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Optical transitions near the elusive 5s-4 f level crossing in highly charged osmium
with sensitivity to physics beyond the standard model
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Optical transitions in highly charged ions can be very sensitive to hypothetical beyond-the-standard-model
phenomena. Those near the degeneracy due to the 5s-4f level crossing are especially promising. We present

measurements of Os'> 1617+

ions at an electron beam ion trap and corresponding predictions of several transitions

that show a high sensitivity to hypothetical fifth forces and possible violations of local Lorentz invariance. We

found electric quadrupole transitions in Os'¢*

, which are suitable for frequency metrology due to linewidths

down to 44 uHz. Our calculations show the need for including enough inner-shell excitations to avoid an over-
estimation of interconfiguration transition rates, which were too faint for detection at the present signal-to-noise

ratio.

DOLI: 10.1103/p347-47ys

Introduction. Very recently, by applying quantum logic
[1] to frequency metrology [2,3] of sympathetically cooled
highly charged ions (HCI) [4,5], a precision close to that
of state-of-the-art optical clocks [6] for neutral and singly
charged atoms has been reached at the German metrol-
ogy institute Physikalisch-Technische Bundesanstalt (PTB)
in Braunschweig [7—13]. This enables searches for physics
beyond the standard model (BSM) [14] using, e.g., King-plot
analysis [15-17] to probe hypothetical Yukawa interactions,
as just demonstrated at PTB [12]. The sensitivity of HCI to
various BSM effects, such as variation of the fine-structure
constant ¢, is highest near orbital crossings [18-20] where
the filling order changes. However, predictions for the en-
ergy levels are extremely difficult in the interesting case of
the 5s-4 f orbital crossing [21-23]. Here we investigate both
theoretically and experimentally one of the most promising
candidates for this crossing. It was at first expected to provide
laser-accessible optical transitions between fine-structure lev-
els of the [Pd]4f'25s? and [Pd]4f'35s configurations in the
Nd-like iridium (Z = 77) Ir'7* ion. They were, however, not
found, and recent predictions show that they should appear in
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the vacuum ultraviolet range instead [24,25], a region hitherto
unexplored for this ion. In the present work, we study Nd-
like Os'®* (Z = 76), which has a smaller splitting between
the relevant configuration, with newer calculations predicting
laser-accessible transitions there [26]. Moreover, the lowest
excited state couples to the ground state by an ultranarrow
electric quadrupole (E2) transition well suited for frequency
metrology.

One advantage of HCI is the strong binding of the outer
electrons [14], which are less affected by external perturba-
tions than atoms and singly charged ions. Their wave function
strongly overlaps with the nucleus, enhancing hypothetical
BSM electron-neutron interactions accessible to the general-
ized King-plot method [27]. Osmium is very well suited for
such studies, with seven stable, naturally occurring isotopes,
among them five with zero nuclear spin, since its high nuclear
charge causes large relativistic effects. In Os!®", these are
markedly different for s and f electrons, giving their intercon-
figuration transitions an outstanding sensitivity to a potential
o variation and to hypothetical violations of local Lorentz
invariance [26].

Theory. To assist line identification, we perform large-
scale configuration interaction (CI) calculations for this ion,
systematically accounting for correlation effects between the
[1s2...4d'°] closed-shell core and the 14 f valence electrons.
In total, we calculate 13 low-lying even-parity energy levels
and four odd-parity energy levels, see the “PCI” column of
Table III. The vast number of configurations with small indi-
vidual weights that arise here requires the inclusion of many
to achieve convergence. We sped up by a factor of three the
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TABLE 1. Selection of E1 reduced matrix elements (4f'25s%||D|| 4£'35s) (in 10~ atomic units, a.u.) and transition rates A, (in s7') in
different approximations. Calculations are performed with a 7spdfg basis set. Predicted wavelengths A (in nm) and their uncertainties are
listed in the second column. Results obtained in the framework of 24-, 30-, and 60-electron CI are listed in columns “4d open,” “4p open,”
and “all open,” respectively. Final values and uncertainties listed in columns “Final” and “Uncertainty” take into account the correlation of
all 60 electrons, along with other correlation corrections. Transition-rate uncertainties originate from those of D and the respective energy

uncertainties.

