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Accurate laboratory transition energies for the Ni K,—Fe Ky blend are urgently needed both for atomic-
structure benchmarking and interpretation of astrophysical x-ray spectra observed with space telescopes.
Crucially, inferred abundances of these elements, which are essential for the diagnostics of hot plasmas, depend
on the treatment of those overlapping transitions. By combining a transition-edge-sensor x-ray microcalorimeter
array and a superconducting electron beam ion trap, we distinguish with line widths between 3.5eV and 5.5eV
the key transitions from Ni XX to Ni XXVII, including previously unmeasured ones, from the Kj lines of Fe XX
to Fe xxv. Collisional-radiative calculations using the Flexible Atomic Code agree well with our results. By
calibrating all sensors individually and correcting for their temporal drifts we achieve an average uncertainty
below 20 km/s for their transition energies, easing the interpretation of astrophysical spectra. Furthermore, our
charge-state-resolved results benchmark theory for complex open-shell ions in the intermediate coupling regime,
for which we compare the results from pure configuration interaction and calculations including many-body
perturbation theory (MBPT) and find a significant improvement when including MBPT.

DOI: 10.1103/ynpg-nhq6

I. INTRODUCTION

Iron and nickel are synthesized in stars at different stages
of their life. Their x-ray emissions are essential for the di-
agnostics of hot astrophysical plasmas, including also those
seen around active galactic nuclei, binary systems, and galaxy
clusters. Unfortunately, the characteristic Ni K, emissions are
very close to the Fe XXV Ky region, with the strongest line
of Ni XXVII just 70eV below the main lines of the Fe XXv
Kz multiplet. For lower Fe charge states, particularly Fe XX1v
and Fe xxii1, multiplets of Fe Kg and Ni K, overlap and
cannot be well resolved in typical observations. Only by being
equipped with an accurate knowledge of the spectra of all
those ions can we quantitatively separate the contributions of
Ni and Fe, of which the latter is the most prominent element
in x-ray astronomy. The former, nickel, is observed with space
telescopes as well, e.g., with the microcalorimeter-equipped
X-Ray Imaging and Spectroscopy Mission (XRISM), in many
sources such as in the supernova remnant (SNR) Cassiopeia
A [1], the binary star system GT Muscae [2], and the galactic
neutron star binary GX13 + 1 [3], where it serves as a probe
of conditions in core-collapse supernovas [4].
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Despite these and many other astrophysical observations,
there is a lack of high-precision laboratory data on x-ray emis-
sions of nickel, with emissions mainly being observed fol-
lowing dielectronic capture. Previous measurements of dielec-
tronic satellites of nickel in an electron beam ion trap (EBIT)
lacked a high-resolution x-ray detector [5]. Dielectronic satel-
lites were also investigated in several tokamak measurements,
as in [6-9], the latter of which achieved an absolute accu-
racy of approximately 5 eV. In astrophysical observations, the
lines are blended due to plasma conditions and finite detector
resolution. Likewise, the available theoretical calculations are
mostly limited to Ni xxviI [10,11] and Ni xxv1 [12]. Tran-
sition energy calculations for lower charge states were per-
formed in [13] using the Hartree-Fock with relativistic correc-
tions method of Cowan [14]. From an atomic physics perspec-
tive, this task is demanding because open-shell highly charged
ions produce dense K-shell multiplets, which are difficult to
calculate. Charge-state-resolved, accurately calibrated labora-
tory measurements with an explicit treatment of uncertainties
are therefore needed to benchmark such calculations.

Until now, the Fe Kz lines blended with Ni K, have not
been studied in detail for charge states below Fe XX1v as well.
Works on various iron charge states done at synchrotrons
[15,16] and with crystal spectrometers [17] provided precise
transition energies mostly for the K, region. Kz emissions
from highly charged iron were studied at the synchrotron
down to Fe XX1v [18] and at the tokamak down to Fe XXIII
[8], whereas the Kz emissions of lower charge states remain
unexplored.

Published by the American Physical Society
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This data scarcity hinders the interpretation of astrophysi-
cal observations. In the analysis of very recent XRISM data,
different astrophysical codes, such as SPEX [19] and ATOMDB
[20], yielded different nickel abundances due to the Ni K,,-Fe
Kg blend [1]. Including transitions of additional charge states
of both nickel and iron in those models should enable more
precise abundance determinations and reduce their model
dependence.

This lack of reference spectroscopy data will further-
more reduce the scientific harvest of upcoming missions, like
NewAthena [21], which promises an even higher resolution
than XRISM thanks to its high-resolution x-ray spectrometer
X-IFU [22-24]. At lower photon energies in the soft x-ray
regime, which should be accessible to NewAthena, an increas-
ing number of outer-shell transitions additionally complicate
the spectra, making laboratory data even more necessary.

Here we present high-resolution spectra of Ni K, transi-
tions from Ni XXVII to Ni XX and Fe Kg- and K,, transitions
from Fe XXV to Fe XX excited by electron impact. The
ions were produced and trapped with an electron beam
ion trap, FLASH-EBIT [25,26] at the Max Planck Institut
fiir Kernphysik (MPIK), and the spectra recorded with a
high-resolution transition-edge-sensor (TES) microcalorime-
ter array developed at the Dutch space-science institute SRON
that covers a bandwidth from 300 to 12000 eV in the present
configuration.

II. EXPERIMENTAL SETUP

To prepare the highly charged iron and nickel ions in the
desired charge states between hydrogen-like and fluorine-like,
an intense electron beam is used. The 6 T superconducting
Helmholtz coils surrounding the central trap chamber of the
EBIT compress an electron beam with a current of 200 mA
to a high density at kinetic energies set to 11keV for the
nickel and 9.5keV for the iron measurements. Precursor iron
and nickel atoms were dissociated by the electron beam from
volatile compounds injected as tenuous molecular beams. At
the trap center, those atoms are then ionized and subsequently
trapped radially in the negative space-charge potential well
generated by the dense electron beam. The required axial
trapping potential is generated by cylindrical electrodes, so-
called drift tubes, surrounding the trap center, by making those
adjacent to the center drift tube slightly more positive than the
center one.

For nickel, we inject a beam of bis(cyclopentadienyl)-
nickel(Il). Its vapor pressure at a temperature of 100° C pro-
vides the necessary flux through the differentially pumped in-
jection system. For iron, we use iron pentacarbonyl [Fe(CO)s]
at room temperature. To observe several charge states of Fe in
a single measurement, we switch off the electron beam for
one second every five seconds, effectively restarting the ion-
ization process. This lets intermediate charge states dominate
at the start of each cycle, and higher ones up to Fe XXV at
its end. This gives us the desired charge-state distribution in
spite of the high electron beam energies needed to excite the
inner-shell emissions, which otherwise would be dominated
by He-like Fe. For the iron measurement we need this method
since the collisional excitation cross sections for their Kg tran-
sitions are lower than those of the Ni K|, transitions. For our

nickel measurement it was sufficient to set the electron beam
to a continuous current of 200 mA, with the trap being emp-
tied only about once per minute to dump contaminant ions.

