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Abstract. A multi-faceted, multi-institutional laboratory astrophysics pro-
gram is carried out at the Livermore electron beam ion trap facility, which is a
mature spectroscopic source with unsurpassed controls and capabilities, and an
unparalleled assortment of spectroscopic equipment, including a full complement
of grating and crystal spectrometers and a 6x6 micro-calorimeter array. Recent
results range from the calibration of x-ray diagnostics, including the Fe XVII
and Fe XXV emission lines, extensive lists of L-shell ions, the first laboratory
simulation and fit of a cometary x-ray emission spectrum, and the discovery of
new spectral diagnostics for measuring magnetic field strengths.

1. Introduction

Addressing the atomic needs of the ASCA and EUVE missions, we initiated
a laboratory astrophysics program in the the early 1990’s. The need for reli-
able laboratory data continued with the advent of observations with Chandra
and XMM-Newton, which provide both CCD-quality and high-resolution grat-
ing spectroscopic data. Our laboratory astrophysics program has various facets
tailored to address the particular needs for atomic data and calibrated line di-
agnostics. These include measurements in the extreme ultraviolet and X-ray
regions, including measurements of charge exchange, relevant to space astro-
physics and planetary science research.

Our program is centered on the electron beam ion traps at the University
of California Lawrence Livermore National Laboratory. In over 15 years of use,
this facility has been optimized for laboratory astrophysics and provides a unique
resource for assessing atomic data and addressing spectroscopic issues. A large
suite of spectrometers has been developed, including high-resolution crystal and
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grating spectrometers and a 6x6-pixel, square-array microcalorimeter. We also
make use of additional laboratory sources to address a specific astrophysical
problem.

A review of laboratory X-ray astrophysics was recently given by Beiersdorfer
(2003). Here we only briefly mention a few results and their implications for
astrophysics.

2. Spectral Catalogues

Line lists covering the X-ray and extreme ultraviolet wavelength bands are still
grossly incomplete making it difficult to identify many lines observed with Chan-
dra and XMM or to assess line blends appropriately (Lepson et al. 2000; Beiers-
dorfer et al. 2000b). In response, we have embarked on an ambitious program to
provide wavelengths, line identifications, and relative intensities of all relevant
lines in the EUV and X-ray region. Recently, we have reported line lists for
the L-shell transitions of Ar IX through Ar XVI, Fe VII through Fe IX, and Fe
XVII through Fe XXVI (Brown et al. 2002; Lepson et al. 2002; Lepson et al.
2003).

Our wavelengths are being incorporated in various spectral modeling codes,
where they make a decisive difference in line identification and modeling. This
was pointed out, for example, by Behar, Cottam, & Kahn (2001) in their analysis
of the L-shell iron emission from Capella observed by Chandra. Our line lists
have also resulted in new line identifications, such as that of an Ar IX line near
50 A in Procyon (Lepson et al. 2003), as well as several revised line assignments.

Our line surveys have uncovered new spectral diagnostics. We recently
discovered the first X-ray line that can be used for magnetic field measurements
(Beiersdorfer et al. 2003b).

A typical spectrum showing the iron L-shell emission between 15-17 A is
shown in Fig. 1. The spectrum was recorded with our high-resolution grating
spectrometer and illustrates the blending of the Fe XVII lines with lines from
Fe XVI.

3. Excitation Cross Sections

Knowledge of line formation processes and accurate excitation cross sections are
needed for modeling observed line intensities and for deriving plasma conditions
of the sources under investigation. Focusing on the iron L-shell emission, we have
reported detailed excitation cross sections for Fe XXI through Fe XXIV (Gu et
al. 1999; Gu et al. 2001; Chen et al. 2002). Our measurements illustrated the
importance of resonance excitation and blending with satellite lines produced
by dielectronic recombination into high principal quantum numbers. Very im-
portantly, our measurements pointed out inaccuracies in the energy scaling of
the excitation rates used, for example, in the MEKAL spectral model. Contri-
butions by dielectronic satellite lines were also studied in the K-shell spectrum
of neon and reported recently (Wargelin, Kahn, & Beiersdorfer 2001).
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Figure 1.  L-shell X-ray emission from iron. The Fe XVII line 3D is blended
with a Fe XVI line increasing its apparent intensity relative to that of the Fe
XVII line 3C.

