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Wavelength measurement of n = 3 to n = 3 transitions in highly charged tungsten ions
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3s1/2-3p3;2 and 3pyp-3d3, transitions have been studied in potassiumlike WS+ through neonlike
WO+ jons at the electron-beam ion trap facility in Livermore. The wavelengths of the lines have been measured
in high resolution relative to well known reference lines from oxygen and nitrogen ions. Using the high-energy
SuperEBIT electron-beam ion trap and an R = 44.3 m grazing-incidence soft-x-ray spectrometer, the lines
were observed with a cryogenic charge-coupled device camera. The wavelength data for the sodiumlike and
magnesiumlike tungsten lines are compared with theoretical predictions forions along the isoelectronic sequences.
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I. INTRODUCTION

Multielectron ions of high-Z elements are of interest in
atomic structure theory [1]. Accurate modeling of these
systems needs to include electron correlation and relativistic
effects in addition to quantum electrodynamic (QED) correc-
tions [2,3]. Relativistic and QED effects are strongly dependent
on the nuclear charge Z, which makes highly charged heavy
ions suitable for investigations of high-order QED effects [4].
However, the problem of accurately calculating the structure
of highly charged ions becomes challenging as the number of
electrons increases. Among many-electron systems, ions with
only a few valence electrons outside the last closed shell are
the simplest, and those high-Z ions isoelectronic to sodium and
magnesium thus represent useful stepping stones for testing
QED calculations in multielectron systems.

The 3s1/2-3p3,> resonance transition along the sodium iso-
electronic sequence has been calculated by several authors. For
instance, Ivanov and Ivanova used a model potential method
and extrapolated experimental data to high-Z ions [5]. Kim and
Cheng calculated the wavelengths for a few high-Z ions using
Dirac-Fock wave functions [6]. Johnson et al. performed rela-
tivistic many-body perturbation theory (RMBPT) calculations
[7] from which Seely and Wagner calculated semiempirical
wavelengths [8]. Predictions were also given by Kim et al.
after investigating relativistic electron-correlation energies [2].
Baik et al. performed single-configuration Dirac-Fock calcu-
lations [9], whereas Seely et al. calculated multiconfiguration
Dirac-Fock (MCDF) wavelengths [10]. Blundell added QED
corrections to RMBPT calculations and studied the resonance
transition for a few selected high-Z ions [11]. Theoretical
wavelengths for the resonance line of magnesiumlike spectra
include results of MCDF calculations by Cheng and John-
son [12], relativistic random-phase approximation (RRPA)
calculations by Shorer et al. [13], relativistic perturbation
theory using a model potential by Ivanova et al. [14], MCDF
calculations of Marques et al. [15], relativistic configuration-
interaction (RCI) calculations by Chen and Cheng [16], and
multiconfiguration Dirac-Hartree-Fock (MCDHF) of Zou and
Froese Fischer [17].
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Up to xenon (Z = 54), the 3s1/5-3p3,2 line has been
measured for most ions isoelectronic to sodium, but for
higher Z rather few measurements are reported [10,18-23].
Experimental high-precision wavelengths for the correspond-
ing transition in magnesiumlike high-Z ions are even less
common [18,19,22]. Chen et al. measured the 3s{,2-3p3;2
transition in P-like through Na-like U at the Livermore EBIT-I
electron-beam ion trap and found excellent agreement with
RCI calculations [24]. Recently, Gillaspy et al. measured
the 3S1/2-3p3/2 and the 3S1/2-3p1/2 transitions in Na-like
high-Z ions, including tungsten, together with the 3s;,2-3p3,»
transition in Mg-like and the 3p;/;-3d3,, transition in Al-
and Si-like ions, at the electron-beam ion trap facility at
the National Institute of Standards and Technology [25]. The
measured 3s1,2-3p3 > line positions, however, did not have the
accuracies required to differentiate between theories.

In the present paper, the wavelengths of the 3sy/,-3p3,» and
3p1/2-3d3 > resonance transitions in Na-, Mg-, Al-, and Si-like
W ions are measured in high resolution, together with the
equivalent transitions from lower charge states down to K-like
W3+, The measured tungsten spectra have been analyzed
using theoretical spectra calculated by using the flexible
atomic code (FAC) [26]. The FAC-calculated 3s;/>-3p3,, wave-
lengths are compared with results from the general-purpose
relativistic atomic structure program (GRASP2) [27,28]. The
measured line positions of the sodium- and magnesiumlike
resonance transitions are evaluated with calculated wave-
lengths from several codes, including a recent result from RCI
calculations [29].

