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We measure optical spectra of Nd-like W, Re, Os, Ir, and Pt ions of particular interest for studies of a
possibly varying fine-structure constant. Exploiting characteristic energy scalings we identify the strongest
lines, confirm the predicted 5s-4f level crossing, and benchmark advanced calculations. We infer two
possible values for optical M2/E3 and E1 transitions in Ir'7* that have the highest predicted sensitivity to a
variation of the fine-structure constant among stable atomic systems. Furthermore, we determine the
energies of proposed frequency standards in Hf'>* and W4+,
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Highly charged ions (HCIs) are currently in the focus of
theoretical studies analyzing their applications to frequency
metrology and tests of a variation of the fine-structure
constant a [1-12]. In most of the proposed HCIs with
atomic number Z = 55-98 and in charge states from 7 to
35, the complex electronic structures are experimentally
unknown, and accurate calculations are extremely difficult.
In view of novel techniques for sympathetically cooling
HCIs in Paul traps [13-15] aiming at quantum logic
spectroscopy on highly forbidden transitions [16], such
data are urgently required.

Observations from quasar absorption spectra have sug-
gested a spatial variation of the value of the fine-structure
constant a over cosmological dimensions [17], character-
ized by a dipolar distribution with a value of 107 GLyr™!.
Laboratory experiments [18-21] have not yet reached the
accuracy needed to test this dipolar pattern, which trans-
lates to a temporal variation of 107! yr=! [22] due to the
motion of the Earth. Future optical clocks based on HCIs
[3] could improve such tests. Interconfiguration transitions
in HCIs have a high sensitivity to a variation of a due to
large relativistic contributions to their binding energies.
Advantageously, they have a strongly suppressed sensitiv-
ity to external perturbations [12]. However, interconfigura-
tion transitions quickly shift from the optical laser range
into the extreme ultraviolet or x-ray region with increasing
charge state [23]. Nonetheless, at level crossings with two
or more nearly degenerate electronic configurations,
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forbidden, and thus narrow, optical transitions with an
enhanced sensitivity [1,2] arise. In particular, the Nd-like
system Ir'7* offers narrow lines between three electronic
configurations 44, 4f135s!, and 4£!25s with the highest
ever predicted sensitivity in a stable atomic system [2].
However, calculations for this system are exceptionally
difficult, and the predicted energies for intraconfiguration
M1 transitions ideally suited for clock applications [6] can
exhibit errors on the 10% level, as can be seen below. For
interconfiguration transitions, uncertainties at the eV level
are expected. Thus, optical line identification becomes
extremely difficult.

In this Letter, we demonstrate a method to reliably
identify transitions in such complex systems. It employs the
basic laws governing atomic fine-structure splitting, which
predict smooth energy scaling of the M1 transitions as a
function of the atomic number Z (see Fig. 1). The method
is advantageous for a growing number of proposed appli-
cations [1-9,11]. We stringently test the results by an
independent identification based on resolved Zeeman
splittings in the strong magnetic field of an electron beam
ion trap (EBIT). Armed with these identifications, we could
confirm the predicted 5s-4f level crossing and benchmark
our own atomic structure calculations.

The experiment was performed with the Heidelberg
EBIT [24]. Atoms injected into the EBIT are sequentially
ionized to the desired charge state and subsequently
excited by a monoenergetic electron beam focused to
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FIG. 1 (color online). Grotrian diagrams based on our Fock
space coupled cluster calculations of the (a) 4f'25s%, and
(b) 4f135s! configurations of Nd-like W, Re, Os, Ir, and Pt
(Z = 74-78). A smooth energy scaling depending on the atomic
number, shown here relative to the levels (a) *F;5 and (b) *F' 9, 1s
observable. In (c), the energy separation between the lowest
energy states in each configuration, 4114 1Sy, 41355 3F¢, and
4f1255%3Hy, is plotted. The three configurations cross near Ir!’*+
resulting in several a-sensitive optical transitions in this species.