4. The Fe XVII spectrum

The difficulties of spectral models in predicting reliable line intensities are illus-
trated by the Fe XVII spectrum. Invariably, the Fe XVII emission could not be
described by calculations. The discrepancies between the modeling calculations
and the astrophysical spectra have been attributed to various source-specific
processes, such as resonant scattering. However, this did not make sense in
many instances.

We have studied the L-shell emission of neon-like ions in general and Fe
XVII in particular since the beginning of our laboratory astrophysics program
(Beiersdorfer et al. 1990; Beiersdorfer & Wargelin 1994). We showed that the
laboratory data reproduce nicely the astrophysical spectra. To do so we used not
only the Livermore electron beam ion traps but also tokamak plasmas generated
at the Princeton Plasma Physics Laboratory (Brown et al. 1998; Beiersdorfer
et al. 2000a; Beiersdorfer et al. 2001; Brown et al. 2001a; Brown et al. 2001b;
Brown et al. 2002). Our measurements showed that the discrepancies between
models and astrophysical spectra are clearly a problem with the atomic data
in all but a few exceptional cases. By contrast, laboratory data obtained with
a single-pixel calorimeter by Laming et al. (2000) at the National Institute of
Standards and Technology seemed to confirm simple Fe XVII models and to
disagree with solar and astrophysical data. We showed these conclusions to be
erroneous (Beiersdorfer et al. 2002).

5. The Fe XXV spectrum

We have made extensive high-resolution crystal spectrometer measurements of
the K-shell iron spectrum in the past (Brown et al. 1989; Beiersdorfer et al.
1992; Wong et al. 1995; Decaux et al. 1995; Beiersdorfer et al. 1996; Decaux et
al. 1997; Jacobs, Decaux, & Beiersdorfer 1997). Most recently, we reported on
K-shell line formation by inner-shell ionization (Decaux et al. 2003). We have
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Figure 2.  K-shell X-ray emission from iron. Top: Single-pixel calorimeter
spectrum obtained at the National Institute of Standards and Technology
[adapted from Silver et al. (2002)]. Bottom: Spectrum obtained with the 6x6
array calorimeter at Livermore. Lines 3, ¢, and w are used to determine the
relative abundances of Fe XXIII, Fe XXIV, and Fe XXV, respectively.
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also used the 36-pixel microcalorimeter to measure the Fe XXV spectrum on
one of the Livermore electron beam ion traps (Porter et al. 2000), as the iron K
spectrum will be a focus of the upcomming ASTRO-E2 mission. The spectrum
is shown in Fig. 2 and compared to the spectrum measured with the single-pixel
calorimeter by Silver et al. (2002) at the National Institute of Standards and
Technology.®
Our spectrum shows the Fe XXV resonance line w, inter-combination lines
z and y, and forbidden line z, and the Fe XXIV line ¢ and Fe XXIII line 3.
The spectrum matches our crystal spectrometer data as well as the spectra
obtained from other high-temperature plasmas such as tokamaks or the Sun
(Bitter et al. 1979; Doschek 1990; Kato et al. 1997). The single-pixel calorimeter
spectrum, however, whose L-shell branch was used in consecutive measurements
to determine Fe XVII ratios mentioned above, differs remarkably from ours.
The large intensity of lines w and § and small intensity of line ¢ (blended with
y) indicates a large abundance of helium-like and beryllium-like iron (Fe XXIII
- and Fe XXV) and little lithium-like iron (Fe XXIV). This is in contrast to any
expected reasonable charge state distribution. Moreover, the 1s2p 3Py — 152 1Sy
inter-combination line z is the second strongest line in this spectrum, although
line formation processes do not preferentially favor this transition.

6. X-rays from Comets

Our laboratory measurements successfully simulated the X-ray emission spec-
trum of comet Linear S4 1999 observed with Chandra. We showed that charge
exchange between heavy ions found in the solar wind and neutral cometary gases
completely reproduces the observed emission (Beiersdorfer et al. 2003a). This
laid to rest the question whether the emission is from the solar wind or from
the comet itself. The laboratory simulation shows that all X-ray emission stems
from the solar wind ions.

Work by the University of California Lawrence Livermore National Lab-
oratory was performed under the auspices of the US Departments of Energy
under Contract No. W-7405-Eng-48. Support from NASA’s Space Research and
Analysis Program and NASA’s Planetary Atmospheres Program is gratefully
acknowledged.
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