Transition D (x107% a.u.) Ay (s7hH

a—>b A (nm) 4d open 4p open all open Final Uncertainty 4d open Final Uncertainty
S -3F 45178 1.93 0.31 0.37 0.12 0.27 12.62 0.04 0.16
SHy-3Ff 555+ 2.46 2.12 1.94 1.75 0.24 4.61 4.02 2.59
SHy-3FP 743738 3.61 2.45 2.34 2.12 0.21 3.34 247 1.98

SR -3F 374%35 2.43 0.91 0.99 0.87 0.17 42.95 4.19 2.35

P -CF 42617 1.48 1.19 1.11 1.01 0.11 10.61 5.36 2.74
1R 5437132 2.69 1.52 1.61 1.60 0.10 16.16 6.47 3.88

Hamiltonian construction using a bitstring-determinant stor-
age and manipulation method developed for the PCI package
[28] based on Ref. [29].

We construct our basis set based on previous work with
Ir!"* [25] expanding it to include orbitals with principal quan-
tum number up to n = 13 for partial waves up to / = 7, and
comprising all orbitals up to 13g, 12k, 11i, and 10k. We
gradually expand the basis set until convergence 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 7spdf g basis set. We refer to allow-
ing excitations from an inner shell as opening the shell.

First, we performed shell-by-shell CI calculations follow-
ing Ref. [25] to account for inner-shell correlations. As in
Ir'7*, we found the largest contributions from opening the 4d
shell, shifting the configuration splitting by ~8000 cm~!, fol-
lowed by opening the 4p and 4s shells, which give an overall
contribution larger than the contribution from the innermost
shells with n < 3. Although even-parity levels are largely
unaffected, odd-parity levels shift by about —2100cm~'. We
then expand the basis set to 13g12A11i10k and extrapo-
late higher n partial-wave contributions. Allowing excitations
from 4f'* leads to negligible shifts for most states. Finally,
we include (i) single and double excitations from 4f!25p?
and single excitations from six dominant odd-parity config-
urations within 30-electron CI, and (ii) triple excitations from
412552 and 4 f'* within 14-electron CI. The results are shown
in column “PCI” of Table III, with details given in the Sup-
plemental Material [30]. Note that for convenience we assign
LS-coupled term symbols to each level based on their largest
contributor even though intermediate coupling applies here
due to significant relativistic effects. The largest shifts arise
from including the inner shells with n = 3, 4, higher partial
waves, and additional reference configurations. Limitations of
our local computing cluster impeded the full inclusion of these
effects, potentially leading to a sizable underestimation. We
assign uncertainties accordingly to reflect these omissions.

We also determined electric dipole (E1), magnetic dipole
(M1), and electric quadrupole (E2) transition rates by cal-
culating respective reduced matrix elements between the
investigated states. Typical selection rules for light and singly

charged ions do not apply in the intermediate-coupling regime
of the HCIs investigated here. Instead, the strongest optical
transitions are of M1 type and they can take place between
different terms due to state mixing. The El transitions are
rather weak due to the relatively small overlap between the
5s and 4f orbitals. In our calculations we found that the
El reduced matrix elements (4f'25s%||D| 4f'35s) strongly
depend on which shells are treated as open. In contrast,
we find that reduced matrix elements of the M1 operator
and the corresponding transition rates are only weakly af-
fected by additional correlation corrections. For example,
for the 4f125s? 3F,-4f135s 3F? El transition, our result
at the reference 7spdfg level within the framework of the
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FIG. 1. Examples of spectra. (a) Overview taken with
150 grooves/mm grating showing lines of varying intensity of
osmium ions in three charge states and two lines from impurities
(marked with an X). Bottom: High-resolution spectra with fits of
our line-shape model in orange. (b) Weakest identified transition
in Os'®*. (c) Transition between the two lowest states of the Os'’*
4f" configuration. (d) A strong Os'®" transition. (¢) Ground state
transition of Os'>*.
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TABLE II. Measured and inferred vacuum wavelengths A, of Os'>*, Os'®*, and Os'”* with identifications. Transition rates A, are based
on our PCI calculations for Os'®" and AMBIT [39] ones for Os'>!7*. R: Ritz-Rydberg combination.

