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ABSTRACT

The photorecombination rate coefficients of potassium-like Fe VIII ions forming calcium-like Fe VII and of argon-like Fe IX forming
potassium-like Fe VIII were measured by employing the merged electron-ion beams method at the Heidelberg heavy-ion storage-
ring TSR. New theoretical calculations with the AUTOSTRUCTURE code were carried out for dielectronic recombination (DR)
and trielectronic recombination (TR) for both ions. We compare these experimental and theoretical results and also compare with
previously recommended rate coefficients. The DR and TR resonances were experimentally investigated in the electron-ion collision
energy ranges 0-120 eV and 0151 eV for Fe viil and Fe 1X. Experimentally derived Fe viiI and Fe 1X DR + TR plasma rate coefficients
are provided in the temperature range kg7 = 0.2 to 1000 eV. Their uncertainties amount to <+26% and <+35% at a 90% confidence

level for Fe viIl and Fe IX, respectively.
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1. Introduction

Recent spectroscopic observations of active galactic nuclei
(AGN) have revealed a broad absorption feature in the X-ray
wavelength band 15-17 A (Sako et al. 2001; Pounds et al. 2001;
Kaspi et al. 2002; Behar et al. 2003; Steenbrugge et al. 2003;
Kaspi et al. 2004; Gallo et al. 2004; Pounds et al. 2004; Krongold
et al. 2005). This absorption feature has been identified as an un-
resolved transition array (UTA) due mainly to 2p — 3d inner
shell absorption in moderately charged iron ions (Fe ViI-Fe XVI)
with an open M-shell. On the basis of atomic structure calcula-
tions and photoabsorption modeling, Behar et al. (2001) point
out that the shape of the absorption profile can be used for diag-
nostics of the AGN absorber. However, Netzer et al. (2003) noted
a disagreement between the predicted and observed shape of this
feature. As a possible cause for this discrepancy they suggested
an underestimation of the low temperature dielectronic recombi-
nation (DR) rate coeflicients for iron M-shell ions. These rate co-
efficients together with the radiative recombination (RR) rate co-
efficients and balanced by photoionization determine the charge
level balance of the iron M-shell ions in a photoionized plasma
and, consequently, the shape of the UTA (Netzer 2004; Kraemer
et al. 2004).

Until recently reliable low temperature DR rate coefficients
were not available in the literature for most of the iron M-shell
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ions. The widely used compilation of Arnaud & Raymond
(1992) is largely based on theoretical work by Jacobs et al.
(1977) and Hahn (1989). The purpose of this early theoretical
work was to produce DR data for modeling collisional ioniza-
tion equilibrium (CIE). However ions form in CIE (Bryans et al.
20006) at temperatures about an order of magnitude higher than
those where they form in photoionized gas (Kallman et al. 2004).
Therefore, it is questionable to use these theoretical DR data for
modeling photoionized objects.

At the low temperatures where Fe M-shell ions form in pho-
toionized plasmas, theoretical uncertainties in resonance posi-
tions of the order of 100 meV can result in order of mag-
nitude uncertainties of the photorecombination rate coefficient
(Schippers et al. 2004). As a result modern theory does not al-
ways succeed in describing low-energy DR of low to moderately
charged ions with sufficient accuracy (Schippers et al. 2002;
Badnell 2006b; Lukic et al. 2007; Nikolic et al. 2007). Therefore,
benchmarking by experiment is highly desirable. To date, DR
measurements of M-shell ions of third- and fourth-row elements
have been published for Na-like Fe XVI (Linkemann et al. 1995;
Miiller 1999), Se XX1V (Pastuszka et al. 1996) and Si1v (Orban
et al. 2006; Schmidt et al. 2007), Mg-like Ni XvII (Fogle et al.
2003) and FeXxv (Luki¢ et al. 2007), Al-like Fe XIv (Schmidt
et al. 2006), and Ar-like Ti Vv and Sc1v (Schippers et al. 1998,
2002). Schippers (2008) has recently given a bibliographic
compilation of storage-ring DR measurements with astrophys-
ically relevant ions. Here and throughout this paper we use the
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convention of identifying the recombination process by the ini-
tial charge of the ion.

This work presents our experimental photorecombination re-
sults using the Heidelberg heavy-ion storage-ring TSR (Miiller
& Wolf 1997) and our atomic structure calculations using the
AUTOSTRUCTURE code (Badnell 1986) for RR + DR + tri-
electronic recombination (TR Schnell et al. 2003). In particu-
lar, we have studied DR and TR of FeviI and FeIX in the
electron-ion collision energy ranges 0—120 eV and 0-151 eV,
respectively. In these ranges, resonances of the following types
are energetically allowed for Fe vIII

Fe'* (35 3p°3d [*Dspn]) + ¢ —

Fe® (3s? 3p® 3d [*Ds 2] nl)
Fe®*(3s 3p®3d2nl)
Feb*(3s% 3p° 3d” nl)
Fe$*(3s 3p®3d n*l* nl)
Feb*(3s%3p° 3d n*l* nl)
Feb*(3s% 3p° n*l* nl)
Fe$*(3s 3p° 3d° nl)
Feb*(3s% 3p* 3d> nl)

(n* = 4)
(n* = 4)
(n* = 4)

)]

and for Fe IX
Fe'* (352 3p°['So]) + & —
Fe’*(3s 3p°®3dnl)
Fe’*(3s%3p° 3d nl)
Fe’*(3s 3p°® n*lI*nl) (n* > 4) @)
Fe’*(3s3p> n*l* nl) (n* > 4)
Fe’*(3s 3p°3d’nl)
Fe’*(3s?3p*3d nl),

where n* and n represent the principal quantum number of the
excited core electron and the captured electron, respectively. The
published associated excitation energies for the Fe vIII and Fe IX
levels, relative to the ground level are listed in Tables 1 and 2,
respectively.

