dy, the bind-
ing energy differences of the missing electrons in 163Ho and
163Dy ions were computed by several methods with sub-eV
uncertainties. The final uncertainty of the Q value of the EC
in 163Ho does not exceed 1 eV [58].

β− decay energy of 187Re

Until about 20 years ago the β− decay of 187Re was con-
sidered as promising as the β− decay of tritium for the
determination of the neutrino mass. This nuclear process

has the smallest Q-value of all β− decays between the
ground states and thus the analysis of its electron-energy
spectrum was expected to have a very high sensitivity to the
neutrino mass. Several experiments were set up to analyze
the energy spectrum of the emitted electron by means of
cryogenic microcalorimetry [3,4,17,34]. Unfortunately, this
activity had to be frozen due to several factors that severely
hampered the development of experiments with 187Re. First,
187Re lives a few ten billion years that requires the use of large
amount of 187Re in experiments in order to have a reasonably
high decay rate. Second, rhenium becomes superconducting
at temperatures of a few ten mK. This worsens the perfor-
mance of cryogenic microcalorimetry. Finally, the β− decay
of 187Re is a unique first-forbidden β− decay. A convenient
way to plot the electron-energy spectrum of the β− decay
is the Kurie plot. For allowed transitions the Kurie plot is a
straight line which intercept the x axis at the decay energy Q.
If a particular β transition is forbidden, its Kurie plot departs
from linearity. The exact shape of the Kurie plot depends on
the degree of forbiddenness and is subject to model calcula-
tions, which complicate the analysis of the electron-energy
spectrum. Nevertheless, the experiments with 187Re yielded
a very valuable piece of information to PTMS. They deter-
mined the Q value of the β− decay of 187Re with unprece-
dentedly small uncertainty of just 1.6 eV. This so-called cryo-
genic microcalorimetric Q value became a reference value
for testing the accuracy of measurements with Penning traps.
Moreover, it is not ruled out that a second chance might be
given to this beta process in the future. If this happens, an
independent and direct determination of the Q value with an
uncertainty of about 1 eV will be demanded for the assess-
ment of a systematic uncertainty in the neutrino mass deter-
mination from the analysis of the electron-energy spectrum
of this beta process.

The history of measurements of the Q value of the β−
decay of 187Re with Penning traps is very similar to that of
the EC in 163Ho described in the previous subsection. In 2014
it was determined with SHIPTRAP to be 2492(33) eV with
an uncertainty of about 33 eV employing the PI-ICR tech-
nique [50] followed in 2018 by a substantially more accurate
measurement of Q = 2470.9(13) eV with PENTATRAP
with an uncertainty of 1.3 eV [31]. The Q values obtained
with Penning traps are in good agreement with the cryogenic
microcalorimetric Q value.

Search for new beta transitions suitable for a determination
of the neutrino mass

There are several criteria that define the suitability of a partic-
ular beta transition for experiments on a determination of the
neutrino mass. First, this is the magnitude of the Q value of
the considered beta transition. Roughly speaking the smaller
its Q value is, the more sensitive this beta transition is sup-
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posed to be to the neutrino mass value. Second, the degree
of forbiddenness is also a crucial factor that can render a
beta transition with even a very small Q value unsuitable
for the determination of the neutrino mass. Finally, physical
and chemical properties of the decaying nuclides as well as
their availability might become a show stopper for exper-
iments based on these nuclides (as happened to the experi-
ments with rhenium). Thus, it is of interest to search for other
beta transitions that have an optimum set of “suitability” cri-
teria and hence along with the β− decay of tritium and the
EC in 163Ho might be employed for the determination of the
neutrino mass.

PTMS focuses on one of these criteria—the smallness of
the Q value. It follows two different ways: the search for beta
transitions with small decay energies (1) between the nuclear
ground states and (2) between the nuclear ground state of the
parent nuclide and a nuclear excited state of the daughter
nuclide.

Of particular interest are electron-capture transitions due
to the fact that their probability is defined by the difference
Qν ≡ Q—Bi , where Bi is the binding energy of the electron
captured from the i-orbital. This difference could be very
small for one of electron orbitals in the atom, which would
result in a very small neutrino energy and hence in a high
sensitivity of this electron-capture channel to the neutrino
mass. Thus, measurements with low uncertainty of the Q
values of potentially interesting EC-transitions shed light on
the size of Qν .

