

View

Online


Export
Citation

CrossMark

RESEARCH ARTICLE |  MAY 25 2012

Overview of recent atomic spectroscopy at the NIST
Electron Beam Ion Trap (EBIT) facility 
J. D. Gillaspy

AIP Conference Proceedings 1438, 97–100 (2012)
https://doi.org/10.1063/1.4707862

 03 July 2023 12:27:36

https://pubs.aip.org/aip/acp/article/1438/1/97/874221/Overview-of-recent-atomic-spectroscopy-at-the-NIST
https://pubs.aip.org/aip/acp/article/1438/1/97/874221/Overview-of-recent-atomic-spectroscopy-at-the-NIST?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/acp/article/1438/1/97/874221/Overview-of-recent-atomic-spectroscopy-at-the-NIST?pdfCoverIconEvent=crossmark
javascript:;
javascript:;
https://doi.org/10.1063/1.4707862
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2100974&setID=592934&channelID=0&CID=768787&banID=521069223&PID=0&textadID=0&tc=1&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Facp%22%5D&mt=1688387256101835&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Facp%2Farticle-pdf%2F1438%2F1%2F97%2F11465627%2F97_1_online.pdf&hc=74cb66c15043af7443c5482f1e99c10e59586614&location=


Overview of Recent Atomic Spectroscopy at the 
NIST Electron Beam Ion Trap (EBIT) Facility 

J. D. Gillaspya 

aNational Institute of Standards and Technology, Gaithersburg, MD  20899-8422, USA 

Abstract. Eight papers published by the National Institute of Standards and Technology (NIST) 
EBIT spectroscopy team and collaborators from mid-2009 to mid-2011 are summarized.  
Previous discussions of the D-lines in Na-like ions and the Lyman-alpha lines in H-like ions are 
updated with new information. Nine issues related to the accurate use of Fe XVII x-ray lines for 
plasma diagnostics are enumerated. Work by ourselves and others to combine an EBIT and a 
synchrotron in the hard and soft x-ray regimes is compared and contrasted. 
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RECENT PUBLICATIONS 

Since the last Atomic Processes in Plasmas conference (2009), atomic spectroscopy 
results from the NIST EBIT team have been reported in eight publications [1-8].  
These are grouped into four general areas discussed below.   

Extreme Ultraviolet (EUV) Spectroscopy of Hf, Ta, W, and Au for 
Fusion Energy Diagnostics 

This work spans the range 2.5 nm to 25 nm, and includes a wide range of open-
shell ions (e.g., 3dn with n=1-9). The electron-ion collision energies range from just 
under 2 keV to 24 keV. Even for these complex spectra, collisional-radiative modeling 
shows remarkably good agreement with the measurements and plays a key role in 
interpreting approximately 200 spectral lines [1, 5, 7]. The paper by Joseph Reader et 
al. [9] in the present volume discusses some of these results in more detail, and 
presents preliminary new results for both Co-like and K-like Hf, Ta, and Au ions that 
complement our earlier work on the corresponding lines in isoelectronic charge states 
of W [7]. 

X-ray Spectroscopy of Ne-like Fe XVII for Astrophysical Diagnostics  

The Fe XVII lines (or groups of lines) conventionally labeled 3C, 3D, and 3s [6] 
are potentially among the most valuable diagnostic lines in modern x-ray astronomy, 
yet more than a decade of inconsistencies in the literature (up to a factor of two in the 
intensities) have clouded their use and demonstrated that they are not as 
straightforward to apply as originally thought. In a recent paper [6], we report new 
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laboratory measurements of the 3C/3D and 3s/3C line intensity ratios as a function of 
electron collision energy, and use predictions based on relativistic R-matrix 
calculations [6] to unify our new measurements with the most accurate previously 
reported laboratory measurements from an independent group. An otherwise large 
discrepancy (>5!) for 3s/3C near the excitation threshold (around 850 eV) is 
accounted for by a variation in the density of resonances. A modest (2!) discrepancy 
between the two experiments for 3s/3C around 1 keV can be explained by possible 
oxygen impurities. Above 1.1 keV, both sets of experiments suggest that the R-matrix 
theory of Loch et al. (reported in [6]) for 3s/3C may be slightly low (15%). For the 
3C/3D ratio, the R-matrix calculation of Chen (reported in [6]) agrees very well with 
experiment (prediction generally <10% higher than our measurements) and is about 
15% lower than the R-matrix calculation of Loch et al. Our paper discusses the 
following issues that should be considered before trusting these line ratios to the level 
of 5% to 20% accuracy: (1) resonances in electron impact excitation cross sections, (2) 
width and peak of electron energy distribution (including space charge shifts in EBIT 
electron beams), (3) angular distribution of radiation (observation angle relative to 
natural quantization axis), (4) correction for polarization dependence of detectors, (5) 
line blends from other charge states of Fe, (6) line blends from other elements (such as 
oxygen), (7) absorption/scattering by material between the light source and detector 
(including windows), (8) line intensity metric (whether intensity is proportional to line 
energy, as in the raw output from charge coupled device detectors, or photon number, 
as in single photon pulse counting), and (9) linewidth constraints (the possibility of 
fixing linewidths to one fit value, when appropriate, to help reduce line blend errors). 