X rays are recorded with the SRON transition-edge-sensor-
based microcalorimeter spectrometer [27], as in a recent
closely related study [28]. Its principle of operation uses a su-
perconducting element held at its critical temperature, which
sees a sudden increase of resistance due to the partial tran-
sition from superconducting to normal conducting state upon
absorption of an x-ray photon. This increase is proportional
to the deposited energy and the concomitant, minute change
of temperature. During the present experiment, each of its 34
single pixels showed a resolution of around 3 eV at 7keV and
covered the range between 300eV and 12000eV with low
background. For photon-energy calibration we used Fe XXVI
and Fe xxv, for which transition energies are well known and
close to the Ni transitions of interest. In the Ni measurement
we included the w line of Ni XXVII, which is also well known
and sufficiently separated from the other Ni transitions. By
conducting our measurements on Ni immediately after inject-
ing Fe(CO)s, slowly out-gassing residual Fe(CO)s frozen on
the cryogenic surfaces of the EBIT yielded also small but
measurable Fe transitions. This allows us to calibrate also with
them and follow time drifts of the detector response without
interfering with the Ni lines.

III. DATA ANALYSIS AND RESULTS

A. Calibration and time drift correction

Overall three measurements on Ni HCI were conducted.
Measurement I lasted one day and showed a strong Fe con-
tamination that was used for calibration. The spectrum is
dominated by Ni xxvIil and Fe Xxv. Measurement II had
a moderate Fe contamination and lasted another day. Mea-
surement III lasted five days with little Fe contamination and
a broader charge-state distribution for Ni due to a higher
injection pressure. The Fe campaign consisted of two mea-
surements. First, we recorded calibration lines of Fe XXV
for three days under conditions dominated by Fe xxv and
Fe xx1v. About five weeks later we took data for the lower
charge states by switching the electron beam off every five
seconds for one second for two weeks. Charge exchange dur-
ing the beam-off phase lowered the peak of the charge-state
distribution.

As the microcalorimeter behaved very stably during the
measurements on Fe, the pixel-averaged drift of the energy
scale between the two measurements was only around 1eV
at 7keV. During the Ni campaign however, the cryogenic
system of the microcalorimeter showed instabilities caused
by a pollution of the helium circuit of the dilution refrigerator
cooling the detector. This led to jumps of the detector response
between and drifts during individual measurements. Some
pixels showed changes in the energy scale of around 10eV
for the Ni w line over two weeks, mostly consisting of jumps
between measurements. We carefully monitored and corrected
for this drift to maintain the calibration and high resolution
over the whole measurement.

Calibrations in both campaigns were therefore carried out
in several steps to account for the unique gain curve of the
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TABLE 1. Literature values of the calibration lines with residuals to the fitted experimental values with their statistical uncertainties and
combined systematic uncertainties (individual pixel calibration, summed spectrum calibration, and time drift) of the summed spectra. Values
in brackets were only used in the final combined calibration. For transitions from n > 3, only the strongest line was used in the calibration.

Ton Transition Reference value (eV) Residuals Ni campaign (meV) Residuals Fe campaign (meV)
Fe xxv 15-25 (2) 6636.612* 14(14)(295) —35(11)(219)
Fe xxv 1s-2p (%) 6682.333* —75(39)(280) —14(28)(199)
Fe xxv 1s-2p (w) 6700.434* —17(22)(287) 22(8)(206)
Fe XXVI1 Ly, 6951.968" [—35(170)(426)]

Fe xxvI1 Ly, 6973.182° [63(84)(433)] [461(211)(365)]
Ni xxvII 1s-2p (w) 7805.605* —58(24)(310)

Fe xxv 1s-3p CP°) 7871.876* [360(90)(308)] [—20(51)(277)]
Fe xxv 1s-3p (*P°) 7881.179* 121(40)(308) —35(28)(275)
Fe xxv 1s-4p 8295.482* —164(83)(452) 117(128)(277)
Fe xxv 1s-5p 8487.318* [177(194)(616)] [66(59)(351)]

2Reference [11].
bReference [29].

individual pixels and the time drift of the detector response.
In a first step, we precalibrated the individual pixels for each
individual measurement using a linear function and two strong
He-like lines. For the Ni campaign we chose Fe w and Ni w,
and for the iron measurements Fe w and He-like Fe Kj ;. This
precalibration, performed for each measurement, corrects for
discrete changes in the detector response between them. We
then combined all the measurements for each individual pixel
in the respective campaign, leaving us with one spectrum
per pixel. This combined spectrum is then calibrated using
a third-degree polynomial and additional calibration lines, as
presented in Table I. We then add the spectra of all pixels to
produce one spectrum per campaign.

The signal in this summed spectrum is about a factor of 30
higher than that of a single pixel. We exploit this to perform a
more precise time-drift correction. In the combined spectrum,
we observe how the centroids of the strong lines used for the
initial linear calibration evolve over time. This enables us to
correct for time drifts common to all pixels, which we found to
dominate over pixel-to-pixel variation. Any remaining drifts
of single pixels may still broaden the spectrum, but correcting
the combined spectrum prevents a systematic offset of the
spectral lines in the total spectrum.

To achieve this, we track the energy centroids of the
two strongest calibration lines over time by dividing the
data into time sections and fitting the line positions in
each. We then define a linear correction for the energy for
each section to keep the two lines at their reference values,
and interpolate between sections to correct each recorded
event. This compensates for short-term drifts within one
measurement, whereas jumps between measurements were
already accounted for in the initial correction step. Figure 1
shows an example of this procedure for the first measurement
in the Ni campaign. We find that applying this correction
also improves the temporal stability not only for the He-like
lines used for the tracking but also for the other lines in
the spectra, confirming its value. This is illustrated in the
lower panel of the figure, where the improved stability of the
Fe XXV Kjg line is demonstrated, which was not used for the
time drift correction in the Ni campaign. We also inverted the
order of the correction steps by starting out with the temporal
correction of the single-pixel spectra. However, due to

much lower statistics, this approach yielded broader spectral
lines and larger remaining drifts in the combined spectrum.
Therefore, we opted for the order of correction steps explained
above and corrected the time drift in the summed spectrum.

