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Light-ion trap (LIONTRAP), a high-precision Penning-trap mass spectrometer, was used to determine
the atomic mass of 4He. Here, we report a 12 parts-per-trillion measurement of the mass of a 4He2þ ion,
mð4He2þÞ ¼ 4.001 506 179 651ð48Þ u. From this, the atomic mass of the neutral atom can be determined
without loss of precision: mð4HeÞ ¼ 4.002 603 254 653ð48Þ u. This result is slightly more precise than the
current CODATA18 literature value but deviates by 6.6 standard deviations.
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Precision experiments at low energies have taken a
pivotal role in the validation of the standard model of
physics and potentially its boundaries. Experimental
observables of simple atomic systems with a single or
few electrons, such as atomic and molecular hydrogen,
helium, and their ions, enable extremely precise tests. The
properties of the fundamental particles, such as the mass of
the electron [1,2] and the mass and charge radius of the
light nuclei [3–5], are thus of importance for fundamental
physics. They interconnect a variety of individual observ-
ables from transition frequencies in hydrogen, ruled by the
Rydberg constant [6], to the magnetic moment of the
electron, which depends on the fine-structure constant [7].
Moreover, the mass difference between tritium and
helium-3 can serve as a cross-check for the systematics
in the search for a nonzero electron antineutrino mass with
the KATRIN experiment, which studies the endpoint
energy region of the β-decay spectrum of tritium [8].
Today, the ratio of atomic masses can be measured to

parts-per-trillion (ppt) relative precision using specialized
Penning traps [9–11]. While such measurements are largely
independent of theory and generally reliable, the mass
ratios of light ions have seen inconsistencies in the past
[3,4]. The atomic masses of the proton and deuteron
measured in our group [4,11,12] have discrepancies with
the results from the group of Van Dyck at the University of
Washington (UW) [13,14], which served as previous
literature values. However, our results are in agreement
with the precise ratios of Hþ

2 and deuteron measured at

Florida State University (FSU) [9,15], and the mass ratios
extracted from the high-precision laser spectroscopy of the
molecular HDþ ion [16,17]. Hence, it appears that the
disparities are likely caused by the UW results.
At present, the 4He mass measured with a precision of

16 ppt at UW solely yields the accepted literature value by
the committee on data for science and technology
(CODATA) and atomic mass evaluation (AME) [18–20].
This is not ideal, especially in light of an increasing interest
in helium for fundamental physics: from the developments
in ultraprecision laser spectroscopy on 4Heþ ions [21] or
antiprotonic helium [22] to an improved determination of
the electron’s atomic mass [23], the anticipated advance-
ments necessitate a reliable 4He mass value. With state-of-
the-art Penning trap techniques, a significant improve-
ment of the electron’s atomic mass via a measurement
of the bound-electron g factor in hydrogenlike ions should
be possible. Such g-factor determination to a relevant
precision is achievable and planned by setups like
ALPHATRAP [24] and the experiment that recently
measured the 3Heþ magnetic moment [25]. This paves
the way for potential progress in determining the mass of
the electron in the near future. The current CODATA18
value comes from a measurement with 12C5þ [1,19]. While
a measurement with 12C directly yields a result in atomic
mass units (u), the relatively high charge state increases the
impact of higher-order contributions of quantum electro-
dynamics on the theoretical value of the g factor.
Consequently, a measurement with 4Heþ, where these
terms are negligible, could potentially increase the preci-
sion and reliability of the electron’s atomic mass [23]. To
support such an electron mass determination, a consistent
and precise 4He mass value is required. Given the observed
discrepancies with the UW results and the inconsistencies
found in the mass measurements of 4He from different
groups [18,26–30], it seems imperative to remeasure the
4He mass.
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The LIONTRAP experiment is a high-precision
Penning-trap mass spectrometer [4], where an ion is
confined radially by a homogeneous magnetic field and
axially by an electrostatic quadrupole potential [31,32].
The ion exhibits three eigenmotions with corresponding
frequencies: the axial motion along the magnetic field with
frequency νz, the modified cyclotron motion, and the
magnetron motion in the perpendicular radial plane with
frequencies νþ and ν−, respectively. The free cyclotron
frequency of the ion,

