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We report a precise measurement of the isotope shifts in the 42S1/2 → 32D3/2 electric quadrupole

transition at 732 nm in 42,44,48Ca+ relative to 40Ca+ via high-resolution laser spectroscopy
of co-trapped ions, finding measured shifts of 2,775,392,374.8(6.0), 5,347,679,835.1(5.9), and
10,003,129,115.1(5.7)Hz between 42,44,48Ca+ and 40Ca+, respectively. When combined with prior
measurements on the 42S1/2 → 32D5/2 transition [Phys. Rev. A 100, 022514 (2019)] a King Plot
analysis shows the data to be consistent with linearity below the level of parts per billion. This
observed linearity, which is free of nuclear systematics, improves the previous isotope-shift based
limits of Ca+ for couplings of a beyond the Standard Model scalar boson to electrons and neu-
trons by a factor of 3. Our new limit excludes part of the coupling range remaining for a new
physics interpretation after accounting for one higher-order nuclear term in the nonlinear King plot
of Yb/Yb+.

The Standard Model (SM) has long been a triumph of
physics, explaining much of the universe as we know it
and predicting a variety of phenomena such as neutral
weak currents [1] and the Higgs boson [2–4] which were
later detected in accelerator-based measurements.[5, 6]
And yet, several experimental observations and theo-
retical challenges strongly suggest that the SM is in-
complete, for example failing to explain the matter-
antimatter asymmetry in the universe [7–9] or to propose
a satisfying candidate for Dark Matter [10]. New theories
abound which might extend the Standard Model. Lab-
oratory measurements are making great strides towards
exploring the vast parameter space of possibilities, with
precision measurements in atomic and molecular (AMO)
systems providing a powerful tool via measurements of
parity violation as well as searches for permanent elec-
tric dipole moments (EDM), dark matter, dark energy,
extra forces, and tests of CPT invariance and Lorentz
symmetry [11–13].

A guiding principle of most AMO-based probes of
physics beyond the Standard Model (BSM) is that new
physics may reveal itself as a perturbation to SM predic-
tions as a consequence of the influence of a new particle or
interaction. While such perturbations typically lead only
to tiny effects, clever experimental comparisons for which
SM backgrounds can be made common-mode can high-
light differential signals, as with EDM searches [14, 15] or
clock comparisons which look for time-variation of funda-
mental constants [16–18]. Another example of this idea
is isotope-shift (IS) spectroscopy, wherein a series of iso-
tope shift measurements in multiple transitions amongst
the same set of nuclei can be combined into a King
plot [19, 20]. Under the assumption that the IS is dom-
inated by mass-shift and field-shift terms which may
be represented as a product of nuclear-dependent and
electronic-transition-dependent factors, such a plot is lin-

ear to first order in the SM. However, perturbations due
to BSM effects could reveal themselves in the form of
a breaking of King’s linearity. Recent work [21–24] has
shown that tests of King’s linearity in atomic systems
offer the potential to achieve unprecedented sensitivity
to intermediate-mass bosons ≲ 50 MeV/c2, such as the
proposed 17 MeV/c2 protophobic vector gauge boson
which might resolve the anomaly measured in 8Be de-
cays [25, 26]. With this as motivation, a flurry of recent
effort [27–37] has pushed the bounds of precision mea-
surements of IS to place strong limits on BSM physics.

In the event that a nonlinearity is observed, atomic
and nuclear theory is required to understand potential
SM sources and calculate their size. In principle these ef-
fects may be subtracted from experimental observations
to constrain BSM contributions. In practice, however,
sufficient precision cannot yet be reached in such many-
body calculations. The size of the sources of the SM non-
linearities, such as nuclear polarizabilities and quadratic
mass- and field-shifts, have been estimated for several
atomic systems [38–40]. In [41] it was shown that a
‘generalized King-plot’ (GKP) analysis can mitigate the
challenges associated with constraining new physics in
the presence of SM nonlinearities. However in systems
like Yb, with multiple sources of nonlinearity apparent at
current experimental accuracy [31, 35, 36], the method
cannot unambiguously set constraints on new physics.
As such, it is desirable to make measurements in a vari-
ety of atomic systems, and especially those with minimal
SM sources of nonlinearity. Ca is thus a prime candidate
since its modest nuclear charge Z gives it a much smaller
quadratic-field-shift-contribution to the IS than Yb. [38]

