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Optical transitions of highly charged ions can be very sensitive to hypothetical beyond-the-
Standard-Model phenomena. Those near the 5s − 4f level crossing, where the 5s and 4f are
degenerate are especially promising. We present predictions from atomic theory and measure-
ments of Os15,16,17+ at an electron beam ion trap for identification of several transitions suitable
for searches for a hypothetical fifth force and possible violations of local Lorentz invariance. The
electric quadrupole (E2) transitions of Os16+ that were found are especially suitable for frequency
metrology due to their small linewidth of 44 µHz. Our calculations show the need for including
enough inner-shell excitations to predict transition rates between configurations, which can other-
wise be overestimated. Ultimately, the predicted interconfiguration transitions were too weak to be
detected.

Very recently, by applying quantum logic [1] to fre-
quency metrology [2, 3] of sympathetically cooled highly
charged ions (HCI) [4], a precision close to that of state-
of-the-art optical clocks [5] for neutral and singly charged
atoms has been reached at the German metrology in-
stitute Physikalisch-Technische Bundesanstalt (PTB) in
Braunschweig [6–12]. This enables searches for physics
beyond the Standard Model (BSM) [13] using, e. g., King-
plot analysis [14–16] to probe hypothetical Yukawa in-
teractions, as just demonstrated at PTB [11]. The sen-
sitivity of HCI to various BSM effects, such as variation
of the fine-structure constant α, is highest near orbital
crossings [17, 18] where the filling order changes. How-
ever, predictions for the energy levels are extremely diffi-
cult in the interesting case of the 5s−4f orbital crossing.
Here we investigate both theoretically and experimen-
tally one of the most promising candidates for this cross-
ing. It was at first expected to provide laser-accessible
optical transitions between fine-structure levels of the
[Pd]4f125s2 and [Pd]4f135s configurations in the Nd-like
iridium (Z = 77) Ir17+ ion. They were, however, not
found, and recent predictions show that they should ap-
pear in the vacuum ultraviolet range instead [19]. In the
present work, we study Nd-like Os16+ (Z = 76), which
has a smaller splitting between the relevant configura-
tion, with newer calculations predicting laser-accessible
transitions there [20]. Moreover, the lowest excited state
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couples to the ground state by an ultra-narrow elec-
tric quadrupole (E2) transition well suited for frequency
metrology.

One central advantage of HCI is the strong binding of
the outer electrons [13]. Their wave function is thus less
affected by external perturbations that hamper other sys-
tems. In contrast, its strong overlap with the nucleus en-
hances hypothetical BSM electron-neutron interactions
accessible to the generalized King plot method [21]. With
its seven stable, naturally occurring isotopes, of which
five have nuclear spin I = 0, and its high nuclear charge
and resulting relativistic effects, osmium is very well
suited for such studies. In Os16+, these effects are very
different for s- and f -electrons, yielding for interconfigu-
ration transitions an outstanding sensitivity to a poten-
tial α variation and to hypothetical violations of local
Lorentz invariance [20].

Theory– We perform large-scale configuration interac-
tion (CI) calculations for Os16+, treating the [1s2...4d10]
closed-shell core electrons and the 14 f valence elec-
trons with systematic accounting of correlation effects.
The vast number of configurations with small individual
weights requires the inclusion of many to achieve conver-
gence. To support these demanding computations, we
accelerate threefold the Hamiltonian construction using a
bitstring-determinant storage and manipulation method
developed for the pCI package [22] based on Ref. [23].

We construct our basis set based on previous work with
Ir17+ [19] expanding it to include orbitals with principal
quantum number up to n = 13 for partial waves up to
l = 7, and comprising all orbitals up to 13g, 12h, 11i, and
10k. We gradually expand the basis set until conver-
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gence is reached for various correlation corrections, using
a reference 30-electron CI calculation (that is, allowing
excitations from the 5s, 4f , 4d, and 4p shells) with a
7spdfg basis set. We refer to allowing excitations from
an inner shell as opening the shell.

