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Abstract: Using a high-resolution grating spectrometer on the Livermore EBIT-I electron beam ion 1

trap, we have measured three n = 3, 4 → n = 1 K-shell emission lines in lithiumlike O5+, which 2

are situated near the O VIII Lyman-α lines at 19 Å. Two of the resulting wavelengths agree well 3

with the wavelengths of these lines we reported earlier, but the wavelength of the third line does 4

not. In contrast, our new wavelengths now fully agree with those from resonant photo-absorption 5

experiments on the PETRA III synchrotron facility. 6

Keywords: x-ray spectra; highly charged ions; electron beam ion trap; K-shell emission; oxygen 7

1. Introduction 8

Notably, the strongest collisionally excited n = 3 → n = 1 lines of lithiumlike N V 9

and O VI appear on the long-wavelength side of the respective N VII and O VIII Lyman-α 10

lines [1,2]. By contrast, in higher-Z ions, for example in argon, chromium, and iron [3–5], 11

they appear on the long-wavelength side of the heliumlike Kβ lines. Moreover, in the 12

case of nitrogen, the sum of the two strongest n = 3 → n = 1 lines are about 1/5 of the 13

strength of the two strongest n = 2 → n = 1 collisionally excited lithiumlike lines [2], 14

i.e., the 1s2s2p 2P1/2,3/2 → 1s22s 1S1/2 transitions, commonly labeled r and q. Because the 15

n = 3 → n = 1 lines of lithiumlike N V and O VI can provide valuable information on 16

the charge balance and are less blended than the corresponding n = 2→ n = 1 lines, it is 17

important for spectral analysis, especially of astrophysical plasmas, to be able to identify 18

these lines and have accurate position information. 19

The wavelengths of the two strongest n = 3 → n = 1 lines of O VI, which fall into 20

the wavelength region between 19.1 and 19.4 Å, were recently measured using resonant 21

photo-absorption at the PETRA III synchrotron facility and the Heidelberg portable electron 22

beam ion trap [6] and subsequently using emission line spectroscopy with a high-resolution 23

grating spectrometer on the Livermore EBIT-I electron beam ion trap [1]. Excellent agree- 24

ment between the two types of measurements was found for two of the lines. However, the 25

measured wavelengths of the third line disagreed within four standard deviations, i.e., by 26

3.7 +/- 0.9 mÅ. 27

To understand what may have caused this discrepancy, we have repeated our emission 28

line measurements with improved focus of our spectrometer. We have also reconsidered 29

our calibration procedures. In the following, we present our new measurements and the 30

updated wavelength results. 31

2. MEASUREMENT 32

Measurements were performed on the EBIT-I (“ebit-one”) electron beam ion trap, 33

which has been in continuous use for spectroscopic measurements since 1986 [7–9]. In this 34

experiment, we used the experimental procedures employed before [1,10,11]. 35
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Oxygen was introduced into the trap via a ballistic gas injector in the form of carbon 36

dioxide. Continuous injection of neutral CO2 ensures that lower charge states of oxygen are 37

abundantly present even if the high beam energy (≤ 8 keV) would otherwise produce bare 38

oxygen. The magnetically compressed electron beam dissociates the molecule and ionizes 39

the oxygen atom. It then excites the ions, and thus produces line emission primarily by 40

electron-impact excitation. The oxygen K-shell emission was dispersed by a high-resolution 41

grazing incidence spectrometer [12,13], and the x rays were recorded with a liquid nitrogen 42

cooled charge-coupled device (CCD) with 1340 × 1300 pixels of 20 µm × 20 µm nominal 43

size. We note that charge exchange can also produce line emission. However, charge 44

exchange happens as neutral gas interacts with the extended ion cloud and, therefore, the 45

resulting emission would show up in the grating spectrometer spectrum as a broad halo 46

surrounding the sharply localized emission from from electron-impact excitation. Such a 47

halo, however, is not seen. 48

We made measurements about two years apart with different settings of the spec- 49

trometer: (1) 15 Å to about 22 Å and (2) 16 Å to about 23 Å. A typical spectrum of the 50

oxygen emission lines in the 16 to 23 Å region is shown in Fig. 1. In both cases, these 51

settings allowed us to see the 3p → 1s Ly-β line of hydrogenlike O VIII at 16 Å at the 52

short-wavelength side, and the 1s2s 3S1 → 1s2 1S0 “forbidden" line of heliumlike O VII, 53

commonly denoted as z, at 22 Å at the long-wavelength side. 54

The lines from helium- and hydrogenlike oxygen served as our calibration references. 55