Config. Transition Ayac (NM) Ag (s7H Type
OS]S+
4113542 °Fy, - 2F), 445.03146(63) 181 M1
OS]6+
411355 'R 3R 360.11375(17) 196 Ml
'R’ -3R° 429.6482(11) 6.5 M1
R°-R° 547.7247(38) 141 Ml
4112542 p -k 242.3348(17) 91 M1
242.34080(16) R
SHy-3Fy 247.1159(8) 13 M1
247.11704(19) R
SH, - *Hs 356.28870(9) 249 Ml
3Dy - 3R 395.74681(36) 136 Ml
B3R 436.95983(16) 189 Ml
3P -3Ds 437.48246(36) 165 M1
3Dy -3F 448.62855(31) 129 Ml
3Hs - *Hg 472.19841(26) 248 M1
'Gy-3F 491.79063(29) 92 Ml
SHy-'Gy 496.70195(72) 77 M1
3Hy - *F 568.7831(25) 8.1 Ml
568.7876(11) R
3P -3Dsy 625.17496(60) 43 Ml
B3R 502.3391(12) R 3.99 x 1073 E2
3Fy - *Hs 1139.2103(78) R 436 x 1073 E2
OS17+
4113 2F, - PF), 436.2751(20) 185 M1
411254 3Hyij - *Hysp 363.986(21) 296 M1
4111542 R YA (N 500.689(25) 319 M1

24-electron CI (the column “4d open”) agrees with the pre-
vious theory [26]. However, adding correlations from the
4p shell reduces the amplitude from 1.93 x 107 a.u. to
0.12 x 1073 a.u,, lowering the transition rate to below 1 sL,
as shown in Table I. We attribute this effect to negative
contributions from one-electron 4p-5s matrix elements. This
shows that calculations neglecting inner-shell correlations are
unreliable for interpreting measurements. Inclusion of the A
partial wave further reduces the interconfiguration transition
rates, likely through the cumulative effect of many small but
non-negligible admixtures. Detection of such interconfigura-
tion lines at the long sought-after 5s-4 f level crossing would
provide the most «-variation-sensitive transitions. Table 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 as-
signed by adding the respective contributions in quadrature.
For 3F - 3F4°, 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 electron
beam ion trap (EBIT) [31-33]. The Heidelberg EBIT (HD-
EBIT) ran with a 40 mA, 400eV electron beam compressed
by its 8 T magnetic field. This beam radially traps approx-
imately 3 x 10° Os'®* ions in its negative space-charge
potential, which are moreover axially confined by biased
drift tubes, forming a cylindrical cloud of 50 mm length
and 0.1 mm diameter. Osmium atoms were sourced from a
tenuous molecular beam of osmocene, a volatile organometal-
lic compound that the electron beam dissociates. Sequential
electron-impact ionization and suppressed charge exchange in
the 4-K environment allows selection of the desired charge
state by appropriately setting the electron-beam energy and
axial trap depth. A rotated image of the horizontal ion cloud
is focused onto the vertical entrance slit of a 2 m focal-length
grating spectrometer by a set of lenses and mirrors. For cal-
ibration, a diffuse reflector illuminated by a hollow-cathode
lamp is moved in and out of an intermediate image plane
between lenses. A low-noise CCD camera acquires the HCI
spectra with exposure times of 1h. Dark images without
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FIG. 2. Level scheme of Os!®" based on the present measure-
ments, cf. Table III. M1 transitions shown as solid lines; E2 clock
transitions are dashed. Disconnected levels and the interconfiguration
splitting taken from our PCI predictions.

trapped ions are recorded to remove the stray light back-
ground and correct for the sensitivity of each camera pixel.
Calibrations at regular intervals remove the effect of thermal
and mechanical drifts of the spectrometer. These procedures
allowed us to reach wavelength fractional uncertainties as low
as AL/A = 2.5 x 1077 [16,17,22,34-38].