approximately 50 ym diameter by superconducting
Helmholtz coils. These ions are axially trapped in a
potential well formed by the surrounding drift tubes and
radially confined by the negative space-charge potential
of the electron beam. Moderate currents in the range of
10-40 mA were used to avoid excessive ion heating due to
electron collisions. Scanning the electron beam energy
enables the assignment of lines to specific charge states (see
Refs. [25,26] and references therein). We tuned the electron
beam energy in the range of 170-900 eV to maximize the
signal of the required charge state. The ions are collision-
ally excited to a dense manifold of levels close to the
continuum and cascade down to the ground state, emitting
photons ranging from the VUV to the visible range. We
studied the Nd-like isoelectronic ions W!4, Re!>t, Oslo,
Ir'7+, and Pt'8* (Z = 74-78) in the optical region spanning
250-650 nm. To facilitate charge state identification,
spectroscopy in the extreme-ultraviolet domain was also
performed [26].

To obtain spectra, the trapped ion cloud is imaged onto
the entrance slit of a Czerny-Turner spectrometer. For
overview spectra, a 300 lines/mm grating provided a
resolving power of 1250. The brightest spectral lines of
Ir were additionally acquired with a 2400 lines/mm
grating, reaching a resolving power of 30 000, sufficient
to separate the Zeeman components split by the 8§ T

magnetic field of the EBIT. Spectra were recorded with
a CCD having 2048 x 512 pixels, a size of 30 x 8 mm?,
and cooled with liquid nitrogen [thermal noise 1
e~ /(pixel h), readout noise 3e~ /pixel]. We corrected the
images for astigmatism and coma and removed cosmic ray
events before integrating over the nondispersive axis of the
CCD chip to generate spectra. Calibration spectra were
obtained using hollow-cathode spectral lamps, as in earlier
work [27,28]. The final wavelength uncertainties are
estimated to be 0.02 nm for the 300 lines/mm grating
and 107*~1073 nm for the 2400 lines/mm grating.

Between 9 and 30 transitions for each element and
charge state were analyzed [29]. For the five elements under
investigation, we expect a smooth energy dependence on Z
for each transition (indexed with subscript i, see Fig. 1).
First, these theoretical energy scalings are parametrized by
Taylor expansions of the form

Ez(Z) = Ai + Bl<Z - Zmea.n) + Ct(Z - Zmeam)2 (1)

describing this behavior sufficiently well. Second, an
algorithm automatically searches the experimental spectra
for such scalings using all possible combinations of
measured transition energies, with A;, B;, and C; as fit
parameters. The scaling functions are expanded around the
central Os'®" spectrum using Z,.,n = 76. A comparison
between the experimental fits and the parameters extracted
from relativistic multireference Fock space coupled cluster
(FSCC) calculations [37,38], performed using the TRAFS-
3¢ atomic code [39], is shown in Fig. 2(b). On the basis of
the theoretical predictions, we enforce a maximum fit
residual given by a standard deviation < 1 x 1073 eV on
experimental scalings. Additionally, only linear terms with
0.05eV/Z <B; <0.35eV/Z and quadratic ones with
0.0001 eV/Z> < C; <0.02eV/Z> are considered. A
Monte Carlo method was applied for estimating the number
of expected false positives by randomly redistributing the
spectral lines in each measured spectrum, yielding a
probability below 5% for finding even a single false
positive. As shown in Fig. 2(b), the combined information
derived from the fitted coefficients and the corresponding
curves reveals the underlying isoelectronic transitions.
Third, by comparing the experimental (A;, B;, C;) param-
eters with their theoretical counterparts and minimizing the
associated y?, a clear identification of the specific levels
involved in the transitions was achieved. We estimate that
the transition energies of the neighboring isoelectronic ions
can be extrapolated with an uncertainty of a few meV.
Besides the Z scaling of the transition energies, the
complexity of changes in the line intensity patterns gives
additional confidence that level crossings do occur.