Other reference lines we employed were the 1s2p 1P1 → 1s2 1S0 “resonance" line and 56

the 1s2p 3P1 → 1s2 1S0 “intercombination" line of heliumlike O VII (denoted as w and y, 57

respectively) and the 1snp 1P1 → 1s2 1S0 (n = 3− 6) lines of heliumlike O VII (denoted 58

here as the Kβ, Kγ, Kδ, and Kε lines, respectively). We also employed the 2p → 1s Ly-α 59

line and the 2p → 1s Ly-γ line, when available, of hydrogenlike O VIII as a calibration 60

reference. 61

The spectrum in Fig. 1 also shows the two n = 3→ n = 1 O VI lines of interest. The 62

lines are well resolved and can be seen near 19.2 and near 19.4 Å. They have been labeled A 63

and B in Fig. 1. A third O VI line of interest, which we label C, is formed by n = 4→ n = 1 64

transitions and is situated on the short wavelength shoulder of the O VII Kβ line. It is too 65

weak to unequivocally discern in Fig. 1. In total, we were able to fit lines A and B in 14 66

spectra, and line C in a total of 12 measurement files. Each of these spectra was recorded 67

for 60 mins. 68

The wavelengths of the O VII and O VIII lines are known from theory [14–19] to better 69

than 1 mÅ [20,21], and thus serve as high-quality in situ calibration references. 70

Unfortunately, the O VIII lines are a blend of the two fine structure components 71

comprising each line. Consequently, we have to make assumptions as to the relative 72

amplitude of each component. The relative ratio of the two np1/2,3/2 → 1s1/2 fine structure 73

components by the statistical weights of the levels is 1:2. However, a line excited by the 74

mono-directional electron beam may be polarized. In fact, the linear polarization of the 75

np3/2 → 1s1/2 component may approach +50 % at certain energies (even higher at the 76

excitation threshold) [22]. By contrast, the np1/2 → 1s1/2 component is unpolarized at 77

any beam energy. Using these extremes the ratio of the fine structure components may, 78

therefore, shift from 1:2 to 1:2.4. This effect shifts the value of the wavelength assigned 79

to these reference lines. In the case of the Lyman-α line, where the effect is the strongest, 80

the shift is from 18.96891 Å to 18.96870 Å, or −0.21 mÅ. Luckily, this shift is relatively 81

small, but it needs to be accounted for and limits the accuracy of the measurements if it 82

is not. If the polarization were reduced from 50 % to 40 % this correction would be −0.17 83

mÅ. We take the uncertainty in the polarization correction to be the difference between 84

the two values, i.e., −0.044 mÅ, which contributes an almost negligible uncertainty to our 85

measurements. The correction affecting the Lyman-β line is much smaller, i.e., −0.04 mÅ 86

and thus almost negligible as well. 87

Because new calculations [19] became available since our original measurement of 88

the oxygen data in 2022, we reworked the list of reference wavelengths. When doing 89
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Figure 1. Spectrum of the K-shell emission lines of oxygen measured on the EBIT-I electron beam
ion trap at Livermore. Besides the O VIII Lyman-α and Lyman-β transition, the spectrum shows the
1snp 1P1 → 1s2 1S0 Rydberg series lines of O VII, labeled Kβ through Kζ. The n = 2→ n = 1 O VII
transitions are labeled w, y, and z, and the n = 2→ n = 1 O VI transitions are labeled q and r. The
two strongest n = 3→ n = 1 O VI features of interest here are labeled A (1s2s3p → 1s22s) and B
(1s2s3p → 1s22s); line C is labeled on the inset.
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Table 1. Comparisons of measured and predicted K-shell lines of O VI. All transitions are to the
1s22s1/2 lower level; only the two dominant components are shown. All wavelenths are in units of Å.