The present paper is organized as follows. In Sect. 2 the
theory for calculating RR, DR, and TR rate coefficients with
AUTOSTRUCTURE is briefly described. In Sect. 3 the exper-
imental procedure is presented. Experimental and theoretical re-
sults are given in Sect. 4. The recombination plasma rate co-
efficients are derived in Sect. 5. A discussion of the data and
conclusions of the present work are presented in Sects. 6 and 7,
respectively.

2. Theory

The first published theoretical DR rate coefficient for Fe vIII that
we are aware of is the work of Woods et al. (1981) who used the
Burgess formula (Burgess 1965). Arnaud & Raymond (1992)
scaled this result to fit the more detailed calculations by Hahn
(1989). Theoretical DR rate coefficients for Fe IX have been pub-
lished by Jacobs et al. (1977) and recently by Badnell (2006a).
The Fe1X rate coefficient given by Arnaud & Raymond (1992)
was derived by scaling their own rate coefficient calculated with
the Burgess formula to the Fe IX result of Hahn (1989).

In our work here, the photorecombination rate coefficient
was calculated in the independent processes, isolated resonances
approximation (Seaton & Storey 1976), i.e., RR was treated sep-
arately from DR + TR. The validity of this approach has been
demonstrated by Pindzola et al. (1992). In order to keep the no-
tation simple it should be implicitly understood in the following
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Table 1. Available energy levels of Fe VIII relative to the 3p® 3d (*Ds2)
ground level.

Energy
Level eV)
3p%3d (*Ds)») 0.2276
3p° CP°)3d* ('G)?F;,  53.4682¢
3p° CP°)3d* ('G)°F;,  53.8779
3p° CP°)3d* ('D)’F5,  55.5025¢
3p° CP)3d* ('D)%F;,  56.9542¢
3p° CP°)3d2 ('S)?P;,  63.0482¢
3p° CP°)3d> ('S)?P;,,  64.5737¢
3p° 4p CP5 ) 63.2663
3p°4p (°P5,) 63.9200
3p° CP)3d’ CF)°F;, 664442
3p° CP°)3d? CF)’F;,  67.1691¢
3p° CP°)3d> CP)?P;,,  73.3942¢
3p° CP°)3d CP)?P;,  73.7894¢
3p° CP°)3d* CF)?D;,  73.9520
3p° CP°)3d* CF)?D;,  74.0266
3p° 4f (°F2,,) * 94.6871
3p° 4f CF3 ) 94.6990
3p°3dCP)4sCP;,)  103.857
3p°3dCP)4s CP;,) 104497
3p°3d CF)4s (*F5,)  105.033
3p°3dCF)4s (‘F3,) 105374
3p°3d CF)4s (‘F3,)  105.740
3p°3d CF)4s CF3,)  106.019
3p°3dCF)4s CF;,)  106.703
3p°3d(D°)4s (‘D5,,)  108.450
3p°3d (D) 4s (*Dg,)  108.705
3p°3d (D) 4s (*D5,)  108.793
3p°3d (D) 4s (*D;,,)  108.891
3p°3d('D°)4s (*Dg,)  108.985
3p°3d('D?)4s (D5, 109.273
3p°3d('F)4s CF:,)  109.643
3p°3d('F)4s CF5,)  110.014
3p°3d(D*)4s (*D5,,)  110.236
3p°3d(D?)4s(*Dg,)  110.451
3p° 5f (°F,,) 114.941
3p° 5f (°FS ) 114.946

Levels and energies are taken from the NIST database (Ralchenko et al.
2007). We are unaware of any published data for any of the excited core
levels not listed here. ¢ These levels were included in the DR calcula-
tions.

that DR also comprises TR (and possible higher order resonant
processes) wherever these are significant. For example, in re-
combination of beryllium-like C1 XIv TR has been found to con-
tribute, depending on the plasma temperature, up to 40% to the
total photorecombination rate coefficient in a plasma (Schnell
et al. 2003).

Total RR rate coefficients for iron M-shell ions Fe IX through
Fe X1 were recently given by Badnell (2006a), following
Badnell (2006c¢). Here, the same calculations as in Badnell
(2006a) were performed for FeIX and new calculations for
Fevil. The present calculations yield Fe viii and FelX RR
merged-beams rate coefficients for comparison with the exper-
iment and new Fe VIII RR plasma rate coefficients.

For Fe viII we have carried out new DR calculations using
a state-of-the-art multiconfiguration Breit-Pauli (MCBP) theo-
retical method as described by Badnell (2006a). For Fe1X we
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Table 2. Available energy levels of FelX relative to the 3s?3p® (!Sp)
ground level.

