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ABSTRACT 

Systematic studies of highly charged neonlike and nickellike ions as well as several 
open-shell ions performed on an electron beam ion trap are described and used to assess the 
accuracy of structure calculations of multi-electron ions. Discrepancies are found that can 
be attributed to inaccuracies in accounting for electron correlations and in estimating 
quantum electrodynamical effects. Documenting the effects of level crossings, we 
demonstrate that these discrepancies are compounded by uncertainties in assigning the 
respective contributions from quantum electrodynamics to each of the two strongly 
interacting levels undergoing the crossing. 

INTRODUCTION 

The spectroscopy of highly charged ions provides the information necessary to 
distinguish between different methods in atomic structure theory and to challenge the 
development of new approaches. Theoretical uncertainties are largest for many-electron 
systems where it is difficult to account fully for electron correlations. Additional 
difficulties arise in the high-Z limit, where proper consideration must be given to relativity 
and quantum electrodynamical effects. The amount of precise experimental atomic data for 
comparison with theory, however, is scant for An > 1 transitions in highly charged ions. 
While measurements of isolated transitions in a few highly charged ions have been made, 
few if any systematic studies have been performed along an isoelectronic sequence. 

To address the need for systematic experimental atomic structure data of highly 
charged multi-electron ions, we have performed extensive measurements of the x-ray 
transitions from closed-shell neonlike and nickellike ions. Using high-resolution cryv.al 
spectrometers on the Livermore electron beam ion trap (EBIT) we measured various L-shell 
end M-shell transitions along their respective isoelectronic sequences for ions as high as 
T h 8 0 + and V64+. The experimental accuracy varies between 25 and 80 ppm and is 
sufficient to evince systematic discrepancies with theoretical predictions. 

In many instances systematic discrepancies between theory and measurements can 
be attributed to residual correlation energies and an inadequate treatment of quantum 
electrodynamical (QED) effects in multi-electron ions. Another source of theoretical 
uncertainty arises from strong configuration interaction in the presence of avoided level 
crossings, which occur because of the restructuring of atomic levels as the high-Z limit is 
approached. We have studied such crossings for both neonlike and nickellike transitions, 
and we find sharp disruptions in the accuracy of the theoretical predictions in the presence 
of crossings. Effects of the crossings are also evident in the observed line intensities and 
can lead to surprising results. 

Moreover, we present results from open-shell systems. These data, exemplify the 
reduced accuracy of structure calculations as the ion moves away from the closed-shell 
configuration. 
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EXPERIMENTAL TECHNIQUE 

Measurements are performed on the 
Livermore EBJT source 1 with high-
resolution Bragg-crystal spectrometers.2 

The setup is well suited for determining 
transition energies relative to well known 
reference lines. The procedure is illustrated 
in Fig. 1, which shows a spectrum of L-
shell transitions in neonlike Gd 5 4* as well 
as a spectrum of the K-shell transitions m 
hydrogenlike and heliumlike cobalt used for 
calibration. The energies of hydrogenic 
transitions can be calculated with very high 
accuracy3 and thus represent ideal refer
ences. Those of the heliumlike transitions 
are theoretically less well known; however, 
as systematic comparisons have shown, the 
differences between calculations and 
measurements do not exceed a few tenths 
of an eV,4 and the error we make by using 
heliumlike references is small and often 
does not exceed those from instrumental 
sources. Several L-shell and K-shell spec
tra are recorded in alternation to account for 
possible drifts in the electronics, whereby 
each may take a few minutes to many hours 
depending on the ion of interest. The 
technique is thus similar to that used in 
measurements on the PLT tokamak.5-6 

