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We present the measurements of individual bound electron g factors of 20Ne9þ and 22Ne9þ on the
relative level of 0.1 parts per billion. The comparison with theory represents the most stringent test of
bound-state QED in strong electric fields. A dedicated mass measurement results in mð20NeÞ ¼
19.992 440 168 77ð9Þ u, which improves the current literature value by a factor of 18, disagrees by
4 standard deviations, and represents the most precisely measured mass value in atomic mass units.
Together, these measurements yield an electron mass on the relative level of 0.1 ppb with me ¼
5.485 799 090 99ð59Þ × 10−4 u as well as a factor of seven improved mð22NeÞ ¼ 21.991 385 098 2ð26Þ u.
DOI: 10.1103/PhysRevLett.131.253002

The theory of quantum electrodynamics (QED) success-
fully describes a broad scope of phenomena ranging from
elementary particle physics to atoms and molecules [1–3].
Since QED is a blueprint for all quantum field theories, it is
of utmost importance to verify its sophisticated calculation
methods as precisely as possible [4,5]. In particular, the
deviation between the experimental results and the theo-
retical prediction for muon g − 2 [6], muonic deuterium
hyperfine splitting [7], as well as the fine structure anomaly
in heavy muonic systems [8], currently challenge our
understanding of QED. This calls for additional high-
precision QED tests. Furthermore, based on such compar-
isons fundamental constants can be extracted, e.g., the fine
structure constant α [4], the Rydberg constant R∞ [9,10], as
well as the electron, proton, deuteron, muon, and charged
pion masses [11–17].
The determination of magnetic moments and Lamb

shifts of bound leptons allows tests of bound state (BS)
QED under extreme conditions, such as strong electric and
magnetic fields [18–22]. In this Letter, we present a BS-
QED test with highest precision by comparing state-of-
the-art bound-electron g-factor calculations of 20Ne9þ and
22Ne9þ with corresponding experimental results. The elec-
tron g factor is a dimensionless constant relating the
electron’s magnetic moment to its spin. The energy split-
ting of the Zeeman levels in a magnetic field B is given by

hνL ¼ hðg=2Þðe=2πmeÞB [23]. Here, νL is the Larmor spin
precession frequency of an electron, h is the Planck’s
constant, and ðe=meÞ is the electron’s charge-to-mass ratio.
Additionally, the free-space cyclotron frequency of an
ion in the magnetic field can be expressed by νc ¼
ð1=2πÞðqion=mionÞB, where ðqion=mionÞ is the charge-to-
mass ratio of the ion. Combining both equations yields

gexp ¼ 2
νL
νc

me

mion

qion
e

¼ 2Γ
me

mion

qion
e

: ð1Þ

In this Letter, the Γ measurement is performed at the
ALPHATRAP setup [24], while the mass of 20Ne10þ is
measured at the PENTATRAP experiment [25]. The charge
ratio ðqion=eÞ is a known integer number and the electron
mass as well as the mass of 22Ne9þ are determined by other
experiments [11,26].
The mass of 20Ne10þ is determined by measuring the

cyclotron-frequency ratio RCF ¼ ½νcð20Ne10þÞ=νcð12C6þÞ�.
Given both νc measurements are carried out in the same B
field, the 20Ne10þ mass can be expressed by mð20Ne10þÞ ¼
ð10=6Þmð12C6þÞ=RCF. The ion masses are linked to
mð20Ne9þÞ and the neutral masses via the mass of the
missing electrons [27] and binding energies [28], which are
known to sufficient precision.
The PENTATRAP and ALPHATRAP experiments are both

cryogenic Penning-trap setups located at the Max Planck
Institute for Nuclear Physics in Heidelberg. Their trap
and detection electronics are cooled to the temperature of
liquid helium (4 K). The highly charged ions are produced
externally in Heidelberg compact electron beam ion traps
(HC-EBITs) [29,30], transferred via room temperature
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beamlines to the respective trap setups and cleaned from
possible contamination ions via magnetron cleaning [31].
Because of the superposition of the static electric and

magnetic field, the cyclotron frequency splits into three
individual eigenfrequencies: the axial νz, the magnetron ν−,
and the modified cyclotron frequency νþ, see Table I.
Combined, these frequencies can be utilized to calculate the
free-space cyclotron frequency νc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ν2þ þ ν2z þ ν2−

p
[32].