An immediate application is the transition 3F,-H in
Nd-like Hf'>* and W4+, suggested as a frequency stan-
dard with radiative width on the order of 4Hz and potential
relative systematic uncertainties of less than 10719 [6]. For
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FIG. 2 (color online).

Identification of transitions by their characteristic energy scaling for Nd-like W, Re, Os, Ir, and Pt ions. In (a),

their measured optical spectra (black lines) are shown; transitions belonging to other charge states are depicted in gray. Several transition
energies E; (symbols) are found to follow a function given by Eq. (1) (colored lines). A comparison between the fitted offsets A; and the
linear coefficients B; (filled symbols) and the corresponding parameters predicted by Fock space coupled cluster calculations (open
symbols) is shown in (b). Uncertainties on the fitted parameters A; and B; are smaller than the symbol. Not all possible transitions could
be observed and two theoretically expected scalings (black crosses) have not been identified at the current sensitivity. Through a y?
minimization of theoretical and experimental (A4;, B;, C;)-parameter assignments, spectral lines along the measured isoelectronic

sequence can be clearly identified with their transitions.

W4, we infer (using 3F4-'G,-*H,-*Hs-3Hy) its value to
1.0140(2) eV (from Ref. [6], 1.141 eV). By following the
M1 scaling functions for these levels, we extrapolate
the energy of the same transition in Hf'?* to 0.934(6) eV
(from [6]: 1.062 eV).

We tested these identifications using high-resolution
spectra of the brightest Ir'’* spectral lines. The Ir'’* line
shapes are compared to a model using the g factors g (¢') of
the upper (lower) levels calculated with the AMBIT code

[40]. The relative amplitudes were obtained through

squared Clebsch-Gordan coefficients (C;n'f] o

)2, where
J (J') is the upper (lower) level total angular momentum,
my is the upper level magnetic quantum number, and Am is
the change of m;. The theoretical line patterns are con-

volved with a Gaussian function yielding
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as a function of energy E, with E; being the center of the
spectral line. The separation of the Zeeman components is

proportional to the 8.000(5) T magnetic field B. The three
fit parameters are the amplitudes for the different polar-
izations a_; = a; and qg, taking into account the signal
strength along the direction of observation assuming
equally populated excited magnetic substates, and a
common width w resulting from Doppler broadening
and instrumental resolution [28]. The excellent agreement,
within the expected error of the calculated (g, ¢') factors,
between fit and experimentally observed spectrum shown
in Fig. 3 validates the M1 scaling identification.

Optical transitions in Nd-like systems near level-crossing
degeneracies represent a stringent benchmark for atomic
structure calculations of strongly correlated many-electron
HCIs. Figure 4 shows a comparison between our exper-
imental results and different ab initio calculations, four of
which are part of this work. We find that FSCC calculations
are the most accurate, with a standard deviation of only
0.03 eV. This experimental outcome proves their suitability
for the reliable identification of most observed transitions,
even in complicated cases like the present one.

Employing Ritz’s combination principle with three
transitions (see Fig. 1), using the known 'D,-*F, M1
transition, we assigned the transitions 3P, F, =
5.4691(5) eV and *P,-'D, = 2.07395(7) eV, in very good
agreement with FSCC predictions. In order to find further
assignments, we use combinations of four transitions.
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FIG. 3 (color online). Identification of highly resolved Ir'7*

spectral lines between odd(even)-parity states belonging to the
4f1355! (4f'255%) configurations using their Zeeman compo-
nents. Their characteristic splitting (measured, black lines) is
fitted with a model function [red line, see Eq. (2)] using
calculated Zeeman components (black squares: Am = +1, blue
triangles: Am = 0, red circles: Am = —1).