The resolving power of the 
spectrometer for the neonlike measure
ments was typically 1500 < V4A < 2200, 
which limited the accuracy with which a 
given transition energy could be deter
mined to about 40-80 ppm. In several 
measurements, where suitable reference 
lines were adjacent to the lines of interest, 
we increased the resolving power 
substantially by doubling of tripling the 
spectrometer dimensions. Such a 
measurement is shown in Fig. 2, where we 
measured the 3ds/2-6fi/2 transition in 
Tm 4 1 + relative to the Lyman-a lines in S 1 5 * 
with a precision of 31 ppm. This value 
rivals the highest-precision measurements 
made on other spectroscopic sources of 
high-Z ions. The highest precision attained 
to date on EBIT was 21 ppm in a 
measurement of the resonance line of 
heliumlike Ge 3 0 + . 7 
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Figure 1. Spectra of (a) L-shell transi
tions in Ne-like Gd5A+ and (b) K-shell 
transitions in He-like Co 2 5 1- and H-like 
Co**. The labels 3A, 3B, 3C, and E2U 
refer to the transitions 2si/2-3p3/2(J=l), 
2s l / 2-3pi/2 (J=l). 2pi/2-3d3 / 2 (J=l), and 
2PI/2-3P3/2 (J=2). respectively. 
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Figure 2. Spectra of (a) M-shell transi
tions in nickel-like T m 4 l + and (b) Lyman-
a reference lines in hydrogenic S 1 5 + . 



L-SHELL TRANSITIONS IN NEONLIKE IONS 

There are 36 excited levels in the neonlike ion with an L-shell vacancy and an 
optical electron in the M shell. Seven of these connect to the ls2s 22p 6 ground state via a 
an=l electric dipole transition, five via an electric quadrupole transition, and one via a 
magnetic quadrupole transition. Because of the closed-shell nature of the ground state no 
excited level can connect to it via a An=0 transition. Bscause of their relatively simple 
atomic structure neonlike ions provide benchmarks for addressing the two most 
outstanding issues concerning multi-electron ions, namely electron correlations and the size 
of the self energy. 

L-shell spectra from neonlike ions have been observed from a wide variety of 
sources including the Sun, tokamaks, and laser-produced plasmas.8 Among these, the 
most highly charged neonlike ion, Bi 7 3 + , was studied in beam-foil experiments on heavy-
ion accelerators,9 while a systematic study of L-shell transitions in several neonlike ions 
between A g 3 7 + and E u 5 3 + on the PLT tokamak5-6 provided results with the highest 
accuracy. 
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Figure 3. Difference of measured £ 
and calculated energies of the 2p3/2- £ a 
3si/2 magnetic quadrupole transition o 
in various neonlike ions. Tokamak •_ 2 
data (from Refs. 5,6) are shown as & 
solid circles, EBIT data as open 1 
circles. 
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Our measurements on EBIT extend our earlier tokamak measurements to the high-Z 
limit. In Fig. 3 we plot the difference between measured energies of the 3si/2-»2p3/2 
magnetic quadrupole transition to the ground state and the values calculated with the MCDF 
code GRASP10 using the extended-average level approach and including the 36 lowest 
excited neonlike levels. The experimental values are consistently higher than calculated. 
The discrepancy appears to increase from about 1.4 eV for silver and xenon to 3.3 eV for 
thorium. Though significant, this discrepancy is rather small and can be attributed to 
ground state correlation energies. Without taking relativity imo account the ground state 
correlation correction is estimated' to 6e a constant i.7eV,s tnougfi it may vary in the high-
Z limit. Comparing our thorium measurement with other theoretical predictions we find 
larger discrepancies, as shown in Table I. The value predicted by Aglitskii et al.n is 8.6 
eV and that from Ivanova and Gulov12 is 29.3 eV smaller than our measurement Because 
Aglitskii et al. do not list a value for this transition, we used their value for the neighboring 
electric dipole transition and adjusted it by the predicted separation of 11.5 eV. Using a 
screened hydrogenic scaling model1 3 the MCDF code predicts that the self energy 
contribution to the level is 9.5 eV. Omitting this contribution would lead to much poorer 
agreement with the measurement. In fact, a somewhat larger self-energy contribution 
would improve the agreement. A'o initio calculations of the self energy could possibly 
provide a larger value. 

In addition to uncertainties in the multi-electron self energy and the residual 
correlation energy the accuracy of MCDF calculations is limited by the presence of 
"avoided" level crossings. The crossings arise from the diminishing importance of the 
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Coulomb potential relative >o spin-orbit and spin-spin interactions, relativistic, and QED 
effects, which results in a marked rearrangement of the structure within a given ion as the 
atomic number increases alon.? an iso-electronic sequence. The interchange in the energy 
ordering proceeds smoothly lor neighboring atomic levels that have opposite parity or 
different angular momenta. Thii is not the case, however, for two levels that have the same 
total angular momentum and the same parity, as these levels cannot also have the same 
energy. 