νc ¼
1

2π

q
m
B; ð1Þ

where q is the charge and m is the mass of the ion in a
magnetic field B, can be calculated from the eigenfrequen-
cies using the invariance theorem [33]:

νc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ν2þ þ ν2− þ ν2z

q

: ð2Þ

The mass measurement technique is based on comparing
cyclotron frequencies of the ion of interest and a reference
ion in the same magnetic field, allowing the cancellation of
the magnetic field in Eq. (1). In this work, we choose a
carbon 12C6þ ion as a reference for a 4He2þ ion, which
allows measurement in atomic mass units (u). The mass of
an atom is related to the mass of its ion via the ionization
energies [34] and the mass of the missing electrons without
relevant loss of precision in the low Z regime. The mass of
4He2þ can be expressed as

mð4He2þÞ ¼ 2

6

νcð12C6þÞ
νcð4He2þÞ

mð12C6þÞ: ð3Þ

A hermetically sealed trap chamber and the cryoelec-
tronics are placed in the homogeneous field of a 3.8 T
superconducting magnet and cooled to 4.2 K. The vacuum
inside the trap chamber is better than 10−17 mbar, which
allows several months of ion storage time. The trap
chamber contains a stack composed of the precision trap
(PT), two storage traps (ST-1 and ST-2), several transport
electrodes, and a miniature electron beam ion source
(mEBIS) that includes a creation trap (CT) and a field-
emission-point (FEP) electron source (see Fig. 1). The
measurements are performed in the PT, which is a doubly
compensated, seven-electrode cylindrical Penning trap [4].
The mEBIS is used to produce ions in situ. The carbon

atoms are ablated from a solid-state target by the electron
beam of the mEBIS [11]. However, due to weak bonding
capabilities, this technique does not work for noble gas
atoms. Hence, a source was developed where gas atoms are
adsorbed at 4 K on a large surface area, which upon
heating, releases the gas required for ionization and
trapping (see Fig. 1). The source originally planned for
3He production was repurposed to produce 4He atoms due
to a technical issue. A future publication is planned to
present a description and characterization of the source.
After production, the 12C6þ and 4He2þ ions are stored

simultaneously within the trap stack in separate poten-
tial minima. The cyclotron frequencies are measured
alternately in the PT [4], as shown in the inset of Fig. 1.
For both νc measurements, the same trapping potential is
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FIG. 1. Cross-sectional sketch of the trap setup. The mEBIS produces ions in situ. 4He atoms (blue) are released upon heating the
source and guided into the electron beam (dotted black line) from the FEP, which enables the production of 4He ions. The electron beam
also ablates and ionizes atoms from the target’s surface. The trapped ion cloud (orange-shaded spot) is adiabatically transported from the
CT to the PT to prepare single ions. The axial detection system in the PT is also depicted. The lower right side of the image illustrates
how the ions are stored and shuttled between the PT and one of the STs for the νc measurements. In this example, 4He2þ and 12C6þ are
measured at time t1 and t2, respectively.
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applied to ensure the ions are at the identical position in the
trap. The ion’s axial motion is detected via the image
currents (∼10−15 A) induced on the trap electrodes by its
harmonic axial oscillations. A tank circuit (resonator)
connected to these electrodes converts the image current
into a measurable voltage signal (∼10−9 V) and cools the
ion’s axial motion to 4.2 K. The resonator’s frequency is
tuned with a varactor diode to get it in resonance with either
one of the two ions without altering the trapping potential.
In equilibrium, the thermal noise of the resonator gets
electrically shorted, producing a minimum in the noise
spectrum at the ion’s axial frequency, known as “dip,” see
Fig. 2. While this technique allows measurement at low
axial energy, it has the drawback that the interaction
between the ion and the resonator causes frequency pulling
[35]. Thus, a line shape model must be fitted to the dip to
extract the unperturbed ion frequency [4]. At a trapping
voltage of typically−7.8 V, the frequencies of the ions with
charge-to-mass ratio ðq=mÞ ¼ 1

