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Probing New Bosons and Nuclear Structure with Ytterbium Isotope Shifts
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In this Letter, we present mass-ratio measurements on highly charged Yb*** ions with a precision of
4 x 107'2 and isotope-shift measurements on Yb* on the 28, — D5, and %S, , — *F;, transitions with

a precision of 4 x 10~ for the isotopes 98:170:172174.176yh, We present a new method that allows us to
extract higher-order changes in the nuclear charge distribution along the Yb isotope chain, benchmarking
ab initio nuclear structure calculations. Additionally, we perform a King plot analysis to set bounds on a
fifth force in the keV/c? to MeV/c? range coupling to electrons and neutrons.
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Theories beyond the standard model (SM) of particle
physics are typically probed by high-energy colliders or
astrophysical and cosmological observations. Competi-
tive complementary tests can be performed with high-
precision atomic and molecular physics experiments at low
energies [1]. In particular, isotope-shift spectroscopy,
commonly used to study nuclear charge radii in exotic
isotopes [2], is also sensitive to shifts in atomic energy
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levels induced by hypothetical new bosons that mediate an
additional interaction between neutrons and electrons [3,4].
Such measurements can be analyzed via the King-plot
method, where different atomic transitions are combined in
such a way that common nuclear and atomic uncertainties
are eliminated. Deviations from the linearity of the King
plot indicate effects from new physics or higher-order
atomic and nuclear structure. This powerful technique has
been successfully used to put bounds on physics beyond the
SM, for example, with isotope shifts measured in ytterbium
[5-7]. With increasing precision of the frequency mea-
surements, the uncertainties of the nuclear masses [5,8]
become a limiting factor for distinguishing between higher-
order SM effects and new physics.

In this Letter, we present high-precision mass-ratio and
isotope-shift measurements of five stable, spinless ytter-
bium isotopes. Both the mass spectrometry and the isotope-
shift spectroscopy are up to 2 orders of magnitude more
precise than previous measurements [7-9]. The isotope
mass ratios are determined using highly charged Yb ions in
the Penning-trap mass spectrometer Pentatrap [10], reaching

Published by the American Physical Society


https://orcid.org/0000-0003-2455-3198
https://orcid.org/0000-0002-1066-3268
https://orcid.org/0000-0002-6363-0056
https://orcid.org/0000-0002-2234-5216
https://orcid.org/0000-0001-9444-6385
https://orcid.org/0000-0002-7366-1091
https://orcid.org/0000-0002-0063-4631
https://orcid.org/0000-0003-4468-9316
https://orcid.org/0000-0003-0210-7082
https://orcid.org/0000-0002-7797-9873
https://orcid.org/0000-0001-5612-2240
https://orcid.org/0000-0002-0345-2948
https://orcid.org/0000-0002-6811-5248
https://orcid.org/0000-0003-0039-1163
https://orcid.org/0000-0001-8885-2133
https://orcid.org/0000-0002-1876-0513
https://orcid.org/0000-0002-1984-1470
https://orcid.org/0000-0002-4559-6739
https://orcid.org/0000-0002-7039-1989
https://orcid.org/0000-0001-8027-4076
https://orcid.org/0000-0003-1638-1066
https://orcid.org/0000-0003-3430-4689
https://ror.org/052d0h423
https://ror.org/038t36y30
https://ror.org/05r3f7h03
https://ror.org/05n911h24
https://ror.org/02k8cbn47
https://ror.org/0304hq317
https://ror.org/03r8z3t63
https://ror.org/03bqmcz70
https://ror.org/008xxew50
https://ror.org/0304hq317
https://ror.org/03nadee84
https://ror.org/02956yf07
https://ror.org/0304hq317
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.134.063002&domain=pdf&date_stamp=2025-02-11
https://doi.org/10.1103/PhysRevLett.134.063002
https://doi.org/10.1103/PhysRevLett.134.063002
https://doi.org/10.1103/PhysRevLett.134.063002
https://doi.org/10.1103/PhysRevLett.134.063002
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 134, 063002 (2025)

a relative precision of a few 10™!? contributing to a relative
uncertainty of 10~!° for the mass-normalized isotope shifts.
The isotope-shift spectroscopy is performed on Yb* on the
2S1/2 > D5y, and the S/, — *F;/, transitions with a
relative precision as low as 107°. Our results deviate
significantly from some former mass-ratio and isotope-
shift measurements. Using our improved data, we construct
a generalized King plot [11] and extract a competitive
spectroscopic exclusion bound on the coupling strength of
potential new bosons to electrons and neutrons.