To estimate the common systematic uncertainty introduced
by this procedure, we recalibrated the time-corrected summed
spectrum in a final step, taking into account all events across
the entire campaign. With improved statistics compared to
the single-pixel case, we could add calibration lines that had
been too weak to fit in the single-pixel spectra. The results
are shown in Fig. 2, where a second-degree polynomial was
used for the dispersion curve fit. As the calibrated range
was extended in this summed-spectrum-calibration step the
second-order polynomial is the lowest order which can be
employed here, considering the nonlinearity of the detector. In
our previous work [30] we could employ a linear function for
this purpose, as the calibrated energy range was not increased
in the summed-spectrum calibration.

Apart from the common systematic uncertainty, the cali-
brations of the individual pixels increase the total systematic
uncertainty. After taking into account the common residuals
of the summed spectrum, the misalignment between individ-
ual pixels i can be assumed to be independent from each
other. We quantify this by calculating the mean confidence
band, defined as &;(E) = Zﬁv % with o;(E) being the 1o-
confidence band of the individual pixel i, and dividing by the
square root of the number of pixels used, N:

i 1 L oy(E)
asln;hwdual(E) - l_. (1)

Y W Xl: N
This estimate assumes that the remaining pixel-level calibra-
tion deviations are statistically independent after the common
calibration residual contribution has been treated separately.
The uncertainty given by a deviation of the combined spec-
trum from the assumed calibration curve was already taken
into account by the common residuals in the summed spec-
trum. The uncertainties of the chosen reference lines as given
in [11,29] are negligibly small. The confidence bands dis-
cussed here are the result of the covariance of the polynomial
fits, with the statistical uncertainty of the line centroid deter-
mination of the calibration lines taken into account.
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FIG. 1. Combined spectral time-drift correction for the first measurement of the Ni campaign. Left: Fits to the Ni w line for each of the
five time slices following the drift of its centroid before the time-drift correction. The observed count rate increase of the Ni-w line over time is
the result of a continuous shift of the ion content in the trap from iron to nickel after switching to nickel injection in this measurement. Right:
Positions of the line centroids over time before and after the time-drift correction. The two lines at the top are used for the correction. For
correcting the third line, Fe XXV Kj |, we extrapolate the results of the other two as described in the main text.

After performing the described time-drift correction, we
estimated the influence of the residual temporal drift of the
energy response on our transition energies by fitting each
spectral line in the final spectrum twice: once for the first half
of the measurement campaign and once for the second. This

quantifies any monotonous shift of the line centroids during
the respective campaign. Such monotonous shifts would be
most problematic in the presented data, as the calibration data
was taken primarily at the beginning of the two campaigns.
A monotonous shift would then lead to a systematic offset
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FIG. 2. Calibration of the sum spectra for the Ni (left) and Fe campaigns (right) with a quadratic function. In the top panels, calibration
points are marked with crosses. Bottom panels show their residuals, with systematic uncertainty bands stacked. Corresponding literature values

and residuals are listed in Table 1.
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between the calibration lines and the lines of interest. Higher
order shifts do not cause a systematic offset to the calibration
lines, but rather broaden the spectra. This effect may increase
the statistical fit uncertainties but does not constitute an ad-
ditional independent uncertainty component. Since sufficient
statistics and the presence of the lines in both time slices are
needed, we compared only the stronger, persistent transitions.
For Ni, this was possible for all transitions with energies
between 7600 eV and 7805 eV. We found an average energy
deviation of 230 meV. For all Be-like to He-like transitions
in our Fe data, the average deviation was 155 meV. These
deviations are larger than the average statistical uncertainty.
This remaining drift is due to nonlinearities in the time drift
of the detector not corrected for by our correction algorithm.
A correction matrix c(i, ¢, E') that more accurately models the
TES behavior requires more well-known strong fiducial lines
for tracking purposes.

To account for the uncertainty introduced by this residual
time drift, we add its contribution to the systematic uncer-
tainty of all transition energies, and sum all three discussed
error sources in our systematic uncertainty estimates. This
systematic uncertainty estimate constitutes a conservative es-
timate rather than a strictly defined standard deviation.

Figure 2 shows the calibration of the summed spectra with
marked calibration lines for the quadratic recalibration of the
combined and corrected spectra with residuals and system-
atic uncertainty bands. All statistical uncertainties are 1-o
fit uncertainties. All systematic uncertainties are obtained by
the three-part uncertainty budget discussed above. The cali-
bration lines used, their reference values and residuals after
the calibration, and corresponding statistical and systematic
uncertainties are listed in Table I. Lines, which were only
used for the final recalibration of the sum spectra and not for
the calibration of the individual pixels, are given in square
brackets.

B. Simulations

We compare the experimental data to spectra simulated
with the collisional radiative model (CRM) of the Flexible
Atomic Code (FAC) [31]. As input for the electron energy in
the simulation we assume a Gaussian distribution centered on
our nominal value of 11000eV with a width of 35eV for
the Ni and 9500eV for the Fe measurements, respectively.
The width was estimated based on radiative recombination
lines from measurements at similar currents and trap param-
eters. We estimated the electron density to be 10'2cm™3.
Varying both parameters around the adopted values did
not substantially alter the intensity ratios in the simulated
spectra.

Spectra down to Ni XX and Fe XVIIT were simulated with
each calculation containing states with a principal quantum
number of up to n =4 for the F-like and up to n = 6 for
He-like ions. To compare with the experimental results, the
simulated spectrum of each charge state was shifted by a con-
stant energy to match the strongest observed K, transition of
the respective charge state. These empirical shifts accounted
for uncertainties in the calculated ground-state energy, rang-
ing from 1.3eV for Ni xxviI and 3.3eV for Ni XX and
similarly between 0.6 eV for Fe XXV and 3.5 eV for Fe XXI

Furthermore, to account for the unknown charge-state dis-
tribution in the trap, the intensities of the simulated spectra
were scaled so that the intensities of the strongest emission
line of each charge state matched those observed experi-
mentally. The shifted and normalized simulated spectra are
overlaid on the experimental spectra in Figs. 3 and 4 for
the nickel and iron data, respectively. Accordingly, the FAC
spectra are used here to guide line identification and blend
assignment; the shift-and-scale procedure is not intended as
an absolute prediction of transition energies or charge-state
populations.

In an additional set of calculations, we use many-body
perturbation theory (MBPT), (see, e.g., [32-34]) combined
with configuration interaction (CI) as implemented in FAC.
We find that they agree better with the experimental results.
Our empirical energy shifts to account for the uncertainty in
the ground-state energy were between below 1 eV for all ions,
much smaller than for the pure-CI calculations. However, due
to their computational cost, we could not apply MBPT to
some transitions originating from metastable states and high-n
levels. Comparisons of both methods and the experiments are
presented in the Appendix B. Both sets of calculations include
QED effects as given by the default settings in FAC, including
vacuum polarization and electron self-energy, as well as the
normal and specific mass shift. For the K-shell emissions in
iron the mass shifts, as calculated by FAC, are on the order of
50-100 meV.