II. THEORY

The structure and spectra of calciumlike W>** through
fluorinelike W ions have been calculated using FAC v.1.1.1
[26,30]. FAC is a relativistic configuration-interaction program
for computation of atomic radiative and collisional processes.
The one-electron wave functions are derived using a modified
Dirac-Fock-Slater method. QED effects are taken into account
using hydrogenic approximations for the self-energy and vac-
uum polarization. The Breit interaction is treated in the zero-
energy limit for the exchanged photon. Continuum processes
are calculated using the distorted-wave approximation. The
ions have been modeled with K-shell cores. Autoionization
has been included for all charge states lower than neonlike
from all levels to the ground and low-lying configurations
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TABLE I. Configuration state functions used in the FAC calculations with K-shell core. [ = 0,1, ..., n — 1;[* = s,p; n = 3,4,5; n* = 4,5.
F-like W%+ Ne-like WO+ Na-like W&+ Mg-like WO+
2522pd 2522 p® 2522 p®nl 2522 p°3inl
252 p° 2522p°nl 2522 p°3inl 2522 p°3i3inl
2522 p*nl 252p°nl 252 p%3Inl 252 p°313inl
252p°nl
2p%nl
Al-like W'+ Si-like Wo0+ P-like W>°+ S-like W8+
2522 p®313Inl 2522 p%313131nl 2522 p5313131313] 25%2p°313131313131
2522 p33523131 2522 p>3s2313131 2522 p®31*31*31*3In*1 2522 pO31*31*31*31*3In*1
2522 p>31*31*31*n*1 2522 p>31*31*31*31*n*1 2522p33s23pinl 2522 p33s23 p*nl
252 p®3s2313] 252 p®3s231313] 252p%3s23p3nl 25253523 pinl
252 p®31*31*31*n*l 252 pO31*301*31*31*n*1
Cl-like W7+ Ar-like W3¢+ K-like W3+ Ca-like W+

25%2p°31313131313131 2522 p®31*31*31*31*3[3[313] 2522 p®31*31*31*31*3[3131313] 2522 p31*31*31*31*31313131313!
2522 pO30*31*31*31*31*3In*l  2s22pO301*31*31*31*31*31*3In*l 2522 pO31*31*31*31*31*31*31*3In*l 2522 pO31*31*31*31*31*31*31*313In*]
2522 p°3s%3 pnl 2522 p°3s%3 pnl 2522 p33523pS3dnl 2522 p33523 p°3d°nl
252p®3s23pnl 252p°3s%3p°nl 252 %3523 p°3dnl 252p®3s23p°3d°nl

of the daughter ion. Configuration state functions used in
the FAC calculations are listed in Table I. In addition, the
An = 0 M-shell transitions in K-like W% through Ne-like
WO jons have also been calculated with GRASP2 [27,28].
GRASP is a multiconfiguration Dirac-Fock code for relativistic
atomic calculations. The Breit interaction, self-energy, and
vacuum polarization are added perturbatively. The program
was run in the extended average level (EAL) calculation
mode, where the radial wave functions are obtained from an
average configuration approximation. Included configuration
state functions are tabulated in Table II. The theoretical
351/2-3p3/2 wavelengths from FAC and GRASP2 are compared
with experimental line positions in Fig. 1. High-precision
calculations of the sodiumlike 3si/,-3p3,> line have been
performed by Sapirstein et al. [29]. Here, the transition energy
has been calculated by using the RCI and RMBPT codes and

TABLE II. Configuration state functions used in the GRASP2
calculations with filled K shell (Ne-like W) and L shell (Na- through
K-like W).

