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Abstract. The iron L-shell ions (Fe17+ to Fe23+) play an important role in determin-
ing the thermal and ionization structures and line emission from photoionized plasmas.
Current uncertainties in the theoretical low temperature dielectronic recombination
(DR) rate coefficients for these ions significantly affect our ability to model and inter-
pret the line emission from observations of photoionized plasmas. To help resolve this
issue, we have initiated a program of laboratory measurements to produce reliable low
temperature DR rates for the L-shell iron. Here we present some of our recent results
and discuss some of the astrophysical implications.

INTRODUCTION

X-ray photoionized plasmas are predicted [1] to form in the media surrounding
accretion-powered compact sources such as X-ray binaries (XRBs) [2] and active
galactic nuclei (AGN) [3]. In these plasmas, at low densities, the ionization struc-
ture depends on the shape of the ionizing spectrum, the metallicity of the gas,
additional heating and/or cooling mechanisms, and radiative transfer effects. In
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FIGURE 1. Calculated ionization equilibrium for Fe164" through Fe24+ in a plasma with cos-
mic abundances photoionized by a 10 keV bremsstrahlung radiation field (top) [1] and in an
electron-ionized plasma (bottom) [10].

ionization equilibrium an ion forms at an electron temperature Te ~ /p/20 (assum-
ing cosmic abundances in the plasma), where IP is the ionization potential of the
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ion [1].
This is to be contrasted with electron-ionized plasmas which include the sun

[4], stars [5], supernovae [6], and clusters of galaxies [7]. In an electron-ionized
plasma the ionization structure depends, at low densities, only on the electron
temperature. In ionization equilibrium an ion forms at Te ~ Ip/2 [8]. Figure 1
shows the calculated ionization structure for Fe16+ to Fe24+ for both a photoionized
and an electron-ionized plasma.

There is an order of magnitude difference between the temperatures at which a
given ion forms in a photoionized versus an electron-ionized plasma. As a result
different atomic processes are important in each plasma. In a photoionized plasma,
low temperature dielectronic recombination (DR) is the dominant recombination
process for most ions [9]. X-ray line emission is due primarily to radiative recom-
bination (RR) and DR [1]. In an electron-ionized plasma, high temperature DR
is the dominant recombination process for most ions [8,10]. X-ray line emission is
due primarily to electron impact excitation [11,12].

Iron ions play an important role in determining the line emission and thermal and
ionization structures of X-ray photoionized plasmas [1,13,14]. Of particular interest
are Fe16+ to Fe23+ (L-shell iron) which affect the range in parameter space over
which photoionized gas is predicted to be thermally unstable. The need to better
understand this instability has been demonstrated by recent studies of the XRB Cyg
X-3 which was observed by the Advanced Satellite for Cosmology and Astrophysics.
These observations detected line emission from ions of neon, magnesium, silicon,
and sulfur which are predicted to form in the region of thermal instability [2]. With
the recent launches of the Chandra X-ray Observatory and the X-ray Multimirror
Mission (XMM), many more observations are expected of line emission from ions
predicted to form in thermally unstable, photoionized plasmas.

DIELECTRONIC RECOMBINATION

DR is a two-step electron-ion recombination process which begins when a free
electron collisionally excites an ion, via an nlj -> n'l'y excitation of a bound core
electron. Energy conservation dictates that this first step, dielectronic capture,
can go forward only when the kinetic energy of the incident electron, E^ plus the
binding energy released when the electron is captured, E^ equals the excitation
energy of the core electron, AE. Because Eb and AE1 are both quantized, DR is a
resonant process. DR is complete when the recombined ion emits a photon which
reduces the total energy of the system to below its ionization limit.

The resonance structure of DR determines its Te dependence. For L-shell iron,
A = n' — n = 0 DR occurs only for E^ ^ 130 eV. An = 1 DR occurs only for
Ek > 250 eV. As a result, An = 0 DR is the dominant DR channel for most L-shell
iron ions in photoionized plasmas and An = 1 DR in electron-ionized plasmas.

All of the low temperature DR rate coefficients currently used for modeling cosmic
plasmas come from theoretical calculations [1,9]. However, a critical evaluation of
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FIGURE 2. Shown is a partial overview of the TSR experimental arrangement for electron-ion
collision measurements. Stored ions enter from the right. The electrons are merged with the ions
and travel co-linear with them for ~ 1.5 m after which the electrons are separated from the ions.
The ions then travel into a dipole magnet where recombined (ionized) ions are bent less (more)
strongly than the primary beam and directed onto a particle counting detector.

published theoretical DR rates suggests a factor of 2 or more uncertainty is inherent
in the different theoretical techniques used to calculate DR for ions with partially
filled L or M shells [10,14,16]. This is supported by laboratory measurements
which have turned up errors of factors of 2 to orders of magnitude in calculated
DR rates [14,15,18,19]. The measurements also demonstrate that it is not possible
a priori to know which set of calculations, if any, will agree with experiment.
Taken all together, these results suggest that, for ions with partially filled L or
M shells, a factor of ~ 2 uncertainty exists in almost all published theoretical
DR rates currently used for modeling photoionized plasmas. This lack of reliable
low temperature DR rates is the dominant uncertainty in the ionization balance in
photoionization equilibrium [9] and translates into a corresponding uncertainty in
the thermal structure and line emission of the plasma.