C. Transition energies and line identification

We extracted the line centroid energies from our ex-
perimental spectra by fitting sums of Gaussians using
maximum-likelihood fitting with Cash statistics [35]. For
practical reasons, we divided the spectrum into several fit
regions and modeled in each of them a background due to
unresolved weak transitions using a linear function with offset
and slope as free parameters. All fits performed to extract tran-
sition energies are shown in the Appendix B in Figs. 8-10.

We estimated the number of lines in each region by com-
paring our experimental spectra and simulations. The line
centroids and amplitudes were treated as free parameters in
the fits, with initial estimates taken from the simulations. The
line widths are assumed to be the same within each indi-
vidually fitted region. We allowed the width to vary slightly
between regions due to energy-dependent detector resolution
and pixel alignment. For the Ni measurements, the resolution
(full width at half maximum, FWHM) was between 3.5eV
at 6.6keV and 5.5eV at 8.5keV, for Fe between 3.4¢eV at
6.6keV and 4.2¢eV at 8.5keV. The better resolution during
the Fe measurements was due to a higher stability of the
cryostat of the microcalorimeter during those measurements.
In future, better alignment of the pixels and correction of
the temporal drift would enable achieving the resolution at
the single-pixel level of 2eV at 5.9keV found during com-
missioning of the detector with an Fe-55 source. For this
purpose, we just developed a solid-target fluorescence source
producing strong fiducial lines. In any case, the accuracy of
the transition energies determined in this study is limited by
systematic uncertainties introduced by the calibration and not
by statistics.
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To identify the fitted transitions we search around the fit
results for the line centroids of each fitted Gaussian. In cases
where several transitions significantly contribute to a fitted
line, we list the major ones and mark the stated transition
energy as belonging to a line blend. The final transition ener-
gies for all identified transitions are listed in the Appendix B
in Tables II-V and shown in Figs. 8-10 with blends marked
by angled brackets with the major transitions contributing to
the blend listed. We list the literature values as collected in
ATOMDB and NIST ASD [36] there for comparison. In the case

Kg Kg

of Fe, we also compare to previous experimental results from
synchrotron measurements from [15,16,18]. Our Ni transition
energies are also compared to tokamak measurements per-
formed in [9]. To identify contributions from the Kz emissions
of residual Fe ions in the trap during the Ni measurement,
we normalize the simulated Fe spectra to the stronger Fe-
K, emissions we observe in our spectrum. We confirm this
normalization with the intensity of the Fe XXV Kz emissions at
7871eV and 7881 eV, and find only negligible contamination.
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region the measured nickel spectrum is overlaid as a gray hatched area.
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Remaining deviations of the observed relative intensities
from the simulations most likely result from uncertainties in
the simulated line ratios. These are notoriously difficult to
model, especially for charge states with more than two elec-
trons and many possible pathways for excitation and radiative
decay.

Based on our simulations, we expect significant blending
between the transitions of the low charge states of nickel.
In our transition energy tables, we mark the lines for which
multiple transitions are expected to contribute significantly to
the observed signal. In these cases, we provide the centroid
of the blend as observed in our experiment. This centroid is
subject to parameters influencing line ratios and charge state
balance in the observed plasma, e.g., density and temperature.
For these blended features, the quoted centroids are therefore
dependent on the present EBIT excitation conditions.

Figure 4 shows the combined spectrum from the iron cam-
paign with the K, region on the left and the n > 2 transitions
on the right. Using the simulated spectra, we identified the
main Kg emissions of Fe XXV to Fe XX in the spectrum. In the
stronger K, region we can identify lines down to Fe XVIII. Be-
yond the Kz region we are also able to observe K,, emissions
of Fe XXV to Fe XXI. n > 4 lines are only visible for Fe XX1v
and Fe xXXv.

Comparing our observed K, transitions to synchrotron
studies [15,16] shows good agreement within the experimen-
tal errors for most of the lines. Due to much higher resolution
at the synchrotron and the more difficult calibration of the
TES in this energy region the synchrotron results have a much
lower uncertainty than the experimental data from the TES.
A major difference between synchrotron studies and this ex-
periment is the excitation mechanism. Here electron impact,
at synchrotrons resonant photoexcitation. Thus, we can see
transitions from states that are not easily accessible there. This
is evident at the lower end of the K,, region, where more lines
are seen than in synchrotron studies. Our resolution causes,
therefore, more overlapping and makes it difficult to separate
those blends. This explains differences in some of the line
centroid energies between the two studies. We provide the
centroid of the line blends, but we cannot establish a clear
one-to-one correspondence between all transitions. Due to the
greater separation of spectral lines at higher energies, line
blending is less problematic for the Kz lines and transitions
from higher charge states. Considering this, our results for
the iron Kg-transition energies agree well with those reported
in [18].

We compare all isolated lines reported in this work to the
values from [15,18] which have a much lower uncertainty.
Lines used for calibration are excluded. We compare the
differences of the values with their quadratically added total
uncertainties. For 15/22 (68%) transition energies we find
an agreement within the combined uncertainties. For 21/22
(96%) lines agreement is found within two times the com-
bined uncertainty. These values are close to an ideal Gaussian
distribution of values with correctly estimated uncertainties.

This strengthens confidence in our estimation of the uncer-
tainty budget and the provided transition energy values for the
lower charge states for which no precise data were available.

We note a periodic modulation of the residuals on the Fe
w line in Fig. 9. We observe this effect only for this transition

due its high statistics and the excellent alignment of the pixels
at that energy, which make it ideal for calibration and time-
drift correction. It is the result of the apparative line profile
of the detector, which is not perfectly modeled by a single
Gaussian but rather includes an additional low-energy tail.
This is typical for TES as observed for example in [37,38].
Since we cannot reliably determine this profile and fit it in the
single-pixel data due to low statistics, we choose to use single
Gaussians in the calibration and subsequent analysis for all
lines in the data. Since the calibration lines are also treated
in this way, this does not introduce an additional systematic
error. We also used a model with an additional, lower-energy,
broader Gaussian at the low energy side of the transitions,
and extracted the relative position, amplitude, and width from
the Fe w line. Fixing these parameters for all other lines and
applying this line shape in both the calibration and subse-
quent analysis did not change the results beyond the quoted
uncertainties.