Our initial observations with a broadband 150 grooves/mm
grating blazed for 500 nm to cover the region 316—-810 nm
and a 1800 grooves/mm holographic grating for the 227-
323 nm range showed many Os'>!%!"* lines, including very
weak ones. Here, a broad entrance slit width of 150 um
yielded strong signal at low resolution. We set three dif-
ferent electron-beam energies for determining the emitting

charge states based on the line intensities. Next, lines as-
signed to Os'®" and some belonging to Os'>* and Os!’*
were remeasured at high resolving power using gratings with
1800 grooves/mm or 3600 grooves/mm grating and a 60 um
slit. In some cases, we measured the lines in second diffraction
order for higher resolution and access to more calibration
lines. Each HCI line was recorded for at least 7 h, while up
to 34 h were spent on weak ones.

Identifications. We assigned lines to Os'®" by compari-
son of their predicted wavelengths and characteristic Zeeman
splitting in the 8T field of HD-EBIT. We modeled the
line shape based on the total angular moment J and the
predicted g; factors (see Table III). The hyperfine struc-
ture of the '8718°0s isotopes was not resolvable. Relative
amplitudes of the Zeeman components were derived from
Clebsch-Gordan coefficients of the |J, m;) states and ac-
counting for the multipole-radiation patterns. Fitting this
model gave us unambiguous identification of 15 M1 transi-
tions within configurations (see Fig. 1 and Table II). Several
identifications are also supported by previous analysis of
wavelength scaling laws versus nuclear charge [22]. We mea-
sured the transitions connecting the 3p-3F, states and Hy-3 Fs
and also by analyzing those going through an intermediate
state, as shown in Fig. 2; such Ritz-Rydberg combinations
also confirm our identifications.

Our M1 line identifications fully reconstruct the fine struc-
ture of the Os!®T 4f1355 configuration and nearly the full
412552 one, with levels listed in Table IIT and displayed in
Fig. 2. Our most advanced PCI calculations agree best out of
all theory predictions with an average deviation of only 0.6%
from experimental values. Based on the experimental level en-
ergies, we locate the ultranarrow E2 transitions from the 3He
ground state to the first excited state *F; with an uncertainty

TABLE III. Level energies of Os!®* based on measured transitions (see Table II) with fitted g factors, compared with calculations from
Ref. [26] and from this work using AMBIT [39], FAC [40], and PCIL.

Measured Ref. [26] AMBIT FAC pPCI
Config. Level E (eV) g-factor E (eV) g-factor E (eV) g-factor E (eV) E (eV) g-factor
412552 ’He 0 1.147(2) 0 1.164 0 1.164 0 0 1.164
3Fy 1.0883346(74) 1.137(5) 1.188 1.137 1.133 1.138 1.235 1.101(10) 1.142
3Hs 2.6256801(14) 1.017(3) 2.781 1.033 2.672 1.033 2.618 2.611(16) 1.033
’F 3.556472(13) 0.99(6) 3.803 0.824 3.724 0.834 3.950 3.585(61) 0.837
Gy 3.6094115(59) 0.986(5) 3.799 0.989 3.690 0.992 3.688 3.602(17) 0.989
3R 3.9257624(84) 1.060(5) 4.157 1.083 4.057 1.083 4.128 3.928(36) 1.083
*H, 6.1055603(23) 0.904(5) 6.210 0.927 6.215 0.920 6.155 6.085(37) 0.920
3Dy 6.689389(10) 1.119(4) 7.196 1.130 6.998 1.124 7.311 6.734(119) 1.129
s - - - - 8.325 1.0026 8.579 8.091(169) 1.003
P - - - - 8.449 0 8.980 8.088(186) 0
’p 8.672581(12) 1.469(12) - - 9.117 1.500 9.565 8.745(192) 1.500
p 9.523428(13) 1.188(4) - - 9.916 1.209 10.257 9.565(138) 1.201
41355 S X 1.254(4) 4.080 1.250 3.702 1.250 3.416 3.853(433) 1.250
3FY x+0.5572030(88) 1.042(4) 4.641 1.0524 4.297 1.054 4.006 4.416(433) 1.053
SEY x+2.820826(24) 0.663(4) - - 6.562 0.667 6.147 6.652(423) 0.667
o x+3.4429177(15) 1.043(5) - - 7.226 1.029 6.830 7.283(425) 1.030
4f14 IS0 - 0 - - 14.155 0 14.491 12.786 0
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of 9.3 GHz and from there to the *F state with 0.584 GHz
uncertainty (see Table II). This narrows the search range for
precision laser spectroscopy with methods recently developed
at PTB [10,11]. Subsequent quantum logic spectroscopy on
these E2 transitions using auxiliary M1 lines could result in
an optical atomic clock of exceptional accuracy and highest
sensitivity to local Lorentz invariance [9,26].

