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ABSTRACT 
The Livermore electron beam ion trap (EBIT) is used to measure electron-ion interactions with 
high-resolution x-ray spectroscopy. Measurements are presented of the Ka x-ray emission of 
heliumlike F e 2 4 + that demonstrate the effect of various processes on the spectrum of highly 
charged heliumlikc ions. In particular, we have studied how dielectronic recombination into 
high-n Rydberg levels and resonance excitation processes contribute to the x-ray emission near 
threshold for direct electron-impact excitation. From these and other measurements we infer 
the cross sections for impact excitation of heliumlike titanium, chromium, manganese, and 

• iron. Comparing the results with theoretical cross sections from distorted-wave calculations we 
find excellent agreement for all transitions but the heliumlike resonance transition from ls2p 
lPl to ground, whose excitation cross section is measured to be 10%-20% smaller than 
calculated. 
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1. INTRODUCTION 
Many novel devices for the study of highly charged ions have been developed in the 

past few years, such as storage rings and electron coolers coupled with heavy-ion accelerators, 
and electron-beam ion sources (Hvelplund 1989, Habs et al. 1989, Schuch et al. 1989, 
Schmieder 1990). A common feature of these devices is that cross sections of electron-ion 
interactions are measured by detecting particles and analyzing the charge-state distribution. The 
processes studied, therefore, involve electron-ion interactions that change the charge state of 
the ion, such as dielectronic recombination or electron-impact ionization (Andersen et al. 1989, 
Ali et al. 1990, Kilgus et al. 1990). 

The electron beam ion trap (EBIT) at Livermore is another novel device for the study of 
highly charged ions. It uses a <_240 mA electron beam, squeezed to 60 |im by a 3-T magnetic 
field, to ionize, trap, and excite highly charged, heavy ions in a 2 cm-long trap region (Levine 
et al. 1988). Like in other facilities, ionization and recombination can be studied by analyzing 
the charge of extracted ions (Schneider et al. 1990, Penetrante et al. 1991). Unlike other 
heavy-ion facilities, however, it can also be used to study electron-ion interactions by 
monitoring and analyzing the x-ray flux both with solid-state x-ray detectors and with high-
resolution crystal spectrometers. X-ray techniques have allowed us to measure the cross 
sections of dielectronic recombination for heliumlike ions up to M o 4 0 + (Knapp et al. 1989, 
1990) and for neonlike ions up to U 8 2 + (Schneider et al. 1991). In addition, x-ray techniques 
allow us to measure the cross sections of excitation processes, such as electron-impact 
excitation, radiative cascades, or resonance excitation, which for highly charged ions have not 
or cannot be studied with particle-detection techniques. High-resolution crystal spectroscopy 
was used, for example, to determine the electron-impact excitation cross sections of several 2-3 
transitions in neonlike B a 4 6 + (Marrs et al. 1988), and it provided the means to measure the 
autoionization resonance contribution to the excitation of the magnetic quadrupole transition in 
B a 4 6 + (Beiersdorfer et al. 1990). By contrast, electron-impact excitation cross sections, for 
example, have so far been studied with particle-detection techniques only for lowly charged 
ions, such as Si1*, with the merged-beam technique (Wahlin et al. 1991). 

In the following we present measurements of the Ka line emission of heliumlike ions 
that illustrate the techniques employed on EBIT for determining electron-ion interaction cross 
sections from x-ray observations. We place special emphasis on measurements of electron-ion 
interaction processes near threonold for electron-impact excitation, since accurate calculations 
exist with which we can compare our measurements, yet since tlie processes in this energy 
region are complex and involve a variety of resonance phenomena that illustrate the need for 
high-resolution measurements. Our measurements can also be compared to observations from 
high-temperature plasma sources, where high-resolution measurements of the x-ray line 
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intensities provide information on ion and electron temperatures, plasma motion, ion 
abundances, and transport phenomena (DeMichelis and Mattioli 1982, Kallne et al. 1985). 
Several recent measurements of the Ka emission spectra of heliumlike ions from tokamaks 
(Bitter et al. 1985, Zastrow et al. 1990) and the sun (Doschek 1990) have shown puzzling 
discrepancies with model calculations, as no self-consistent set of plasma parameters could be 
found to explain the observed intensities of the heliumlike x-ray lines. So far it has not been 
resolved whether these discrepancies are the result of inaccurate atomic data, inadequacies of 
the atomic model, or are consequences of processes in the plasma that are not understood. The 
measurements we present in the following assess the accuracy of the theoretical direct 
excitation cross section data employed in such model calculations, and represent a step toward 
identifying all atomic processes that affect the Ka x-ray emission of heliumlike ions in low-
collisional, high-temperature plasmas. 