2
ðe=uÞ are of order

νz ≈ 468 kHz, νþ ≈ 29 MHz and ν− ≈ 4 kHz. The hier-
archy between the frequencies entering the invariance
theorem is evident as νþ ≫ νz ≫ ν−, implying the modi-
fied cyclotron frequency needs to be determined with the
highest precision.
In LIONTRAP, we can use the phase-sensitive Ramsey-

like measurement technique PnA (“Pulse and Amplify”)
[36] and the “double-dip” method to extract the modified
cyclotron frequency [4]. To avoid line shape related
problems, we use the PnA technique to extract the modified
cyclotron frequency with high precision. In this technique,
an excitation pulse with frequency νþ is initially applied to
excite and imprint a phase on the cyclotron mode. After a
certain evolution time Tevol, the resulting phase of the
modified cyclotron motion is transferred to the axial motion

by a parametric amplification pulse at the sideband
νþ þ νz. The axial phase is read from the Fourier transform
of the image current signal to determine the modified
cyclotron frequency. The magnetron frequency is measured
only occasionally during the measurement campaign using
the double-dip technique [4].
The techniques discussed above are put together to

perform a mass measurement cycle summarized in
Fig. 3 and detailed in [4]. Each cycle produces a cyclotron
frequency ratio:

RCF ¼ νcð12C6þÞ
νcð4He2þÞ

: ð4Þ

There were 32 runs with a total of 482 RCF measurements
using two ion pairs stored in different spatial order to avoid
any systematic effects originating from the order of ions or
unnoticed contaminant ions. During different runs, the
strength Sþ

t;Û;i
of the modified cyclotron frequency excita-

tion and consequently the ion’s cyclotron amplitude was
varied. Here, Û and t are the amplitude and duration of the
excitation pulse, respectively, and the different excitation
settings are denoted as i. These runs are sorted based on i.
The excitation strengths are related to the excited modified
cyclotron radii as rþi;exc ¼ κSþ

t;Û;i
, where κ is a calibration

constant. The rþexc of both ions were varied over a range of
10 to 80 μm between the runs resulting in different
relativistic shifts of the cyclotron frequency of the ions.
This shift is treated using a three-parameter surface fit that
relates the individually shifted measurements RCF

i to RCF
stat,

which is the frequency ratio extrapolated to zero cyclotron
excitation energy (Fig. 4):

RCF
i ¼ RCF

stat þ a½Sþ
t;Û;i

ð4He2þÞ�2 þ b½Sþ
t;Û;i

ð12C6þÞ�2: ð5Þ

FIG. 2. An axial dip spectrum of 4He2þ. The axial frequency of
the ion is extracted from the ∼500 mHzwide ion signal (green) fit
with a line shape model (blue). To this end, the resonator’s
parameters must be precisely known. The black and red lines
indicate the line shape that results from artificially shifting the
resonator frequency by 50 and 25 Hz, respectively. Because of the
resulting asymmetry, these fits result in systematically shifted
axial frequency values (marked with vertical dotted lines).
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FIG. 3. Timeline diagram of a measurement cycle. At the
beginning of a cycle, ion-I is selected randomly and transported
to PT, where all the modes are cooled, and the νz (dip) and νþ
(double-dip) are measured, followed by a νþ (PnA) measurement.
Ion-I is then moved away, ion-II is transported to the PT, and the
frequencies are measured in the inverse sequence. The time
periods mentioned are only approximate. Every measurement
cycle consists of 17 PnA cycles, each performed with a different
Tevol: 6 × 0.1 s, 0.5 s, 1 s, 2 s, 5 s, 10 s, 6 × 20 s. The long Tevol
enable the determination of νþ with the highest precision.
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The result of the surface fit is