Combining these precise measurements with atomic struc-
ture calculations allows us to investigate higher-order nuclear
structure effects in Yb isotopes [6] and extract changes in the
quartic charge radius §(r*) along the isotopic chain, providing
a new window into nuclear deformation. Building on advan-
ces in ab initio nuclear structure calculations [12—15], we
provide a first microscopic description of Yb nuclei starting
from chiral effective field theory interactions [16] based on
quantum chromodynamics. This method can provide direct
insights into the evolution of nuclear charge distributions
along isotopic chains towards exotic, neutron-rich nuclei.

Theoretical framework—An isotope shift is the differ-
ence in the frequencies of a given atomic transition in two
different isotopes of the same element. Here, we consider
the 2§y, — ?Ds), electric quadrupole and the highly
forbidden 2S;,, — ?F;/, electric octupole transitions,
denoted as a and y, in singly charged Yb™ ions. We
consider five stable, even Yb isotopes with mass numbers
Ae{168,170,172,174,176} containing four neighboring
isotope pairs (A, A’) with A’ = A + 2. The corresponding
isotope shifts /44" = 14 — 14" make up the entries of a four-
component vector v, for transition a (and similarly for y).
This vector v, can be written as a linear combination of
the field and mass shifts [17], additional higher-order
SM-based shifts, and a term induced by the interaction
with the proposed boson. Each of these terms can be
decomposed into an electronic factor (with subscript a) and
a vector encoding the nuclear structure:

Vo = F8(r%) + K,w+ GP6(r)2 + GY6(r*)
TN D B (1)
AEM

F,K,G®, G"W, and D are transition-dependent factors for
the multiplicative electronic contribution to the field shift,
mass shift, quadratic field shift, quartic shift, and a shift
induced by a new boson, respectively. The components of
woare WA = mygn/my —mygn/my = 1/n4 —1/ny, the
inverse nuclear mass differences of the isotopes A and A’
with respect to the nuclear mass of !"2Yb. §(r") is the four-
vector with elements &(r")A44" = (p)A — (74 the
differences between the nth moments of the nuclear charge
distributions. #(r*)> has the components (§(r?)?)44" =
(8(r2)A1760)2 _ (5(2)A"176)2  constructed from  squared

radius differences. Additional higher-order SM contribu-
tions may also contribute to Eq. (1) at a given experimental
accuracy. axp = (—1)**1y,y,/(4nhc) is the product of the
coupling constants y, and y, of the new boson (with mass
my and spin s) to the neutron and electron. It enters the
Yukawa potential V.o (r) = c - anp - exp(—rmyc/h)/r [4]
generated by the new boson. We normalize ayp by the fine-
structure constant agy; = e?/(4nhc), where e is the ele-
mentary charge. h = —(2,2,2,2) is the vector of neutron
number differences for the neighboring isotope pairs.
Usually, only the first two terms in Eq. (1) contribute
significantly. With isotope-shift measurements for two tran-
sitions & and y, one can eliminate §(r?) from Eq. (1) so that
the first two terms yield the linear King relation [4,17]

D, % F ooy + Kl (2)

with the mass-normalized 7, =v,/w, 1= (1,1,1,1),
F,,=F,/F, and K,, =K, - F,K,. Deviations from
Eq. (2) indicate the presence of additional terms beyond
the leading-order field and mass shifts, as in Eq. (1).
Experimental results—The nuclear mass ratios 7,
of ytterbium isotopes are determined from the cyclo-
tron frequency ratios of highly charged Yb*** ions mea-
sured at the cryogenic Penning-trap mass spectrometer
Pentatrap [10,18,19] and their calculated electron binding
energies. The determination of the cyclotron frequen-
cies v, of two isotope ions allows one to extract their
ionic mass ratio via RSF = v (172Yb*H) /1, (AYD*H) =
m(*Yb*+) /m(17Yb*?*). Determining the free cyclotron
frequency v requires measuring all three eigenfrequencies
of the trapped ion via 12 = 12 + 12 + 12 [20], namely, the
trap-modified cyclotron frequency v_, the axial frequency

v,, and the magnetron frequency v_.