2. X-RAY INSTRUMENTATION 
The EBIT electron beam is aligned vertically. This configuration provides easy, direct 

spectroscopic access to the trap through six radial ports, as shown schematically in Fig. 1. 
Two types of instrumentation are used to analyze the x-rays produced in electron-ion 

interactions: Solid-sate detectors, which provide full spectral coverage in the x-ray regime with 
near 100% quantum efficiency, but with only moderate energy resolution, and Bragg crystal 
spectrometers, which provide high spectral resolution. The counting efficiencies of crystal 
spectrometers, however, are greatly reduced over those of solid-states detectors because of low 
crystal reflectivities. 

EBIT represents a line source. Its width determined by the 60-|j.m diameter electron 
beam (Levine et al. 1989) is almost what one would have chosen for an entrance slit for a flat-
crystal or von Hamos spectrometer, and both types of spectrometers are used on EBIT 
(Beiersdorfer et al. 1990a). However, since the von Hamos geometry (von Hamos 1933), 
shown in Fig. 2, provides higher throughput than a flat-crystal arrangement, EBIT's von 
Hamos spectrometer described by Beiersdorfer et al. (1990a) has become the spectrometer of 
choice for many high-resolution spectral measurements. By choosing an analyzing crystal with 
a 75-cm radius of curvature spectral resolving powers of up to X/AX = 4500 have been 
achieved (Beiersdorfer 1991). Crystal spectrometers can thus be used to resolve transitions 
from individual atomic levels. As a result, we have been able to perform measurements of 
level-specific electron-ion interaction cross sections with 1-2 eV resolution when studying 
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dielectronic recombination (Beiersdorfer 1991) despite the fact that the energy spread of the 
electron beam is about 50 eV FWHM. 

3. EXCITATION PROCESSES IN HELIUMLIKE IRON F e M + 

In many plasma environments electron-impact excitation is the most important line 
formation process. In heliumlike ions is it the dominant process to excite the ls2p lP\ level 
whose decay results in the resonance line commonly referred to as w. To a lesser extent direct 
electron collisions also excite the ls2p 3 Pi,2 and ls2s 3 S i levels, resulting in the 
intercombination lines y and* and the forbidden line z, as shown schematically in Fig. 3. 
Calculations show that the electron-impact excitation cross section of the 'Pj level increases 
with electron energy while those of the triplet levels decrease (Bely-Dubau et al. 1982). 
Consequently, the intensity ratio of the triplet lines to the single line, (x + y + z)/w, depends on 
electron temperature and suggests itself as a temperature diagnostic (Pradhan and Shull 1981, 
Pradhan 1982). 

In many observations the triplet lines are noted to be more intense relative to w than 
predicted by model calculations (Bitter et al. 1985, Zastrow et al. 1990, Doschek 1990). This 
intimates the possibility that the theoretical electron-impact excitation cross sections are 
inaccurate. However, the heliumlike lines may also be excited by a variety of other processes 
such as electron capture by the hydrogenic ion, inner-shell ionization of the lithiumlike ion, or 
resonance excitation. In a plasma virtually all excitation channels are open concurrently. These 
processes, therefore, must be included in model calculations, which complicates the analysis 
and precludes a definite test of the accuracy of theoretical cross sections in plasma experiments. 

In EBIT we employ an electron beam to excite ions confined in the trap, whose energy 
spread is about 50-eV FWHM (Knapp et al. 1989). This is narrow enough to select and study 
a particular excitation process, as illustrated in Fig. 4. Here we have plotted the Kot emission 
of heliumlike F e 2 4 + measured with a Ge(Li) detector as a function of electron beam energy 
between 5.5 keV and 8.0 keV. The figure clearly shows the contribution from different 
dielectronic resonances to the n=2-»l x-ray emission. Resonances are labeled in the usual 
Auger notation; the KLM resonances, for example, involve intermediate states in which an 
electron from the K shell is excited to the L shell as a i/ee electron is captured into the M shell. 