Ne-like W+ Na-like W+ Mg-like W+ Al-like W' Si-like W+

2522 pS 3s 352 3523p 3523 p?
2522p33s 3p 3s3p 35%3d 3s%3p3d
2s22p°3p  3d 3s3d 3s3p? 3523d?
2522p33d 3s3p3d 3s3p°
252p°3s 3s3p?3d
252p%3p 35s3p3d?
252p®3d

P-like W**  S-like W33 Cl-like W37 Ar-like W K-like W33+

3523 p? 3523p* 3523p° 3523 pS 3523p%3d
3s?3p?3d  3s?3p33d  3s23p*3d  3s23p°3d  3s*3p3d°
3s3p* 3s3p° 3s3p° 3s3p°3d 3s3p°3d>?
3s3p33d 3s3p*3d 3s3p3d

equals 537.51 eV, including electron-correlation energy. To
this energy, corrections for mass polarization (—0.01 eV) and
QED effects (—4.42 eV) have been added, resulting in a total
energy of 533.08(4) eV, where the uncertainty is estimated to
be mainly caused by the neglect of two-loop Lamb shifts and
negative energy states. This transition energy corresponds to a
wavelength of 23.258(2) A.

III. MEASUREMENT AND ANALYSIS

The experiment employed the SuperEBIT electron-beam
ion trap at the Lawrence Livermore National Laboratory
[31,32]. Tungsten was supplied to the trap using a metal
vapor vacuum arc (MEVVA) injector, which injects few-times
ionized tungsten into SuperEBIT. Trapped by electric and
magnetic fields, the ions reached higher charge states under
the bombardment by a narrow (<60 pum) electron beam of
energy 23.5 keV and beam currents around 55 mA.

The spectrometer employed for the measurement was a
very high-resolution soft-x-ray grating spectrometer [33]. The
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FIG. 1. (Color online) Differences between theoretical 3s,-
3ps;, FAC and GRASP2 wavelengths and observed line positions in
highly charged tungsten ions. Experimental uncertainties are marked
with dashed lines.
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FIG. 2. Wavelengths of the Na-like through Si-like W resonance
lines in the four data sets. The solid lines display the average
wavelengths. Dashed lines represent the statistical and line-blend
error bars, and the long-dashed lines show the final wavelength
uncertainties.

instrument uses a 2400 lines/mm spherical R = 44.3 m grating
operated at a grazing angle of 2°. The flat-field images were
recorded using a cryogenically cooled Princeton Instruments
charge-coupled device (CCD) detector. The back-illuminated
CCD chip is made up of 1300 x 1340 pixels, each of size

TABLE III. Measured positions of the Na-like W5 3s;,,-3p3»
transition, error contributions, and average wavelength. Wavelengths

in A.
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TABLE IV. Measured positions of the Mg-like W 3s;,,-3p3
transition, error contributions, and average wavelength. Wavelengths

in A.

Data set 1 2 3 4
Wavelength 22.73717 22.7391 22.7379 22.7299
Statistics 0.0016 0.0015 0.0023 0.0015
O w statistics 0.0023 0.0036 0.0039 0.0027
Line blend 0.0023 0.0026 0.0017
Reference 0.0006

Dispersion 0.0022

Result 22.735 + 0.004

20 x 20 um?. The spectrometer was set up to cover the 18.5—
26.5 A soft-x-ray band. The instrument was not in best focus
because of constraints placed on its use by other experiments
before and after.

Nitrogen and carbon dioxide gases were supplied to the trap
by a gas injector to provide accurate reference wavelengths in
first order. A second-degree polynomial dispersion function of
wavelength versus detector channel position was determined
by using the theoretical line positions of N VII Ly-« and Ly-$,
N vi KB, O v Ly-«, and O viI Ko (w and z). The H-like
wavelengths are taken from Garcia and Mack [34], the He-like
Ko lines from Drake [35], and the He-like K transition from
Vainshtein and Safronova [36]. The wavelengths of the He-like
ions are believed to be accurate to better than 0.6 mA [37]. The
present measurement is thus similar to the measurement of the
2s1/2-2p12 Li-like U¥T where the O vII lines were used as
reference lines in second order [38].