IV. DISCUSSION AND CONCLUSION

With our combination of a TES array and an EBIT, we
measured the transition energies of Ni K, and Fe K, up
to K;s for the charge states between He-like and F-like. For
the Ni transitions we reached a median total uncertainty of
360 meV, corresponding to approximately 14 km/s, and for
Fe, 340 meV, or 13 km/s, respectively. For this, we developed
a correction and calibration procedure to provide accurate
results in spite of TES nonlinearities and time drifts in this
spectral region. By simultaneously observing nickel and iron
and tracking the temporal drifts with two strong transitions,
we substantially reduce uncertainties due to, e. g., instabil-
ities of the cryogenic system. We quantify the systematic
uncertainties conservatively as the linear sum of the individual
pixel calibration uncertainty, summed spectrum residuals and
average time shift of the individual lines across the two halves
of the respective campaign. To suppress such residual cali-
bration shifts in future studies, we have recently implemented
a multi-element solid-target source generating characteristic
fluorescence x rays during the EBIT measurements. These
lines allow us to track detector drifts much more easily across
the whole range of detectable photon energies, and will help
lowering the systematic uncertainties even more in future
studies.

By comparing our experimental results to spectra sim-
ulated with the FAC CRM module, we could identify the
electronic configurations involved in all transitions.

While most of the K,, transitions of iron had already been
studied using photoexcitation at higher resolution than in the
present work [15,16], the Kg and K,, transitions of this study
have not been measured at high accuracy before. The over-
all good agreement of our results with the lines measured
previously at the synchrotron increases our confidence in the
determined transition energies for the formerly unmeasured
lines.

We use the transition energy results from our extensive
line study to compare our calculations done with pure CI
and those including MBPT. This comparison is enabled by
the low uncertainties for the transition energy centroids we
achieved. In general, our MBPT calculations agree better
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FIG. 5. Residuals between experimentally determined and calculated transition energies with pure CI (blue circles) and MBPT (red
squares) for nickel (top) and iron (bottom). The red-shaded region marks the systematic uncertainty, and the error bars on the experimental
energy markers denote their statistical uncertainties. Experimental transition energies marked with a cross are used as reference lines to fix the
ground-state energy of the calculations and agree, therefore, by construction with the experiment. In cases of line blends, the energies of the

contributing transitions is averaged.

with the experimental data than those made using only CI.
The top panel of Fig. 5 shows the corresponding residuals
for nickel and different calculations listed in Table II, where
theoretical values attributed to a line blend are represented by
the in CRM intensity weighted sum of blending transitions.
Excluding the reference lines fixed to experimental values, we
find that approximately 75% of the MBPT values agree with
the experiment within the total uncertainty, which is deter-
mined by adding the statistical and systematic uncertainties in
quadrature. This is close to the expected 68.3% lo coverage
for an ideal Gaussian distribution. The pure-CI calculations
agree only for 39% of the lines.

Similarly, for the n > 3 transitions in iron, as shown in the
lower panel of Fig. 5, agreement is reached for 56% of the
MBPT results but only for 12% of the pure CI calculations.
For the low charge states in the iron K, region, the agreement
is worse, especially for the MBPT calculations. This can be
attributed in part to the aforementioned line blending. While
adding more configurations can improve the accuracy of CI
calculations, it also increases computation time, and dimin-
ishes the advantage of faster computation times that those
have with respect to MBPT models.

In both sets of calculations QED effects and mass shifts
have been treated in the same manner, hence any difference in
the performance of the calculations can be attributed directly
to the addition of the MBPT. Although relativistic nuclear
recoil contributions are included in the FAC calculations, a
full QED treatment of the recoil terms was beyond the scope
of the present work. The estimated contributions from these
uncalculated QED recoil terms are however much smaller
than the current uncertainty of the CI treatment on the present,
limited-size basis set.

For the comparison of the calculation methods, studying
intermediate charge states with more than two electrons is
especially vital, as was done in this study. For these more
complicated ions, the discrepancy between the different cal-
culation methods is larger, and the benefit of including MBPT
becomes clearer. This is also true when studying transitions
involving upper states of higher n, particularly for these inter-
mediate charge states, as is evident for the K to K transitions
of iron observed here, where the MBPT calculations again
outperform the pure CI calculations significantly.

Our present data will further directly help improv-
ing Ni and Fe abundance determinations carried out with
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astrophysical codes such as SPEX and ATOMDB for a great
variety of astrophysical objects. These results also provide
urgently needed reference energies needed for benchmarking
upcoming atomic structure calculations and plasma models in
the critically important Ni K, —Fe K spectral region.
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APPENDIX A: DATA ANALYSIS PIPELINE DETAILS

Figure 6 shows the complete data analysis pipeline from
the raw pulses to the final calibrated spectrum we analyze to
extract the transition energies of iron and nickel.

To start out the data analysis, optimal filtering provides
pulse-height estimates for each individual trace, as observed
by the TES pixels. These pulse heights are then corrected
for fluctuations of the baseline. The baseline is defined as the
pretrigger mean of the pulse and contains useful information
on the momentary behavior of the system, influenced, for
example, by the temperature of the detector. We construct a
running mean of the baseline in time and divide each pulse
height by the ratio % with 7 being the starting time of the
measurement campaign.

To provide additional details on the further data correc-
tion and calibration procedure, the next steps of the data
analysis pipeline are detailed for the example of the nickel
campaign and pixel 1. Figure 7 illustrates the effects of the
individual correction and calibration steps described in the
main text.

The individual-measurement, individual-pixel linear cali-
bration, using two anchor points removes the large offsets
between the measurements, as shown in Fig. 7(a). Summing
the individual measurements prior to such a linear alignment
causes the features to be broadened or split severly in the
combined spectrum.

The nonlinearity in the energy-response of the detec-
tor is taken into account in the next step, in which the

Pulse- Individual
measurement
2-point linear

calibration

Per-pixel
measurement
summation

Baseline
correction

height
analysis

individual-pixel spectrum, consisting of all measurements of
the campaign, in this example the three measurements of the
Ni campaign, is calibrated with a cubic polynomial. The large
residuals of the lines not used in the initial linear calibration
get reduced from tens of eV to the sub-eV range, as depicted
in Fig. 7(b). This is a result of the clearly nonlinear detector
response.

After each pixel is calibrated with this cubic polynomial,
their spectra are summed to obtain one spectrum for the com-
plete campaign, as illustrated in Fig. 7(c). The good alignment
of the individual spectra is illustrated by the stacked spectra in
the figure.

Following the methodology described in the main text and
shown in Fig. 1, the combined spectrum is subject to a finer
time-drift correction. This finer correction was only possible
in the combined spectrum due to the much higher statistics.
Figure 7(d) shows again the time drift of the Ni w line be-
fore and after this step, reducing the drift from 0.6eV to
being compatible with the statistical errors of the fits to the
individual time slices. This leads to the spectral lines in the
time-integrated spectrum being narrower by the magnitude of
the drift.