Radiative stabilization of the L shell electron generates the Ka x-rays observed at beam 
energies below threshold for direct electron-impact excitation. Dielectronic resonances also 
contribute strongly to the Ka emission above threshold; the KMM resonances at 7.0 keV, for 
example, nearly double the observed emission. The processes with which they do so are, 
however, different from those below threshold, as resonances above threshold populate doubly 
excited states that can decay via autoionization to an excited level in the heliumlike ion, thus 
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resonantly exciting the heliumlike transitions w, x, y, and z. For the KMM resonances this 
process can be schematically expressed as 

I s 2 + e- -> Is 3£3f -> \%2t + e- . 

The data in Fig. 4 are obtained by rapidly ramping the beam energy from 4.5 keV to 
8.5 keV and back down again and using acquisition techniques described by Knapp (1990). 
The cycle time is 2 ms. Thus the time spent on any particular beam energy, especially on any 
dielectronic recombination resonance, is very short, guaranteeing that the ionization balance is 
unchanged throughout the measurement. As a result, the relative emission intensities, 
normalized to the intensity at threshold for direct electron-impact excitation, reflect the relative 
excitation cross sections of the processes occurring at each beam energy. 

The excitation cross section of dielectronic resonances involving the L shell appears to 
smoothly match that of electron-impact excitation. In order to study the progression from 
dielectronic resonance excitation to electron-impact excitation, we have measured the Ka x-ray 
emission near threshold for electron-impact excitation as a function of electron-beam energy 
with a high resolution crystal spectrometer. Representative spectra taken with the von Hamos 
Bragg-crystal spectrometer are shown in Fig. 5 for three different beam energies. 

The measurements in Fig. 5 clearly resolve lines w, x, y, and z. For electron-beam 
energies below threshold, a p;rticular heliumlike line cannot be excited. Indeed, lines x and z 
are not observed below their respective thresholds. By contrast, lines w and y appear to be 
present even when the electron-beam energy is set to a value well below their thresholds. What 
is observed, however, are not the apparent heliumlike lines but dielectronic satellite lines 
produced by dielecrronic recombination of beam electrons into Rydberg levels, i.e., the process 

I s 2 + e- -> ls2pnf, n » 2 . 

The levels decay radiatively, 

ls2pn£ -> I s 2 r\C + hv , 

by emitting a photon whose energy differs only imperceptively from that of their heliumlike 
parent lines w and y, as the high-n spectator electron interacts only weakly with the 1 s2p-core 
electrons. Only w and y have these high-n satellite lines, because of their dipole-allowed 
nature. Lines x and z saa electric-dipole forbidden and do not have appreciable high-n satellite 
lines. The smooth matching of the excitation function of the dielectronic resonances with the 
excitation function of the heliumlike transitions implied by Fig. 4 is, therefore, only true for the 
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dipole-allowed transitions. This behavior is demonstrated in Fig. 6, where we have plotted the 
observed intensities of the apparent lines x, y, and z relative to the apparent line w as a function 
of beam energy. Only the excitation function of >' (and implicitely that of w) matches smoothly 
with its associated high-n satellites. High-n satellites associated with y and w play a significant 
role in the proper interpretation of spectra observed on tokamaks or the sun (Bely-Dubau et al. 
1979, Bitter st al i981) and have been studied on EBIT earlier in the case of heliumlike T i 2 0 + 

and V 2 1 + (Beiersdorfer et al. 1990c, 1991). 
Comparing the intensity of z with that of x as their respective electron-impact excitation 

threshold energies are crossed, we note that z rises faster than x. To illustrate this effect, we 
have plotted the rise of x, normalized to the threshold energy ot z, as a dashed curved in Fig. 
6. The enhancement of z at threshold suggested by the comparison may be attributed to 
resonance processes involving high-n autoionizing levels associated with line x populated by 
dielectronic capture: 

I s 2 + e- -» ls2p (3p2) n£ . 

We have already said that x does not have associated high-n satellite lines because these levels 
decay by autoionization instead of radiative stabilization. However, those doubly excited levels 
produced in the resonant capture of beam electrons into sufficiently high n levels, i.e., those 
with energies between the electron-impact excitation thresholds of z and x, are allowed to 
autoionize to the 3Sj level instead of the continuum: 

ls2p pp 2 ) n( -> ls2s (3S]) + e- . 