First, we performed shell-by-shell CI calculations fol-
lowing Ref. [19] to account for inner-shell correlations. As
in Ir17+, we found the largest contributions from open-
ing the 4d shell, shifting the configuration splitting by
∼ 8000 cm−1, followed by opening the 4p and 4s shells,
which give an overall contribution larger than the contri-
bution from the innermost shells with n ≤ 3. Although
even-parity levels are largely unaffected, odd-parity levels
shift by about −2100 cm−1. We then expand the basis set
to 13g12h11i10k and extrapolate higher n partial-wave
contributions. Allowing excitations from 4f14 leads to
negligible shifts for most states. Finally, we include (i)
single and double excitations from 4f125p2 and single
excitations from six dominant odd-parity configurations
within 30-electron CI, and (ii) triple excitations from
4f125s2 and 4f14 within 14-electron CI.

The results are shown in column “pCI” of Table III.
Details of these computations are described in the End
Matter. The largest energy shifts arise from including
the inner shells with n = 3,4, higher partial waves, and
additional reference configurations. The limitations of
our local computing cluster restricted the full inclusion
of these effects, potentially leading to a sizable underes-
timation. We assign uncertainties accordingly to reflect
these omissions.

We calculated electric dipole (E1) reduced matrix el-
ements ⟨4f125s2∥D∥4f135s⟩ and found that the result
strongly depends on which shells are opened. In con-
trast, we find that reduced matrix elements of the mag-
netic dipole (M1) operator and the corresponding tran-
sition rates are only weakly affected by additional corre-
lation corrections. For the 4f125s2 3F4 − 4f135s 3Fo

4 E1
transition, our result at the reference 7spdfg level within
the framework of the 24-electron CI (the column “4d
open”) agrees with the previous theory [20]. However,
adding correlations from the 4p shell reduces the ampli-
tude from 1.93×10−3 a.u. to 0.12×10−3 a.u., lowering the
transition rate to below 1 s−1, as shown in Table I. We
attribute this effect to contributions from one-electron
4p− 5s matrix elements. We emphasize that calculations
neglecting inner-shell correlations are inadequate and un-
reliable for guiding or interpreting experimental measure-
ments. Further suppression arises from the inclusion of
the h partial wave, likely due to the cumulative effect
of many small but non-negligible admixtures. Detection
of these interconfiguration E1 transitions would uncover
the long sought-after 5s−4f level crossing and reveal the
wavelengths of the most α-variation sensitive ones. Ta-
ble I shows those with highest transition rates, which are
therefore the most promising prospects for experimental
observation. Uncertainty values for the reduced matrix
elements are assigned by adding the respective contribu-
tions in quadrature. For 3F4 −

3Fo
4, the uncertainty is

greater than the value of the matrix element D, so D

should be taken as an order of magnitude estimate.

Measurements– Osmium was investigated in an elec-
tron beam ion trap (EBIT) [24–26]. The Heidelberg
EBIT (HD-EBIT) ran with a 40 mA, 4̃00 eV electron
beam compressed by its 8T magnetic field. This beam
radially traps approximately 3×106 Os16+ ions in its nega-
tive space-charge potential, which are axially confined by
biased drift tubes, forming a cylindrical cloud of 50mm
length and 0.1mm diameter. Osmium atoms are sourced
from a tenuous molecular beam of osmocene, a volatile
organometallic compound that the electron beam disso-
ciates. Sequential electron-impact ionization and sup-
pressed charge exchange in the 4-K environment allows
selection of the desired charge state by setting the elec-
tron beam energy and axial trap depth. An image of
the horizontal ion cloud was rotated and focused onto
the vertical entrance slit of a 2m focal-length grating
spectrometer by a set of lenses and mirrors. For calibra-
tion, a diffuse reflector illuminated by a hollow-cathode
lamp is moved in and out of an intermediate image plane
between lenses. The spectrometer low-noise CCD cam-
era uses exposure times of 1h for the HCI. Dark images
without trapped ions are recorded regularly to remove
the stray light background and correct for the sensitiv-
ity of each camera pixel. Regular calibrations correct for
thermal and mechanical drifts of the spectrometer. These
standard procedures allowed us to reach wavelength frac-
tional uncertainties as low as ∆λ/λ = 2.5⋅10−7 [15, 16, 27–
32].