Two such ground-to-ground-state EC transitions, 194Hg
→ 194Au [23] and 202Pb → 202Tl [68], already have been
addressed at the ISOLTRAP facility at CERN using the ToF-
ICR technique.

The obtained Q value of 29(4) keV of the EC in 194Hg
substantially deviates from that of 69(14) keV given in the
Atomic Mass Evaluation (AME) table before these measure-
ments and, although the K-electron capture is forbidden,
suggests a possible determination of the neutrino mass by
a microcalorimetric measurement of the de-excitation spec-
trum from L-capture in 194Hg. The total energy of the electron
neutrino in this case is Qν = 15(4) keV.

The Q value of the EC in 202Pb determined with
ISOLTRAP is 38.8(43) keV. The lowest positive Qν is for
the L-capture and is equal to 23.5(43) keV. If only the mag-
nitude of the Q value is considered, then one can conclude
that neither the EC in 194Hg nor the EC in 202Pb can compete
in terms of sensitivity to the neutrino mass with the EC in
163Ho.

Although ground-to-ground-state beta transitions are the
primary choice for experiments on the determination of the
neutrino mass due to several reasons, the number of such beta
transitions that are potentially suitable for a precise neutrino-
mass determination is in fact limited (see Fig. 1 in [23]). More
chances to find a beta transition with a very small energy of

Table 2 The most promising beta transitions from the ground state to
excited states with ultra-low decay energies [40]

Decay Allowed First-forbidden

β− 131I, 136Cs, 188W 154−156Eu, 183Ta

EC 57Ni, 77Br, 175Hf, 200Tl 75Se, 156,157Tb, 173Lu, 190Ir

β+ 79Kr 146Eu

the emitted neutrino can be found among ground-to-excited-
state beta transitions simply due to their large number [40].
The main criterion of choice here is the proximity of the
mass difference between the ground states of the parent and
daughter nuclides to the energy of the excited state populated
in the beta process. The allowed and first-forbidden transi-
tions from [40] are given in Table 2.

The mass differences between the ground states of the
parent and daughter nuclides of some of the beta transitions
with decay energies smaller than 1 keV already have been
determined with Penning traps with a sub-keV/c2 uncertainty
(Table 3). It should be noted nevertheless that the ultra-low
decay values alone of these beta transitions do not guarantee
a high sensitivity to the determination of the neutrino mass.
This is due to a combination of ultra-low decay energy and
often a high degree of forbiddenness of these transitions,
which leads to a very small total probability of the transition
to an excited state in comparison to that to the ground state.

Mass-difference measurements for the search for keV
sterile neutrinos and relic neutrinos

There are no conceptual restrictions for a very broad mass
range of sterile neutrinos. PTMS can contribute to the search
for sterile neutrinos with keV/c2 masses that can be attributed
to Warm Dark Matter (WDM) [6]. The neutrino electron fla-
vor state can be considered a mixture of the active and ster-
ile neutrino mass eigenstates with the corresponding unitary
mixing matrix. Since all the masses of active neutrinos are
much smaller than the mass of the sterile one, we can con-
sider on the keV/c2 scale a simplified version of a mixing of
one active mass eigenstate withmi � 1 eV/c2 and one sterile
neutrino mass eigenstate with ms on the keV/c2 scale.

In a β− decay energy spectrum of emitted electron the
sterile neutrino reveals itself as a kink located at an energy
which is a difference between the Q value of β− decay and
the keV/c2 sterile neutrino mass value.

In electron-capture processes one can search for hints of
the existence of the sterile neutrino in two ways. The first
method is similar to that employed in β− decay processes.
One searches in the atomic de-excitation spectrum of the EC
for a kink at an energy which is a difference between the Q
value of the EC and the keV/c2 sterile neutrino mass value.
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Table 3 The smallest (≤ 1 keV) decay energy values between the mother ground state and daughter excited states of nuclides

Parent nuclide Half-life Daughter nuclide Populated excited state in Decay energy References
The daughter nuclide/keV / keV

75Se 119.8 d 75As 865.4(5) 0.64(51) [53]
115In 4 · 1014y 115Cd 497.334(22) 0.35(17) [69]

0.155(24) [47]

0.147(10) [72]
135Cs 2.3 · 106y 135Ba 268.218(20) 0.44(31) [18]
155Tb 5.32 d 155Gd 815.731(3) − 0.79(18) [37]
159Dy 144.4 d 159Tb 363.5449 1.18(19) [36]