Tungsten spectra were acquired during four days. The
half-hour and one-hour exposure CCD images were rotated to
correct for a slight tilt in the alignment of the CCD camera
before the cosmic-ray and stray-light counts were filtered
out, keeping only single-photon counts. The data from each
day were added and analyzed separately. The 3si,2-3p3;»
transitions in Na- and Mg-like W and the 3p;,>-3d3,, in
Al- and Si-like W were of sufficient strength so that they
could be analyzed in each of these data sets. The wavelength
dispersion determined from the nitrogen and oxygen spectra
was applied to these tungsten spectra and anchored to the
position of line w from He-like O viI, which showed in
each spectrum, because oxygen existed in the trap as an
impurity. The inferred line positions from all the data sets

TABLE V. Measured positions of the Al-like W®'* 3p; ,-3d5,
transition, error contributions, and average wavelength. Wavelengths

in A.

Data set 1 2 3 4 Data set 1 2 3 4
Wavelength 23.2556 23.2568 23.2562 23.2466 Wavelength 20.7544 20.7608 20.7581 20.7533
Statistics 0.0015 0.0015 0.0022 0.0016 Statistics 0.0021 0.0025 0.0034 0.0021
O w statistics 0.0023 0.0036 0.0039 0.0027 O w statistics 0.0023 0.0036 0.0039 0.0027
Reference 0.0006 Reference 0.0006

Dispersion 0.0031 Dispersion 0.0017

Result 23.253 4+ 0.005 Result 20.756 4+ 0.004
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TABLE VI. Measured positions of the Si-like W 3p;,-3ds
transition, error contributions, and average wavelength. Wavelengths

in A.

Data set 1 2 3 4
Wavelength 20.2681 20.2708 20.2730 20.2673
Statistics 0.0021 0.0029 0.0030 0.0018
O w statistics 0.0023 0.0036 0.0039 0.0027
Line blend 0.0031 0.0093 0.0049
Reference 0.0006

Dispersion 0.0026

Result 20.270 4 0.005

(see Fig. 2) were averaged to give the resulting wavelengths
in Tables III, IV, V, and VI. The uncertainties in the four
line positions were evaluated in each data set. The uncertainty
associated with the counting statistics of each line was added
to the statistical uncertainty in the O w reference-line position.
The Mg- and Si-like W lines were not fully resolved, and
the additional line-position uncertainties were estimated by
fitting the lines separately (resonance line plus blending
line) and blended (one centroid) and taking the wavelength
difference as the line-blend error. These errors were added in
quadrature with the statistical uncertainties. The resulting line-
position uncertainties from the data sets were then averaged.
To this average, the uncertainty in the theoretical reference
wavelengths was added in quadrature, followed by the linear
addition of the dispersion uncertainty in the calibration poly-
nomial. The contributions to the line-position uncertainties
are listed in Tables III-VI. Here, the statistical uncertainties
for the lines are listed with the statistical uncertainties of the
O w reference line. The reference-line error is the uncertainty
of the theoretical wavelengths used for the calibration, which
have been validated by measurements to agree within about
0.6 mA [37]. The dispersion error is the uncertainty in the
linear term in the dispersion function multiplied by the distance
between each line and the O w position used to anchor the
dispersion.

For the weaker tungsten lines, the analysis was done
after the four data sets had been summed (see Fig. 3). As
with the individual data sets, the wavelength dispersion was
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381,27 3P32

400+ Mg-2 L
3Pz - 3d3,, Na-1

Al-4

25
Wavelength (A)

FIG. 3. Soft-x-ray spectrum of highly charged tungsten measured
with an R = 44.3 m grazing-incidence spectrometer at the Livermore
SuperEBIT electron-beam ion trap. The spectrum represents the
coadded data from four run days.
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FIG. 4. (Color online) Theoretical soft-x-ray spectrum of highly
charged tungsten. The spectrum is modeled with a resolution of
40 mA FWHM at an electron energy of 23.5 keV and a density
of 5x 10" ecm™3. The charge balance is inferred from the best
agreement with the spectral data in Fig. 3 and is shown in Fig. 5.