In our initial observations, we detected a comprehen-
sive list of Os15,16,17+ lines, including very weak ones with
a broadband 150grooves/mm grating blazed for 500 nm
to cover the region 316–810 nm and a 1800grooves/mm
holographic grating for the 227–323nm range. The broad
entrance slit width of 150µm yielded strong signals at
reduced resolution. We set three different electron-
beam energies for determining the charge states based
on the line intensities. Next, lines assigned to Os16+ and
some belonging to Os15+ and Os17+ were re-measured
at high resolving power using the 1800grooves/mm or
a 3600grooves/mm grating with a 60µm slit. In some
cases, we measured their second diffraction order for bet-
ter resolving power and to access more calibration lines.
Each HCI line was recorded for at least 7 hours while up
to 34 hours were spent on weak ones.

Identifications– We assigned lines to Os16+ by com-
parison with theory transition energies and by studying
their characteristic Zeeman splitting in the 8T field of
HD-EBIT. We modeled the line shape based on the to-
tal angular moment J and the predicted gJ factors (see
Table III). The hyperfine structure of the 187,189Os iso-
topes was not resolvable. Relative amplitudes of the Zee-
man components were derived from the Clebsch-Gordan
coefficients of the ∣J,mJ⟩ states and accounting for the
multipole-radiation patterns. Fits of this model allowed
us to unambiguously identify 15 M1 transitions within
configurations (see Figure 1 and Table II). Several iden-
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TABLE III. Level energies based on measured transitions (see Table II) with fitted g-factors, compared with calculations from
Ref. [20] and from this work using ambit [33], fac [35], and pCI.

Measured Ref. [20] ambit fac pCI

Config. Level E (eV) g-factor E (eV) g-factor E (eV) g-factor E (eV) E (eV) g-factor

4f125s2 3H6 0 1.147(2) 0 1.164 0 1.164 0 0 1.164
3F4 1.0883346(74) 1.137(5) 1.188 1.137 1.133 1.138 1.235 1.101(10) 1.142
3H5 2.6256801(14) 1.017(3) 2.781 1.033 2.672 1.033 2.618 2.611(16) 1.033
3F2 3.556472(13) 0.99(6) 3.803 0.824 3.724 0.834 3.950 3.585(61) 0.837
1G4 3.6094115(59) 0.986(5) 3.799 0.989 3.690 0.992 3.688 3.602(17) 0.989
3F3 3.9257624(84) 1.060(5) 4.157 1.083 4.057 1.083 4.128 3.928(36) 1.083
3H4 6.1055603(23) 0.904(5) 6.210 0.927 6.215 0.920 6.155 6.085(37) 0.920
3D2 6.689389(10) 1.119(4) 7.196 1.130 6.998 1.124 7.311 6.734(119) 1.129
1J6 - - - - 8.325 1.0026 8.579 8.091(169) 1.003
3P0 - - - - 8.449 0 8.980 8.088(186) 0
3P1 8.672581(12) 1.469(12) - - 9.117 1.500 9.565 8.745(192) 1.500
3P2 9.523428(13) 1.188(4) - - 9.916 1.209 10.257 9.565(138) 1.201

4f135s 3Fo

4 x 1.254(4) 4.080 1.250 3.702 1.250 3.416 3.853(433) 1.250
3Fo

3 x+0.5572030(88) 1.042(4) 4.641 1.0524 4.297 1.054 4.006 4.416(433) 1.053
3Fo

2 x+2.820826(24) 0.663(4) - - 6.562 0.667 6.147 6.652(423) 0.667
1Fo

3 x+3.4429177(15) 1.043(5) - - 7.226 1.029 6.830 7.283(425) 1.030

4f14 1S0 - 0 - - 14.155 0 14.491 12.786 0
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L. Schmöger, M. Schwarz, J. R. Crespo López-Urrutia,
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Rosner, J. R. Crespo López-Urrutia, J. Richter, A. Mar-
iotti, and E. Fuchs, Nonlinear calcium King plot con-
strains new bosons and nuclear properties, Phys. Rev.
Lett. 134, 233002 (2025).