TABLE I. Comparison of measured value for the energy of the (2p|. 23s)j = 2 level in neonlike 
Th 8 0 + with theoretical values (in eV). 

Expt MCDF" AB Semi' AE RPT AE 
12327.5 ±0.9 12324.2 3.3 12318.9 8.6 12298.2 29.3 

aValue obtained v/ith the multiconfiguration Dirac-Fock code of Grant ti al., Ref. 10. 
fcSemi-empirical value from Aglitskii et al, Ref. 11. 
'Relativistic perturbation theory calculation by Ivanova and Gulov, Ref. 12. 

To study the effects of an avoided level crossing in the high-Z limit we studied the 
neonlike levels 2pi/2'13d3a and 2si/2_13pi/2. The levels decay to the ground state via an 
electric dipole transition whose x-ray energy E equals the level energy. Following standard 
notation we label the transitions 3C and 3B, respectively. In the low-Z limit, £(3B) > 
£(3C) because the strength of the 2s-binding energy exceeds that of the 2p-binding energy. 
The energy ordering reverses in the high-Z limit, as j=l/2 electrons become more tightly 
bound than j=3/2 electrons. Single and multi-configuration calculations of the level energies 
are shown in Fig. 4. Results of the single-configuration calculation clearly indicate the 
energy reversal for Z=69. The interchange is less obvious in the multi-configuration 
calculation; the upper and lower levels ap(.>u,ich each other, then "repel" near Z=69. 
Inspection of the mixing coefficients in Fig. 4 (b), however, shows that the dominant 
configurations making up the upper and lower level are reversed for Z=69. 

Figure 4. (a) Predicted energies of 
levels 2p!/2-13d3/2 and 2si / 2-13pi/2, 
denoted 3C and 3B, respectively. 
Dashed lines represent single-
configuration calculations showing 
the reversal in the energy ordering for 
Z=69. Solid lines represent multi-
configuration calculations. The corre
sponding mixing coefficients for the 
lower level are shown in (b). The 
dominant components are reversed 
for Z=69. 
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Four representative L-shell spectra showing the 
transitions 3B and 3C in Er58+, Yb6°+, Hf62*, and 
W 6 4*, i.e., around the interchange, are shown in Fig. 5. 
Near the interchange, mixing of the levels is largest, and 
the intensity of 3B approaches and exceeds that of 3C. 
This contrasts to its low intensity far away from the 
crossing, where mixing is small. In Fig. 6 we plot the 
relative intensity of the two lines for the fifteen ions we 
observed and compare it the predictions from a 
collisional-radiadve model. We find the surprising result 
that 3B virtually vanishes for Z=66 (Dy 5 6 +). This can be 
explained by examining the oscillator strengths of the 
lower and upper levels. Similar to the interchange of the 
dominant components of the upper and lower levels, the 
respective oscillator strengths undergo rearrangements, 
as shown in Fig. 7. That of the upper level, for example, 
changes from the value characteristic of the 2si/2-13pi/2 
component to that of the 2pi/2"i3d3/2 component, in 
doing so, it nearly vanishes for Z=66. Its near-zero 
value causes a precipitous drop in the radiative transition 
probability so that 2p-2s core changing intrashell 
transitions effectively compete with the decay to the 
ground state and deplete the intensity of 3B. 

The transition energies of 3B and 3C are listed in 
Table II and are compared with values from the MCDF 
calculations. The difference between measured and 
calculated energies are plotted in Fig. 8. At the lowest Z, 
the measured energy of 3C exceeds the calculated value 
by a few tenths of an eV, while that of 3B is smaller by 
about 3 eV. Like for the magnetic quadrupole transition 
discussed above these differences can be attributed to 
residual correlation energies (+1 eV for 3C and -leV for 
3B) and to a 10-% error in the estimate of the self energy 
for 3B. The differences increase systematically widi Z; 
the trend, however, is sharply disrupted at the crossing. 
A resumption of the low-Z trend does not appear to set in 
until well above the crossing, as indicated by the Aa6 9*, 
Hg7 0+, and P b 7 2 + data. 