In this Letter we report precision measurements of IS
within the 42S1/2 → 32D3/2 732 nm electric-quadrupole
transition between 40Ca+ and 42,44,48Ca+. Our mea-
surements, in combination with our previous 729 nm
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42S1/2 → 32D5/2 transition measurement [29, 30], im-
prove upon the precision obtained by Solaro et al. [32]
by roughly a factor of three. Further, from the ∼6 Hz
precision achieved on both the 729 and 732 nm transi-
tion measurements we obtain a King plot which is consis-
tent with linearity at better than the 10−9 level. These
measurements yield a new IS-derived constraint, not af-
fected by SM systematics, on a possible interaction be-
tween electrons and neutrons mediated by a scalar boson
beyond the SM.

Our measurements proceed by direct spectroscopy of
the 732 nm transition on a pair of co-trapped isotopes
using an apparatus and measurement scheme similar to
that described in [29]. Briefly, isotope-selective photoion-
ization [44] via lasers at 423 and ∼375 nm is used to load
ions of the desired species from a natural-abundance cal-
cium oven source into separate minima of a double-well
potential. Additional lasers at 397 and 866 nm allow
for Doppler cooling and fluorescence detection (Fig. 1a).
A quantization field of approximately 1.75 G lifts the
degeneracy of the ions’ Zeeman states by a few MHz,
enabling resolved spectroscopy of the magnetic sublevels
(Fig. 1b) on the 42S1/2 → 32D3/2 transition using a
linewidth-narrowed laser locked to an ultrastable refer-
ence cavity.
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FIG. 1. (A) Electronic levels of Ca+ with lifetimes and rel-
evant transitions. (B) Zeeman sublevels of the 732ñm transi-
tion. (C) Time sequence of the experiment. We alternate the
order of probing ∆m = 0 transitions at 732 nm, and also the
detection order (isotope A or B).

To measure the isotope shifts we first Doppler cool the
ions, followed by state preparation of both co-trapped
isotopes into one of the |42S1/2,mj=± 1

2 ⟩ states using σ±
polarized light at 397 nm. We then drive the 732 nm tran-
sition in both isotopes using frequency sidebands gener-

ated with a fiber EOM referenced to a GPS-disciplined
oscillator. Simultaneously probing the two co-trapped
isotopes dramatically reduces many possible sources of
systematic errors, such as probe laser frequency drift or
blackbody shifts, by making them common-mode. Aver-
aging interleaved detection of the ∆mj = 0 transitions
from the two ground-state sublevels on msec timescales
yields a measurement which is insensitive to differential
first-order Zeeman shifts. Results of the measurement
are determined using traditional electron shelving tech-
niques. However, since both the ground 42S1/2 and ex-
cited 32D3/2 states are part of the “bright” manifold
of states associated with fluorescence measurement, an
additional population-transfer step is required prior to
detection. We execute this transfer probabilistically by
driving 32D3/2 population to the 42P3/2 state using lasers
at 850 nm and rely upon spontaneous decay to 32D5/2

prior to fluorescence detection; see Fig. 1c. The trans-
fer is thus incoherent, preventing the use of entangle-
ment to enhance our measurement precision [28, 45], but
the ∼6% branching factor to 32D5/2 preserves adequate
signal-to-noise to permit conventional spectroscopy tech-
niques. The measured 732-nm transition isotope shifts
are shown in Table I. Quoted uncertainties (1σ) are
statistics-dominated; systematic uncertainties of ∼2 Hz
result principally from Stark shifts arising from uncom-
pensateable micromotion [24, 29, 46].
Our measured isotope shifts can be interpreted with

an eye towards a possible sum of SM and new physics
contributions. To start, consider the SM contributions
to an isotope shift on some electronic transition denoted
by its wavelength λ:

δνA,A′

λ ≡ νAλ − νA
′

λ = Kλµ
A,A′

+Fλ δ⟨r2⟩A,A′
+ . . . . (1)

Here µA,A′
=

(
1/mA − 1/mA′

)
is calculated from the

nuclear masses of isotopes with mass numbers A,A′ (Ta-
ble I); Kλ and Fλ are the (linear) mass and field shift
constants; and δ⟨r2⟩A,A′

is the difference of the mean
squared nuclear charge radii of the isotopes. Ignoring
higher-order terms, we can define a modified isotope shift
(MIS) as

mδνA,A′

λ ≡ (νAλ − νA
′

λ )/µA,A′
(2)

Canceling the δ⟨r2⟩A,A′
term (which is the least well-

measured) between two transitions λ and λ′ yields the
linear King’s relation at leading order [19, 20]:

mδνA,A′

λ = Kλ − Fλ

Fλ′
Kλ′ +

Fλ

Fλ′
mδνA,A′

λ′ . (3)

A new boson ϕ beyond the SM leads to an additional
term in eqn. (1) [24],

δνA,A′

λ = Kλµ
A,A′

+ Fλδ⟨r2⟩A,A′
+ αNPXλγ

A,A′
+ . . . ,

(4)
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Isotope Shift (MHz)

Isotope pair (A,A′) µA,A′
(10−6u−1)a 2S1/2 →2D3/2

2S1/2 →2D5/2

(40, 42) 1191.0358734(46) 2 775.392 374 8(60)b 2 771.872 467 6(76)c

(40, 44) 2274.305597(18) 5 347.679 835 4(59)b 5 340.887 394 6(78)c

(40, 46) 3264.04178(17) 7 778.302 524(2000)d 7 768.401 000(2000)d

(40, 48) 4171.5457614(93) 10 003.129 115 1(57)b 9 990.382 525 0(49)c

TABLE I. Inverse-mass differences µA,A′
and measured isotope shifts νA,A′

for the five even Ca+ isotopes. µA,A′
is calculated

from the atomic masses of the various isotopes less the electron masses and binding energies using data from [42, 43]. Quoted
uncertainties represent one standard deviation, and are dominated by statistical error.
a Calculated from Ref. [42, 43] b This work. c From Ref. [29, 30]. d From Ref. [32].

where Xλ characterizes the form of the ϕ-particle’s po-
tential and its dependence on the transition λ, γA,A′ =
A−A′ indicates that ϕ couples to nuclei via the neutrons,
and

αNP =

(
−1

)s
4π

yeyn
ℏc

(5)

describes the interaction of ϕ with electrons and neutrons
in terms of its spin s and coupling strengths ye, yn. Such
a new-physics contribution breaks the linear relationship.
As such, plotting the modified isotope shift of two tran-
sitions against one another and exploring the degree of
linearity allows one to bound the size of αNP.
Figure 2 represents a King plot of modified isotope

shifts on the 42S1/2 → 32D3/2,5/2 transitions at λ =
732 nm, λ′ = 729 nm plotted against one another, in-
cluding 1σ error ellipses and a linear fit based upon a
2D weighted orthogonal distance regression [47]. The
highly-similar character of the two transitions consid-
ered here leads to the analysis not being limited by
the precision of nuclear mass measurements [31, 32];
imprecision on the masses contributes a correlated un-
certainty which lies almost entirely along the line of
best fit. This suppresses its impact by a factor of
2 × 10−4, verified by Monte Carlo simulation. Using
eqn. (4) above, we obtain the King plot parameters
Kλ,λ′ = K732 − F732