Because of the strong hierarchy of the eigenfrequencies,
νþ has to be determined with highest precision, followed by
νz and ν−.
In both experiments the ion’s eigenfrequencies are

measured nondestructively. The ion’s axial oscillations
induce fA image currents in high-impedance cryogenic
tank circuits [33,34] leading to a measurable voltage signal,
see Fig. 1. Interaction with the tank circuit, typically
referred to as resistive cooling, causes a temperature of
the axial motion near 4 K. Here, the ion effectively shorts

the ambient Johnson-Nyquist noise [35,36], leading to the
characteristic dip in the spectrum. The axial frequency can
be directly measured by fitting the well-known dip line
shape to the spectrum. The radial frequencies are measured
via radio-frequency (RF) sideband coupling to the axial
motion, resulting in a double-dip spectrum to extract the
initial parameters for the more precise phase sensitive
Ramsey-type measurements [37–39].
The PENTATRAP experiment [25,41,42] is designed

for high-precision mass-ratio determinations of ions, see
Fig. 1. The measurement scheme, similar to previous
measurements at the PENTATRAP experiment [42–45], starts
with three single ions of two species ð20Ne10þ; 12C6þÞ
loaded in alternating order into the three central traps.
The traps 2 and 3 are used in parallel for the determination
of RCF, while the traps 1 and 4 are exclusively used for
storage. At PENTATRAP νz is simultaneously determined
during the longest phase-evolution time of the Ramsey-
type νþ measurement [42]. This reduces the effect of
electric field jitter compared to sequential measurements
and allows for shorter overall measurement times. Daily
reloading of the ions, as a result of the limited ion lifetime
in PENTATRAP, reduces the impact of potential eigenfre-
quency shifts on RCF due to hypothetically unnoticed ion
contaminations.
PENTATRAP has an active stabilization system for the

helium gas pressure and liquid helium level in the cold
bore of the magnet, resulting in a very stable magnetic
field. The temporal variation is dominated by a constant
relative degradation of about 0.3 ðppb=hÞ. Therefore, it is
sufficient to measure only one full set of unwrapping
phases for different evolution times at the beginning and
merely the phase of the shortest ðϕrefÞ and longest evolution
time ðϕprecisionÞ in all subsequent measurement cycles to
determine νþ.

TABLE I. Trap properties of the ALPHATRAP and PENTATRAP
experiments. The magnetic field inhomogeneities are defined via
BðzÞ ¼ B0 þ B1zþ B2z2, where z is the axial position. The
different νþ for PTand ATare for 20Ne9þ and 22Ne9þ, respectively.

ALPHATRAP PENTATRAP

PT AT Trap 2 Trap 3

B0 (T) ≈4 ≈3.9 ≈7
B1 (mT=m) 2.64(3) 0ð1Þ × 104 1.41(27) −1.49ð16Þ
B2 (mT=m2) 64(3) 43.1ð1Þ × 106 64(5) 22(5)
νþ (MHz) ≈28=25 ≈27=24 ≈54
νz (kHz) ≈651 ≈334 ≈736 ≈502
ν− (kHz) ≈8 ≈2 ≈5 ≈2
νL (GHz) ≈113 ≈108 � � � � � �
Tz (K) 5.7(3) 7(2)

0

Capture
trap

-10 

 (V
)