RCF
stat ¼ 1.000 650 921 128 8ð90Þ: ð6Þ

The RCF
stat still needs to be corrected for further systematic

shifts. These frequency shifts are summarized in Table I.
While the excitation radius is treated using the surface fit,

the finite thermal radius of the ion leads to a residual
relativistic shift in the cyclotron frequency. Before every
PnA cycle, the ion’s eigenmodes are thermalized with the
resonator. To minimize the shift, electronic feedback cool-
ing is implemented to lower the axial temperature of the ion
to Tz;FB ¼ 1.7ð3Þ K [37,38].
The image charge shift caused due to the charges

induced on the trap electrodes by the ion significantly
contributes to the systematic error budget. The shift in

cyclotron frequency depends on the trap design and is
determined from numerical simulations and experimentally
tested to a relative precision of 5% [39].
The PT is optimized to minimize the electrostatic

anharmonicities described by even Ci coefficients (i ≥ 4)
[40]. The trap was optimized to haveC4 ¼ 0ð1Þ × 10−5 and
C6 ¼ −4ð15Þ × 10−5, which lead to shifts less than 0.1 ppt
in the cyclotron frequency ratio.
The residualmagnetostatic inhomogeneity is characterized

by the series expansion of the magnetic field along the trap
axis (B ¼ B0 þ B1zþ B2z2 þ ::). At LIONTRAP, a super-
conducting shim coil has been implemented around the trap
chamber to minimize the quadratic componentB2 in situ as it
is responsible for the first-order energy-dependent frequency
shifts [11]. The residualB2 ¼ ð−0.4� 2.0Þ mTm−2 is small
enough to make the frequency shift minor for the small
motional amplitudes used in this work.
The line shape model used to extract the unperturbed

axial frequency from the dip signal has the resonance
frequency νres and the quality factor Q of the resonator as
input parameters, which are determined with a fit to the
thermal noise of the resonator. If νres or Q are determined
incorrectly, the extracted axial frequency is shifted, and this
enters νc through the invariance theorem. Figure 2 shows
two exaggerated cases of incorrect νres. We assume νres to
be known to �3 Hz during the mass measurement, limited
by the fit quality and fluctuations between runs, leading to a
relative uncertainty of 7 ppt in the cyclotron frequency ratio.
For each measurement cycle the magnetron frequency is

calculated from the measured axial and modified cyclotron
frequencies [31], as it is only measured intermittently
during the campaign. Although this calculated value is
subject to systematic shifts from trap imperfections such as
tilt and ellipticity [33], it deviates by ≤ 600 mHz from the
measured value. Since this shift is almost independent of
q=m, the effect on the cyclotron frequency ratio is ∼10−15
and is thus not considered as a systematic error.
The ratio of cyclotron frequencies, considering both

systematic and statistical uncertainties, is

RCF
Final ¼ 1.000 650 921 192 8ð90Þstatð78Þsystð119Þtot: ð7Þ

From RCF
Final we can derive the mass of 4He2þ via Eq. (3):

mð4He2þÞ ¼ 4.001 506 179 651ð36Þstatð31Þsystð48Þtot u: ð8Þ

The numbers in brackets denote statistical, systematic, and
total uncertainty, respectively. Considering the mass of the
missing electrons [19] and their binding energies [34], the
mass of the 4He atom is calculated:

mð4HeÞ ¼ 4.002 603 254 653ð36Þstatð31Þsystð48Þtot u: ð9Þ

Compared to the CODATA=AME value, the 4He mass
reported in this work deviates notably [19,20]. As pre-
viously stated, the CODATA18 value is given by the UW
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the 1σ confidence interval of the frequency ratio extracted from
the fit (RCF

stat).

TABLE I. Summary of the systematic shifts and their uncer-
tainties for the cyclotron frequency ratio. RCF

stat is the statistical
result and RCF

corr is the ratio corrected for systematic shifts. All
values are in parts-per-trillion and relative. The excitation
amplitudes are extrapolated to zero.