The second method is based on the comparison of the prob-
abilities to capture an electron from different atomic orbitals
[30]. The probability λi to capture an electron by a nucleus
from the i atomic orbital depends on the mass of the sterile
neutrino. The ratios of the experimental probabilities λi/λ j

from atomic orbitals i and j can be determined from the
areas under the peaks in the atomic de-excitation spectrum,
whereas the theoretical ratios (i.e. without the sterile neu-
trino contribution) can be precisely calculated taking into
account the cancellation of the nuclear matrix elements in
the probability ratios. The electron wave functions can be
calculated only with a certain non-vanishing uncertainty. In
order to exclude this origin of uncertainty the same ratios
for the probabilities in different isotopes of the same chemi-
cal element must be compared. In this case the influence of
the electron wave functions is cancelled to large extend and
the sensitivity to the amplitude of the sterile neutrino mass
eigenstate can be considerably increased. The sensitivity to
the amplitude of the sterile neutrino mass eigenstate depends
on an accurate determination of atomic mass differences of
studied isotopes. In [30] a list of promising EC transitions,
e.g. EC in 157Tb, 163Ho, 179Ta, 193Pt, 202Pb, 205Pb and 235Np,
for a search for the sterile neutrino is given which masses have
to be determined with high precision.

Relic neutrinos are regular neutrinos formed as a result
of the Big Bang. Due to their extremely small interaction
cross-section with matter they still roam around us forming
a cosmic relic neutrino background. Their study can yield
valuable information on an early history of the Universe.
Although a direct observation of the cosmic neutrino back-
ground causes a great difficulty because relic neutrinos have
very low energy, on average Eν = 0.00055 eV, and an aver-
age density of just 56 cm−3, nevertheless, a direct detection
of relic neutrinos in experiments is the only way to confirm
their existence.

One of proposed direct methods for an observation of
relic neutrinos is their capture on nuclei that undergo β−
decay [14]. First attempts to observe relic neutrinos have
been already undertaken in the KATRIN experiment util-

ising tritium [2]. Another proposed method for an obser-
vation of relic antineutrinos is their resonant absorption by
nuclides that undergo nuclear electron capture [67]. The res-
onant absorption implies that the sum of the decay energy
QEC and antineutrino mass mν is slightly larger than the
sum of nuclear excitation E∗ and electron binding energy Bi
of the electron captured from the i-orbital:

QEC + mνc
2 ≥ E∗ + Bi . (9)

Thus, the role of PTMS is a search for electron-capture tran-
sitions whose QEC values allow for a resonant capture of
relic antineutrinos. There is a bunch of EC-decaying nuclides
the QEC values of which are not known precisely enough,
e.g. 157Tb [67], 131Ba, 159Dy, 175Hf, 195Au and 243Cm [45],
some of which might become suitable for the detection of
relic antineutrinos.

Mass-difference measurements for experiments for the
search for neutrinoless double electron capture

It is still not known whether neutrinos are Dirac or Majo-
rana particles. The most convenient and maybe at present the
only way to unambiguously clarify the nature of the neutrino-
antineutrino duality consists in the observation of the neutri-
noless double-beta processes: (1) double electron emission
(2β− decay), (2) double positron emission, (3) one-electron
capture with one-positron emission, or (4) double electron
capture (2EC). These processes are only possible if neutri-
nos and antineutrinos are identical particles, i.e. Majorana
particles, and the conservation of the total lepton number is
violated. Since these processes are not allowed in the Stan-
dard Model, their observation will thus manifest new physics
beyond the Standard Model.

In this section the contribution of PTMS to experiments on
the search for neutrinoless double electron capture is briefly
reviewed. In general neutrinoless 2EC is expected to have
smaller transition probability than neutrinoless 2β− decay.
But in some cases the probability of neutrinoless 2EC can
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Fig. 6 An energy diagram of double-electron capture between two
neutral atoms with the same mass number A. The intermediate nuclide
(Z -1, A) energetically cannot be populated. Both the atomic level de-
excitation (by X-rays or electrons) and the nuclear de-excitation by
gamma-rays are shown. Γat and Γnucl are the atomic and nuclear level
widths, respectively (Γat 	 Γnucl )

be resonantly enhanced by many orders of magnitude and
hence becomes comparable to that of neutrinoless 2β− decay.
The transition probability of neutrinoless 2EC is resonantly
enhanced if the initial and final states of the atom are degen-
erate in energy. In the transition probability a so-called reso-
nance enhancement coefficient rεε appears, which is defined
as ([8])

rεε = Γ2h

Δ2 + Γ 2
2h/4

. (10)

Here, Γ2h is the sum of the decay widths of the excited daugh-
ter atom, and Δ is the degeneracy parameter given by

Δ = Qεε − B2h − Eγ , (11)

where Qεε is the total decay energy, B2h is the binding energy
of the double-electron hole in the atomic shell of the daughter
atom, and Eγ is the excitation energy of the daughter nucleus.