[12] L. J. Spieß, S. Chen, A. Wilzewski, M. Wehrheim,
J. Gilles, A. Surzhykov, E. Benkler, M. Filzinger,
M. Steinel, N. Huntemann, C. Cheung, S. G. Porsev, A. I.
Bondarev, M. S. Safronova, J. R. Crespo López-Urrutia,
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Artemyev, H. Bruhns, A. J. G. Mart́ınez, U. D.
Jentschura, C. H. Keitel, A. Lapierre, V. Mironov, V. M.
Shabaev, H. Tawara, I. I. Tupitsyn, J. Ullrich, and A. V.
Volotka, Exploring relativistic many-body recoil effects in
highly charged ions, Phys. Rev. Lett. 97, 103002 (2006).

[29] A. Windberger, J. R. Crespo López-Urrutia,
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END MATTER

Details of computations– We treat Os16+ as a 14-
valence electron system with a [1s2, . . . ,4d10] closed core.
We start by solving the Dirac-Hartree-Fock equations
for the [1s2...4d10]4f135s configuration to construct one-
electron basis orbitals in the central field approximation.
Then, all electrons are frozen, and an electron is pro-
moted from the 5s to the 5p and 5d shells to construct the
corresponding orbitals. The 5g, 6h, 7i, and 8k orbitals
are constructed from the 4f orbital, while the remaining
virtual orbitals are formed using a recurrent procedure
described in Refs. [37, 38]. All orbitals are built on a
radial grid within a compact spherical cavity of R = 5
a.u., which improves convergence to the principal quan-
tum number n. Both the Coulomb and Breit interactions
are included throughout.

The CI many-electron wave function is expressed as
a linear combination of all distinct states with a given
total angular momentum J and parity: ΨJ = ∑i ciΦi.
The corresponding energies and wave functions are ob-
tained by solving the time-independent relativistic many-
electron Schrödinger equation HnΨn = EnΨn. Because a
large fraction of configurations (≳80%) contribute signif-
icantly even with modest basis sets, subselection meth-
ods [22, 39] could not be used to optimize the CI space
efficiently to reduce the computational workload.

The energies obtained from CI are listed in Table IV,
along with uncertainties calculated by adding all corre-
lation contributions in quadrature. We set a baseline
by allowing all single and double (SD) excitations from
the 4f125s2 and 4f135s reference configurations to the
7spdfg basis set. We then performed CI calculations
with basis sets of incrementally higher principal quan-
tum number n until either the energy converges or until
the computation is too large, then repeat this procedure
for higher partial waves. In total, we include all orbitals
up to 13spdfg12h11i10k. To handle computations that
were too large, we estimated the n → ∞ contributions

for l > 5 partial waves by extrapolating their respective
energy convergence. The resulting values are listed in
column “extrap.”
We performed shell-by-shell CI in a small 7spdfg ba-

sis set to obtain contributions of electron correlations of
the inner shells following Ref. [19] and list the results
in Table V. We begin with a base computation allow-
ing excitations only from the 5s and 4f orbitals, then
systematically obtain contributions from opening the in-
ner shells until all 60 electrons are correlated. We find
that the largest effect to the configuration splitting comes
from the inclusion of the inner n ≥ 3 electron shells into
the CI.
We also examined how energy levels change when ex-

citations from additional reference configurations are in-
cluded – a computationally demanding task due to the
vast number of resulting configurations. Specifically, we
evaluated the effect of including the 4f14 configuration,
which incorporates both the shell-by-shell CI expansion
and an extended 13spdfg7h basis. These results are listed
in column “+4f14” of Table IV. Most levels show small
shifts (under 20 cm−1), except for the 4f125s2 3P0 state,
which decreases by 499 cm−1.
In the “extras” column, we list contributions from

two additional sources: (i) SD excitations from the
4f125p2 even-parity configuration and single excitations
from six highly-weighted odd-parity configurations in a
30-electron CI with the 4p shell open and (ii) triple ex-
citations from 4f125s2 and 4f14 in a 14-electron CI. We
limited the odd-parity excitations to singles because in-
cluding SD excitations from the second most contribut-
ing odd-parity configuration, 4f115s5f2, was computa-
tionally infeasible. These additional reference configu-
rations produced small differences (below 21 cm−1) for
4f125s2, but led to significant shifts for 4f14 1S0 (1385
cm−1) and 4f135s levels (∼ 920 cm−1). Triple excitations
contributed modestly to 4f14 1S0 (588 cm

−1) and 4f125s2

(−156 cm−1), but significantly to 4f135s (∼ 1500 cm−1).
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TABLE IV. Contributions to Os16+ energies (in cm−1) obtained using CI with different correlation corrections. The base run
is performed with a small 7spdfg basis set with the 4p shell open. The contribution from correlating all 60 electrons in the
framework of 60-electron CI is given in the column labeled “+all open.” Contributions from allowing excitations to higher
basis orbitals are given in the respective columns labeled “+nl”. Contributions from including 4f14 and others as reference
configurations are given in the columns “+4f14” and “+extras,” respectively. The extrapolation of missing contributions from
the basis set expansion is given in the column “+extrap.” The last two columns display the final energies and uncertainties.