From the calculated electron binding energies Eﬁg) =

350773(5) eV of the 28 electrons in the '"?Yb*** ion and

E<177%) = 382301(16) eV of the 70 electrons in the '7?Yb

atom [21], the neutral mass m(!"2Yb) [9,22], and the electron
mass m, [23], one can derive the necessary nuclear mass
ratios 774 to similar accuracies. The mass ratios are used
instead of single mass values in atomic mass units, since the
former are much less sensitive to the uncertainties of the
binding energies and the reference mass m('7?Yb). Their
final values are given in Table I with relative uncertainties of
4 x 1072, corresponding to uncertainties of 0.3 Hz on the
isotope shifts. For comparison, previous mass determina-
tions affected the King-plot analysis at a level of 3-30 Hz.

To make use of the new mass uncertainties, we improve
the uncertainties of the isotope shifts by performing
absolute frequency measurements of the a and y transitions
for the five isotopes. Singly charged ytterbium ions are
trapped in a segmented, linear radio-frequency Paul trap
[24,25]. The excitation lasers near wavelengths of 411 and
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TABLE I. Measured values of the mass ratios and isotope shifts. Columns 2 and 3 show the Yb*** cyclotron frequency ratios and
nuclear mass ratios of the stable, even ytterbium isotopes relative to the nuclear mass of isotope A = 172, with the differences to
Refs. [8,9] given in Column 4. Columns 5 and 7 show the isotope shifts 2442 = 14 — 1A*2 of the « transition and the y transition in
units of Hz, with the differences to Ref. [5] for a given in Column 6. Our isotope shifts for the y transition are compatible with those of
Ref. [7].

AVAAT? (Hz) VAAT2 (Hz)

VPTB
—62(210) [5] —4438159671.1(15.7
2044851281.0(4.9) —3499(340) [5] —4149190501.1(15.7
1583064149.3(4.8) —4271(360) [5]

(
—3132320458.1(15.7
1509053195.8(4.7) —2094(280) [5] —2976392045.3(15.7

An, (10712) VA2 (Hy)

—1890(780) [8] 2179098868.0(5.3)
—88(108) [9]

Na = ma/mi

0.976 717951 145(4) 0.976 715921 749(4)
0.988 356 814 144(4) 0.988 355799 258(4)

CF _
A Ry =ve1n2/Vea

168
170
172
174

—_— — — —

1.011 648 196817(4) 1.011649212140(4)  153(122) [9]

176 1.023303 526 697(4) 1.023305557965(4)  68(173) [9]

467 nm are locked to ultra-low-expansion cavities and to a
cryogenic silicon cavity [26] via a frequency comb.

The absolute transition frequencies are obtained with
optical frequency ratio measurements by referencing to the
y transition between the F' = 0 and F' = 3 hyperfine states of
the '"1Yb™ isotope [27]. From the measurements, we obtain
isotope shifts shown in Table I, with uncertainties below 6
and 16 Hz for the o and the y transitions, respectively.

For details on the mass-ratio measurements, spectro-
scopic measurements, systematic shifts, and uncertainties,
see the End Matter and Supplemental Material [28].

King-plot analysis—A King plot using our mass-
normalized isotope-shift measurements of the y transition
(denoted 7,,, ) and the « transition (denoted 7, ) is given
in the End Matter. From the King-plot analysis, we observe
deviations from linearity averaging to 20.17(2) kHz.

To determine the origin of the nonlinearity in the King
plot, we perform a nonlinearity decomposition analysis
of all available (sub-)kHz-precision isotope-shift data.
Apart from aprg and yprg presented in this Letter these
are ayyrr and yyr from Ref. [7], the %S, — D5, transi-
tion in Yb™ [5] (denoted f3), 'S, — 3P in Yb [80] (denoted
), and 'S, — 'D, in Yb [81] (denoted ¢). In total, we
construct 7 mass-normalized isotope-shift vectors #,, with
7 € {aptB, Mt B, YPTBS YMITS 05 €} Since these vectors are
four vectors, they are uniquely described by their projec-
tions onto four basis vectors. We choose the basis vectors 7
and 1, which span the plane of King linearity [see Eq. (2),
with & — 6], and A, and A_ (defined in Supplemental
Material [28]), which are orthogonal to this plane [7]. We