Figure 6. Comparison between measured 
and calculated (dashed line) intensities of line 
3B relative to 3C. Note that the intensity of 
3B exceeds that of 3C at the crossing and 
virtually vanishes for Z=66. 
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Figure 5. L-shell spectra 
from four neonlike ions 
illustrating the interchange of 
fines 3B and 3C. 
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Figure 7. Positive roots of the oscillator 
strengths of the upper and lower levels 
showing a rearrangement analogous to the 
change in the respective dominant 
configuration components. Values from 
single-configuration calculations that are 
approached in the high-Z and low-Z limits are 
also shown for comparison. 
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TABLE II. Comparison of measured and calculated energies of lines 3B and 3C. The 
calculations were performed with the MCDF code GRASP10 in the EAL approach. AU 
values are in eV. No reliable measurement was possible for ZB of dysprosium. 

AB iC 
z £ « P I £the© Uexpl £\heo 
,« 55Snf±d.M 5383.S5 $mM±0.2ti ~sm.i4 59 6069.87 ±0.30 6073.01 5996.56 ±0.20 5996.37 
62 6809.63 ±0.20 6812.83 6753.14 ±0.15 6752.53 
64 7332.97 ±0.40 7335.79 7289.18 ±0.40 7288.32 
65 7603.31 ± 1.20 7606.80 7566.78 ±1.00 7565.81 
66 7884.68 7850.75 ±0.10 7849.44 
67 8165.64 ±0.65 8170.30 8139.82 ±0.40 8138.66 
68 8460.14 ±0.20 8464.39 8434.47 ±0.20 8432.97 
69 8733.53 ±0.50 8732.90 8762.60 ±0.50 8766.68 
70 9039.38 ±0.40 9038.5? 9076.58 ±0.40 9077.37 
72 9665.20 ±0.70 966C.50 9725.85 ±0.70 9725.56 
74 10317.23 ±0.50 10320.06 10408:69 ±0.40 10408.29 
79 12076.11 ±3.50 12081.59 12271.20 ±0.90 12268.70 
80 12454.36 ±2.20 12457.55 12671.75 ±0.50 12668.64 
82 13231.27 ±2.00 13234.18 13500.65 ±0.70 13498.27 

Figure 8. Differences between 
measured and calculated energies for lines 
3B and 3C as a fuii ~tion of atomic 
number. 

2 

> 3+|Ku/ : 

u. 
•O O 

Q. 

3B J y T x 

> ' i * ' 

r "* 

• 

Atomic number 

The disruption in the accuracy of the MCDF calculations can be attributed to uncertainties in 
the apportionment of the QED contributions to the transition energies. The combined self 
energies of 3B and 3C show the expected smooth Z 4 variation, as seen in Fig. 9. The 
strong mixing of the configurations, however, is reflected in its apportionment. For 
example, 3C in Er (Z=6g) receives a larger portion of the self energy than 3B. If 3C 
received a similarly large share of the self energy in Tm (Z=69), the discrepancy with the 
measured value would vanish. A different apportionment could also smoodi out some of 



discrepancies seen in Fig. 8 for Z=70,72, and 74. Values of the vacuum polarization show 
the same behavior, but are only a fraction of the size of the self energies. This indicates 
that the uncertainties inherent in calculating the QED contributions in multi-electron systems 
are overshadowed by the uncertainties in dividing them up among the levels involved in an 
avoided crossing. Such difficulties are absent in low-Z systems where QED contributions 
are negligible. The particular uncertainty introduced by a level crossing thus is a peculiarity 
of high-Z ions and may be avoided by calculating the QED energies from first principles. 