anchored to the O w line position. To identify the lines, a
synthetic spectrum was calculated for an electron energy of
23.5 keV and an electron density of 5 x 10! cm™3. This
spectrum is shown in Fig. 4, where the lines are modeled
with an instrumental resolution of 40 mA full width at
half maximum (FWHM). The tungsten charge balance was
estimated from the measured number of counts in the observed
lines and the corresponding calculated line emissivities. The
resulting charge balance relative to the sodiumlike tungsten
ion is shown in Fig. 5. The uncertainties in the abundances
are difficult to estimate. For the ions with only a single line,
the uncertainties are based on the statistics of the measured
line intensities. For ions with several observed lines, the errors
are estimated from both the counting statistics and the
spread of the number of ions derived from each individual
line. Comparison of the experimental and theoretical spectra
allowed for the identification of lines from potassiumlike
through neonlike tungsten. Although no calciumlike lines were
observed, the abundance of Ca-like W>*t was set equal to
that of K-like W+ to account for the maximum possible
influence of line blends. To estimate line-blend effects, the
centroid of each line was fitted in the theoretical one-charge
state spectrum and in the synthetic spectrum where lines from
allions were present. The wavelength differences were taken as
the blend errors. These uncertainties were added in quadrature
with the statistics of each line and O w and the reference-line

Relative abundance (ny,)

0 T T T T T T T T

T T
K Ar Cl S P Si Al Mg Na Ne
Tungsten charge state

FIG. 5. (Color online) Inferred tungsten charge state distribution
in SuperEBIT at an electron-beam energy of E, = 23.5 keV. The
charge state fractions are normalized to that of Na-like W+,
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TABLE VII. Experimental and theoretical tungsten wavelengths in A. The lines are labeled according to charge state (cf. Fig. 3). Theory

from FAC, GRASP2, and RCI [29] calculations.

Key Transition Experiment FAC GRASP2 RCI
K-1 (3sz3p63d3/2)3/2—(3323p1/23p§‘/23d32/2)3/2 19.184(8) 19.143 19.078
Cl-1 (352317]2/23p§/2)3/2—(3s23p1/23p§/23d3/2)1/2 19.62(1) 19.570 19.442
Ar-1 (3523p6)0—(3s23p1/23p§‘/23d3/2)] 19.679(7) 19.636 19.607
S-1 (3523pf/23p§/2)2-(3s23p1/23p§/23d3/2)] 19.752(8) 19.702 19.592
Cl-2 (3sz3pf/23p§/2)3/2-(3s23p./23p§/23d3/2)3/2 19.814(9) 19.786 19.726
Cl-3 (3sz3pf/23p§/2)3/2-(3523[71/23p§/23d3/2)5/2 19.867 19.789
S-2 (352317%/2317%/2)2-(3‘923p1/23p§/23d3/2)2 19.883 19.755
(3523p%/23p§/2)0-(3s23p1/23p§/23d3/2)1 19.922 19.852
P-1 (3523p%/23p3/2)3/2—(3s23p1/23p3/23d3/2)3/2 19.916 19.789
(3sz3p]2/23p3/2)3/2—(3s23p1/23p3/23d3/2)1/2 19.942 19.846
S-3 (352317]2/231)%/2)2—(3s23p1/23p§/23d3/2)3 20.147(6) 20.116 20.006
Si-1 (3523pf/2)0—(3s23p1/23d3/2)1 20.270(5) 20.229 20.200
P-2 (3sz3pf/23p3/2)3/2-(3s23p]/23p3/23d3/2)5/2 20.319(5) 20.285 20.187
K-2 (3sz3p63d3/2)3/2-(3s23p1/23p§‘/23d32/2)5/2 20.552(7) 20.536 20.575
Al-1 (3s23p1)2)1/2-(35?3d32)3)2 20.756(4) 20.721 20.637
Ne-1 (2522pf/22p§/23s1/2)1-(2322pf/22p§’/23p3/2)0 21.085(6) 20.969 20.975
Mg-1 (Bs123P172)1-(351/23d3)2)2 21.372(6) 21.360 21.622
Al-2 (3s23p1/2)1/2-Bs123P123P3,2)1 2 22.543(4) 22.506 22.430
Mg-2 (352)0-(35123p32)1 22.735(4) 22.701 22.755
Si-2 (3523pf/2)0—(3s|/23pf/23p3/2)1 22.793(5) 22.766 22.764
Al-3 (3523 p12)1/2-(35123P123P3/2)32 22.961(6) 22.950 22.855
Na-1 3512-3p32 23.253(5) 23.237 23.245 23.258(2)
S-4 (352317]2/23pg/z)z—(’jsl/z3p12/23p§/2)2 23.35(1) 23.345 23.247
P-3 (3523pf/23p3/z)3/2—(3s1/23pf/23p§/2)5/2 24.042(9) 24.038 23.997
Al-4 (3523 p12)1/2-(35123P123P3/2)32 24.78(1) 24.770 24.814