F729
K729 = −0.49630(3) GHz·amu and

Fλ,λ′ = F732

F729
= 1.001483120(12). We can also quantify

the degree of nonlinearity in terms of the area spanned
by the four points on the King plot, resulting in a sig-
nificance of 0.42 σ (see Appendix I). The expected non-
linearities in this King plot due to SM effects have been
calculated and shown to be dominated by the second-
order mass shift and nuclear polarization [40]. Unfortu-
nately, the theoretically predicted nonlinearity is uncer-
tain due to the strong cancellation of SM effects between
the two transitions. Ref. [40] places an upper limit on the
experimental accuracy needed to detect a nonlinearity at
200 Hz, which we are well below. Further refinement
of the theory calculation is therefore needed in order to
compare the nonlinearity expected from higher-order SM
terms in Ca+ to the present experimental precision.
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FIG. 2. King Plot of the spin-zero isotopes of calcium at
732 and 729 nm, fit with a weighted 2D orthogonal distance
regression. Insets show uncertainty ellipses associated with
this work in green, as well as prior measurements from [32] in
blue. Measurement uncertainty parallel to the line of best fit
is dominated by uncertainty in the measured nuclear masses,
while that orthogonal to the line is limited by isotope shift
measurements described here and in [29, 30].

With a characterization of our agreement with King’s
linearity in hand, we can convert our measurement uncer-
tainty into an upper-bound which constrains the strength
of the coupling of a hypothetical boson ϕ to electrons and
neutrons. We take the coupling to arise from a Yukawa
potential,

VNP = αNP ℏc
e−rmϕc/ℏ

r
, (6)

where mϕ is the boson’s mass. The NP coefficients
Xλ defined in eqn. (4) are as calculated in [32] using
AMBiT [60]; see [32] for details. We thus generate a
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FIG. 3. Constraints (2σ upper bounds) on the strength of
the coupling |yeyn|/(ℏc) between electrons and neutrons via
a new boson ϕ with mass mϕ. The blue solid line represents
the limit imposed by this work, where the 8 Hz precision is
derived from Fig. 2, roughly a quadrature sum of the two IS
spectroscopic uncertainties. The feature near 104 eV/c2 re-
sults from a transition-dependent resonance in the BSM sen-
sitivity (see Appendix I for details)). Plotted in black is the
prior best result from Ca+ by Solaro et al [32] at ∼24Hz,
while red shows projections based on a 10mHz IS measure-
ment precision assuming no higher order systematic effects
are found; the dashed curve includes only IS uncertainties,
while the dotted curve incorporates current nuclear mass un-
certainties. The gray band shows the bounds on IS measure-
ments using Yb/Yb+ [36] assuming that the scalar boson is
the dominant source of observed GKP nonlinearity. Addi-
tional shaded regions are constraints from other experiments
such as the Casimir effect [48, 49], the product yeyn derived
from from (g − 2) of the electron [50, 51] and neutron op-
tics/scattering [22, 52–55], star cooling in a Supernova [56]
(note, however, its O(1) uncertainty [57]), and as cooling in
horizontal branch stars in the globular cluster [58, 59]. The
protophobic boson model for the Beryllium anomaly is shown
as a vertical bar. [24–26]

new constraint on BSM bosons as indicated by the 2σ
upper bound plotted in solid blue in Fig. 3, finding
yeyn/ℏc < 1.4× 10−11 in the low-mass limit.

Notably, our result excludes the coupling range needed
to account for the nonlinearity detected in prior Yb+ [31]
and Yb [34] measurements for the hypothesis of a new
scalar boson being the dominant source. This observa-
tion confirms that the nonlinearities observed in the Yb
system are dominated by SM contributions. Our bound
also excludes much of the new physics coupling range
associated with the remaining nonlinearity of [34] after

accounting for one source of SM nonlinearity using the
GKP.

More recent measurements of Yb+ [36], combined with
the Yb measurements of [35], use three transitions to take
one source of SM nonlinearity into account via the GKP.
Ref. [36] finds that the residual nonlinearity requires 6×
10−12 ≲ yeyn ≲ 2× 10−11 at the low-mass limit if a new
scalar boson is assumed as the dominant source of this
remaining nonlinearity (gray band in Fig 3). Our limit
from the linear Ca King plot excludes the upper part
of that coupling range, but further studies are needed to
fully differentiate between the hypotheses of a new boson
or second SM term of higher order as the leading term
causing the residual nonlinearity in [36].