Thus dielectronic capture into high-n levels with a 3p 2 core may result in an enhanced 
excitation of line z at threshold and could account for the faster rise in z. Evidently, this 
process cannot take place, if the beam energy is above the threshold for direct excitation of x. 
Similarly, the ^Si level may be populated by resonance processes involving the high-n doubly 
autoionizing levels associated with y and w. Moreover, y may receive contributions from the 
decay of autoionizing high-n levels associated with x and w, and x may receive contributions 
from the decay of high-n levels associated with w. Our measurements are, however, not 
sensitive enough to intimate the presence of such processes. 
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4. ELECTRON-IMPACT EXCITATION CROSS SECTIONS 
Because of possible contributions to the line intensities near threshold from resonances 

we have chosen to determine the cross section for electron-impact excitation of the four x-ray 
lines at a beam energy that is centered between the threshold energy for w at 6.7 keV and the 
KMM exutjtion resonances at 7.0 keV. The values of the electron-impact excitation cross 
sections are determined in a procedure similar to ihe one described by Marrs et al. (1988). In 
particular, the summed intensity of the four heliumlike lines measured with the crystal 
spectrometer is related to their combined intensity observed with a solid-state detector, which in 
turn is normalized to the intensity of the x rays given off in the radiative capture of a beam 
electron to the n = 2 levels in the heliumlike ion, i.e., 

I s 2 + e- -» ls 22£ + hv . 

This procedure allows us to determine the electron-impact excitation cross section relative to 
that of radiative recombination, i.e., the inverse of photoionization, which is theoretically well 
known. Results of the measurement are listed in Table I. Similar measurements were carried 
out for heliumlike Ti 2 0*, Cr 2 2*, and Mn 2 3*, the results of which are also listed in Table I. 

Because of the directionality introduced by the electron beam the x-ray emission from 
EBIT is non-isotropic. Calculations of the magnetic sublevel populations including cascades 
using the relativistic distorted-wave code developed by Zhang, Sampson, and Clark (1990) 
show that the polarization of x,y, z, andw are -52%, -19%, -5%, and +60%, respectively. 
This is taken into account in inferring the electron-impact cross sections of the heliumlike lines 
from our measurements, not only because it modulates the angular distribution of the x-ray 
emission (i.e., the intensity observeu it 90° to the beam direction differs from its 4n average), 
but also because crystal spectrometers act as polarimeters and preferentially reflect x rays 
polarized perpendicular to the plane of dispersion. 

For comparison, Table I lists the electron-impact excitation cross sections calculated 
with the code of Zhang, Sampson, and Clark (1990). The values have been adjusted to take 
into account radiative cascades and the hyperfine decay of the 3 P 0 level. Radiative cascades 
strongly affect the 3 S i level. Based on branching ratios calculated by Lin, Johnson, and 
Dalgarno (1977) 18.3% of the total population of the 3P2 level decays to the 3 Si level in iron. 
In addition, the 3Prj level is forbidden to radiatively decay to the 'So ground state in iron, 
chromium, and titanium, whose most abundant isotopes have no nuclear magnetic moment. It 
decays instead to the 3 Si level, thus further increasing the intensity of z (cf. Fig. 3). In 
contrast, the manganese nucleus has a finite magnetic moment, and the 3 P 0 level decays 
directly to the ground state as a result of the hvperfine interaction. Because its energy is within 
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1.8 eV of that of the 3 Pi level, the resulting x ray appears to enhance the intensity of y. The 
effect of the hyperfine interaction on the x-ray line intensity of heliumlike M n 2 3 + is seen in the 
effective excitation cross sections of y and z, which clearly differ from the trend set by those of 
iron, chromium, and titanium. 

A comparison of the theoretical with the measured values shows excellent agreement 
for the triplet lines. By contrast, the electron-impact excitation cross section of w is determined 
to be about 20% lower than calculated. This is an unexpected result. In plasma observations, 
where the intensity of the triple lines relative to that of w in many cases is found to be larger 
than predicted, the suggestion has been made that this is due to errors in the atomic data of the 
triplet lines. The present result suggests instead that the the theoretical data for w is slightly 
off. The discrepancy, however, is small and could account for only part of the discrepancies 
noted in plasma observations. It certainly cannot account for the discrepancies noted by Bitter 
et al. (1985) in the case of heliumlike T i 2 0 + on the TFTR tokamak that were as large as one 
order of magnitude. We have considered instrumental effects that could account for the 
difference between our measurement and calculations, such as the relative detection efficiency 
of the Kcc emission and radiative-recombination photons, which enters the overall 
normalization. The difference, however, persists for different elements, and thus for different 
experiments with different systematics, and we have not been able to find a plausible source of 
error that might change the results. Cross section measurements at beam energies other than 
threshold will be performed in the future to check whether the discrepancy persists at higher 
beam energies. Such measurements are important not only as a further check on the present 
results, but also because plasmas average over the entire excitation cross section. 