Effect
Relative shift in RCF

½ðRCF
stat − RCF

corrÞ=RCF
stat� Uncertainty

Image charge 65.76 3.29
Relativistic effect −1.77 0.31
Magnetic inhomogeneity −0.03 0.19
Electrostatic anharmonicity 0 0.13
Dip lineshape 0 7.11

Total 63.96 7.84
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mass measurement of 4He ion versus a 12C ion [18]. The
difference observed between this literature value and our
4He mass value is about 6.6 combined standard devia-
tions (Fig. 5).
The literature value reported by the AME is identical to

the one in CODATA18 but with an increased uncertainty
[20]. In AME2020 [41], the uncertainty for the mass of 4He
was increased from 63 [42] to 158 pu due to the agreement
between the results from the FSU trap and LIONTRAP and
the inconsistencies with UW results. Our result still
deviates by 3.2 combined standard deviations from the
AME2020 value. This discrepancy demands a re-measure-
ment of the 3He=12C [14] mass ratio, as planned in our
experiment, to further investigate the inconsistencies in the
light ion mass regime [11]. Having noticed such deviations
also for the masses of the proton and deuteron, several

independent and consistent measurements are necessary to
regain confidence in the masses of light ions.

This work was supported by the Max Planck Society.
The project received funding from the R&D cooperation
agreement between GSI=FAIR and Heidelberg University,
the International Max Planck Research School for Precision
Tests of Fundamental Symmetries (IMPRS-PTFS) and
from the Max Planck–RIKEN–PTB Center for Time,
Constants and Fundamental Symmetries. This study com-
prises parts of the Ph.D. thesis work of S. Sasidharan.

[1] S. Sturm, F. Köhler, J. Zatorski, A. Wagner, Z. Harman, G.
Werth, W. Quint, C. Keitel, and K. Blaum, High-precision
measurement of the atomic mass of the electron, Nature
(London) 506 (2014).

[2] J.-Ph. Karr and J. C. J. Koelemeij, Extraction of spin-
averaged rovibrational transition frequencies in HDþ for
the determination of fundamental constants, Mol. Phys. 0,
e2216081 (2023).

[3] E. G. Myers, High-precision atomic mass measurements for
fundamental constants, Atoms 7 (2019).

[4] F. Heiße, S. Rau, F. Köhler-Langes, W. Quint, G. Werth, S.
Sturm, and K. Blaum, High-precision mass spectrometer for
light ions, Phys. Rev. A 100, 022518 (2019).

[5] J. J. Krauth, K. Schuhmann, M. A. Ahmed, F. D. Amaro, P.
Amaro, F. Biraben, T.-L. Chen, D. S. Covita, A. J. Dax, M.
Diepold et al., Measuring the α-particle charge radius with
muonic helium-4 ions, Nature (London) 589, 527 (2021).

[6] S. G. Karshenboim and V. G. Ivanov, Quantum electrody-
namics, high-resolution spectroscopy and fundamental con-
stants, Appl. Phys. B 123, 18 (2017).

[7] X. Fan, T. G. Myers, B. A. D. Sukra, and G. Gabrielse,
Measurement of the Electron Magnetic Moment, Phys. Rev.
Lett. 130, 071801 (2023).

[8] M. Aker et al. (KATRIN Collaboration), Direct neutrino-
mass measurement with sub-electronvolt sensitivity, Nat.
Phys. 18, 160 (2022).

[9] D. J. Fink and E. G. Myers, Deuteron-to-Proton Mass Ratio
from Simultaneous Measurement of the Cyclotron Frequen-
cies of Hþ

2 and Dþ, Phys. Rev. Lett. 127, 243001 (2021).
[10] P. Filianin, C. Lyu, M. Door, K. Blaum, W. J. Huang, M.

Haverkort, P. Indelicato, C. H. Keitel, K. Kromer, D. Lange
et al., Direct Q-Value Determination of the β− Decay of
187Re, Phys. Rev. Lett. 127, 072502 (2021).

