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High-accuracy measurements of core-excited transitions in light Li-like ions
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The transition energies of the two 1s core-excited soft x-ray lines (dubbed g and r) from 15°2s 'S, to the
respective upper levels 1s(35)2s2p(3P)2P; ), and 2P, , of Li-like oxygen, fluorine, and neon were measured and
calibrated using several nearby transitions of He-like ions. The major remaining source of energy uncertainties
in monochromators, the periodic fluctuations produced by imperfect angular encoder calibration, is addressed
by a simultaneously running photoelectron spectroscopy measurement. This leads to an improved energy
determination of 5 parts per million, showing fair agreement with previous theories as well as with our own,
involving a complete treatment of the autoionizing states studied here. Our experimental results translate to an
uncertainty of only 1.6 km/s for the oxygen line gr blend used to determine the outflow velocities of active

galactic nuclei, ten times smaller than previously possible.

DOI: 10.1103/PhysRevA.110.L030802

High-resolution grating spectrometers onboard the
Earth-orbiting x-ray telescopes Chandra and XMM-Newton
have enabled the detection of inner-shell x-ray absorption
lines in ionized outflows of active galactic nuclei (AGN)
and the neutral interstellar medium (ISM) and warm-hot
intergalactic medium (WHIM) [1-4]. They reveal the physical
conditions of the ionized absorbing medium, among others
the velocities of outflows, plasma densities, and temperatures
[5-7]. The strongest 1s-2p inner-shell absorption lines of
light Li-like ions (referred to as ¢, r, following the notation
of Gabriel) are among the most important lines observed in
such environments. However, inaccurate transition energies
introduced systematic uncertainties, e.g., discrepancies of up
to 1.3 eV, have been seen in predictions of g and r of oxygen at
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~560 eV. This caused a velocity uncertainty of 700 km/s, as
large as the outflow velocities in nearby active galaxies, which
hampered the understanding of multicomponent out-
flows [8,9]. Uncertain transition energies also hindered the
disentanglement of absorption from different charge states
of oxygen in the ISM [10]. Experiments at the Lawrence
Livermore National Laboratory Electron Beam Ion Trap
(LLNL EBIT) [11] reduced the uncertainty to 20—40 km/s,
but individual core-excited fine-structure levels were not
resolved. The ¢ and r lines of Ne’* have also been proposed
as electron-density diagnostics in flares of stellar coronae, but
suffer both from their overlap with L-shell lines from iron
and theoretical uncertainties [12]. Similar problems occur
with the x-ray lines g and r emitted following dielectronic
recombination of heliumlike ions needed for determining
electron densities and temperatures in magnetically confined
fusion plasmas [12-14]. The utility of the aforementioned
cases depends on the quality of the utilized atomic data.
Unfortunately, Li-like ions still challenge contemporary
calculations, which have uncertainties at the few-meV level
for core-excited levels [15—18], far greater than in H-like and
He-like systems [19,20]. With few exceptions [21,22], earlier
x-ray measurements could not benchmark predictions [23] of
the core-excited states [1s(*S)2s2p(*P) ?P3, and Py ] due
to limited resolution [11,24-26]. Machado et al. [21] and
Schlesser et al. [22] used for ¢ and r in Ar and S a crystal

Published by the American Physical Society
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spectrometer with a resolving power of ~12 000, achieving
a wavelength accuracy better than 2-5 ppm, but at energies
below 1 keV available crystals and gratings offer neither
enough reflectivity nor resolving power. Other experiments
using merged beams of ions and photons [27] were lim-
ited by insufficiently accurate calibrations with molecular
x-ray absorption spectra [28,29]. Systematic uncertainties
were recently substantially reduced down to 15 ppm by using
Is-np transitions in He-like ions to independently recali-
brate molecular transitions [30,31]. State-of-the-art soft x-ray
monochromators with resolution exceeding 20 000 [32] still
suffer from calibration problems resulting from periodic er-
rors of angular encoders in use [33].