As can be seen the enhancement coefficient rεε will be
maximal when the degeneracy parameter Δ is close to zero.
Although the phenomenon of the resonant enhancement
was predicted some decades ago, the search for resonantly
enhanced neutrinoless double-electron capture transitions for
a long time was hampered by the lack of precise experimental
values of Qεε , which accuracy was larger than keV, whereas
the values of B2h and Eγ are usually known with much bet-
ter accuracy. To reach a similar level of precision for Qεε

the PTMS has to be employed. A general decay scheme of
neutrinoless 2EC is shown in Fig. 6.

The most favourable cases are neutrinoless 2EC transi-
tions between 0+ nuclear ground states that proceed via a cap-
ture of two s-electrons from K-shell. For such transitions the
neutrinoless mode dominates since the two-neutrino mode is
strongly suppressed by phase space. With the Penning-trap
mass spectrometer SHIPTRAP the Qεε values of three such
2EC transitions, namely 152Gd → 152Sm, 164Er → 164Dy
and 180W → 180Hf, were determined with a few 100 eV
uncertainty ([8]). The measurement yielded that the degen-
eracy parameter Δ of neither of these transitions is small
enough to consider some of these transitions fully resonantly
enhanced. Among these three transitions 152Gd → 152Sm
has the smallest degeneracy parameter Δ of 0.83(18) keV
and an expected half-life larger than 1028 years.

Although neutrinoless 2EC transitions between 0+ nuclear
ground states are preferable for the search for neutrinoless
double-beta processes, neutrinoless 2EC transitions between
the mother nuclear ground state and a daughter nuclear
excited state are of interest too. The Qεε values of more
than a dozen such transitions were determined with vari-
ous, predominantly online high-precision Penning-trap mass
spectrometers ([8]). This measurement campaign revealed
that the 156Dy → 156Gd transition to the nuclear excited
state with an excitation energy of 1988.5(2) keV is fully res-
onantly enhanced with a degeneracy factor Δ of 0.04(10)
keV. Unfortunately, the process proceeds via a capture of
two p-electrons from L-shell. For such transitions the nuclear
matrix elements are small and thus the half-lives are too long
in order to consider them suitable for the search for neutri-
noless double-beta processes.

Conclusion and Outlook

A rapid development of Penning-trap mass spectrometry over
the past two decades has made this technique of great impor-
tance for many studies carried out at the frontiers of funda-
mental physics, in particular for neutrino physics. A good
example of such a development is the Penning-trap mass
spectrometer PENTATRAP at the Max-Planck Institute for
Nuclear Physics. The implementation of such unique fea-
tures as simultaneous cyclotron-frequency measurements in
several Penning traps on highly charged ions of different
nuclides of interest allows for mass-ratio measurements on
a broad range of long-lived nuclides with fractional uncer-
tainties down to few parts in 1012. This paves the path to
measurements on a level of an eV of the Q values of various
beta processes that are relevant to the determination of the
(anti)neutrino mass, the search for sterile and relic neutrinos.

Also Penning-trap mass spectrometers that are usually
devoted to mass measurements on short-lived nuclides with
uncertainties down to about 10−9 have significantly con-
tributed to studies of neutrinoless double-beta processes.
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These studies aim to shed light on one of the open prob-
lems of neutrino physics—are neutrinos Dirac or Majorana
particles? Is the total lepton number conserved?

In general, the modern state of Penning-trap mass spec-
trometry opens the doors to mass-ratio measurements rele-
vant to many fundamental studies that go beyond the scope
of this paper. Just to mention a few: PTMS can be of great
assistance in the search for dark matter and the fifth force,
low-lying atomic metastable states suitable for a new gener-
ation of ion clocks and can contribute to the determination
of the α constant. This list is by far not exhaustive and will
steadily expand as the development of PTMS is going on.
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