[11] S. Rau, F. Heiße, F. Köhler-Langes, S. Sasidharan, R. Haas,
D. Renisch, C. Düllmann, W. Quint, S. Sturm, and K.
Blaum, Penning trap mass measurements of the deuteron
and the HDþ molecular ion, Nature (London) 585, 43
(2020).

[12] F. Heiße, F. Köhler-Langes, S. Rau, J. Hou, S. Junck, A.
Kracke, A. Mooser, W. Quint, S. Ulmer, G. Werth, K.
Blaum, and S. Sturm, High-Precision Measurement of the
Proton’s Atomic Mass, Phys. Rev. Lett. 119, 033001 (2017).

[13] R. S. Van Dyck Jr., D. L. Farnham, S. L. Zafonte, and P. B.
Schwinberg, High precision Penning trap mass spectros-
copy and a new measurement of the proton’s “atomic mass”,
AIP Conf. Proc. 457, 101 (1999).

FIG. 5. High-precision 4He mass values from different experi-
ments. On the top, 4He mass measurements over the years [18,26–
30] are plotted as blue points. The red points indicate the mass of
4He reevaluated based on the recent proton [19] or deuteron [11]
mass values (where these were used as reference ions). The red
shaded area indicates the AME2020 value, and the grey shaded
region indicates the CODATA18 value. On the bottom, an
enlarged view into the result of this work is shown. The
CODATA18 and AME2020 values coincide with the latest
UW result (see text).

PHYSICAL REVIEW LETTERS 131, 093201 (2023)

093201-5

https://doi.org/10.1038/nature13026
https://doi.org/10.1038/nature13026
https://doi.org/10.1080/00268976.2023.2216081
https://doi.org/10.1080/00268976.2023.2216081
https://doi.org/10.3390/atoms7010037
https://doi.org/10.1103/PhysRevA.100.022518
https://doi.org/10.1038/s41586-021-03183-1
https://doi.org/10.1007/s00340-016-6582-x
https://doi.org/10.1103/PhysRevLett.130.071801
https://doi.org/10.1103/PhysRevLett.130.071801
https://doi.org/10.1038/s41567-021-01463-1
https://doi.org/10.1038/s41567-021-01463-1
https://doi.org/10.1103/PhysRevLett.127.243001
https://doi.org/10.1103/PhysRevLett.127.072502
https://doi.org/10.1038/s41586-020-2628-7
https://doi.org/10.1038/s41586-020-2628-7
https://doi.org/10.1103/PhysRevLett.119.033001
https://doi.org/10.1063/1.57450


[14] S. L. Zafonte and R. S. Van Dyck Jr., Ultra-precise single-
ion atomic mass measurements on deuterium and helium-3,
Metrologia 52, 280 (2015).

[15] D. J. Fink and E. G. Myers, Deuteron-to-Proton Mass Ratio
from the Cyclotron Frequency Ratio of Hþ

2 to Dþ with Hþ
2

in a Resolved Vibrational State, Phys. Rev. Lett. 124,
013001 (2020).

[16] S. Patra, M. Germann, J.-P. Karr, M. Haidar, L. Hilico, V.
Korobov, F. Cozijn, K. Eikema, W. Ubachs, and J.
Koelemeij, Proton-electron mass ratio from laser spectros-
copy of HDþ at the part-per-trillion level, Science 369, 1238
(2020).

[17] I. V. Kortunov, S. Alighanbari, M. G. Hansen, G. S. Giri,
V. I. Korobov, and S. Schiller, Proton-electron mass ratio by
high-resolution optical spectroscopy of ion ensembles in the
resolved-carrier regime, Nat. Phys. 17, 569 (2021).

[18] R. S. Van Dyck Jr., D. B. Pinegar, S. Van Liew, and S. L.
Zafonte, The UW-PTMS: Systematic studies, measurement
progress, and future improvements, Int. J. Mass Spectrom.
251, 231 (2006).

[19] E. Tiesinga, P. J. Mohr, D. B. Newell, and B. N. Taylor,
CODATA recommended values of the fundamental physical
constants: 2018 (2021), Rev. Mod. Phys. 93, 025010
(2021).