Our paper also shows that the discrepancy in absolute electron-impact excitation 
cross sections reported by Brown et. al. [10] disappears when converged R-matrix 
calculations of photoionization cross sections are used to normalize the 
measurement instead of calculations based on the older work of Scofield [11]. 

X-ray and EUV Spectroscopy of Hydrogenic and Quasi-Hydrogenic 
Ions for Testing Fundamental Physics  

We have presented the first measurement of the Lyman-alpha lines (1s-2p3/2 and 1s-
2p1/2) of H-like V [2]. They are approximately 1.5 ! higher in energy than the ab initio 
calculations of Johnson and Soff [12]. Our uncertainties are 9% of the QED (Lamb 
shift) contributions to the transitions.  The Oxford EBIT group has tested QED to 6% 
at a slightly lower value of Z [13]; they reported results for only one line of the 
doublet in H-like Ti because they used the calculated location of the other line relative 
to the first (fine structure splitting) to improve the determination of the dispersion of 
their spectrometer. Without using theory in this way, the uncertainty in their 
dispersion would have been an order of magnitude larger [14], and their overall 
absolute uncertainty larger by a factor of two.  At GSI, Gumberidze et al [15] have 
tested QED to 1% in fast H-like U decelerated to v/c=0.3 (the uncertainty was limited 
by Doppler corrections).  After our paper [2] was accepted for publication, the LLNL 
EBIT group published a measurement of the 1s-2p3/2 transition in Xe that can be 
interpreted as a 4% test of QED [16]. 
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Results accurate to <1% have been obtained for the case of quasi-hydrogenic Na-
like ions (one electron in principal quantum number n=3 shell and two completely 
filled inner shells). Here, the lines analogous to the Lyman-alpha doublet are the 3s1/2-
3p1/2 and 3s1/2-3p3/2 "D line" doublet. The most accurate QED test for the first of these 
lines is ours (0.6% in Au69+) [1, 4], while the most accurate test of the other line in the 
doublet is that of Beiersdorfer et al [17]  (0.7% in U81+). In both cases, the uncertainty 
in theory (included in the percentages above) is believed to be comparable to or larger 
than that of the experiment. At the time we first published the results of our 
measurements [1], the most accurate calculations available did not include the ions we 
studied. For the heaviest ion we studied (Au), accurate calculated transition energies 
were available from Blundell [18] for values of Z just one unit higher and lower, 
however the energies for the 3s-3p1/2 lines in these ions still differ by over 7 eV 
(several hundred times our experimental uncertainty). I subsequently performed a 
nonlinear interpolation [4] to obtain a theoretical prediction of 177.118(20) eV for the 
case of Au, and this was recently confirmed by a direct calculation which gave 
177.122(24) [19]. Very recently the calculation has been improved and extended to 
include predictions of 177.136(20) eV for the Au 3s-3p1/2 line, and 1305.201(51) eV 
[19] for the U 3s-3p3/2 line, improving the agreement with our measurement of 
177.143(30) eV in Au, but somewhat decreasing the agreement with the uranium 
result. Neither of these measurements are absolute, however, since the calibration was 
dependent on calculated H-like ion transition energies. 

Between the H and Na isoelectronic sequences lies the Li sequence (one electron in 
n=2, filled n=1 shell). In the case of highly charged ions, this has been well-studied by 
Beiersdorfer and co-workers (see [20], for example). At the neutral end of this 
sequence, we have recently published an absolute measurement (tied to the meter 
through a laser frequency comb) accurate to more than 11 digits [21]. This work 
reveals that the calculated fine structure splitting difference between isotopes 
(previously thought to be sufficiently accurate, 9 kHz [22], to serve as a test of the 
experiments), was in error by 200 kHz. 

These examples illustrate the difficulty with which one can estimate the accuracy of 
calculations without experiments, and the difficulty of testing the predictions of QED 
in a manner that is fully independent of theory. 

First Use of a Hard X-Ray Synchrotron to Probe Trapped Highly 
Charged Ions  

A portable EBIT from the Smithsonian Astrophysical Observatory was transported 
to the Advanced Photon Source at the Argonne National Laboratory and installed on 
beamline 12ID-C in May of 2009. The EBIT was operated at 32 mA of electron beam 
current to produce Ne-like Kr ions, while 18 keV photons from the synchrotron were 
directed across the electron beam at a right angle at a rate of approximately 6x1012 s-1. 
The x-ray emission from the trap was measured by an off-axis energy dispersive 
lithium-drifted silicon detector. The recorded spectrum spanned six orders of 
magnitude of intensity and included intense lines produced by electron impact 
excitation of Kr26+, weaker lines from radiative recombination of trapped krypton and 
photoionization of copper from the trap walls, and a very weak line at high energy that 
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appears to correspond to K-shell photoionization of the trapped highly charged Kr ions 
[8]. This photoionization cross section is estimated to be below 10-20 cm2/atom (0.01 
Mbarn) [8], >10 times smaller than the near threshold cross section recently observed  
by others in Fe14+ using the FLASH-EBIT at BESSY II [23]. The Fe experiment 
involved analyzing ions extracted from the EBIT after ionization with photons in the 
soft x-ray regime (20x lower energy than in our experiment) [23]. Steps to 
substantially improve our signal-to-noise ratio are in development.  
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