Energy
Level eV)
3s?3p° 3d CP) 50.3093%
3s?3p° 3d CP) 50.62462*
3s?3p° 3d °P5) 51.28844*
3s?3p° 3d CF) 52.79368*
3s?3p° 3d CF3) 53.22776*
3s?3p° 3d CF) 53.78667*
3s?3p° 3d °D3) 56.48871*
3s?3p° 3d °D3) 57.1091*
3s?3p° 3d °D3) 57.35714*
3s?3p°3d('D3) 56.63011*
3s?3p° 3d ('F3) 57.75536*
3s?3p°3d ('P)) 72.4745%
3s3p®3d (D) 90.1035?
3s3p®3d(’D») 90.2059?
3s3p®3d(’Ds) 90.3764*
3s3p®3d('D») 92.9721*
3s?3p° (2P§/2) 4s(3/2,1/2)] 117.847
3s?3p° (P ,)4s (1/2,1/2);  119.715
3s?3p° 4d (°P) 148.5603
3s?3p°4d ('P)) 150.4114

Levels and energies are taken from the NIST database (Ralchenko et al.
2007). We are unaware of any published data for any of the excited core
levels not listed here. ¢ These levels were included in the DR calcula-
tions.

derived a theoretical DR merged-beams rate coefficient by re-
peating the earlier calculations (Badnell 2006a). In both calcu-
lations only the strong An* = 0 DR + TR channels associated
with 3 — 3 core transitions have been considered. The weaker
An* > 1 DR channels have been neglected in order to keep the
calculation tractable. An* denotes the difference of the princi-
ple quantum numbers n* involved in the core excitation. Details
of the MCBP calculations have been reported in Badnell et al.
(2003). Briefly, the AUTOSTRUCTURE code was used to cal-
culate energy levels as well as radiative and autoionization rates
in the intermediate-coupling approximation. These must be post-
processed to obtain the final-state level resolved and total DR
data. The ionic thresholds were shifted to known spectroscopic
values for the 3 — 3 transitions. Radiative transitions between
autoionizing levels were accounted for in the calculation. The
DR cross section was approximated by the sum of Lorentzian
profiles for all included resonances. The basic configurations
which describe the N-electron target for Fe VIII are 3s? 3p°3d,
3s23p> 3d?, 3s3p®3d?, 3s?3p*3d® (and 3s3p’3d* for recom-
bination associated with capture into n = 3). The FeIX tar-
get configurations are 3s% 3p®, 3s? 3p° 3d, 3s 3p° 3d, 3s2 3p* 3d?
and 3s3p’3d%. TR is accounted for via the double core ex-
citations 3s?3p%3d? — 3s?3p*3d@*? and 3s?3p®3d@ —
3s3p> 3d¥*?, with ¢ = 1 and ¢ = 0 for Fe viII and Fe IX, respec-
tively. Calculations for both ions assume a closed shell Ne-like
core.

3. Experimental technique

The experiments were performed utilizing the heavy-ion
storage-ring TSR at the Max-Planck-Institut fiir Kernphysik
(MPI-K) in Heidelberg, Germany. The various aspects of the
merged-beams technique as used at TSR have been described
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by Kilgus et al. (1992), Lampert et al. (1996), Pastuszka et al.
(1996), Schippers et al. (2001), Wolf et al. (2006), and Lestinsky
et al. (2008).

Beams of °Fe vl and *°Fe IX were provided by the tandem
accelerator of the MPI-K linear accelerator facility at energies
of about 1.3 MeV/u and 1.7 MeV /u, respectively. Each charge
and mass selected ion beam was injected into the storage-ring
and subjected to electron cooling in order to reduce its diame-
ter and initial velocity spread. lons were accumulated in TSR by
multi-turn injection and “ecool stacking” (Grieser et al. 1991).
Electrical ion currents of typically 7-12 uA for °Fe viI and
2-9 uA for °Fe1X were achieved. Storing for a few seconds
before starting the recombination measurements allowed essen-
tially all metastable Fe vIII and most metastable Fe IX to relax to
the ground level.

Argon-like ions with zero nuclear spin such as *Fe IX have
an excited level 3s? 3p> 3d (°Py) which is forbidden to decay to
the ground level 3s> 3p® 'Sy via a one-photon decay. This means
that the lifetime of this level is nearly infinite and there is pos-
sibly a fraction of ions in that excited level in the stored ion
beam. This leads to an unknown ground level ion current. A
similar problem with Py metastable levels was was also seen
for DR experiments with beryllium-like 3*Fe XX (Savin et al.
2006) and magnesium-like *°Fe XV (Luki¢ et al. 2007). Due to
the rich and complex DR-spectrum of Fe IX an estimation of the
metastable fraction in the DR spectrum by comparing experi-
ment and theory was not successful. Therefore we follow the
approach of Lukic¢ et al. (2007) to estimate of the metastable
fraction in the ion beam to be 6% + 6%. Correspondingly, the
measured FeIX ion current was multiplied by a factor of 0.94
in order to represent the ground-state fraction. DR resonances
from the metastable ions could not be identified and their influ-
ence is treated only as an uncertainty of the determined plasma
rate coefficient for ground-state ions (see Sect. 5.1).