The last step is then the calibration of the time-corrected
spectrum with the second-order polynomial as depicted in
Fig. 2 in the main text. The lo-confidence band of this cal-
ibration step lets us then determine the systematic uncertainty
common to all pixels. As Fig. 7(e) shows, the effect of this
step is subtle overall, mainly serving as a tool to estimate said
common uncertainty component.

APPENDIX B: ADDITIONAL TRANSITION-ENERGY
TABLES AND FIGURES

This appendix presents detailed results for the observed
iron and nickel transitions. Figures 8—10 show fits of sums of
Gaussian components to the measured spectra. The reduced
chi-squared value x? is given in each panel as an indication of
the fit quality.

The fitted centroids are listed together with their transition
or blend assignment in Tables II-V. Each experimental energy
is reported with its statistical fit uncertainty and the combined
systematic uncertainty from the three systematic contributions
as defined in Sec. IITA. The two uncertainties are given in
brackets behind the experimental energies.

For each assigned transition, the measured energy is com-
pared with the corresponding transition energy calculated
using FAC in this work. Results obtained both with and with-
out many-body perturbation theory (MBPT) are listed. Where
available, previously published experimental or theoretical
values are also included for comparison.

Summed

spectrum

quadratic
calibration

Summed
spectrum
time-drift
correction

Per-pixel
cubic
calibration

Summation
of all pixels

FIG. 6. Representative flow chart of the complete data analysis pipeline. Steps in orange color are performed on a single-pixel, single-
measurement basis. Steps in red are performed on a combined-measurement, single-pixel basis. Steps in blue are performed on the complete
spectrum of an entire measurement campaign. Details are provided in the main text.

052808-9



MARC BOTZ et al. PHYSICAL REVIEW A 114, 052808 (2026)

Raw pulse height

6680 6685 6690 6695 6700
[ == Raw ] (b)
[ (@) i — Calibrated ] 107! | b
L LR TS Ni-w reference |
_ L }
r 1 >
i ] =
I ] 8 -0t 1 5
el o
[ 1 B =
; 2 - 3
i { A -10° [ ® . E
L i ] &
50 [ : . ° °
r i 1 _10t + ]
s L H 4 10 @ Linear pre-cal. only
v F : E B Cubic pixel calib.
& L H g A 0
S 40 §,| 1 7000 7500 8000 7700 7750 7800 7850 7900
- L i i
@ N [ I i Line energy (eV) Energy (eV)
4 1L 3
g [ ith ] +7.805x10 L
g Al i 000 P
S s i ] 0.9 F (d) € F (o) ]
E I'll "hr I A E 3 750 ]
—— et -] 0.8 1 F ]
L J — o E 500 F E
: ] Boif 1 st ]
I 1 - c ] g 250 &l
I 1 S 0.6 ff---—- T fomm - %Z = o ]
L ] o E ] = o ]
| i = C ] © 0 F =
3 F i = £ ]
L i E o05¢ ] k=] E ]
i i g F 1 & T0¢ E
- 1 2 04 ] o= F 3
[ 1 o E =500 ¢ E
: : 0.3 E --- Niw referenceE E Combined systematic uncertainty
h F 8 Uncorrected —750 £ @ Before final re-cal. ]
L - 02 F # Corrected b [ B After final re-cal. ]
PR A A A AT AR S A A S S A A AT S A A =TT S TR S S SN T T S S T SN S S W W R R B 0 Yoo L S T S S B B
7795 7800 7805 7810 7815 7820 5 10 15 20 7000 7500 8000 8500
Energy (eV) Time (h) Line energy (eV)

FIG. 7. Compact overview of the calibration pipeline for one representative pixel (Pixel 1, Ni campaign). (a) Raw (dashed, top axis)
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calibration lines used in the single-pixel cubic calibration, comparing the linear pre-calibration alone (blue circles) to the full cubic polynomial
calibration (red squares); error bars denote statistical centroid-fit uncertainties. Note the symmetric-log y axis, required to display both the
sub-0.1 eV residuals after the cubic calibration and the up to 36 eV residuals of the most distant line before it. (c) Calibrated spectra of all pixels
as a function of pixel index (heatmap), with the summed one-dimensional spectrum shown above; vertical dotted lines mark the calibration
lines. (d) Centroid of the Ni-w line as a function of time within Measurement I, before (blue) and after (red) the summed-spectrum time-drift
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denote statistical uncertainties, and the gray shaded band shows the combined energy-dependent systematic uncertainty of the final calibration
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FIG. 8. All fits performed to the nickel data to extract the transition energies with corresponding fit residuals. Dashed lines mark the
determined line centroids and the fitted linear background. The extracted transition energies are listed in Table II.
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extracted transition energies are listed in Table III.
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TABLE II. Transition energies of all observed nickel emissions. The theoretical values in brackets are used to reference the ground-state
energy of our calculations and thus agree by construction with the experiment. The experimental values in brackets are used in the calibration
of the spectrum and thus agree by construction with the literature values. Configurations are given in jj coupling with full subshells omitted.
The corresponding fits are shown in Fig. 8. Angled brackets denote line blends, which also contain the nearby transitions marked as (*).

