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ABSTRACT 

The 2-to-l spectra of several astrophysically abundant He-like ions are being studied using the 
Electron Beam Ion Trap (EBIT) at Lawrence Livermore National Laboratory. Spectra are recorded 
for a broad range of plasma parameters, including electron density, energy, and ionization balance. 
We describe the experimental equipment and procedure and present some typical data. 

1 INTRODUCTION 

The 2-to-l spectra of heliumlike ions (specifically the forbidden [z], intercombination 
[x and y], and resonance [w] lines, and also the lithiumlike satellite line [<?]) are among the 
most useful diagnostics available for the study of X-ray emitting astrophysical and 
laboratory plasmas. As first pointed out by Gabriel and Jordan (1969), these lines may be 
used as sensitive indicators of election density (usi:.>& the line ratio R=z/[x+y]) and electron 
temperature (using G=[x+y+z]/w). 

These diagnostics will be particularly important for interpreting the high resolution 
spectral data coming from future soft X-ray satellite missions such as the Advanced X-ray 
Astrophysics Facility (AXAF) and the X-ray Multi-Mirror Mission (XMM). Reliable 
interpretation of such data, however, will require a correspondingly complete and accurate 
understanding of the atomic processes involved. Several authors have constructed detailed 
computer models of He-like systems (e.g. Mewe and Schrijver 1978a6; Pradhan and Shull 
1981, McKenzie and Landecker 1982), but the many cross sections and transition rales 
involved are typically accurate to only 10 or 20 percent, and significant errors may 
accumulate. Indeed, experimental studies on tokamaks (e.g. Bitter el al. 1979, Kallne el al. 
1983, Keenan et al. 1989) have pointed out some significant deficiencies in theoretical 
models. Further laboratory measurements, with detailed control over plasma parameters, 
are therefore necessary to compare with predictions and guide die development of theory. 

We are using an Electron Beam Ion Trap (EBIT) to study X-ray emission from several 
He-like ions of astrophysical interest. Neon is the centerpiece of diis investigation, since 
its critical density (where the line intensity ratio R is most sensitive to electron density) 
coincides with the practical density range of EBIT, roughly 5x10" to 10 1 3 cm - 3. In 
addition to Ne^+, we are also studying O s + , S 1 4 + , and F e 2 4 + , measuring relative line 
intensities as functions of election density, electron energy, and ionization balance. 
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2 EBIT 

The Electron Beam Ion Trap (EBIT) at Lawrence Livermore National Lab is an 
electron beam ion source specifically designed to permit study of X-ray emission from 
highly charged ions. It is described in detail by Levine, et al. (1988), and many of its 
capabilities are discussed by Beiersdorfer et al. in these proceedings ("X-ray Spectroscopy 
with EBIT'). Ions are confined in an electrostatic "trap" where they may be further ionized 
and excited by a 70-nm-diameter, nearly monoenergeric electron beam. The beam energy 
can be quickly raised or lowered anywhere between 500 eV and 30 keV, allowing study of 
the plasma while ionizing, recombining, or in equilibrium. As previously mentioned, the 
electron density can also be varied, with a typical value of 5xl0 1 2 cm - 3. Six viewing ports 
ring the electron-ion interaction region, permitting several detectors and spectrometers to 
study the X-rays produced. Figure 1 shows the layout of the three instruments we use for 
our investigation of He-like neon. 

Vacuum Fiat Crystal Sgscromeler 

Figure 1. A schematic of the 
instruments used for study 
of He-like neon onEBIT, 
shown in cross section. 
Three of the six obser
vation ports are used. 

The primary instrument is the Flat Crystal Spectrometer (FCS), which was designed to 
work under vacuum because of the low energy of the X-rays we are studying (about 900 
eV for He-like neon). Bragg angles up to 60° may be used, allowing the study of 2-to-l 
lines in He-like oxygen (around 570 eV) with TTAP crystals (2d = 25.76 A). Diffracted 
X-rays are detected by a one-dimensional position-sensitive proportional counter, which 
uses a thin window made of 4-u.m-thick aluminized polypropylene. Both the crystal and 
detector may be repositioned while under vacuum. Spectral resolution depends upon 
which of the interchangeable diffraction crystals is being used, but typical values of X/&X 
are 500 for T1AP and 1300 for mica. 

To permit the determination of electron density in EBIT, we have constructed a beam 
imaging system which uses the pinhole camera effect A very narrow slit (7.8 [lm) images 
the electron-ion interaction region onto a position-se;isitive proportional counter with a 
magnification factor of 40. This provides the electron beam diameter, typically 70 urn. 
The electron density is then computed using the formula ne=I/(veAe), where / is the 
electron beam current, v e is the electron velocity, A is the beam area, and e is the electron 
charge. The beam area changes very little with energy, so a constant electron density may 
be maintained by varying the beam current in proportion to electron velocity. 