[20] W. Huang, M. Wang, F. Kondev, G. Audi, and S. Naimi, The
AME 2020 atomic mass evaluation (I). Evaluation of input
data, and adjustment procedures∗, Chin. Phys. C 45 (2021).

[21] J. Moreno, F. Schmid, J. Weitenberg, S. G. Karshenboim,
T. W. Hänsch, T. Udem, and A. Ozawa, Toward XUV
frequency comb spectroscopy of the 1S-2S transition in
Heþ, Eur. Phys. J. D 77, 67 (2023).

[22] M. Hori and E. Widmann (ASACUSA Collaboration),
Status report of the ASACUSA experiment—progress in
2021 and plans for 2022, Technical Report, CERN, Geneva,
2022, https://cds.cern.ch/record/2799130.

[23] J. Zatorski, B. Sikora, S. G. Karshenboim, S. Sturm, F.
Köhler-Langes, K. Blaum, C. H. Keitel, and Z. Harman,
Extraction of the electron mass from g-factor measurements
on light hydrogenlike ions, Phys. Rev. A 96, 012502 (2017).

[24] T. Sailer, V. Debierre, Z. Harman, F. Heiße, C. König, J.
Morgner, B. Tu, A. V. Volotka, C. H. Keitel, K. Blaum, and
S. Sturm, Measurement of the bound-electron g-factor
difference in coupled ions, Nature (London) 606, 479
(2022).

[25] A. Schneider, B. Sikora, S. Dickopf, M. Müller, N. S.
Oreshkina, A. Rischka, I. A. Valuev, S. Ulmer, J. Walz,
Z. Harman, C. H. Keitel, A. Mooser, and K. Blaum, Direct
measurement of the 3Heþ magnetic moments, Nature
(London) 606, 878 (2022).

[26] R. S. Van Dyck Jr., D. L. Farnham, and P. B. Schwinberg,
Precision mass measurements in the UW-PTMS and the
electron's “atomic mass”, Phys. Scr. T 59, 134 (1995).

[27] S. Brunner, T. Engel, A. Schmitt, and G. Werth, Determi-
nation of the helium-4 mass in a Penning trap, Eur. Phys. J.
D 15, 181 (2001).

[28] T. Fritioff, C. Carlberg, G. Douysset, R. Schuch, and I.
Bergström, A new determination of the 4He and 3He masses
in a Penning trap, Eur. Phys. J. D 15, 141 (2001).

[29] R. S. Van Dyck Jr., S. L. Zafonte, S. Van Liew, D. B.
Pinegar, and P. B. Schwinberg, Ultraprecise Atomic Mass
Measurement of the α Particle and 4He, Phys. Rev. Lett. 92,
220802 (2004).

[30] S. Nagy, T. Fritioff, M. Suhonen, R. Schuch, K. Blaum, M.
Björkhage, and I. Bergström, NewMass Value for 7Li, Phys.
Rev. Lett. 96, 163004 (2006).

[31] L. S. Brown and G. Gabrielse, Geonium theory: Physics of a
single electron or ion in a Penning trap, Rev. Mod. Phys. 58,
233 (1986).

[32] H. Dehmelt, Experiments with an isolated subatomic
particle at rest, Rev. Mod. Phys. 62, 525 (1990).

[33] L. S. Brown and G. Gabrielse, Precision spectroscopy of a
charged particle in an imperfect Penning trap, Phys. Rev. A
25, 2423 (1982).

[34] A.Kramida,Yu.Ralchenko, and J. Reader (NISTASDTeam),
NIST Atomic Spectra Database (ver. 5.10) [online] (2023)
(accessed February 14, 2023), https://physics.nist.gov/asd.

[35] V. Natarajan, Penning trap mass spectroscopy at 0.1 ppb,
Ph.D. thesis, Massachusetts Institute of Technology, 1993.

[36] S. Sturm, A. Wagner, B. Schabinger, and K. Blaum, Phase-
Sensitive Cyclotron Frequency Measurements at Ultralow
Energies, Phys. Rev. Lett. 107, 143003 (2011).