In the present experiment a newly installed separate merged
electron beam device (Sprenger et al. 2004) was used in addition
to the previously used electron cooler. This additional electron
beam is hereafter denoted as the electron target. As in the elec-
tron cooler, the electron beam of the electron target is also guided
by a magnetic field and overlaps the ion beam over a straight sec-
tion of 1.5 m length. Conceptually the experimental procedures
for measuring recombination rate coefficients with the electron
target are the same as those that were applied previously with
the electron cooler. However, there are advantages when both an
electron cooler and a separate electron target are used for recom-
bination measurements. First, the electron cooler can be used to
continuously cool the ion beam. Thus, the low velocity and spa-
tial spread of the ion beam is maintained at all times. Second, the
electron target was specifically designed for providing an elec-
tron beam with a very low initial energy spread (Sprenger et al.
2004). Both measures yield a higher experimental resolution in
the present measurement as compared to previous measurements
with the electron cooler (Wolf et al. 2006; Schmidt et al. 2007).

Recombined ions in the electron target were separated from
the parent beam in the first dipole magnet behind the electron
target and counted using a single particle scintillation counter
with a nearly 100% detection efficiency. During the recombina-
tion measurement, the laboratory energy of the electron target
beam was chopped between the energies for measurement (Ey,)
and reference (Eﬁm)), both with a 10 ms duration of data col-
lection. Between the voltage jump and the data collection there
was a settling time of 10 or 12.5 ms to allow the power supplies
to reach the preset values. The superscript (m) in EE’") indicates
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that the background is recorded in every energy scan separately
for each measurement energy E,,. The data for Fe vIIT and Fe 1X
were collected in 38 and 23 overlapping data sets from Ey, = 699
to 1470 eV and from E, = 910 to 1560 eV, respectively. For
each data set E\, was changed in the laboratory frame by 0.12 eV
with each step in the chopping pattern whereas Eﬁm) was kept
fixed at an energy usually where no significant contribution by
DR to the recombination signal was expected. Under this con-

dition the recombination rate measured at Eﬁm) allows us to de-
termine the background recombination signal due primarily to
electron capture off the residual gas in TSR. The merged-beams
rate coefficient is derived from the background subtracted re-
combination count rate as follows (Poth et al. 1988; Kilgus et al.

1992; Schippers et al. 2001)

[R(Em) _ R(Eﬁm))] o\ e (Eﬁm))
En) = - prmeEnmiie T O E)

where R is the recombination count rate, n the detection effi-
ciency, n. the electron density in the interaction region, N; the
number of ions in the ring, and C = 55.4 m the circumference
of the TSR. The nominal length L of the electron-ion overlap
region in the electron target section is L = 1.476 m. The ion
velocity and the electron velocity are v; = Sic and v. = Bec,
respectively, where ¢ is the speed of light. The second term in
Eq. (3) is a small correction that re-adds the recombination rate
coefficient at the reference point a(EM™). Typically it was taken
to be the theoretical rate coefficient for RR calculated by using
the AUTOSTRUCTURE code and applying a field ionization
model (cf. Sect. 4). In some cases it had to be derived from the
total measured recombination rate coefficient of a data set with
a different reference energy. As the final step of the data anal-
ysis a deconvolution procedure was applied that accounts for
the contributions to the measured rate coefficient by the merg-
ing and de-merging sections in the toroidal magnetic fields of
the electron target (Lampert et al. 1996). The systematic exper-
imental uncertainty of the merged-beams rate coefficient is es-
timated to be £25% at a 90% confidence level (Lampert et al.
1996). This uncertainty stems mostly from the ion current mea-
surement. Additional uncertainties discussed below result in a
higher total experimental uncertainty, as is explained in Sect. 5.
Unless stated otherwise all uncertainties in this paper are cited
at a 90% confidence level.

The relative electron-ion collision energy £ was derived
from the laboratory energies Ey, and the target energy E. for
fulfilling the electron-ion velocity-matching condition (Kilgus
et al. 1992), which was E. ~ 716 eV and E. ~ 933.6 eV for
Fevinr and FeIX, respectively. The experimental electron en-
ergy distribution is best described as a flattened Maxwellian dis-
tribution which is characterized by the longitudinal and trans-
verse temperatures 7} and 7, (Kilgus et al. 1992). The ex-
perimental energy resolution is approximately given by AE =
[(In(2) kgT,)* + 16 In(2) Ekg T}]'/?. To reduce T, the target elec-
tron beam was adiabatically expanded (Pastuszka et al. 1996)
by a factor of 30. Starting from a cathode temperature of about
1300 K the transversal temperature after expansion is expected
tobe kg7, ~ 3.7 meV which is in agreement with the low energy
fits discussed later in Sect. 5. Typically, the longitudinal temper-
ature can be deduced from the width of a gaussian line shape
fitted to a single narrow resonance at an energy where the exper-
imental peak width is dominated by kgT). For the present cases
of Fe viII and FeIX all resonance shapes are unresolved blends
of several DR resonances. Therefore, the longitudinal temper-
atures were estimated by fitting the convoluted theoretical DR

3)
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line profiles from the AUTOSTRUCTURE calculation to the
measured spectrum in the electron ion collision energy ranges
67.7-72.1 eV for Fe viil and 65.3-70.3 eV for Fe 1X. This yields
kT = 33.4(3) ueV and 34.9(3) ueV, respectively. With the
above given temperature values, the experimental energy spread
for both ions thus amounts to AE ~ 0.007 eV at £ = 0.1 eV,
AE ~0.02eVatleV,AE ~0.06eV at 10eV,and AE ~ 0.2 eV
at 100 eV.