3 EXPERIMENTAL PROCEDURE 

The power of EBIT lies in its ability to obtain X-ray spectra from highly charged ions 
under widely varying but precisely controlled conditions. A salient feature of EBIT is mat 
spectra are accumulated as a function of electron energy rather than temperature. By 
making measurements of a cross section or transition rate at several electron energies, the 
net rate for that atomic process at any temperature can then be computed by weighting the 
individual rates according to the appropriate Maxwellian distribution. 

To take full advantage of this capability, an "Event Mode" data acquisition system has 
recently been developed that records the instantaneous electron beam energy for every 
detected photon, permitting spectra to be collected as the beam energy is varied 
continuously over a desired range. A spectrum of He-like neon obtained in this manner, 
with the beam energy sweeping between 600 and 1150 eV, is shown in Figure 2. For 
comparison, the direct excitation thresholds for w,y, and z are 922, 916, and 905 eV, 
while the ionization potential for He-like to H-like neon is 1196 eV. 

Typical timescales for ionization are a few msec, while recombination proceeds much 
more slowly. For this data, the beam energy was swept up and down with a 1 msec 
period, thus maintaining a steady ionization balance dominated by He-like ions, with no H-
like component. Note the curved tails on w and q that extend below threshold. These are 
satellite lines arising from dielectronic recombination (He- to Li-like). The tails jus; below 
threshold are from high n satellites, while the more distinct KLL (n=2) satellite band occurs 
around 680 eV. Excitation cross sections are easily exnacted from such data, and may be 
seen for the case of He-like titanium (Z=22) in Beiersdorfer et al. (these proceedings). 

Figure 2. He-like neon spectrum 
taken with a TTAP crystal in the 
Flat Crystal Spectrometer, 
plotted in "event mode" fashion. 
The horizontal axis is the usual 
dispersion axis, while the vertical 
axis records electron energy. 
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In our study of He-like neon, we use the Event Mode system to map out all the 
resonances below and near threshold using very narrow energy bins of 20 eV. Above the 
ionization potential for He-like to H-like ions, the excitation cross sections of the 2-tc-l 
lines become smooth and slowly varying, so we use larger energy bins, collecting data up 
to several times the direct excitation threshold energy. The temperature sensitive line ratio 
G=[x+y+z]/w is then determined for all temperatures or nonthermal energy distributions. 

in addition to recording spectra as a function of energy, we also measure the line ratio 
R=z/[x+y] as a function of electron densitv. As described previously, the electron density 



can be varied by a factor of ten or more, while the density is measured using the beam 
imaging system. 

In any astrophysical plasma there is always a mix of ion states, so we also examine the 
effect of Li-like and H-like ions on He-like spectra. Innershell ionization of Li-like ions 
enhances z emission, while recombination of H-like ions produces relatively more x, y, 
and z emission than w. We use EBIT's ability to establish widely varying ionization 
balances to separate out and quantize these different contributions. For example, setting the 
baseline electron beam energy at several times the ionization potential for He-like to H-like 
ions establishes an ion balance dominated by H-like (and bare) ions. We then lower die 
beam energy below the direct excitation threshold for He-like 2-to-l lines and collect a 
spectrum arising entirely from the recombination of H-like into He-like ions. After a few 
msec (much less than the time for a significant fraction of H-like ions to recombine) the 
beam energy is raised again to maintain the ionization balance, and the process is repeated. 

4 SUMMARY 

The Electron Beam Ion T-ap is an extremely versatile tool for studying atomic 
processes in highly charged ions, and is well suited to investigate the many mechanisms 
involved in the emission of 2-to-1 lines in heliumlike ions. EBIT offers unprecedented 
control over many plasma parameters, and spectra may be obtained under widely varying 
conditions of energy, density, and ionization balance. With the intention of developing and 
improving He-like ion diagnostics for use in analyzing astrophysical spectra, we have 
constructed a soft X-ray crystal spectrometer and developed experimental techniques which 
fully utilize the capabilities of EBIT, and have begun a systematic investigation of neon and 
several other astrophysically important elements. 

We wish lo thank D. Nelson and D. Carter for their expertise in assembling {he spectrometer. 
This work is supported by the California Space Institute and by NASA under grant number 
NAGW-2688. Work performed at LLNL is under the auspices of the U.S. Department of Energy 
under contract number W-7405-ENG-48. 
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