5. SUMMARY AND CONCLUSION 
The Livermore EBIT allows not only the production of very highly charged ions (at 

present up to carbonlike uranium U 8 6 + ) , but because of easy line-of-sight access to the trap 
also allows the study of electron-ion interaction processes not presendy possible at other highly 
charged, heavy ion facilities. We have started to perform such measurements using high-
resolution x-ray techniques following the development of efficiently high-resolution bent-
crystal spectrometers and novel data-acquisition techniques. 

We have presented data thai include measurements of the electron-impact excitation 
cross sections of heliumlike ions just above threshold. Other measurements based on high-
resolution x-ray techniques are presently in progress. These include measurements of 
innershell and outershell ionization cross sections, level-specific dielectronic recombination 
cross sections and radiative rates, as well as excitation cross sections for beam energies as high 
as three times threshold. Our initial results provide tantalizing glimpses of the individual 
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atomic processes affecting the x-ray spectra of highly charged ions. Comprehensive studies as 
a function of beam energy along isoelectronic sequences will allow us to test model calculations 
in detail and thus will greatly enhance the precision of x-ray spectroscopy for the diagnostic of 
high-temperature laboratory and astrophysical plasmas. 
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TABLES 

TABLE I Electron-impact excitation cross sections of K x-ray transitions in heliumlike T i 2 0 + , 
Cr 2 2 + , Mn 2 3 + , and F e 2 4 + measured on EBIT. Theoretical values have been calculated with the 
relativistic distoned-wave code of Zhang, Sampson, and Clark (1990) and take into account 
radiative cascade contributions discussed in the text. All values are in units of 10 ' 2 2 cm2. The 
experimental values are accurate to within about 10%. The electron-ion interaction energies are 
known to within 100 eV. 

Energy n X y z 
Element keV expt theo expt theo expt theo expt theo 

Tf-0+ 4.8 6.05 7.50 2.30 2.59 2.20 2.49 2.95 3.11 
Cr 2 2+ 5.9 4.40 5.34 1.81 1.86 1.46 1.74 1.89 
Mn 2 3 + 6.5 3.59 4.55 1.56 1.58 1.87 1.89 1.04 1.08 
F e 2 4 + 6.8 2.98 3.72 1.65 1.51 1.24 1.38 1.31 1.25 
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FIGURES 

Fig. 1. Schematic diagram of the Liveimore EB1T showing the layout of the high-resolution von 
Hamos spectrometer. The electron beam direction is out of the page. 

Fig. 2. Focusing properties of the von Hamos geometry. Monochromatic x rays from a line source 
(EBIT) are imaged by a cylindrically bent crystal onto a position-sensitive detector. The layout 
is such that the distance source to crystal equals the distance crystal to detector. 

Fig. 3. Energy level diagram of heliumlike Fe 2 4 + . Radiative transitions to ground are labeled in the 
notation of Gabriel (1972). Level ls2s ^So decays via two photons. Level 1 s2p ^Po decays to 
ground state via the hyperfine interaction. Level 1 s2p 3P2 decays 18.3% of the time to level 
ls2s 3Sj. 

Fig. 4. Excitation function of Ka x rays from heliumlike Fe 2 4 * iron ions. X rays below threshold for 
electron-impact excitation are produced in the radiative stabilization of the L-shell electron of 
doubly excited levels in lrhiumlike ions populated by dielectronic recombination resonances. 
Resonance excitation enhances the Ka x-ray intensity above threshold. The data are obtained 
with a Ge(Li) solid-state detector viewing normal to the electron-beam direction. 

Fig. 5. Ka x-ray spectra of heliumlike F e 2 4 + measured with a high-resolution von Kimos 
spectrometer on EBIT. The spectra are obtained with the electron beam energy set to (a) 6.74 
keV, (b) 6.66 keV, and (c) 6.61 keV. For comparison, the threshold energies to excite lines 
w, x, y, and z by direct electron impact are 6.701 keV, 6.682 keV, 6.668 keV, and 6.637 keV, 
respectively. Lines labeled in quotes are excited by dielectronic capture of beam electrons into 
high-n levels. 
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Fig. 6. Relative intensities of the triplet lines in F e 2 4 + as a function of electron beam energy. The 
intensities are nonnalized to the intensity of w. Ey, denotes the threshold energy for direct 
electron-impact excitation. The dashed line represents the measured excitation function of x 
shifted by -45 eV to illustrate the differences in the onset of the lines at threshold. 
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