4. Experimental and theoretical results
The experimentally derived and theoretically calculated recom-
bination merged-beams rate coefficients are presented separately
for Fe vil and FeIX in the following sections. To compare ex-
perimental and theoretical results, one has to take into account
the field ionization of high Rydberg levels in the storage-ring
bending magnets and the experimental energy spread. Field ion-
ization of the loosely bound high Rydberg electron in the re-
combined ions can result from the motional electric fields that
the moving ions experience inside the storage-ring magnets
(Schippers et al. 2001). The strongest magnetic field is that of
the bending dipole magnets. In the present experiments, only
Rydberg levels with quantum numbers less than nq, ~ 32 (34)
for Fe vl (Fe1X) were not ionized in the dipole magnet. The
field ionization of ions in Rydberg levels with n > ng is suf-
ficiently well understood and can be accounted for by a model
calculation which also includes the radiative decay of excited
ions on their way from the target to the dipole magnet (Schippers
et al. 2001). For a meaningful comparison with the experimen-
tal results, the theoretical AUTOSTRUCTURE calculations have
been combined with the result of the field ionization model.
The theoretical DR and RR rate coefficients were derived
by convolving the theoretical cross sections with the experi-
mental electron energy distribution (Kilgus et al. 1992). For
the comparison of the AUTOSTRUCTURE DR merged-beams
rate coefficients with the experiment we derived a measured DR
merged-beams rate coefficient by subtracting the field ionized
AUTOSTRUCTURE RR merged-beams rate coefficient from
the measured photorecombination merged-beams rate coeffi-
cient. Note that unlike for iron L-shell ions where theory and
experiment seem to converge in resonance position and relative
strength above a few eV, for Fe vIll and FeIX theory and ex-
periment do not agree in resonance structure until about 55 eV.
Similar behavior was seen for the M-shell ions Fe X1v (Schmidt
et al. 2006) and Fe XV (Lukic¢ et al. 2007).

4.1. Fe VIl recombination merged-beams rate coefficients

Figures 1 and 2 show the measured Fe VIl photorecombi-
nation merged-beams rate coefficient in the energy ranges
0-77 eV and 74-120 eV, respectively. In the 0-77 eV
range the spectrum is mainly dominated by resonances as-
sociated with 3p®3d — 3p’>3d’> one-electron core ex-
citations. Series limits associated with Rydberg series are
discernible at £ = 66.4, 73.4, and 74.0 eV and are
mainly associated with 3p excitations from the 3p®3d (*Ds2)
level to the 3p>(?P°)3d*(°F) ZFg/Z, 3p°(*P°)3d%(’P) ZP‘I’/Z, and
3p°(®P°)3d*(’F) 2D° levels, respectively. In the measured spec-
trum there is no 3p°(*P°)3d*(°F) ZF‘; n series limit discernible at

E = 67.2 eV. There is only weak evidence of resonances be-
longing to the 3p°(*P°)3d*(°P) °P5, Rydberg series. The fine-
structure splitting of the 2D term is not resolved.

In the 74-120 eV range the spectrum is mainly due to reso-
nances connected to 3p®3d — 3p®4f and 3p® 3d — 3p° 5f core

excitations. The Rydberg series limits discernable at £ = 94.7
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Fig.1. Measured Fe vl electron-ion photorecombination merged-
beams rate coefficient in the energy range of DR resonances mainly
associated with 3p — 3d core excitations. The vertical bars denote
DR resonance positions associated with the dominant excitations as ex-
pected on the basis of the hydrogenic Rydberg formula.
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Fig.2. Measured Fe vl electron-ion photorecombination merged-
beams rate coefficient in the energy range of DR resonances associated
with 3d — 4f and 3d — 5f core excitations. The vertical bars de-
note DR resonance positions as expected on the basis of the hydrogenic
Rydberg formula.

and 114.9 eV (Fig. 2) are associated with 3d — 4f and 3d — 5f
core excitation, respectively. Resonances and series limits asso-
ciated with 3p — 4s core excitations are not visible.

The experimental electron-ion collision energy scale was
fine tuned by comparing the measured spectrum in the energy
range 65-75 eV with the AUTOSTRUCTURE calculation which
in turn was energy calibrated to the 3p®3d — 3p’ 3d? transition
energies given in the NIST database (Ralchenko et al. 2007).
The calibration factor for the experimental electron-ion collision
energy deviated by less than 1% from unity.

A detailed comparison between experiment and theory for
Fevi is shown in Fig. 3, where the theoretical DR rate
coefficient was multiplied by a factor of 0.73 over the en-
tire energy range, leading to a scaled theoretical DR merged-
beams rate coefficient ap (.4 in order to bring theory into
quantitative agreement with the measured DR rate coefficient
approaching the strong build up of resonance strength towards
the 3p5(2P°)3d2(3P) 2p° and 3p5(2P°)3d2(3F) 2De series limits.
This scaling factor was derived by fitting the theoretical rate
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Fig. 3. Comparison between the measured (open circles) and the the-
oretical Fe vill DR merged-beams rate coefficient. The calculated rate
coeflicients were multiplied by a factor of 0.73 (see text). The solid line
shows the scaled AUTOSTRUCTURE calculation including the field
ionization model of Schippers et al. (2001). The gray shaded area show
the additional contribution to the (also scaled) AUTOSTRUCTURE cal-
culation when field ionization is not taken into account. The gray shaded
area due to 3p°® 3d (*Ds/,) — 3p°® 3d (*Ds),) fine structure excitation be-
low 0.3 eV is so small, that it is hardly visible at the given scale.

coefficient to the experimental one in the energy range 67.7—
72.2 eV. The factor is not within the total experimental uncer-
tainty of 25%. A similar discrepancy between experiment and
theory was found earlier for Fe X1v (Badnell 2006b) and Fe Xv
(Lukic et al. 2007).