obtain 7, = F 505 + K;51 + AP A, + ADA_ with F 5 and
K,s as given in Eq. (2) and the coordinates (/l(ﬁ, A1)
characterizing the deviation of the isotope shift v, from the
linear relation in Eq. (2). As shown in Fig. 1(a), the data

points (/1@,/1(_”) lie to a good approximation on the solid
black line through the origin of the (4,,4_) plane. This
implies that the tension of the Yb isotope-shift data with
respect to King linearity can to a large extent be explained
by a nonlinearity source (new physics, for example) with
the appropriate slope A_/4, in the decomposition plot. We

compare the slope of the linear fit to the slopes predicted by
the new physics term (dash-dotted line) and the quadratic
field shift 5(r*)> (dotted line, from experimental &(r?)
data [82]). Both have uncertainties not visible in Fig. 1(a),
so we conclude that neither can be the leading source of
the nonlinearity in the Yb King plot. Details of the non-
linearity decomposition are provided in the Supplemental
Material [28] Another candidate is nuclear deformation
[6,7], in particular §(r*), which we predict using an ab initio
approach.

Nuclear structure effects—Recent developments have
made heavy nuclei accessible to ab initio nuclear structure
calculations [15,83]. To predict 5(r*), we use the valence
space in-medium similarity renormalization group
(VS-IMSRG) [12,13] together with the quasiparticle vacua
shell model (QVSM) [83] to solve the many-body
Schrodinger equation. We employ nucleon-nucleon and
three-nucleon interactions from chiral effective field theory,
using the so-called 1.8/2.0 (EM) [84] and AN?LOg, [85]
interactions, which differ in their construction and how
they are fit to data, to give insight into interaction
uncertainties. To assess many-body uncertainties, we solve
the VS-IMSRG at the two- and three-body truncations [86]
and employ two different valence spaces, VS1 with a 132Sn
core and VS2 with a '3*Gd core, in the QVSM. In Fig. 1(a),
we show the prediction of the nonlinearity from our nuclear
structure calculations, where the uncertainty is represented
by the gray band. This uncertainty stems from a correlated
statistical model accounting for interaction and many-
body uncertainties including correlations between isotope
pairs. Details of our nuclear structure calculations and the
uncertainty quantification are provided in the Supplemental
Material [28]. The two sets of calculations using the
1.8/2.0 (EM) Hamiltonian with valence spaces VS1 and
VS2 serve as representative samples of our nuclear theory
predictions. Since the best-fit line is compatible with the
ab initio calculations for 5(r*), we assume §(r*) to be the
leading King-plot nonlinearity in Yb.

Combining isotope-shift measurements, nuclear mass-
ratio measurements, and charge radius measurements [82]

with atomic structure calculations of Gg,4) [see Eq. (1)]
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FIG. 1. Nonlinearity decomposition and the extracted trend of

nuclear deformation, 5(r*). (a) Observed and predicted non-
linearities in the (A.,A_) plane. The nonlinearities of the
transitions apyg (this Letter, see Table I), § [5], ypyg (this Letter,
see Table I), yyyr [5,7], and € [81] with respect to the & [80]
transition are included in the single-source linear fit (solid line)
whose slope is compared to the predicted slopes for the §(r?)2
(dotted), 5(r*) [dashed lines and gray band based on predictions
in (b)], and new physics (dash-dotted) nonlinearities. The
residuals of the single-source linear fit are shown in the lower
panel. (b) Solid line: 6(r*)44=2 values relative to 5(r*)!76:1"4 =
7 fm* (star) extracted from isotope shifts of the apry transition
using atomic theory. Dashed lines: ab initio nuclear theory
predictions [1.8/2.0 (EM), VS1 and VS2; AN?LOg,, VSI].
The estimated nuclear theory uncertainties (68% confidence
interval) are given by the gray bands.

using AMBIT [87], we recast the Yb King-plot analysis
into a measurement of nuclear deformation, which can be
used to benchmark nuclear structure calculations. The
procedure is given in the Supplemental Material [28],
and the extracted changes in 5(r*) relative to the reference
value of §(r*)176:17* = 7 fm* (star) are shown in Fig. 1(b).
This reference value is based on input from both our
ab initio results and density functional theory calcula-
tions [7] that all predict 5(r*)!7%17* = 6-8 fm*. The exper-
imental data show that the evolution of §(r*)44~2 along the

isotope chain is nearly flat, remarkably consistent with our
ab initio calculations within uncertainties. Nonetheless,
from the residuals for the transitions aprg, f, YprBs YMIT>
and e, shown in Fig. 1(a), we deduce a 23¢ preference for
more than one linearity, leaving open the possibility of a
new boson being responsible for the next-to-leading King
nonlinearity. This strengthens the prior two-source hypoth-
esis [7] by a factor of more than 5.