In this Letter, we present measurements at the P04 beam-
line of the PETRA-III storage ring in Hamburg, Germany [34]
resolving the ¢ and r lines in Li-like oxygen, fluorine, and
neon, and yielding transition energies with an accuracy of
approximately 5 ppm. A more than tenfold improvement
was made possible by mitigating systematic fluctuations
of angular encoders by simultaneous high-resolution pho-
toelectron spectroscopy (XPS). Our accurate measurements
benchmark predictions accounting for electron-electron cor-
relation, QED, and nuclear size effects, as well as general
and specific relativistic mass shifts. Moreover, we provide
accompanying large-scale calculations, which exhibit theoret-
ical uncertainties on par with state-of-the-art predictions while
taking the effect of autoionization shifts into account [18]. We
thereby provide both experiment and theory to test and bench-
mark the state-of-the-art calculations of Li-like theory for a
few selected elements. We acquire absorption spectra by scan-
ning the incident photon energy while counting the number of
fluorescence photons after resonant excitation, which are de-
tected by silicon-drift detectors (SDDs). At P04 [34], a photon
beam of 10'*y /s at 0.1% bandwidth is generated by an un-
dulator, which after monochromatization and transport losses
results in an approximately 10''y /s flux at the focus, which
is placed at center of our compact electron beam ion trap,
PolarX-EBIT [35]. The ions are produced by PolarX-EBIT,
by injecting a tenuous atomic or molecular beam containing
the element of interest. It crosses the electron beam, which is
focused by a magnetic field and set to an energy sufficient to
generate and trap the respective He-like and Li-like ions, but
below their K-shell excitation threshold. This ensures a good
signal-to-noise ratio in the silicon-drift detectors, which are
equipped with 500-nm aluminum filters for blocking most of
the low-energy stray light. Both detectors are mounted side-on
for registering soft fluorescence x rays produced by electron
impact and, crucially, upon resonant photoexcitation. This
method was demonstrated at the free-electron laser FLASH
as soft x-ray laser spectroscopy [36] and later also applied at
synchrotron-radiation facilities [30,33,37-42].

After optimizing the monochromator using the strong, nar-
row w (1s2p 'P; to 1s% 1Sp) line of oxygen [32] to achieve a
resolving power of more than 30 000, we can resolve g and r.
We then scan several times in discrete monochromator steps
of nominal energies a range containing the ¢ and r transitions
of the Li-like ion, and calibration lines including the w line of
the He-like ion of the same element, as well as a short series
of 1s? to 1snp transitions of the next lower element in atomic
number.

1snp P

152s2p 2P,

1s2s2p *P \ //
T
1s22s Py ;; Y 15 Sy

Li-like ion || He-like ion

FIG. 1. Scheme of our experiment. Passing a monochromator (1)
photons are focused onto the trapped HCI (2), with the relevant tran-
sitions and energy levels indicated. Fluorescence photons following
resonant excitation due to the incident photon beam are recorded by a
SDD (3). The outgoing beam continuously generates photoelectrons
from a gold target (4). A PES resolves the two prominent 4 f lines on
a detector (5) to monitor energy fluctuations.

Knowing the actual photon energy depends on accurate
readings of grating and mirror angles (6;, 6, in Fig. 1) in
the monochromator. Angular encoders measure them by the
transmission of light between several glass disks patterned
with opaque marks that overlap only at certain rotation-angle
steps. While the narrow linewidth of the recorded transitions
calls for steps of roughly 4 x 107> deg, the spacing between
the 36 000 reference marks of the Heidenhain RON 905 en-
coders used in the P04 monochromator delivers only 10~2-deg
dark-bright cycles. Between those marks, encoders interpolate
the angle changes 1000-fold using the quadrature signals of
several diodes measuring the light modulated by minor disk
rotations. This procedure is very sensitive to imperfections
of those analog signals, and thus empirical look-up tables
have to be regularly generated and stored in the hardware.
However, residual errors remain. Previous observations at P04
and beamlines elsewhere showed that nominal photon ener-
gies calculated from such interpolated readouts had periodic
subdivisional errors [43,44], leading to fluctuations in the
photon-energy readout. With two encoders needed to mea-
sure the diffraction angle, a double interpolation uncertainty
should affect most x-ray monochromators worldwide [43,44].
As we will discuss in the following, periodic changes with
peak-to-peak amplitudes of up to 70 meV have been found in
our case.