[37] S. Sturm, The g-factor of the electron bound in 28Si13þ: The
most stringent test of bound-state quantum electro-
dynamics, Ph.D. thesis, Johannes Gutenberg-Universität,
Mainz, 2012.

[38] F. Köhler-Langes, Bound-electron g-factor measurements
for the determination of the electron mass and isotope shifts
in highly charged ions, Ph.D. thesis, Ruprecht Karl Uni-
versity of Heidelberg, 2015.

[39] M. Schuh, F. Heiße, T. Eronen, J. Ketter, F. Köhler-Langes,
S. Rau, T. Segal, W. Quint, S. Sturm, and K. Blaum, Image
charge shift in high-precision Penning traps, Phys. Rev. A
100, 023411 (2019).

[40] J. Ketter, T. Eronen, M. Höcker, S. Streubel, and K. Blaum,
First-order perturbative calculation of the frequency-shifts
caused by static cylindrically-symmetric electric and mag-
netic imperfections of a Penning trap, Int. J. Mass Spectrom.
358, 1 (2014).

[41] M. Wang, W. Huang, F. Kondev, G. Audi, and S. Naimi, The
AME 2020 atomic mass evaluation (II). Tables, graphs and
references∗, Chin. Phys. C 45, 030003 (2021).

[42] M. Wang, G. Audi, F. G. Kondev, W. Huang, S. Naimi, and
X. Xu, The AME2016 atomic mass evaluation (II). Tables,
graphs and references, Chin. Phys. C 41, 030003 (2017).

PHYSICAL REVIEW LETTERS 131, 093201 (2023)

093201-6

https://doi.org/10.1088/0026-1394/52/2/280
https://doi.org/10.1103/PhysRevLett.124.013001
https://doi.org/10.1103/PhysRevLett.124.013001
https://doi.org/10.1126/science.aba0453
https://doi.org/10.1126/science.aba0453
https://doi.org/10.1038/s41567-020-01150-7
https://doi.org/10.1016/j.ijms.2006.01.038
https://doi.org/10.1016/j.ijms.2006.01.038
https://doi.org/10.1103/RevModPhys.93.025010
https://doi.org/10.1103/RevModPhys.93.025010
https://doi.org/10.1088/1674-1137/abddb0
https://doi.org/10.1140/epjd/s10053-023-00645-1
https://cds.cern.ch/record/2799130
https://cds.cern.ch/record/2799130
https://cds.cern.ch/record/2799130
https://doi.org/10.1103/PhysRevA.96.012502
https://doi.org/10.1038/s41586-022-04807-w
https://doi.org/10.1038/s41586-022-04807-w
https://doi.org/10.1038/s41586-022-04761-7
https://doi.org/10.1038/s41586-022-04761-7
https://doi.org/10.1088/0031-8949/1995/t59/017
https://doi.org/10.1007/s100530170164
https://doi.org/10.1007/s100530170164
https://doi.org/10.1007/s100530170159
https://doi.org/10.1103/PhysRevLett.92.220802
https://doi.org/10.1103/PhysRevLett.92.220802
https://doi.org/10.1103/PhysRevLett.96.163004
https://doi.org/10.1103/PhysRevLett.96.163004
https://doi.org/10.1103/RevModPhys.58.233
https://doi.org/10.1103/RevModPhys.58.233
https://doi.org/10.1103/RevModPhys.62.525
https://doi.org/10.1103/PhysRevA.25.2423
https://doi.org/10.1103/PhysRevA.25.2423
https://physics.nist.gov/asd
https://physics.nist.gov/asd
https://physics.nist.gov/asd
https://doi.org/10.1103/PhysRevLett.107.143003
https://doi.org/10.1103/PhysRevA.100.023411
https://doi.org/10.1103/PhysRevA.100.023411
https://doi.org/10.1016/j.ijms.2013.10.005
https://doi.org/10.1016/j.ijms.2013.10.005
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1088/1674-1137/41/3/030003