Lower Upper Transition Theory (eV) Theory (eV)
Rol Ton state state energy (eV) (pure CI) (MBPT) Literature
(@  Nixxvi [1s2], [152ps 2] [7805.62(2)(31)] [7805.62] [7805.62]  7805.605(1)"
7805(5)°
Ni XXVII [15%] [1s2ps] 7786.15(6)(31) 7786.17 7786.16 7786.424(1)"
Ni XXVI 2512 [(1s25) 2p3)ali 2 7778.88(5)(31) 7779.62 7778.97 7778.76(4)¢
7778(5)°
(b)  Nixxvi 25112 [(1525)1 2p3)2l32 7764.11(2)(32) [7764.11] [7764.11] 7763.67(4)°
7763(5)°
Ni XXVI [2511/2 [(1s25)0 21211 )2 7749.94(4)(32) 7750.82 7750.17 7750.12(4)°
7750(5)°
(c) Ni xxvII [1s%]o [1s2s]; 7731.42(3)(32) 7731.62 7731.49 7731.630(1)*
Ni XXV 2521 [152ps2li 7727.43(2)(32) [7727.43] [7727.43] 7727(5)°
(d) Ni XXVI [2511/2 [(1s25)1 2p1)2]3)2 7711.06(7)(33) 7711.07 7711.22 7711.14(4)°
Ni XXVI [25]1/2 [(1s25); 2p12]i)2 7706.82(7)(33) 7706.24 7706.44 7706.36(4)°
(e) Ni xxv [25%]o [1s2piohi 7689.52(7)(33) 7690.07 7690.13
Ni xX1v 12032132 [1s2p%)s)2 (7671.06(15)(34)) 7669.29 7669.06 7669(5)°
Ni XXIII [2p1/2 3S]1 {[(152])1/2]1 2]73/2)1/2 3S}0 (*) 7673.90 7672.02
Ni XX1v [2[73/2]1/2 [(18‘ 2])1/2)1 2p3/2]3/2 (765999(7)(34)) 7660.47 7660.47
Ni XX1V [2p3/2]3/2 [(1s 2P1/2)1 2p3/2]1/2 (*) 7658.70 7659.03
Ni XXVI [2]73/2]3/2 [(1525)1 2p3/2]5/2 <765251(]9)(35)> 7652.13 7652.43
Ni xxv [28‘ 2[73/2]2 {[(lv 28‘)1 2]71/2]1/2 2[73/2}2 (*) 7651.68 7652.89
f) Ni XxVI [2pi2]i)2 [1s]i)2 (7641.15(10)(35)) 7640.41 7640.28 7640.35(4)°
Ni XXIV 2p12)1)2 [1s]y)2 *) 7641.55 7641.13
Ni XX1V [2]73/2]3/2 [(1s 2])1/2)] 2p3/2]5/2 (*) 7641.37 7641.02
Ni xx11 2p%o [1s2p30] 7635.48(6)(35) [7635.48] [7635.48]
Ni XXII1 [2])1/2 2[73/2]1 [(IS 2[71/2)0 2[)2]2 762582(13)(35) 7626.62 7625.90
Ni XX [2p122p3pla [152ps2]i 7616.47(9)(36) 7615.45 7615.38
Ni xx11 2P, [(1s2p12)1 2P%]5 7604.21(45)(36) 7605.21 7604.64
Ni xx11 [2p3213)2 [1s2p*]52 (7595.44(18)(36)) 7594.79 7594.93
Ni XXIII [2p3/213,2 [1s2p%]12 *) 7595.93 7595.93
Ni xx11 [2p3/213)2 [1s2p%]s,2 7581.98(16)(37) [7581.98] [7581.98]
(@  Nixxv  [2pip2psph [152ps2l2 7557.87(25)(38) 7558.42
Ni Xx1 29’12 [1s2p°] 7548.29(29)(38) [7548.29] [7548.29]
Ni xxv 2P, [Ls2p3)2], (7538.26(82)(38)) 7536.77
Ni Xxxv [2])1/2 2p3/2]2 [15' 2p1/2]| (*) 7539.69
(h) Ni xx 2P%]32 [1s]i )2 7515.42(17)(39) [7515.42] [7515.42]
Ni XX 2p12]1)2 [1s])2 7497.51(22)(39) 7497.60 7497.65

“Reference [11] (Theory).
PReference [9] (Experiment).
“References [12,39] (Theory).
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TABLE III. Measured energies of the Fe K|, transitions. We show in brackets the theoretical values used as reference for the ground-state
energy of our FAC calculations. The experimental values in brackets were used in the calibration of the spectrum and thus agree by construction
with the literature values. The values from [18] in brackets are the centroids of the line complex. The corresponding fits are shown in Fig. 9.
Angled brackets denote line blends, which also contain the nearby transitions marked as (*).

Lower Upper Transition Theory (eV)  Theory (eV)
Rol Ton state state energy (eV) (pure CI) (MBPT) Literature
(a)  FexXxv (15, [152ps2]i [6700.44(1)(21)] [6700.44] [6700.44]  6700.434"
6700.549(5)(70)°
(b)  FeXXv (15, [152ps 22 [6682.36(2)(20)] 6681.73 6682.06  6682.3333"
Fe xx1v [25]1/2 [(1s25)1 2p32]i)2 6676.46(5)(20) 6676.65 6675.90 6676.202(3)(69)°
Fe xxv [1s%]o [Ls2pioi 6667.54(3)(20) 6667.04 6667.33 6667.5780%
Fe XXIV (25112 [(1525)1 2p3)als2 6662.18(2)(20) [6662.18] [6662.18]  6662.240(6)(69)°
Fe xx1v [25]1/2 [(1525)0 212112 6652.90(3)(21) 6652.92 6652.49 6652.826(3)(69)°
(©)  Fexxv (15, [1s2s], [6636.55(1)(22)] 6635.87 663646  6636.612"
Fe xx11 [25%]o [1s2p3)2] 6628.67(2)(23) [6628.67] [6628.67] 6628.804(5)(68)°
Fe xx1v [25]1/2 [(1s25)1 2p1)2]3)2 6617.06(8)(24) 6616.19 6616.24 6616.629(4)(68)°
Fe XXIV (25112 [(1s25); 2pipliy  (661347(1T)(24))  6612.44 6612.54
Fe xx1v [2p3213)2 [(1s2p12)0 2p3)213)2 *) 6614.24 6613.94
(d) Fe xx1m [25%]o [Ls2pio 6596.99(6)(26) 6597.92 6597.84 6597.858(3)(67)°
Fe XXII 2p121)2 [(1s2p1o) 2p3pls, (6585.91(2)(28))  [6586.21]  [6586.03]  6586.085(7)(67)°
Fe xx1 [2p1)2]12 [(Is2p1y2)1 2p32)1 2 (*) [6585.61] [6585.79]
Fe xx11 [2p3213)2 [Ls 2p2]5/2 6577.84(14)(29) 6576.83 6576.47
Fe xx11 [2]73/2]3/2 [(1s 2p1/2)1 2p3/2]1/2 (6571.37(7)(29)) 6570.94 6571.11
Fe xx11 [2[73/2]3/2 [(1S2p1/2)1 2]73/2]3/2 (*) 6571.58 6571.35
€  Fexxu 2p12)1)2 [1s]y2 (6551.42(7)(32)) 6553.21 6552.56
Fe xx11 [2[)3/2]3/2 [(1S2p1/2)1 2]73/2]5/2 (*) 6553.05 6552.38
Fe xx1 2p*1o [Ls2p3p0]i 6544.22(4)(33) [6544.22] [6544.22] 6544.225(4)(66)°
Fe Xx1 [2p1/2 2p3)2]s [(1s2p12)02p%]:  6536.46(12)(34) 6536.89 6536.86
Fe xx1 [2p122p3)212 [1s2p30]i 6529.87(19)(35) 6529.54 6529.68
)  Fexxi 2/ [1s2p3)2]; (651321(33)(38))  6513.62 6513.82
Fe xx1 [(25‘2[]1/2)1 2p3/2]5/2 [(]SZS)] 2p3/2]5/2 (*) 6516.39 6516.38
Fe xx1 [2])2]2 [(IS 2[71/2)0 2[)2]2 (*) 6515.68 6515.65
Fe xx [2p3/2132 [(152p1/2)02P° 132 (6506.89(9)(39)) 6506.26 6506.28 6506.845(7)(65)°
Fe xx1 [2]71/2 2[73/2]1 []S 2p3/2]2 (*) 6509.08 6508.75
Fe xx1 [2[71/2 2]73/2]2 [18‘ 2[73/2]2 650259(3 1)(40) 6503.62 6503.39
Fe xx [2p3)2]3,2 [1s2p%]s, 6496.55(6)(41) [6496.55] [6496.55] 6497.067(5)(65)°
(¢)  Fexxu (2712 2p32)2 [152ps2)2 (6478.75(11)(44))  6477.74
Fe xxi11 [2p]/2 2p3/2]| [IS 2])1/2]0 <647123(40)(45)) 6468.37
Fe x1x [2p%12 [1s2p%], *) 6472.87 6472.99
Fe x1x 2P, [1s2p°], (6465.46(17)(46)) [6465.46] [6465.46] 6466.900(14)(64)°
Fe XIX 2p1220°]; [1s2p°] (6455.14(18)(48)) 645439 6454.38
(h) Fe xvin [2P°132 [1s]i/2 6434.16(17)(52) [6434.16] [6434.16] 6435.239(14)(63)°
Fe XVIII 2p12]1)2 [1s]y)2 6422.34(18)(54) 6421.45 6421.45
Fe xxi11 [2[73/2]3/2 [(IS 2p1/2)1 2p3/2]5/2 641223(37)(56) 6412.31