For DR associated with the 3p6 3d (2D3/2) - 3p6 3d (2D5/2)
fine structure excitation the smallest energetically possible
Rydberg level which can be populated is n = 56, according
to the Rydberg formula. The 3p®3d (*Ds;,) 56/ DR resonance
would appear at about 0.015 eV in the DR spectrum. However,
this Rydberg quantum number is far above the critical field
ionization quantum number n., =~ 32 for Fe vIIl. Therefore,
recombination due to 3p® 3d(2D3/2) — 3p®3d(®Ds)y) fine
structure excitation is not visible in the experiment and the
AUTOSTRUCTURE calculation with field ionization model.
Anyhow, the calculation without field ionization suggests a neg-
ligible fraction of fine structure DR.

In Fig. 3, strong low-energy resonances appear in the mea-
sured spectrum at £ < 0.5 eV. The measurements also suggest
the existence of at least one resonance below £ = 0.001 eV
which will be discussed in Sect. 5.1. Between 0.001-0.5 eV
we find resonances in the measured spectrum specifically at
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Fig. 4. Measured Fe IX electron-ion photorecombination merged-beams
rate coeflicient in the energy range of DR resonances mainly associated
with 3p® — 3p° 3d core excitations. The vertical bars denote DR reso-
nance positions associated with 3s? 3p° 3d ('P}) excitation as expected
on the basis of the hydrogenic Rydberg formula. The inset shows the
low energy region of the measured spectrum in more detail.

E = 0.05, 0.11, 0.15, 0.20, 0.28, and 0.35 eV. Their reso-
nance strengths are about an order of magnitude larger than
the strengths of any other resonance in the remaining spec-
trum. Although the AUTOSTRUCTURE calculation includes
DR and TR, it does not reproduce the experimentally observed
low-energy resonance structure in every detail (upper panel of
Fig. 3). But it suggests that the resonances are mainly due to
two-electron promotions with capture into n = 3 leading to au-
toionizing 3s® 3p* 3d* and 3s 3p> 3d* configurations. One elec-
tron promotions with capture into n = 3 are not possible as all
3s23p> 3d? doubly excited levels are bound and hence are not
accessible by pure DR. This means that the strong Fe VIII reso-
nances below 0.4 eV are most probably due to TR. Integrating
both DR rate coefficients over the interval 0.001-0.5 eV yields

f theo scaled/faexp 0.28.

At energies £ > 0.5 eV the agreement between experi-
ment and calculation is mixed. In the range 0.5-5 eV there
is resonance strength missing in the calculated rate coefficient.
Integrating both DR merged-beams rate coefficients over the
interval 0.5-5 eV yields falheo Scaled/faexp = 0.75. Better
agreement is found between 5 and 25 eV. Integrating over this
range yields f atheo scaled! f aexp = 1.04. In the range 25-55 eV
the agreement is less good again. A significant quantity of
resonance strength is missing in the calculation, leading to
f Qo qcaled/ f aexp = 0.55. Beyond 55 eV, not surprisingly the
scaled calculation with the field 1onrzat10n model applled agrees
very well with the measurement ( f atheo scaled! f aexp = 1.02 in
the interval 55-75 eV).

4.2. FeIX recombination merged-beams rate coefficients

Figure 4 shows the measured Fe IX photorecombination merged-
beams rate coefficient in the energy range 0-76 eV. This
range exhibits resonances associated with 3p® — 3p’3d
core excitations. The Rydberg series associated with core
excitation into the 3p> 3d IP‘I’ level converges to its series limit
at £ = 72.5eV. In principle, series limits of the 3s 3p® 3d (°D) n/
and 3s 3p® 3d ('D,) nl Rydberg series can be expected to occur at
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E =90.27 eV and E = 92.97 eV, respectively (total angular mo-
mentum weighted averages; Ralchenko et al. 2007). However,
these are not seen in the experimental spectrum. Note that for
FeIX all 3s? 3p° 3d? doubly excited levels are bound and hence
are not accessible by DR. This is in contrast with DR of the iso-
electric ScIv (Schippers et al. 2002) and Ti Vv (Schippers et al.
1998) where these levels are autoionizing and, thus, contribute
to the DR process.

The experimental electron-ion collision energy scale was
fine tuned by comparing the measured spectrum in the energy
range 66.0-70.3 eV with the AUTOSTRUCTURE calculation
which in turn was energy calibrated to the 3p® — 3p° 3d tran-
sition energies from the NIST database (Ralchenko et al. 2007).
The calibration factor for the experimental electron-ion collision
energy scale deviated by less than 0.2% from unity.

A detailed comparison between experiment and theory is
shown in Fig. 5, where the theoretical DR rate coefficient had
to be multiplied with a factor of 0.93 over the entire energy
range, in order to bring theory into quantitative agreement with
the measured DR rate coefficient in the energy range 63-71 eV
just below the 3p° 3d IP‘]’ series limit. This factor is within the
total experimental uncertainty of 25%.