FIG. 1. Sectional views of the cylindrical Penning-trap setups of ALPHATRAP [24] (left) and PENTATRAP [25] (right). Both trap towers
are built from gold-plated copper ring electrodes which are isolated by sapphire and quartz rings. The connected superconducting tank
circuits, the amplifiers for the axial detection systems, and the RF excitation lines are shown. At the ALPHATRAP experiment, νc is
measured simultaneously to the irradiation of the microwave drive in the Precision trap. The CoFe alloy central ring electrode in the
analysis trap produces a strong magnetic bottle, allowing a nondestructive spin-state detection with close to 100% fidelity. Here, a
different spin orientation changes the axial force resulting from the magnetic moment inside the inhomogeneous magnetic field leading
to axial frequency jumps of the ion (20;22Ne9þ yield jumps of 1.8 Hz and 1.6 Hz, respectively) [40]. At the PENTATRAP setup, both ions’ νc
are measured successively in each measurement trap, resulting in one cyclotron frequency ratio per trap. The ion species are effectively
swapped in the measurement traps by adiabatically transporting all ions to the respective neighboring trap and back (position 1 and 2).
The different trapping potential depths (ϕ) in the two measurement traps are due to different resonance frequencies of the axial detection
circuits.
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After the determinations of ten ϕref and ten ϕprecision the
ion positions are swapped by transporting the ions to the
adjacent traps and the phase measurements are repeated.
Each cycle, including forty phase measurements, ion
cooling, and transports, takes about 22 min. An example
of measurement data is shown in Fig. 2(a). To accommo-
date for the slow magnetic field loss of our magnet, each
cycle’s RCF is determined using interpolated data of the
free cyclotron frequencies of the two ions to a common
time in each trap [44].
The statistical shot-to-shot jitter of RCF (about

7 × 10−11) originates mainly from the ion’s thermally
distributed initial radius of the modified cyclotron motion,
which averages to approximately 2 μm and takes a slightly
different value after each cooling cycle. This distribution
persists after the excitation pulse for the Ramsey-type
measurement scheme and results in a variation of the
relativistic frequency shift on νþ. These fluctuations lead
to a phase jitter that increases linearly with the phase
evolution time and thus limit the phase evolution time to
20 s. The excitation radii were varied between ρexcþ ¼
15–50 μm to extrapolate RCF to virtually zero excitation
for each trap [31,46], see Fig. 2(b).
All systematic effects are summarized in Table II. The

main systematic uncertainties are caused by the dip-fit line

shape [47], the nonlinear phase readout effect [44], and
by the trapping-potential depth difference to match the
two ions’ axial frequencies with the detection systems
resonance [42].
Given these effects, the determinedRCF for both traps are

RCF
trap 2 ¼ 1.000 378 141 801ð5Þð2Þ;

RCF
trap 3 ¼ 1.000 378 141 807ð7Þð3Þ;

with the first and the second bracket showing the statistical
and systematic uncertainty, respectively. The weighted mean
of the two traps yields RCF

mean ¼ 1.000 378 141 802ð4Þ. To
determine mð20NeÞ, we added the masses of the missing
electrons and their corresponding binding energies [11,28]
with an additional uncertainty of 2 × 10−11 u resulting in

mð20NeÞ ¼ 19.992 440 168 77ð9Þ u:

This represents the most precise mass value ever measured
in atomic mass units and deviates by 4σ from the current
literature value [26,51]. The achieved precision for an
absolute atomic mass demonstrates the capability for order
of magnitude improved mð133CsÞ and mð87RbÞ, which is of
utmost importance for the determination of α via photon-
recoil experiments [52,53].
The g-factor measurements were carried out in the

ALPHATRAP setup [24,54,55]. A cryovalve separates the
beamline vacuum and the trap vacuum to achieve month-
long ion lifetimes.
The setup includes an analysis trap (AT) enabling the

detection of the electron’s spin-state orientation with
respect to the magnetic field via the continuous Stern-
Gerlach effect [40,56] as well as a spectroscopic precision
trap (PT), distinguished by a harmonic electric and a
homogeneous magnetic field, see Fig. 1.
The double-trap measurement sequence is similar to

[11,57]. Each measurement cycle begins by placing the
respective single neon ion in the AT and determining the

FIG. 2. (a) Exemplary νc data from traps 2 and 3. (b) Deter-
mined RCF for different ðρexcþ Þ2 including the corresponding
least-square fits and 1σ confidence bands with χ2red ¼ 1.11 and
0.65 for traps 2 and 3, respectively. Higher-order shifts ∝ ðρexcþ Þ3
and ðρexcþ Þ4 are estimated to be negligible. TheRCF of each trap is
extracted from the fit at ðρexcþ Þ2 ¼ 0 μm2. This extrapolation
reduces the relativistic shift and all other shifts that are propor-
tional to ðρexcþ Þ2.