Key Upper Level λexp λexp λexp λtheo
(J) TKS(2020)a BG(2022)b Present Workc MBPTd

A
1s1/22s1/23p3/2(

1
2 ),

1s1/22s1/23p3/2(
3
2 )

19.3665(6) 19.3658(7) 19.3653(6) 19.3666

B
1s1/22s1/23p1/2(

1
2 ),

1s1/22s1/23p3/2(
3
2 )

19.1641(6) 19.1670(6) 19.1650(6) 19.1656

C
1s1/22s1/24p3/2(

3
2 ),

1s1/22s1/24p3/2(
1
2 )

18.5833(8) 18.5852(19) 18.5833(39) 18.5841

a Togawa, Kühn, Shah et al. [6]; numbers in parentheses are uncertainties in tenths of mÅ.
b Beiersdorfer and Gu [1] (corrected as discussed in the text); numbers in parentheses are uncertainties in tenths of
mÅ.
c Numbers in parentheses are uncertainties in tenths of mÅ.
d Intensity-weighted average wavelength calculated with the many-body perturbation theory option of the Flexible
Atomic Code. See text.

so, we discovered that we made a typo in the reference wavelength used for the O VIII 90

Lyman-α line in the 2022 paper [1]. Instead of 18.9687 Å we inadvertently used 18.9696 Å 91

for the reference value of the Lyman-α line, i.e., a value that was 0.9 mÅ (!) larger than it 92

should have been. Correcting for this typographical error reduces the previously measured 93

wavelength of line B by 0.8 mÅ. The measured O VI wavelengths from the 2022 paper [1] 94

after they have been corrected for this error are given in Table 1. 95

Table 1 also lists the wavelengths of the three observed O VI features that we newly 96

determined from our measurements, as well as the results from the older synchrotron 97

measurements by Togawa et al. [6]. A graphical summary of values listed in Table 1 is also 98

given in Fig. 2. In this figure we also show the weighted average of the three measurements 99

for each line, which is indicated its the upper and lower uncertainty limits. 100

3. RESULTS AND DISCUSSION 101

As seen from the data in Table 1 and in Fig. 2, our new measurements agree well with 102

those from Togawa et al. [6]. In particular, the original discrepancy of nearly 4 mÅ (or 3 mÅ 103

after correcting for the inadvertent error in the reference wavelength) that existed between 104

the 2022 measurement of line B and the result from Togawa et al. [6] has been reduced 105

to 1 mÅ, which is within the uncertainties of the respective measurements. In fact, when 106

compared to the weighted average of all three measurements of line B, the measurement 107

of Beiersdorfer et al. [1] is about as close to the weighted average as the measurement of 108

Togawa et al. [6], and both measurements are within about one standard deviation from 109

the uncertainty band of the weighted average. This is, of course, a reflection of the fact that 110

our new measurement lies approximately between those two earlier results. However, this 111

shows that the earlier disagreement should be treated as a result of statistics rather than the 112

result of unknown systematic errors. 113

Our measurements of lines A and C are in excellent agreement with our older EBIT-I 114

results. However, the uncertainty associated with our new measurement of line C is much 115

higher than before because of the diminished brightness of the O VI line relative to the O VII 116

line with which it blends. In other words, the charge balance in our current measurements 117

favored O VII and O VIII. Blending with these higher charge states is not an issue for lines 118

A and B, and thus their uncertainties are almost an order of magnitude lower than that of 119

line C. 120

Finally, Table 1 also lists the wavelengths predicted using the many-body perturbation 121

theory (MBPT) option in the Flexible Atomic Code [23,24]. MBPT results are also shown in 122

Fig. 2. The full set of MBPT data for O VI K-shell transitions have been reported before [1]. 123

The wavelength values we give for the lines in Table 1 and Fig. 2 are based on those data 124
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Figure 2. Comparisons of measured and predicted K-shell lines of O VI. Here the measurements
by Togawa et al. [6] are shown in red (solid circles) and those by Beiersdorfer et al. [1] are shown in
green (open circles). The present measurements are shown in blue (solid squares). The uncertainty-
weighted average of the measurements of each line is indicated by the band enclosed by its upper
and lower uncertainties, which are shown as dashed lines. The theoretical value is given by the
dot-dashed line.
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and take into account the fact that each line is comprised of multiple O VI transitions; only 125

the dominant two transition are given in Table 1, which, however, comprise at least 80 % of 126

the total intensity of the measured feature. The intensity of each transition contributing to a 127

given line was computed in [1] with a collisional-radiative model constructed with data 128

from the Flexible Atomic Code. Comparing the intensity-weighted MBPT wavelengths 129

with our new data and those from [6] shows that both measurements are equally close 130

to the theoretical predictions, differing on average by about 0.8 mÅ, which is within the 131

uncertainties of the measurements. 132
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