Bounds on new physics—To extract bounds on the
hypothetical new boson, we combine our isotope-shift
measurements and nuclear mass measurements with the
isotope-shift measurements of Ref. [80]. This allows us to
eliminate both the charge radius variance 5(r*) and §(r*)
from the system of isotope-shift equations without requir-
ing theoretical input. Assuming higher-order SM terms
beyond §(r*) to be negligible, the generalized King plot
[11] can be used to set an upper bound on the new physics
coupling ayp as a function of the mass my of the new
boson. Note that King-plot bounds should always be
understood in the context of a given dataset since they
are highly sensitive, not only to the central values and
uncertainties of the frequency and mass measurements, but
also to the unknown nuclear and electronic effects that
are reflected in the isotope shift data. These aspects are
discussed in more detail in the Supplemental Material [28].

The new bound provided by this Letter is shown in Fig. 2
in red. If the second King-plot nonlinearity were to be
explained by new physics only, the couplings of the new
boson would be expected to reside between the 2¢ upper
bound (solid red line) and the 26 lower bound (dotted red
line), which are only distinguishable in the inset. The new
bound supersedes, both in precision and in magnitude,
the Ca™ King plot bounds [88,89] and the generalized
King plot bounds using previous isotope shift data in Yb™
[5,7,80] in combination with the new mass-ratio measure-
ments provided by this Letter (see Table I). Moreover, it
takes into account the significant shifts in the mass-ratio
measurements 77, and the isotope shifts vait? highlighted in
Table 1. For instance, the differences in the vﬁ'AH measure-
ments entering the bound from the dataset (g, ymiTs 6)
(shown in black) and the new bound (red) lead to the
displacement of the characteristic peaks at the high end
of the plotted m values, resulting in different slopes. A
detailed comparison of our new bound with respect to the
bounds presented in Refs. [5,7], alongside a discussion of the
competing astrophysical and laboratory bounds, which are
shown in Fig. 2 as exclusion regions and green dashed
curves, can be found in the Supplemental Material [28].

Discussion and conclusion—We measured the isotope
shifts for the 25, — ?Ds), electric quadrupole transition
and the %)/, — ?F7, electric octupole transition on five
stable, spinless Yb* isotopes and with relative uncertainties
on the order of 1078 to 1072, as well as mass ratios of these
isotopes to a precision of 4 x 1072,
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FIG. 2. Exclusion plot for the new boson ¢ coupling to elec-
trons and neutrons. Solid lines: 2¢ upper bounds from Ca™ King
plots (cyan: Aarhus [88], blue: Williams [89]), Yb(") King plots
(black, maroon: [5,7,80]), and from this Letter (red) on the
product of couplings y,y,/(fic) = 4zayp to electrons and neu-
trons depending on the new boson’s mass m,. The inset shows an
extract of the 2¢ upper bound (solid red line) and the 20 lower
bound (dotted red line) produced by this Letter. The shaded areas
are disfavored by the constraint on y, from (g —2), [90,91],
times the constraints on y, from neutron optics [92] and neutron
scattering experiments [92-95] (yellow), hydrogen and deu-
terium spectroscopy using electron scattering or the Lamb shift
in muonic atoms to determine the charge radius [96] (see also
Ref. [97]), fifth force searches [98,99], stellar evolution in the
globular cluster [100,101], and energy loss in the supernova
SN1987A [102]. The dashed curves show the constraint on y,
from (g — 2), times the constraint on y, from K — x + invisible,
assuming the new boson ¢ couples only to the top-quark (via y,)
or only to the up-quark (via y,). The purple band labeled “Be”
indicates the coupling range required for a protophobic boson
with my = 17 MeV/ ¢? to explain the ATOMKI anomaly [103].