EXPERIMENTAL PROGRAM

To address the needs for modeling and interpreting the line emission from X-ray
photoionized plasmas, we have initiated a laboratory program of low energy (i.e.,
low temperature) DR measurements using the heavy-ion test storage ring (TSR)
at the Max Planck Institute for Nuclear Physics in Heidelberg, Germany [17]. To
date, measurements have been carried out for DR onto Fe154" [18] (which preceded
the present program) as well as onto Fe17+ [14,15], Fe18+ [14], Fe19+, Fe20+, and
Fe21+. Evaluation is currently underway for these three latter ionization stages.
Measurements of DR onto Fe22+ and Fe23+ will be carried out in the near future.

Storage rings are uniquely suited to carry out measurements of low energy DR.
Commonly used techniques for measuring DR, such as electron beam ion traps
[20,21] and theta pinches or tokamaks [22], can produce the desired ions but can-
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not simultaneously achieve the required low energies. Crossed electron-ion beam
techniques cannot achieve the desired low collision energies [23,24]. Single-pass,
merged electron-ion beam techniques can achieve low collision energies, but anal-
ysis of such data, particularly for ions with partially filled shells, is usually com-
plicated by the presence of unknown quantities of metastable ions in the ion beam
[25]. Storage ring measurements are able to overcome this problem by storing the
ions long enough for all the metastable levels to decay radiatively to the ground
state. Storage rings can also usually run at conveniently high signal rates with low
background rates.

Figure 2 shows a schematic of the portion of TSR used to perform DR exper-
iments. Measurements are carried out by merging the ion and electron beams in
one of the straight sections of TSR for ~ 1.5 m. After demerging, any recombined
ions are magnetically separated from the stored ions and directed onto a detec-
tor. The relative electron-ion collision energy can be precisely controlled (from 0
to ~ 2000 eV) and the recombination signal measured as a function of this en-
ergy. The experiments basically follow the procedure described in Refs. [26,27].
the accuracy of the measured DR resonance strengths is estimated to be better
than 20%.

Recombination involves capturing a free electron into a Rydberg level n. Between
the cooler and the dipole magnet, some of these captured electrons radiatively decay
to lower-lying levels. Recombined ions where the captured electron, at the dipole
magnet, is in a level n > nmax are field ionized by the magnet and not detected. For
TSR measurements of L-shell iron, nmax is typically ~ 120. Calculations indicate
that the contributions to the total L-shell iron, An — 0 DR rate coefficient from
levels n > nmax is ;$ 4%. TSR measurements of Z/-shell iron DR can therefore
be used to produce reliable DR rate coefficients for plasma modeling. DR Rate
coefficients derived from the measured DR resonance strengths are estimated to
have an accuracy of better than 20%.

Experimental work has demonstrated that DR is sensitive to external electric
and magnetic fields [23,24,28,29], especially crossed electric and magnetic fields
[29]. However, in TSR the fields are extremely well controlled and we are able to
carry out essentially field-free DR measurements. In the interaction region in TSR,
external electric fields are insignificant (E < 10 V cm"1). The ions also travel
parallel to the magnetic field which confines the electrons and hence experience no
v x B electric field. The influence on the DR measurements due to this ~ 400 G
field are predicted to be negligible [30]. Additionally, An = 0 DR measurements
on lithiumlike chlorine have shown that for DR into levels n ^ 80, electric field
effects are not discernible at fields E < 15 V cm"1 [29]. Our work here involves
DR measurements for ions more highly charged than lithiumlike chlorine, and the
effect of external fields on the An — 0 DR process is predicted to decrease with
increasing charge [31]. Also, theoretical calculations indicate that the contributions
to the total L-shell iron, An = 0 DR rate coefficient from levels n > 100 is ̂  10%
[14]. Therefore, we expect external fields to have an insignificant effect on the
L-shell iron low temperature DR rates derived from TSR data.
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FIGURE 3. Measured Fe19+ to Fe18+ recombination rate coefficient vs. electron-ion collision
energy. The data represent the convolution of the DR cross section with the energy spread of
the experiment. The non-resonant "background" is due primarily to RR. Estimated systematic
errors are better than ±20% for the absolute rate coefficient and ±1% for the energy scale.

RECENT RESULTS

In Figure 3 we show the data for An — 0 DR onto nitrogenlike Fe19+. These
data clearly demonstrate the resonance nature of the DR process. Following the
procedures outlined in Refs. [14,26,27], we can fit the DR resonances to extract
the relevant resonance strengths and energies. We then integrate the measured
resonances with a Maxwellian electron velocity distribution to yield a total An — 0
DR rate coefficient for plasma modeling (cf., Refs. [14,15,32]).