Figure 9. Self-energy contributions 
to the transition energies of 3B and 
3C. S
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M-SHELL TRANSITIONS IN NICKELUKE IONS 

like the neonlike ground state, the nickellike ground state represents a closed-shell 
configuration, ls2s 22p 63s 23p 63d 1 0 , and no excited level can connect to it via a An=0 
transition. ftf-shell spectra from nickellike ions have not yet been afforded the detailed 
investigation given to neonlike L-shell spectra, although they have been observed in a 
variety of x-ray sources such as tokamaks, laser-produced plasmas, and beam-foil 
experiments.14 

Recently we have begun to use the EBTT source to perform systematic studies of 
nickellike ions. As a result of this effort, we discovered the first magnetic octupole decay 
in an atomic system, i s and we were able to identify several resonances that could be used 
for photo-pumping of nickellike or neonlike x-ray lasers.1 6 

In Fig. 10 we plot the percent deviation of the 3d5/r6f7/2 electric dipole transition 
in various nickellike ions from a simple hydrogenic scaling. The transition energies in the 
eight ions between Ag (Z=47) and Th (Z=90) were measured analogously to the Tm 
transition shown in Fig. 2. We fitted a 6th-order polynomial to the deviaaon in order to 
interpolate among intermediate ions. The results are given in Table ID. Here we also list 
the predictions from an MCDF calculation. 

Figure 10. Percent deviation of the 3dj/2-
6f7/2 electric dipole transition in eight 
nickellike ions from a (Z-21)2/12 scaling. 
The measured values are indicated by open 
circles and are fitted by a 6th-order 
polynomial to allow determination of 
unmeasured wavelengths. Atomic number 



TABLE III. Energies of 6/ 7/ 2 —* 3ds/2 transitions in nickellike ions. The fitted values are 
obtained from the interpolation of the experimental data in Fig. 10. The MCDF values arc 
from a multiconfiguration Dirac-Fock calculation. 

Atomic Fit - ' MCDF Atomic Fit MCDF Atomic Fit MODF 
Number (eV) (eV) Number (eV) (eV) Number (eV) («V) 

45 613.91 612.04" 61 1803.23 1801.73 75 3320.26 3318.59 
46 671.07 669.34 61 1803.28 1801.73 76 3445.63 3443.95 
47 730.60 728.91 62 1896.86 1895.35 77 3573.27 3571.57 
48 792.46 790.77 63 1992.71 1991.23 78 3703.17 3701.47 
49 856.64 855.01 64 2090.84 2089.38 79 3835.34 3833.65 
50 923.10 921.39 65 2191.24 2189.79 80 3969.76 3968.10 
51 991.84 990.08 66 2293.92 2292.47 81 4106.46 4104.84 
52 1062.84 1061.04 67 2398.87 2397.41 82 4245.42 4243.92 
53 1136.10 1134.27 68 2506.10 2504.62 83 4386.65 4384.82 
54 1211.61 1209.76 69 2615.60 2614.09 84 4530.16 4528.53 
55 1289.37 1287.52 70 2727.38 2725.82 85 4675.96 4674.39 
56 1369.38 1367.73 71 2841.41 2839.88 86 4824.05 4822.51 
57 1451.64 1449.90 72 2957.72 2956.06 87 4974.44 4972.91 
58 1536.16 1534.45 72 2957.72 2956.06 88 5127.14 5125.58 
59 1622.93 1621.28 73 3076.30 3074.71 89 5282.17 5280.54 
60 1711.97 1710.37 74 3197.14 3195.52 90 5439.53 5437.78 

The differences between the interpolated values and MCDF are plotted in Fig. 11. 
On average, the calculated energies are about 1.7 eV smaller than those from the fit. Like 
the differences in the neonlike transition energies the difference can be attributed to electron 
correlations. The differences, however, do not vary smoothly with atomic number, but a 
smooth variation is disrupted by "discontinuities", reminiscent of the disruption found near 
the level crossing in Fig. 8. Since the polynomial fit to the data is a smooth function, the 
discontinuities must arise from non-systematic effects in the theory. Avoided level 
crossings are predicted for Z=47, 56, 72, and 83. The location of the crossings indeed 
corresponds to the location of the discontinuities in Fig. 11. Unlike the neonlike levels the 
nickellike levels involved in the crossings are not or only by small amounts affected by 
QED effects, and the disruptions in the overall trend are no larger than about 0.3 eV. 