Our measurements, combined with atomic structure
calculations, have enabled a first direct extraction of the
evolution of §(r*) across the ytterbium isotope chain. To
understand whether the change in the nuclear charge
distribution is consistent with the strong interaction, we
have performed ab initio calculations based on chiral
effective field theory interactions. Our results reproduce
the experimental §(r*) remarkably well for such heavy
nuclei. The (r*) nuclear charge moment can provide
information about both nuclear deformation [6] (because
Yb nuclei are prolate deformed) and the surface thickness
of the nuclear density [104,105]. It has also been shown
that this charge moment can provide insights to exper-
imentally estimate the neutron-skin thickness [105,106].
An exciting future direction is to advance this Letter to the
neutron-rich calcium isotopes. This can widen the search
for the new boson and shed light on the puzzling increase of
charge radii towards >*Ca [2].

Our isotope-shift and nuclear mass measurements, com-
bined with the isotope-shift measurements of Ref. [80]
allow us to set competitive spectroscopy bounds on new
bosonic mediators between neutrons and electrons using
the generalized King-plot method [11]. With increasing
experimental precision, data from more isotopes will be
needed to overcome atomic and nuclear structure uncer-
tainties. In ytterbium, a possible candidate is '°Yb, with a
half-life of 54 h. Another option is to use elements Sn [107]
or Xe [108], each with seven spinless, stable isotopes and
suitable clock transitions that could be found in different
ionization stages [109].
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End Matter

Probing new bosons and nuclear structure with
ytterbium isotope shifts—In Fig. 3 we present an
overview over the two experimental setups as well as a

King plot of the isotope shifts of the y transition with
respect to the isotope shifts of the «a transition
normalized with the inverse mass-ratio difference w4’

\Frequency comb

(@)  Laser spectroscopy (b) King plot (d) Penning-trap mass spectrometry
Yo+ el/’ 7iyb —_ [ Inset is zoomed - »m
467 nm 467 nm l E in by 1.25 x 10° - .. lonrap
" . - —0.28 A A—F - ° i
mlmwui,} s |3 a9 e
- s S
H ML { 4 :. —0.30 7 tunable axial
ﬂ* < detection system
411nm e L]
z N <(§ —0.32 A
: F2l |~ -
= E—o.a4 .
N <=
ULE cavity £ -0364+——F—  N—>x1 ¢ B 8| [|le—u- V(&)
ULE cavit
! !
=L |
_ql 698720 700320 7 706400 708600

1) \ (C) .. VI[HZ)

N —

g ¥ N / ",

5 g I 021 i -':axialdip spectrum‘ o,

T 3 S ¢ ' .

g 2 = 00 3 730
‘f_______ TTToTTTTTTT, wu 0.2 4 For visualization error bars x 200 a %
I I Si-cavity © ' . . . I I n c 22
! | olcavity § 5 piy s £ B
| H‘a} S 014 015 016 017 018 5 = I V(A)
oo o 1 i A A A A 12 = g N
L [ i) )] Vitors Iw (107 Hz] = T 699200 699250
| 1 : o B v [Hz)

10 mm

FIG. 3.

Scheme of experimental setups and the King-plot analysis. (a) Laser spectroscopy setup for the optical frequency ratio

measurements of the transitions near 411 (a) and 467 nm (y). The laser fields with wavelengths near 822 and 934 nm are first stabilized
to an ultra-low expansion (ULE) cavity for short-term frequency stability and then locked to a cryogenic silicon cavity (Si cavity). The
second harmonic conversions of the lasers are focused to interrogate the ions. (b) King plot of the isotope shifts of the y transition with
respect to the isotope shifts of the « transition normalized with the inverse mass-ratio difference w4, with insets magnified by a factor
of 1.25 x 10°. (c) Residuals of the linear fit in the King plot. For visibility, the uncertainties on the residuals are multiplied by a factor of
200. (d) Penning-trap setup for the determination of cyclotron frequency ratios. Three highly charged ions (blue and red), produced by
an electron beam ion trap, are transported and stored in an A’-A-A’ sequence. By shuttling the set of ions up and down between
neighboring traps (alternating between positions 1 and 2), cyclotron frequency ratios are determined from sequential measurements in
the two measurement traps, referred to trap 2 and 3 in the figure. The tunable image-current detection system allows for the
determination of the axial eigenfrequencies of different isotopes at equal charge state and equal trapping potential [110]. The radial
eigenfrequencies are determined indirectly using the same detection system.
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