Strong low-energy resonances appear below £ = 2.5 eV
(Fig. 5). Their resonance strengths are several times larger than
the strength of any other resonance in the remaining spectrum.
Although the AUTOSTRUCTURE calculation does not repro-
duce the experimentally observed low-energy resonance struc-
ture (upper two panels of Fig. 5) it suggests that it is due to DR
associated with 3p® — 3p’ 3d core excitation and simultaneous
capture into n = 4.

The agreement between experiment and calculation is
mixed. In the range 0.001-2.5 eV there is resonance strength
missing in the calculated rate coefficient. Integrating both
DR rate coeﬂicients over the interval 0.001-2.5 eV yields
f Ygco scated! f aexp 0.49. This is possibly partly caused by
a fraction of DR rate coefficient associated with excitations from
the metastable 3Py ion fraction of the ion beam. Note, though,
that the strength of the DR contribution onto the 3P, metastable
will diminish above ~0.32 eV where the autoionization channel
to the 3P, level opens up and further decrease above ~0.98 eV
when the *P, autoionization channel opens up (for a more de-
tailed explanation of this see Luki¢ et al. 2007). In contrast to
that, there is too much resonance strength in the calculation in
the range 2.5-6 eV, where the ratio between experiment and
scaled calculation is f alheo scaled’ f aexp = 1.43. Integration over

the ranges 6-20 eV and 20-58 eV yields [ bR PR —

lheo,scaled/ a’exp -
0.44 and 0.48, respectively. Beyond 58 eV, not surprisingly the
scaled calculation with the field ionization model applied, agrees
very well with the measurement ( f a[heo scaled! f aexp = 1.01 in
the interval 58-73 eV).

In addition to the data presented in Figs. 4 and 5, the energy
ranges 85-94, 113-122, and 141-151 eV were also experimen-
tally investigated, to search for Rydberg series limits of DR as-
sociated with 3s — 3d and 3p — 4/ excitations. No evidence for
these series limits was found within an upper limit for the rate
coefficient of 1.5 x 10719 cm3s~!.

5. Plasma recombination rate coefficients

DR rate coefficients for a Maxwellian plasma can be derived
from both the experimental photorecombination merged-beams
rate coefficient and the theoretical cross section. This is done in
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Fig. 5. Comparison between the measured (open circles) and the the-
oretical Fe1xX DR merged-beams rate coefficient. The calculated rate
coefficients were multiplied by a factor of 0.93 (see text). The solid line
shows the scaled AUTOSTRUCTURE calculation including the field
ionization model of Schippers et al. (2001). The gray shaded area shows
the additional contribution to the (also scaled) calculation when field
ionization is not taken into account.

the following sections. Of particular interest for modeling as-
trophysical environments are the DR plasma rate coefficients in
the electron temperature ranges where Fe VIIl and Fe1X form
in astrophysical plasmas. The approximate temperature ranges
where they form in photoionized and collisionally ionized plas-
mas can be obtained from the works of Kallman et al. (2004)
and Bryans et al. (2006), respectively. For photoionized plas-
mas, Kallman et al. (2004) find that the fractional Fe viiI (Fe I1X)
abundance peaks at a temperature of 1.7 eV (1.8 eV). The “pho-
toionized zone” may be defined as the temperature range where
the fractional abundance of a given ion exceeds 10% of its peak
value. For Fe v1II (Fe 1X) this corresponds to a temperature range
of 1.1-2.1 eV (1.3-2.3 eV). Using the same criterion and the
fractional abundances of Bryans et al. (2006), for coronal
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Fig. 6. Measured Fe VIII (upper panel) and Fe IX (lower panel) photore-
combination merged-beams rate coefficient at energies below 0.5 eV
(open circles). The solid line is the sum of the Fevin (FeIX)
AUTOSTRUCTURE RR calculation (dotted curve, field ionization in-
cluded) and a fit comprising 18 (28) DR resonances. The dash-dotted
curve is the lowest-energy resonance (are the two lowest-energy reso-
nances) of the Fe VIIT (Fe 1X) resonance fit. The dashed curve is the sum
of the remaining 17 (26) fitted resonances (dash-dot-dotted curves) and
the Fe vimt (Fe 1X) AUTOSTRUCTURE RR calculation.

equilibrium the Fe vIII (Fe IX) “collisionally ionized zone” is es-
timated to extend over a temperature range of 17-80 eV (25—
107 eV). It should be kept in mind that these temperature ranges
are only indicative. They depend, in part, on the accuracy of the
underlying atomic data base.

5.1. Derivation of the DR plasma rate coefficients

A DR plasma rate coefficient is derived by convolving
the measured DR merged-beams rate coefficient with a
Maxwell-Boltzmann electron energy distribution. As detailed by
Schippers et al. (2001, 2004), there are three issues that require
special consideration: the experimental energy spread, the re-
combination rate enhancement at low energies, and field ioniza-
tion of high Rydberg levels in the storage-ring bending magnets.
The measured DR merged-beams rate coefficient was derived by
subtracting the field ionized AUTOSTRUCTURE RR merged-
beams rate coefficient from the measured photorecombination
merged-beams rate coefficient.