uncertainty, followed by a linear addition of the dispersion
uncertainty. All identified lines are listed in Table VII with
experimental wavelengths and theoretical line positions from
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FIG. 6. (Color online) Observed 3s;/2-3p3,> line positions of
Na-like high-Z ions [20,25] compared to theoretical line positions
given by Kim et al. [2], Baik et al. [9], and Blundell [11] and to
semiempirical (se) values by Kim et al. [2] and Seely et al. [8,10].
Wavelengths are normalized to the theory by Seely ef al. [10]. Note
that the wavelengths by Blundell have been interpolated. Calculations
from Johnson et al. [7], Ivanov and Ivanova [5], and Kim and
Cheng [6] are off the scale. Observed values are from measurements at
the NIST EBIT [25], the Livermore EBIT-II [20], and the Livermore
SuperEBIT (this work).

FAC and GRASP2. The three lines Cl-3, S-2, and P-1 have
been identified in the theoretical model. However, because the
line positions overlap, a determination of these experimental
wavelengths is not possible.

0.004 ! ! ! !
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g Present measurement
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FIG. 7. (Color online) Observed 3s-3s, 2332 line positions of
Mg-like high-Z ions compared to theoretical line positions by Zou
and Froese Fischer [17]. Wavelengths are normalized to the theory by
Marques et al. [15]. Note that wavelengths by Zou and Froese Fischer
have been interpolated. Predictions from Cheng and Johnson [12],
Shorer et al. [13], and Ivanova et al. [14] are off the scale. The
experimental data are from the NIST EBIT [25] and the Livermore
SuperEBIT (present work).
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Constants used are hc = 12398.42 A eV = 8065.5410
eVem and 1 Ry = 13.60569 eV.

IV. SUMMARY AND CONCLUSION

The measurement yields wavelengths for 20 soft-x-ray
An = 0 M-shell lines in highly charged tungsten ions between
19 and 25 A (see Table VII and Fig. 3). Lines from
potassiumlike W3+ to neonlike W%+ are measured in high
resolution and identified using theoretical spectra calculated
using FAC (cf. Fig. 4). Comparisons with FAC and GRASP2
calculations are made for the 3s/,-3p3,, transitions in K-like
W>* through Ne-like WO+ ions (see Fig. 1). The comparison
shows that our FAC calculations on average do a better job in
reproducing the measured values than our GRASP2 calculations.
Both do poorly for the neonlike line (cf. previous work on
the 2s1/2-2p3)» transitions in Li-like Th3* and U8** [39,40]).
Overall, the theoretical wavelengths are too short, but not
consistently.

Several calculations have been made for the resonance line
in sodiumlike ions, and the observed 3s1,2-3p3,> tungsten line
position is compared with these in Fig. 6, where sodiumlike
ions with 70 < Z < 80 are shown. The experimental
wavelength of 23.253(5) A agrees well with the ab initio
calculations by Kim et al. [2], Blundell [11], and the new
ab initio value by Sapirstein et al. [29]. The latter comparison
is shown in Table VII. The calculations by Kim et al. [2]
and Blundell [11] are also in good agreement with the high-

PHYSICAL REVIEW A 81, 052509 (2010)

precision measurement of Na-like Pt’* by Cowan et al. [20]
performed at the Livermore EBIT-II electron-beam ion trap.

A comparison between measurements and theory of the
magnesiumlike resonance line displayed in Fig. 7 shows that
the measured Mg-like W+ wavelength of 22.735(4) does not
agree with available theoretical predictions. This contrasts with
the measurement by Gillaspy et al. [25], whose larger error
bars show consistency with the two calculations. We note that
the predictions from the MCDF [12], RRPA [13], and model-
potential relativistic perturbation theory [14] codes are off the
scale and, therefore, not shown in Fig. 7. Magnesiumlike ions
are more difficult to calculate with accuracy, and additional
high-precision measurements of the 352-3s, /23p3,2 transition
in high-Z ions are needed to guide theory.
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