In Figure 4 we show our experimentally-derived, Maxwellian-averaged rate co-
efficient for An = 0 DR onto Fe19+. This rate coefficient does not include con-
tributions from RR. We also show various published theoretical DR rates and the
recommended RR rate. Fe19+ is predicted to form in a photoionized plasma of
cosmic abundances at kBTe ~ 80 eV [1]. At this temperature our experimentally
derived DR rate coefficient is ~ 1.3 times larger than the theoretical rates of Jacobs
et al. (as reported in [34]) and of Roszman (as reported in [10]). However, the tem-
perature of a photoionized plasma depends on the metallicity of the gas as well as
the possible presence of additional cooling mechanisms. Fe19+ could thus form at
cooler temperatures where the disrepancy between the experimentally derived rate
and theory is significantly larger. The reason for this disrepancy is most likely due
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FIGURE 4. Fe19+ to Fe18+ Maxwellian-averaged An = 0 DR rate coefficients. The thick solid
curve has been calculated using the DR data in Figure 3. The systematic error is estimated to
be better than ±20%. Also shown are the An = 0 DR rates of Jacobs et al. [33] (long dashed
curve) as fitted by Shull and van Steenberg [34] and the rates of Roszmann (short dashed curve)
as reported by Arnaud and Raymond [10]. The recommended RR rate of Arnaud and Raymond
[10] is the given by the thin solid curve.

to these calculations not having correctly calculated the DR resonance structure
for energies below ~ 5 eV. The DR rate at kpTe ~ 80 eV is ~ 3.8 times larger than
the RR rate.

We conclude this section with a warning that comparison of measured and theo-
retical Maxwellian rate coefficients alone cannot be used to verify the accuracy of
a particular theoretical technique. Any agreement between experiment and theory
may be fortuitous [14]. A detailed comparison between experimental and theoret-
ical resonance strengths and energies is the only unambiguous way to verify the
accuracy of the theoretical technique and the resulting DR rate coefficient calcula-
tions.

ASTROPHYSICAL IMPLICATIONS

There are a number of potential astrophysical implications of our work to date.
For example, DR via 2pi/2 —> 2p3/2 core excitations offers the possibility of new
electron temperature and density diagnostics [35]. Also, the estimated factor of 2
uncertainty in the published An = 0 DR rates for L-shell iron can dramatically
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FIGURE 5. Predicted Te versus ionization parameter £ for a model AGN ionizing spectrum
illuminating a slab of gas with cosmic abundances. The middle curve shows the predicted Te

using our experimentally derived An = 0 DR rates for Fe17+ and Fe18+ and the unchanged
An = 0 DR rates for Fe19+ through Fe23+. The upper (lower) dashed curve shows our results
when the An = 0 DR rates for Fe19+ through Fe23+ are increased (decreased) by a factor of 2.

affect the range in parameter space over which photoionized gas is thermally un-
stable, making it smaller or larger. However, the uncertainty in these DR rates
cannot remove the instability [14]. Here we will only discuss the implications for
line emission from photoionized gas.

We have used XSTAR (version 1.40b) [36] to investigate the effects on the tem-
perature structure and line emission of X-ray photoionized gas due to our estimated
factor of 2 uncertainty in the theoretical An — 0 DR rates currently used for L-shell
iron [14]. We have run XSTAR with the relevant An = 0 DR rates unchanged, in-
creased by a factor of two, and decreased by a factor of two. We have also assumed
cosmic abundances and a model AGN ionizing spectrum with a photon number
power law of TV oc E~1'8 extending from 13.6 eV to 40 keV. Here E is the photon
energy.

Figure 5 shows the predicted electron temperature versus ionization parameter
£ = L/n#r2, where L is the luminosity of the ionizing source, UH the hydrogen
nucleus density, and r the distance from the ionizing source. Should a future
observation yield a logTe ~ 6.1 (where Te is in K), then the uncertainty in the
inferred £ would be a factor of ~ 3.4. For observations in this range of £, this
uncertainty will hamper our ability to determine L or nH to within a factor of
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spectrum on the top (bottom).
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~ 3.4 or r to a factor of ~ 1.8.
The estimated uncertainty in the DR rates results, for a given value of £, in as

much as a factor of ~ 1.8 variation in the predicted electron temperature. The
spectroscopic implications of this temperature uncertainty are shown in Figure 6.
Here we have used XSTAR to produce synthetic spectra which we have folded
through the XMM Reflection Grating Spectrometer (RGS) using XSPEC [37]. The
dramatic difference between the two spectra in Figure 6 is due to the different
temperatures for the two test cases. The temperature dramatically affects the
width of the radiative recombination continua seen in the spectra and in the line-
to-continuum ratios.
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