Given ongoing improvements in precision measure-
ments of nuclear masses [61] as well as the fact that
the contribution of mass uncertainties to extracting lim-
its from King plots is often strongly suppressed, there
appears to be significant headroom for further improve-
ment on these measurements. Measurement of the iso-
tope shifts involving 46Ca at comparable precision to the
more abundant isotopes would also be beneficial. Be-
yond that, established paths [28] exist to make IS mea-
surements at the 10 mHz level; such improvements would
allow IS-spectroscopy to break new ground in probing for
fifth-force carriers in the range of 105 < mϕ < 5 × 107

eV/c2. This offers a clear perspective to test – as a
target for King plot sensitivity – the preferred coupling
range associated with the proposed protophobic X17 bo-
son [25, 26] at a mass of mX = 17MeV/c2, a poten-
tial explanation for the anomaly of nuclear Be∗ decays.
While it is expected that SM systematics due to higher-
order mass- and/or field-shifts will complicate the inter-
pretation of violations of King’s linearity at this level
of precision [38], generalized approaches utilizing data
from many transitions offer a path forward via tech-
niques already applied in the Yb system [34, 41]. Recent
work with highly-charged calcium ions [33] has paved the
way towards precision IS-spectroscopy on forbidden M1
clock transitions in the charge states 11+ through 16+.
Besides adding more transitions to enable the genera-
tion of GKPs, these transitions feature orbitals which
are dissimilar, substantially increasing their sensitivity to
new physics [62]. Studies with additional atomic species
would enable independent verification should evidence of
a new boson emerge. Highly charged ions of Xe have
recently been proposed [63], but barium may also be of
particular interest. Its greater mass offers substantially
enhanced sensitivity to new physics, yet Ba still features
modest, well-characterized sources of King plot nonlin-
earities from SM sources [38], five naturally-occurring
spin-zero isotopes, and two additional synthetic isotopes
with t1/2 > 1 day which could be added to a King plot
to further characterize any violations of linearity.

In summary, we have reported measurements of the
40Ca+-42,44,48Ca+ isotope shifts within the 42S1/2 →
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32D3/2 transition by direct spectroscopy of co-trapped
isotopes at 732 nm with 6 Hz precision. By combining
these measurements with our group’s past measurements
on the parallel 42S1/2 → 32D5/2 transition we generate
a linear King plot and extract a new IS-based bound on
the coupling strength of a fifth-force carrier ϕ to elec-
trons and neutrons at the 2σ level in the low-mass limit
of yeyn/ℏc < 1.4× 10−11, free of limitations imposed by
SM theory uncertainties which have appeared in similar
work in other species.

APPENDIX I: LIMITS ON COUPLING
STRENGTH

To extract limits on the coupling strength of a new
boson from our isotope shift measurements, we broadly
follow the procedure presented in the Supplementary Ma-
terial of Ref. [32]. We define vectors of modified isotope
shifts (2) for each transition λ as

mδνλ =
(
mδν42,40λ ,mδν44,40λ ,mδν46,40λ ,mδν48,40λ

)T

and mµ = (1, 1, 1, 1)T . We then calculate the volume
of a parallelepiped spanned by the three vectors mνλ,
mνλ′ , and mµ. King-plot linearity is equivalent to a
vanishing volume, within experimental uncertainties.

Generally, to calculate the volume of parallelepiped
formed from N -dimensional vectors a, b, and c, we first
define a 4 × 2 matrix D = (a, b). The projection of c
onto the plane spanned by a and b is then

p =
[
D · (DT ·D)−1 ·DT

]
· c,

and the parallelepiped volume is

V (a, b, c) = |c− p|
√

a2b2 − (a · b)2. (7)

In the event of a nonlinearity caused by new physics,
eqn. (4) will cause the vector mνλ′ to not lie in the
plane spanned by mνλ and mµ such that the paral-
lelepiped volume is non-vanishing (the plane itself will
also rotate). The deviation for each of the transitions
is αNPXλ(mϕ)mγ with γ = (2, 4, 6, 8) in the current
work and mγ defined by dividing each component by the
corresponding µA,A′

. We can then extract the coupling
strength according to

αNP(mϕ) =
V (mνλ,mνλ′ ,mµ)(

Xλ′ − Fλ′
Fλ

Xλ

)
V (mνλ,mγ,mµ)