Since the off-axis electron gun of PolarX-EBIT lets
the photon beam exit downstream unimpeded, we perform
XPS [45] measurements for monitoring fluctuations of the
actual photon-beam energy (see Fig. 1). The hemispherical
photoelectron spectrometer (PES), ASPHERE [46], is perma-
nently installed at PO4 several meters downstream of the open
port where PolarX-EBIT is mounted. After passing through
it, the photon beam illuminates a gold target mounted in
PES that is electrostatically biased, where photoelectrons are
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FIG. 2. (a) Trace of energy deviations recorded by means of XPS of Au 4fs,, photoelectrons. The trace covers the energy range of the
Li-like neon ¢ and r measurement. (b)—(d) Example scans of ¢ and r lines for neon, fluorine, and oxygen and respective calibration lines are
superimposed with their, simultaneously acquired, photoelectron trace, which monitors the deviations of the demanded photon energy from
the actual energy. Each scan contains the resolved ¢ and r transitions of the Li-like ion, as well as various He-like calibration lines.

emitted from the Au 4f5/, 7/, states known for their large
cross sections [45,47,48] with a kinetic energy given by
Exin = E, — E4f + Vpias. While Vs is scanned on par with
the nominal photon energy in order to keep Eyi, nominally
constant, PES selects 4 f5,5 7,2 photoelectrons within a narrow
(= 15 eV) range encompassing both states, and guides them
to a microchannel-plate-amplified phosphor screen imaged on
a camera. This high selectivity together with the short-term
stability of ASPHERE allows us to monitor periodic energy
fluctuations from the nominal, linearly growing energy of
each scan.

While the 4f5,, 7,> photoelectron peaks should have fixed
positions at the detector, actual energy fluctuations induce
small centroid shifts of both peaks. After projection of the
detector image onto its dispersive axis, we continuously mon-
itor them with a few meV statistical uncertainty by fitting two
Voigt peaks and a linear background. Alternative fit models
did not significantly improve the fits. During photon energy
scans, the 4f5,,7/» peaks’ oscillations [see Fig. 2(a)] reflect

the interpolation inaccuracies of the two angular encoders.
Two distinct oscillation periods arise from the different
distances of the mirror and grating to the undulator x-ray
source and exit slit. This recording yields the photoelectron
traces used for correction. To calibrate the kinetic-energy
range covered by these traces on the photoelectron detector
image, we scan the bias voltage at a constant photon energy,
shifting the 4 5/, 7/» peaks across the detector. Subsequently,
traces are locally modeled at resonances using low-degree
polynomials within narrow energy windows (see Fig. 2), and
added as corrections to the nominal, yet uncalibrated, photon
energy scale derived from the monochromator-angle read-
out. Using this modified scale, the centroids of the highly
charged ion (HCI) fluorescence resonances are determined
by fitting Voigt functions. Under the present experimen-
tal conditions, we see several sources comprising Gaussian
and Lorentzian components, respectively. We associate the
Gaussian contribution with the inherent limitations in res-
olution of the monochromator and the thermal motion of
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FIG. 3. Comparison of our results with theory from Refs. [15,16]. Theory-experiment energy difference of g and r (a) and their fine-
structure splitting (b). Dashed lines mark experimental 1-sigma uncertainties, excluding those of our XPS data. The area shaded in green
includes all uncertainties. Predictions and uncertainties of Refs. [15,16] as well as of our calculations are shaded in red and purple, respectively.
The bold right-side axes in (a) show the accuracy in units of km/s, corresponding to the uncertainty of the AGN-outflow velocity.

the ions. The Lorentzian width, as shown in Ref. [33],
stems from the finite lifetime of the excited levels and the
pseudo-Lorentz instrumental component due to x-ray diffrac-
tion at the beamline components [44]. For absolute calibration
of the photon energy in each scan, we assign to the measured
positions of the He-like transitions predicted energy values
from Ref. [19], and fit the corresponding dispersion curves
using linear functions, except for ¢ and r of Li-like oxygen,
where a second-order polynomial was needed.

We found a systematic shift in the energies of ¢ and r
depending on whether the correction was derived from the Au
4 f7/> or the 4 5, peak (blue and red data points in Fig. 3). By
taking a weighted average of these individual results, we find
this shift being largest for neon with approximately 1.8 meV,
for fluorine 1 meV, and negligible for oxygen measurements,
and take it into account with an accordingly enlarged sys-
tematic uncertainty. These uncertainty bands are depicted as
dashed lines in Fig. 3. Repeated XPS measurements also
revealed a broader distribution of 47,5, 45/, centroids than
statistically expected, which we attribute to instabilities in the
voltage sources of PES. We estimate this systematic error
from the distribution widths found respectively as 5.3, 2.4,
and 2.3 meV for Ne, F, and O and add it in quadrature to
the total. See Supplemental Material [49] for details on error
estimation.