Figure 11. Differences between the M5/2- ^ 
6(1/2 energies from the 6th-order g 
interpolation (cf. Fig. 10) and results from ^ 
MCDF calculations. ,= 
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OPEN-SHELL TRANSITIONS 

In general, the structure of open-shell ions is more complex than that of closed-shell 
ions. There are a many more allowed transitions connecting a larger number of levels, 
resulting in x-ray spectra with numerous lines that are much more difficult to interpret. 
Moreover, the increased complexity of open-shell ions challenges atomic structure 
calculations by requiring a much larger basis set. 
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When measuring spectra from 
closed-shell ions on EBIT, we typically set 
the electron beam energy to a value just 
below the ionization energy necessary to 
open up the respective shell. This 
maximizes the number of the ions of 
interest, say neonlike ions, by minimizing 
those from the lower charge states such as 
sodiumlike and magnesiumlike. By setting 
the beam energy to a higher value, we can 
open up the next shell and study transitions 
from more highly charged, open-shell ions. 
This is illustrated in Fig. 12, which shows 
a spectra of neonlike barium recorded with 
the beam energy at 8.3 keV and 9.8 keV. 
The two spectra are dramatically different, 
as the latter energy is sufficient to ionize 
barium to the carbonlike charge state, while 
the former is just below that to ionize 
neonlike barium. In particular, the 
ionization potentials of neonlike, 
fluorinelike, oxygenlike, nitrogenlike, and 
carbonlike barium are 8.33, 8.57, 8.82, 
9.06, and 9.74 keV. As a result, the first 
spectrum depicts only neonlike and a few 
small sodiumlike transitions, while the 
latter is comprised of x-ray transitions from 
many of the next higher charge states. 

Recently, we have undertaken a 
detailed study of the x-ray transitions of 
fluorinelike, oxygenlike, and nitrogenlike 
barium.17 A total of 67 features were iden
tified in these open-shell ions. Discounting 
those features that consisted of unresolved blends, we can use the data to compute an 
average difference between measured energies and values calculated with an MCDF code. 
We obtain 0.78, 1.12, 1.67, and 2.64 eV, respectively, tor the observed necnlike, 
fluoiinelike, oxygenlike, and nitrogenlike transitions. In doing so v/e expressed the 
differences in absolute values and excluded transitions terminating in 2s vacancies, as the 
latter transitions are strongly affected by QED effects. This result clearly demonstrates the 
diminishing accuracy of MCDF calculations for open-shell ions. 
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Figure 12. Spectra of neonlike 
barium recorded at an electron beam 
energy of (a) 8.3 keV and (b) 9.8 
keV. The latter energy is well above 
the 8.33-keV ionization potential of 
neonlike barium and many 
fluorinelike, oxygenlike, and 
nitrogenlike transitions are seen. 
These are labeled F, O, and N, 
respectively, in the notation of Ref. 
17. 

CONCLUSION 

We have presented precision measurements of x-ray transitions from high-Z 
neonlike and nickellike ions. Overall, very good agreement is found with theoretical 
calculations using the multiconfiguration Dirac-Fock approach. The data also confirm the 
estimated size of QED contributions to the level structure. Small systematic differences on 
the order of a few eV, however, are found that can be attributed to residual electron 
correlations and inadequacies of the estimating the QED corrections from scaled hydrogenic 
values. By systematically studying energy levels along the iso-electronic sequence we 
were able to show that level crossings can dramatically disrupt the accuracy of MCDF 
calculations, especially if the levels are strongly affected by QED effects. Undoubtedly, 



isoeiectronic studies of other levels in closed-shell and open-shell ions are needed to fully 
understand the many processes and interactions affecting atomic structure calculations. 

The author would like to thank M. Chen, J. Nilsen, A. Osterheld, and \ Scofield for 
providing the theoretica' results used in the comparison? and gratefully r. ;kno\ ledges the 
contributions of C. Bennett, S. Elliot, B. Vogel, K. Wong, and K. Zasaczinski in 
performiiig the measurements. This work was performed by the Lawrence Livermore 
National Laboratory under the auspices of the Department of Energy under contract W-
7405-ENG-48. 
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