Having identified all strong lines as M1 transitions, the
remaining weak ones could be due to the strongest E1 inter-
configuration transitions, such as the ones listed in Table I.
Beyond transition rates, observed line intensities also depend
on the mechanisms populating their upper states and the
detection efficiency of the setup. We identified the *Hy->F3
transition, having a predicted rate of 6.5 s~ with a signal-to-
noise ratio (SNR) of 5. Therefore, the E1 transition from the
same upper level *Hy to *F) was expected to have an SNR
only slightly above 1, and the one to *Fy> should be too unde-
tectable due to a grating efficiency far from its optimum. We
find several unidentified candidates for the former transition in
the recorded spectra, but either their line shapes did not match
the predicted one, or were too weak to measure accurately.
They could also be M1 transitions between higher metastable
states [38], or originate from Ba or W impurity ions (from
the cathode material) present in the trap and not eliminated by
our adjustments of trapping potential and regular reloading of
osmium sample.

To predict intensities of other El lines we rely on level
populations predicted using the collisional radiative modeling
(CRM) module of the flexible atomic code [40]. Our previous
work on line intensities in the extreme ultraviolet spectrum
of Os'®" showed that the relative steady-state populations
can differ by orders of magnitude [41] from each other. We
confirm the accuracy of the current predictions in the opti-
cal range by comparing the intensity of two simultaneously
measured, closely spaced lines at 437 nm, where differences
in detection efficiency are negligible. CRM calculations yield
a population ratio in the upper states PCF;)/P(P,) = 6.5,
which, together with the predictions from Table II, leads to
a predicted intensity ratio of 5.7, close to the measured value
of 5.3. Combining these results with the predicted E1 rates
and detector efficiency shows that the sought-after intercon-
figuration lines are too weak to be definitively detected at the
present SNR.

Several strong M1 lines of Os'>* and Os!"* were also
identified (see Table II). For those, level energies with an accu-
racy of approximately 2%, g, factors and transition rates were
also calculated using ambit [39]. Although not all transitions
were measured at high resolving power, the uncertainties are
sufficiently small to enable laser searches in a reasonable time
[11]. The transitions found here are suitable for generalized
King-plot searches of a hypothetical fifth force using several
transitions in different isotopes [12,27].

Conclusions. We measured a large set of forbidden opti-
cal M1 transitions in Os'>*16+17+ jons and experimentally
determined most level energies of the Os!®" 4f1255> and
4f135s5 level-crossing configurations. These are in excel-
lent agreement with our theory, which furthermore predicts
the interconfiguration E1 transition rates to be much lower
than previously predicted, due to insufficient consideration
of inner-shell excitations. While interconfiguration transitions
remained undetectable, the high sensitivity of our experi-
mental setup provided accurate wavelengths determination of
spontaneously emitting weak M1 optical transitions. Longer
exposure times and background reduction could allow de-
tection of the even weaker interconfiguration transitions if
branching ratios are favorable. We also discovered two ul-
tranarrow clock transitions in Os'®t that are suitable for
frequency metrology and searches for local Lorentz in-
variance. Frequency metrology of the reported ground-state
transitions in the seven stable osmium isotopes is expected to
yield excellent sensitivity to a hypothetical fifth force using
the generalized King-plot method [12,27].
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