Interestingly, this leads to two possible scenarios including
two weak El interconfiguration lines: 3*F,- F{=
5.1623(4)eV  and 3F3-'F§ =4.5619(3) eV (using
SF3-3F,3FS-'F)  or 3F3-'F§=5.1623(4) eV and
1G4-'F§ = 4.8441(4) eV (using *F3-3F4-'G,-'F). With
this result, the closeness of the two configurations 4f'35s
and 4f1255% is proven. This discovery paves the way for
numerous important applications of HCI. We can further
infer two possible values for the sought-after M2/E3
transition: *Hg->F$ = 4.0392(4) or 4.6397(4) eV, respec-
tively. Our CIDFES calculations favor the first candidate,

— T ——————————
Exp. o l + b _
(@ L[ [ l - _
(b), ISP
(©) N e
(d) | l A
oy ANy L
| 2!5 T 3{0 T 3{5 T 4?0 Io{oloizl

Energy (eV) Difference (eV)

FIG. 4 (color online). Left: Comparison between the
experimental spectrum of the Nd-like Ir'’* ion and different
atomic calculations performed in this work [except ()] using the
same symbols and colors for the transitions as in Fig. 2. For
theories, only M1 transitions in the 4f'?5s5> and 4f135s!
configuration are displayed, using Einstein coefficients as am-
plitudes. (a) Fock space coupled cluster, (b) configuration
interaction Dirac-Fock Sturmian (CIDFS) [41,42], (¢) COWAN
code [43], (d) Flexible Atomic Code (FAC) [44], (e) configuration
interaction (CI) [2,45]. Einstein coefficients were not available
for the FSCC and CI methods; the FAC ones were used instead.
The identified M1 transitions (symbols) in the data are connected
across the spectra. Right: Mean difference (symbols) and stan-
dard deviation (error bars) between theories and experiment. The
average separation between the measured transitions of 0.1 eV is
indicated with the green band.

while our CI calculations favor the second one. The former
agree better in general with the observed M1 transitions.
However, we do not have sufficient evidence to claim the
same for E1 transitions. According to a Monte Carlo
estimation, the a priori chance is 16% to draw a single
false positive and for two false positives it is a few percent.
Both mutually exclusive scenarios have similar likelihoods.
The weakness of the E1 transitions compared to the bright
M1 lines is supported by our calculations showing that the
E1-matrix elements between the intervening configurations
are very small. However, the sensitivity and accuracy of
future measurements could easily be enhanced, and further
Ritz combinations may be uncovered, removing the present
ambiguity.

In conclusion, our spectroscopic study along the Nd-like
isoelectronic sequence of W4+ Re!>*, Os!6*, Ir'7*, and
Pt'8* has encompassed and revealed the 5s-4f level
crossing. Exploiting the fact that M1 fine-structure tran-
sitions smoothly scale with Z, we have demonstrated a
straightforward, reliable, and general method of spectral
line assignments by the isoelectronic scaling of transitions
(LINE ASSIST), with applications also to many other cases of
lesser or higher complexity. We have chosen prime exam-
ples with promising proposed applications and thus far
untested theory. High-resolution measurements of the nine
brightest lines in Ir'’* revealed their Zeeman splitting, and
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its analysis enabled independent identifications in perfect
agreement with the scaling method. In total, 85 spectral
lines were measured in Nd-like ions, of which 47 were
assigned to M1 transitions. Here, with dedicated FSCC
calculations, we have attained for this type of systems an at
least 3 times better accuracy within an electronic configu-
ration than other available advanced atomic structure
methods. This is probably due to an effective treatment
of the here-relevant electron correlations. Crucially, these
M1 identifications and a few E1 identifications in Ir'’* lead
to the inference of two possible values for the energy of the
uniquely a-sensitive and narrow M2/E3 transition in this
ion, a line with particularly interesting properties according
to recent systematic theoretical studies. Furthermore, the
transition energies of proposed optical clocks in Hf'>* and
W!4 were obtained. These steps enable follow-up laser
spectroscopic studies suitable for optical clock applica-
tions. For this purpose, we have recently commissioned an
experiment in which HCIs were extracted from an EBIT
into a novel cryogenic Paul trap [13] where they were
sympathetically laser cooled into Coulomb crystals at
temperatures of few mK [46], thus preparing HCIs for
quantum-logic readout schemes similar to that of Ref. [16].
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