(8)

To get the best possible limits on new physics, we
combine the results of the measurements of this work
with the 729 nm measurements presented in Ref. [29]
and 46,40Ca+ measurements from [32]. We obtain un-
certainties using a Monte Carlo approach. We vary all

experimental data assuming a Gaussian uncertainty dis-
tribution and for each sample we recalculate αNP using
(8). Repeating 105 times gives us a stable uncertainty
σαNP

. The nonlinearity of the Ca+ isotope shifts can
be expressed as αNP /σαNP

= 0.42. Note that the rela-
tively large uncertainty in the absolute measurement of
46,40Ca+ isotope shifts does not cause overly large errors
because the difference in the fine-structure isotope shift –
which sets the uncertainty orthogonal to the line of best
fit – is measured to a precision of 21 Hz [32].

The bounds plotted in Fig. 3 are the data value plus
2σ uncertainty of |yeyn| = 4παNP. The spikes in the sen-

sitivity curves arise from cancellations of Xλ′ − Fλ′
Fλ

Xλ in

the denominator of (8). Note also that the curve marked
“Solaro” is a re-calculation of the limits based on the
data presented in [32] using our Monte Carlo uncertainty
propagation.
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Pencier Piñero, and Sonya Dutton, each of whom con-
tributed to the development of various aspects of the
experimental apparatus. This work was supported by
the NSF under RUI grant numbers PHY-1707822 and
PHY-2207957 and by a Cottrell Scholar Award from the
Research Corporation for Science Advancement. EF ac-
knowledges support by Germany’s Excellence Strategy –
EXC-2123 QuantumFrontiers – 390837967.

[1] S. L. Glashow, Nucl. Phys. 22, 579 (1961).
[2] F. Englert and R. Brout, Phys. Rev. Lett. 13, 321 (1964).
[3] P. W. Higgs, Phys. Rev. Lett. 13, 508 (2012).
[4] G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble, Phys.

Rev. Lett. 13, 585 (1964).
[5] G. Aad, T. Abayjan, B. Abbott, et al., Phys. Lett. B

716, 1 (2012).
[6] S. Chatrchyan, V. Khachatryan, A. Tumasyan, et al.,

Phys. Lett. B 716, 30 (2012).
[7] P. Huet and E. Sather, Phys. Rev. D 51, 379 (1995).
[8] M. B. Gavela, P. Hernandez, J. Orloff, O. Pene, and

C. Quimbay, Nucl. Phys. B 430, 382 (1994).
[9] M. Dine and A. Kusenko, Rev. Mod. Phys. 76, 1 (2003).

[10] G. Bertone and D. Hooper, Rev. Mod. Phys. 90, 045002
(2018).

[11] D. Demille, J. M. Doyle, and A. O. Sushkov, Science 357,
990 (2017).

[12] M. S. Safronova, D. Budker, D. DeMille, et al., Rev. Mod.
Phys. 90, 025008 (2018).

[13] D. Antypas et al. (2022), arXiv:2203.14915.
[14] T. S. Roussy, L. Caldwell, T. Wright, et al., Science 381,

46 (2023).
[15] V. Andreev, D. G. Ang, D. DeMille, et al., Nature 562,

355 (2018).
[16] H. Marion, F. Pereira Dos Santos, M. Abgrall, et al.,

Phys. Rev. Lett. 90, 150801 (2003).
[17] M. S. Safronova, Annalen Phys. 531, 1800364 (2019).
[18] K. Beloy, M. I. Bodine, T. Bothwell, et al., Nature 591,



6

564 (2021).
[19] W. H. King, J. Opt. Soc. Am 53, 638 (1963).
[20] W. H. King, Isotope Shifts in Atomic Spectra (Springer

Science & Business Media, 1984).
[21] C. Delaunay, R. Ozeri, G. Perez, et al., Phys. Rev. D 96,

093001 (2017).
[22] C. Frugiuele, E. Fuchs, G. Perez, et al., Phys. Rev. D 96,

015011 (2017).
[23] K. Mikami, M. Tanaka, and Y. Yamamoto, Eur. Phys. J.