TABLE II. Relative systematic corrections and their uncertain-
ties on RCF at PENTATRAP after the extrapolation to zero-
excitation amplitude for both traps. All values are given in parts
per trillion (10−12). The systematic shifts are assumed to be
uncorrelated between the traps.

Effect (parameters) Trap 2 Trap 3

Tz (B2, C3, C4, C6) −0.8ð0.3Þ −1.7ð0.5Þ
Magnetron frequency 0.0(0.5) 0.0(0.5)
Nonlinear phase readout [44] 0.0(1.0) 0.0(1.9)
Position difference [42] 0.0(1.0) 0.0(0.8)
Dip line shape [47] 0.0(1.0) 0.0(1.8)
Image charge shift [48–50] 19.5(1.0) 19.5(1.0)

Total 18.7(2.1) 17.8(3.0)
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electron spin state via microwave irradiation at the corre-
sponding Larmor frequency of the AT. Next, it is trans-
ported into the PT to measure νz and νþ via the dip and
double-dip method followed by the phase-sensitive meas-
urement of νþ [39]. During the longest phase-evolution
time of νþ (8 s in this Letter), a microwave (MW) pulse
νMW is simultaneously irradiated around the expected νL.
Together with νc this yields one Γi ¼ ðνMW=νcÞ. Finally,
the ion is transported back into the AT for the spin-state
determination, resulting in a cycle length of 25 min.
For each cycle with a spin-state change in the PT, the

corresponding Γi is assigned with 1, whereas in the other
case with 0. This Boolean information of different probed
Γi’s results in a probability distribution (resonance), see
Fig. 3. The resonance width is mainly given by the intrinsic
magnetic field fluctuations during the 8 s probe time of Γ.
The main systematic correction of Γð20Ne9þÞ and

Γð22Ne9þÞ is due to the special relativity effect caused by
the excited cyclotron radii of ρexcþ ≈ 20 μm for both iso-
topes. It amounts to a relative shift of −5.3ð11Þ × 10−11.
The image charge shift correction is −2.5ð1Þ × 10−11

[48–50]. Corrections and uncertainties due to magnetic
inhomogeneities, electric field anharmonicities, and dip
line shapes are on or below the 5 × 10−12 level.
After finishing all measurements, we identified an

unexpected systematic shift originating from a technical
peculiarity of the cryogenic RF switches during the
phase sensitive detection of νþ. Test measurements set
an upper limit of a potential systematic shift of Γ at relative
3.0 × 10−11, for more details see Ref. [59]. The final results
of both Γð20;22Ne9þÞ, corrected for systematic effects, are
summarized in Table III and are limited by statistics.

The comparison of the experimental gð20Ne9þÞ with
theory [64] yields the most stringent test of BS-QED in
strong electric fields to date at a level of 84 ppm, slightly
surpassing the test via gð12C5þÞ and gð28Si13þÞ [11,66–68].
The QED binding corrections to the free-electron g factor

are calculated in the α expansion and include one-, two-,
and three-loop contributions [23]. The one-loop correction
is calculated in all orders of Zα, whereas for the two-loop
correction the perturbation series expansion has been
calculated up to O

�ðZαÞ5� [69]. The estimated uncertainty
from the uncalculated terms of O

�ðZαÞ6� currently limits
all the 1s g-factor calculation for elements with
Z ≥ 4 [67,70]. The three-loop correction is currently
calculated up to O

�ðZαÞ2� [65]. The relative theory
precision of gð20Ne9þÞ is 6 × 10−11 and comparable with
our experimental uncertainty.
In this Letter, the one-loop self-energy corrections are

tested at an unprecedented level, verifying the corresponding
calculations [62,63]. This is complementary to muonic atom
spectroscopy, which is dominated by vacuum polarization
corrections [22]. In our Letter, the two-loop contributions
are tested at the level of 7%, confirming the Zα expansion
for intermediate Z. Additionally, the total nuclear recoil
contribution of the g factor is precisely verified. This is
complementary to the Δg measurement [64], where the
differential nuclear recoil contributions have been confirmed
without testing any QED correction calculated within the Zα
expansion.
Although the previously measured gexpð28Si13þÞ is

more precise compared to gexpð20Ne9þÞ, the uncalculated

32- 11- 0 2-3

FWHM:
 1.6×10-9

P
ro

ba
bi

lit
y 

(%
)