We then compare the measured energies of ¢ and r with
high-precision calculations of both the ground state and the
excited 1s2s2p states, including contributions from electronic
correlations, quantum electrodynamics (QED), and nuclear
recoil. Since the excited states can decay via electron emis-
sion, a so-called Auger-Meitner channel (see Fig. 1), they do
not have square integrable wave functions. For this reason,
the energies of autoionizing states can exhibit a strong depen-
dence on the basis set parameters, which limits the accuracy
of the standard high-precision approaches such as the configu-
ration interaction (CI) or coupled cluster. To properly account
for the energy shift resulting from the Auger-Meitner chan-
nel [50], we have used the complex scaling method [18,51—
53] to evaluate the energies of 152121’ levels of Li-like oxygen,
fluorine, and neon with extended configuration space.

In Table I and Fig. 3, we compare the experimental data
and our calculations with the existing predictions of Yerokhin
et al. [15] based on the basis-balancing method for the treat-
ment of the autoionization channel. For all elements, our
theoretical values for the ¢ and r transitions show a shift of
~5 and ~2 meV, respectively, from those of Refs. [15,16].
Although our complex rotation method is better suited for the
complete treatment of states with autoionization channels, our
experiment shows overall better agreement with Ref. [15]. It
is interesting to note that both predictions of fine-structure
splitting, i.e., the differences between ¢ and r, agree well
with our experiment. This suggests that the likely cause of
the discrepancy observed in the absolute energy comparison
may be due to electron correlation effects rather than the QED
corrections.

Figure 4 compares our results with predictions and mea-
surements of the unresolved oxygen gr blend of other
works. We also include earlier predictions from Vainshtein
and Safronova [54] showing one significant digit more

TABLE I. Measured energies of the 1s2s2p 2P3/2 (¢) and
15252p 2P, »2 (r) transitions, derived center of gravity (c.g.), and
differences from predictions. All values are given in eV.

This work Refs. [15,16]
Element Expt. Theory Theory
Z=38 q 563.0712(30)  563.084(2) 563.079(2)
r 563.0257(34)  563.035(2) 563.033(2)
c.g.  563.0560(23) 563.064(2)
q-r 0.0456(25) 0.0492(8) 0.0463(8)
Z=9 q 725.3720(28)  725.381(3) 725.375(3)
r 725.2945(28)  725.299(3) 725.297(3)
c.g.  7253462(21) 725.349(3)
q-r 0.0774(25) 0.081(1) 0.079(1)
Z=10 q 908.2019(55)  908.200(4) 908.194(4)
r 908.0796(57)  908.071(4) 908.069(4)
c.g.  908.1607(41) 908.151(4)
q-r 0.1222(53) 0.128(1) 0.125(1)
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FIG. 4. Experimental values for the center-of-gravity energy of
the blended gr line of Li-like oxygen [11,23,27,57-59,63-72]. As-
trophysical observations (magenta circles); predictions and their
uncertainties: Refs. [15,16] (red); this work (purple); Ref. [54]
(orange).

than other theoretical works [8,55,56]. Interestingly, the
center-of-gravity value of 562.9419 eV by Vainshtein and
Safronova [54] agrees better with astrophysical observations
[57-59] than other laboratory measurements. However, both
our theoretical and experimental results align more favorably
with Refs. [15,16].

By combining soft x-ray laser spectroscopy of accu-
rately ab initio predicted narrow He-like transitions with
synchronous XPS measurements, we eliminate encoder in-
terpolation errors generally affecting energy determinations

with monochromators, and solve a long-standing problem
of such devices. Thus, our soft x-ray energy measurements
below 1 keV are the most accurate to date. For the stud-
ied low-Z elements, electronic correlations are dominant.
Nonetheless, QED effects in these autoionizing systems cause
shifts carrying theoretical uncertainties as large as those
of Dirac-Coulomb-Breit terms. Understanding these enables
more robust tests of QED theory and mass-shift contribu-
tions in strong fields using heavier ions, where correlation
effects become smaller. Furthermore, our results recalibrate
earlier works, and immediately benefit XRISM [60], a recently
launched x-ray observatory furnished with a high-resolution
x-ray microcalorimeter. Additionally, our data provide accu-
rate reference lines, which allow full utilization of upcoming
x-ray observatories such as Athena [61] and Arcus [62], which
have a targeted resolving power of 1000-3500 and an un-
certainty of below 10 km/s, and call for high-accuracy rest
wavelength standards of essential soft x-ray transitions.
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