C 77, 896 (2017).
[24] J. C. Berengut, D. Budker, C. Delaunay, et al., Phys.

Rev. Lett. 120, 091801 (2018).
[25] J. L. Feng, B. Formal, I. Galon, et al., Phys. Rev. Lett.

117, 071803 (2016).
[26] J. L. Feng, B. Formal, I. Galon, et al., Phys. Rev. D 95,

035017 (2017).
[27] H. Miyake, N. C. Pisenti, P. K. Elgee, et al., Phys. Rev.

Research 1, 033113 (2019).
[28] T. Manovitz, R. Shaniv, Y. Shapira, R. Ozeri, and N. Ak-

erman, Phys. Rev. Lett. 123, 203001 (2019).
[29] F. W. Knollmann, A. N. Patel, and S. C. Doret, Phys.

Rev. A 100, 022514 (2019).
[30] F. W. Knollmann, N. Patel, Ashay, and S. C. Doret,

Phys. Rev. A 107, 069902 (2023).
[31] I. Counts, J. Hur, D. Aude Craik, et al., Phys. Rev. Lett

125 125, 123002 (2020).
[32] C. Solaro, S. Meyer, K. Fisher, et al., Phys. Rev. Lett.

125, 123003 (2020).
[33] N.-H. Rehbehn, M. K. Rosner, H. Bekker, et al., Phys.

Rev. A 103, L040801 (2021).
[34] N. L. Figueroa, J. C. Berengut, V. A. Dzuba, et al., Phys.

Rev. Lett. 128, 073001 (2022).
[35] K. Ono, Y. Saito, T. Ishiyama, et al., Phys. Rev. X 12,

021003 (2022).
[36] J. Hur, D. P. L. Aude Craik, I. Counts, et al., Phys. Rev.

Lett. 128, 163201 (2022).
[37] After submission, we became aware of newly completed

work in Yb: M. Door, C.-H. Yeh, M. Heinz, et al.,
Search for new bosons with ytterbium isotope shifts.
arXiv.org:2403.07792v1 (2024).

[38] V. V. Flambaum, A. J. Geddes, and A. V. Viatkina,
Phys. Rev. A 97, 032510 (2018).

[39] S. O. Allehabi, V. A. Dzuba, V. V. Flambaum, and A. V.
Afanasjev, Phys. Rev. A 103, L030801 (2021).

[40] A. V. Viatkina, V. A. Yerokhin, and A. Surzhykov, Phys.
Rev. A 108, 022802 (2023).

[41] J. C. Berengut, C. Delaunay, A. Geddes, and Y. Soreq,
Phys. Rev. Research 2, 043444 (2020).

[42] M. Wang et al., Chinese Phys. C 41, 030003 (2017).
[43] A. Kramida, Y. Ralchenko, and J. Reader, NIST Atomic

Spectra Database (version 5.10) (2022), URL https://

physics.nist.gov/asd.
[44] D. M. Lucas, A. Ramos, J. P. Home, et al., Phys. Rev.

A 69, 012711 (2004).
[45] C. F. Roos, M. Chwalla, K. Kim, et al., Nature 443, 316

(2006).
[46] D. J. Berkeland, J. D. Miller, J. C. Bergquist, et al., J.

Appl. Phys. 83, 5025 (1998).
[47] P. T. Boggs, R. H. Byrd, and R. B. Schnabel, SIAM J.

Sci. Stat. Comput. 8, 1052 (1987).
[48] M. Bordag, U. Mohideen, and V. M. Mostepanenko,

Phys. Rep. 353, 1 (2001).
[49] M. Bordag, G. L. Klimchitskaya, U. Mohideen, and V. M.

Mostepanenko, Advances in the Casimir Effect (Oxford

University Press, Oxford, 2009).
[50] X. Fan, T. G. Myers, B. A. D. Sukra, and G. Gabrielse,

Phys. Rev. Lett. 130, 071801 (2023).
[51] L. Morel, Z. Yao, P. Cladé, and S. Guellati-Khélifa, Na-
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