“Reference [11] (Theory).
"Reference [15] (Experiment).
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TABLE IV. Measured energies of the Fe Kj transitions. Experimental values in square brackets are used for calibration and set to literature
values. The values from [18] in brackets are averaged as centroids of the corresponding line complex similar to the fits shown in Fig. 10.
Angled brackets denote line blends with the nearby transitions marked with (*).

Lower Upper Transition Theory (eV) Theory (eV)
Rol Ion state state energy (eV) (pure CI) (MBPT) Literature
(a) Fe xxv [1s%]o [1s3p3p]i [7881.14(2)(28)] 7880.62 7881.00 7881.179(8)*
78820
7881.37(1)(10)¢
7880.67(15)¢
Fe xxv [Ls*To [1s3pi2]i [7871.91(5)(28)] 7871.21 7871.61 7871.876(8)*
78720
7871.88(7)(10)°
7871.31(25)¢
(b) Fe xx1v [25]1/2 [(1s2s5)9 3p3213)2 7820.03(9)(28) 7820.30 7819.57 7820°
7820.15(16)(10)¢
7819.88(20)¢
Fe xx1v [2511/2 [(1s25)9 3p1y2]if2 7814.60(10)(29) 7814.97 7814.18 7814°
7814.78(11)(13)¢
7813.47(25)¢
(c) Fe xx1v [25]1/2 [(1s2s); 3p32ls)2 (7790.12(5)(29)) 7790.63 7789.86 7790°
Fe xx1v [25]1/2 [(1s2s)1 3p3alifn *) 7791.07 7790.40 (7790.36(3)(12))¢
(7790.84(20))¢
Fe xx1v [25]1/2 [(As2s); 3p12]3)2 7784.61(8)(29) 7785.41 7784.43 7784°
(7785.03(6)(26))¢
(d) Fe xxi11 [252p12]0 [1s3ds.]1» 7691.50(26)(31) 7692.84 7691.82
Fe xxi11 25%1o [1s3pi2]i 7711.80(82)(31) 7712.68 7711.41
Fe xxi11 25210 [1s3p3]h 7721.65(6)(30) 7722.47 7721.20 7721°
7722.23(58)¢
Fe xXxX1v [2p1/2]1/2 [(Ls 25)1 3S]1/2 773171(35)(30) 7732.36 7731.35
(e) Fe xx11 [2[)1/2]1/2 [(1? 2[71/2)1 3]73/2]3/2 762465(14)(33) 7627.28 7624.43
) Fe xx1 2p%10 [1s3p3pi 7528.58(13)(35) 7531.70 7528.06
(g2) Fe xx [2p3213)2 {[(1s2p1)2) 2p2]2 3p3pnltsn (7433.09(23)(37)) 7438.03 7433.96

“Reference [11] (Theory).
®AtomDB [20].

“Reference [18] (Experiment).

dReference [8] (Experiment).
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TABLE V. Measured energies of the Fe n > 3 transitions. Experimental values in square brackets are used for calibration and set to
literature values. For transitions with multiple strong transitions contributing almost equally, we just give the subshell occupation for the upper
states. The corresponding fits are shown in Fig. 10. Angled brackets denote line blends with the nearby transitions marked with (¥).

Lower Upper Transition Theory (eV) Theory (eV)
Rol Ion state state energy (eV) (pure CI) (MBPT) Literature
(h) Fe xxv [15%]o [1s4psp]i [8295.59(6)(28)] 8294.78 8295.26 8295.482%
8295.67(1)(12)°
Fe xxv [15%]0 [Ls4pi,]i 8291.34(27)(28) 8290.88 8291.36 8291.618*
@) Fe xx1v [25]1)2 [(1s25)1 4p12]32 8181.3527)(27) 8182.33
Fe xXx1v [25]1/2 [(15 2S)1 4[73/2]3/2 818496(12)(27) 8185.39
Fe xx1v [25]1/2 [(IS 25)0 4p3/2]3/2 821541(14)(27) 8215.56
)] Fe xxim 125210 [1s4pspli 8090.80(11)(26) 8091.44
(k) Fe xx11 [2]71/2]1/2 [(18‘ 2p1/2)0 4p1/2]1/2 796278(52)(27) 7965.84
Fe xx11 [2])1/2]]/2 [(1S 2[71/2)1 4p3/2]1/2 (796913(25)(27)) 7968.92
Fe xxu1 [2p12]1)2 [(1s2p1/2)0 4p3s2132 () 7967.38
) Fe xx1 2 [Ls4pili 7849.93(17)(28) 7848.29
(m) Fe xx1v [25]1)2 1s'2s'6p! (8462.77(25)(34)) 8462.88
Fe xxv [151o [Ls5p32] [8487.43(6)(35)] 8486.56 8487.09 8487.318*
(n) Fe xx1v [25]1)2 1s'2s'5p! (8365.16(16)(30)) 8365.38
Fe xx1v [25]1)2 1s'2s'5p! (8395.25(31)(31)) 8395.73

“Reference [11] (Theory).
PReference [18] (Experiment).
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