0

10

20

30

40

50

20Ne9+

su
cc

es
sf

ul
 s

pi
n 

fli
p

1

0

(ppb)

FIG. 3. Γ resonance for 20Ne9þ containing 425 cycles and fitted
via the Maximum-likelihood method with a three-parameter
Gaussian line shape (red line), since asymmetric effects shift
the resonance center far below the ppt level [32,57,58]. The 1-σ
confidence band of the fit is displayed in grey. The black binned
data points with binomial error bars are presented to guide the
eye. The grey shadows at the top are observed spin flips in the
PT for the respective Γ, whereas the ones at the bottom are no
spin flips.

TABLE III. The measured Γ’s with the ALPHATRAP apparatus
for 20;22Ne9þ are given including their statistic and systematic
uncertainties. Measured and theoretical g factors are shown with
combined uncertainties. For the g factors determinations the
current recommended literature value of me [27], the literature
value of mð22NeÞ [26] and mð20NeÞ determined in this Letter are
used. The individual BS-QED g-factor contributions are only
listed below gð20Ne9þÞ since they are equal for both isotopes. The
nuclear size and recoil contribution are listed individually.

22Ne9þ 20Ne9þ

Γ 4450.460 396 87(42)(14) 4045.837 341 56(34)(13)
gexp 1.998 767 262 20(174) 1.998 767 276 99(19)
gtheo 1.998 767 263 64(12) 1.998 767 277 11(12)

Dirac (relativistic point nucleus) [60] 1.996 445 170 90
Free-electron QED [27] 0.002 319 304 35

BS 1-loop self energy [61–63] 0.000 002 717 05
BS 1-loop vacuum polarization [64] −0.000 000 063 22

BS 2-loop [64] −0.000 000 003 17ð12Þ
BS 3-loop [65] 0.000 000 000 03

Recoil [64] 0.000 000 133 10 0.000 000 146 41
Size [64] 0.000 000 004 60 (1) 0.000 000 004 76 (1)
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O
�ðZαÞ6� contributions of gtheoð28Si13þÞ limit a more

stringent QED test in that case. Tests based on the measured
gð12C5þÞ [11] are possible via an independent me determi-
nation based on the rovibrational transition energies
of HDþ [12–15,71] combined with the proton’s and
deuteron’s atomic masses [26,72]. The precision of
gexp;theoð12C5þÞ and meðHDþÞ is higher compared to
gð20Ne9þÞ, but the corresponding BS-QED contributions
are reduced as well due to their Zα scaling.
Our value and the other measured high-precision g

factors (12C5þ, 28Si13þ, and 118Sn49þ [73]) constrain uncal-
culated higher order contributions and eventually exper-
imentally enhance them in the future [67].
The limits set by gð28Si13þÞ on the yeyn coupling constant

present in the Higgs-relaxion mixing scenario [74,75] are
confirmed by our measurements. TheΔgmeasurement [64]
and these g factors give ½gð20Ne9þÞ − gð22Ne9þÞ� − Δg ¼
1.3ð1.7Þ × 10−9 yielding a 1-2-3 test to verify quantum
mechanics [76–78].
Additionally, Eq. (1) can be rearranged to express the

electron mass via the theoretical value gtheo:

me ¼
1

2
gtheo

mion

Γ
e
qion

¼ 5.485 799 090 99ð59Þ × 10−4 u:

ð2Þ

Our result is in agreement with the current recommended
literature value ð0.6σÞ and a factor of 3 less precise [27].
Solving Eq. (1) for mð22Ne9þÞ and correcting for the

masses of the missing electrons [27] and the corresponding
binding energies [28] yields a factor of seven improved
mass uncertainty:

mð22NeÞ ¼ 21.991 385 098 2ð26Þ u;

which is in accordance with the literature value (0.8σ) [26].
In conclusion we determined two experimental g factors

of 20;22Ne9þ and the atomic mass of 20Ne to highest
precision. Together with the corresponding theory this
yields the most precise test of BS-QED in strong electric
fields. The atomic masses of 20;22Ne are improved by a
factor of 18 and 7, respectively.
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