7g 7g
Configuration 4p open +all open +(8-13)g +(6-12)h +(7-11)i +(8-10)k +4f14

+extras +extrap. Final Uncertainty

4f125s2 3H6 0 0 0 0 0 0 0 0 0 0 0
3F4 9067 -28 -35 -55 -40 -9 -8 7 -16 8883 80
3H5 20970 120 -15 29 -3 -1 0 -40 -1 21061 130
3F2 29825 -212 -84 -423 -96 -20 -12 -40 -22 29050 490
1G4 29055 122 -40 -18 -11 -3 -4 -44 -10 28913 140
3F3 32028 44 -43 -272 -9 -3 -6 -58 -3 31679 290
3H4 48881 265 -62 114 -22 -6 -5 -66 -20 49079 300
3D2 55680 -161 -112 -931 -32 -10 -14 -107 2 54314 960
1I6 66963 -20 -121 -1352 -46 -8 -23 -79 -57 65255 1360
3P0 67635 -199 -160 -1393 -23 -10 -520 -83 -13 65234 1500
3P1 72541 -165 -129 -1531 7 -2 -16 -164 -4 70537 1550
3P2 78771 -182 -157 -1072 -22 -5 -17 -147 -22 77147 1110

4f135s 3Fo

4 33684 -2195 -102 -1234 -622 21 20 2220 -717 31076 3490
3Fo

3 38288 -2173 -106 -1274 -640 15 20 2210 -721 35619 3490
3Fo

2 56181 -2083 -121 -1234 -620 20 20 2201 -716 53649 3410
1Fo

3 61408 -2072 -131 -1307 -652 10 20 2195 -728 58744 3430

TABLE V. Contributions to Os16+ energies (in cm−1) obtained using CI with excitations from the increasing number of atomic
subshells. The results of the base run, performed with a small 7spdfg basis set with the 5s and 4f shells open, are listed under
column ‘5s4f ‘. Contributions from opening subshells are given separately in the columns labeled “nl contr.”, where nl indicates
the subshell opened. The final energies with all 60 electrons correlated by CI are listed in column “Final.”

Configuration 5s4f 4d 4p 4s 3d 3p 3s 2p 2s 1s Final
contr. contr. contr. contr. contr. contr. contr. contr. contr.

4f125s2 3H6 0 0 0 0 0 0 0 0 0 0 0
3F4 9630 -113 -450 10 -1 -40 1 1 0 0 9039
3H5 21060 -83 -8 9 76 37 -2 1 0 0 21090
3F2 29496 -166 -275 18 84 20 -1 2 0 0 29177
1G4 30895 -459 -611 -145 33 -91 -13 3 1 0 29614
3F3 32655 -317 -310 -12 75 -17 -5 2 0 0 32072
3H4 49477 -210 -386 46 158 60 -1 2 0 0 49145
3D2 57275 -1004 -591 -125 80 -107 -15 5 1 0 55519
1I6 68808 -1647 -198 -40 94 -68 -10 3 1 0 66943
3P0 69355 -1105 -615 -94 80 -182 -16 10 2 0 67436
3P1 74623 -1575 -507 -82 83 -159 -16 8 2 0 72377
3P2 80751 -1192 -788 -197 140 -110 -23 7 1 0 78589

4f135s 3Fo

4 26041 8200 -557 -1824 333 -250 -323 -81 -47 -4 31489
3Fo

3 30599 8227 -539 -1811 342 -247 -326 -81 -47 -4 36115
3Fo

2 48599 8127 -545 -1812 405 -218 -325 -81 -47 -4 54098
1Fo

3 53597 8318 -507 -1792 404 -220 -331 -81 -47 -4 59337