The experimental energy spread AE influences the outcome
of the convolution for resonances with resonance energies £ <
AE. This can be circumvented by extracting the DR cross sec-
tion from the measured photorecombination merged-beams rate
coefficient at low energies. This was achieved by fitting DR res-
onance line-shapes plus the calculated field ionized RR merged-
beams rate coefficient to the measured spectrum for the energy
range 0.01 meV-0.4 eV and 0.01 meV-0.45 eV for Fe viiI and
FeIX, respectively, and is shown in Fig. 6. It should be noted that
all of the fitted DR line-shapes are expected to comprise a blend
of resonances.

Below 1 meV one typically finds an enhanced recombina-
tion rate coefficient in merged electron-ion beam experiments.
This is caused by additional recombination in time dependent
external fields during the merging of the electron and the ion
beams and depends on the electron beam temperatures, ion
species, and the electron target’s geometry and magnetic field
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(Gwinner et al. 2000; Horndl et al. 2006). It does not contribute
to the plasma rate coefficient and therefore has to be removed
before further derivation of the recombination plasma rate co-
efficient. For measurements using the TSR cooler as the elec-
tron target, enhancement factors are typically in the range of
(Aa/ap) + 1 = 1.5-3 (Wolf & Gwinner 2003), where a is the
theoretically expected value (in most investigated cases only a
RR contribution) and A« is the contribution by enhancement (for
details see Gwinner et al. 2000). For the TSR target there are
no systematic investigations of the rate enhancement yet avail-
able. As shown recently (Schmidt et al. 2006) the derivation of
an absolute value for the rate enhancement can become rather
troublesome when there are DR resonances below 1 meV. With
the given experimental resolution, it is impossible to obtain the
absolute contribution of resonances below 1 meV and the rate
enhancement to the rate coefficient at the same time. Hence, we
consider the results for two cases to derive an upper limit for
the rate enhancement, either keeping all 18 or 28 fitted reso-
nances (Fig. 6) for Fe vIIT and Fe 1X, respectively, or removing
the resonances below 1 meV, corresponding to including the re-
maining 17 (26) resonances for Fe vill (Fe1X). Comparing the
resonance fit without resonances below 1 meV (dashed lines in
Fig. 6) and the measured rate coefficient at 0.01 meV we find
@exp/@} ~ 7.5 for Fe VIIl and ~3.7 for Fe1X as an upper limit

for the rate enhancement. Total DR plasma rate coefficients a‘gi
and ap° were derived from the fits with and without resonances
below 1 meV, respectively, for both ions. Their mean values
give the resulting experimentally derived plasma rate coefficients
and their relative difference is taken as an experimental uncer-
tainty associated with the rate enhancement and is large only at
low plasma temperatures. For Fe VIII this uncertainty is ~47%
at kT = 0.01 eV, =~1.5% at 0.1 eV, and less than 1% above
0.15 eV. For FeIX it is #25% at kgT = 0.01 eV, and less than
1% above 0.04 eV. It should be noted that the uncertainty asso-
ciated with the rate enhancement is negligible in the temperature
ranges where Fe VIIT and Fe IX exist in either a photoionized or
a collisionally ionized plasma (Figs. 7 and 8).

Similar to the approach of Schippers et al. (2001, 2004) the
missing DR resonance strength due to field ionization was esti-
mated from the scaled AUTOSTRUCTURE results for n up to
Nmax = 1000. Although the AUTOSTRUCTURE code fails to re-
produce the resonance structure at low energies it reproduces the
more regular resonance structures of Rydberg resonances near
the series limits when scaled to the experiment. The unmeasured
contributions due to field ionization were derived from the differ-
ences between the scaled calculations with ny,,x = 1000 and the
scaled calculations including the field ionization model. These
differences are represented as the gray shaded areas in Figs. 3
and 5. The statistical uncertainty in the scaling of the calcula-
tion is below 1%. The unmeasured contributions due to field
ionization to the Fe vIIl and FeIX plasma rate coefficients are
shown as dotted lines in Figs. 7 and 8, respectively. The missing
DR resonance strength due to field ionization contributes less
than 12% to the total DR plasma rate coefficient in the tempera-
ture range 1 meV-100 keV for both ions. Multiplying these 12%
with the 1% scaling uncertainty mentioned above, this leads to
an additional uncertainty for the DR plasma rate coefficient of
far less than 1% and which is negligible compared to other un-
certainties. Due to the small contribution of DR associated with
3d — n*I* (n* > 4) in the DR rate coeflicient of Fe VIII and the
missing evidence of DR associated with 3s — 3d and 3p — 4/
excitation for Fe IX, no correction for field ionization of DR as-
sociated with 3s — 3d, 3p — 4/ and 3d — n*[* (n* > 4) excita-
tions was applied.
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Fig. 7. Experimentally-derived Fe viIl DR rate coefficient in a plasma
(full curve) comprising DR associated with 3p — 3d (An* = 0) core
excitations (Fig. 1) and DR associated with 3d — 4f and 3d — 5f
(An* = 1 and An™ = 2) core excitations (Fig. 2). The error bars denote
the uncertainty of the absolute rate coefficient at a 90% confidence level.
Temperature ranges are highlighted where Fe VIII is expected to peak in
abundance in photoionized plasma (PP) and collisionally ionized plas-
mas (CP). The estimated (unmeasured) DR contribution of levels with
n > 32 (gray shaded area in Fig. 3) is shown by the dotted curves, where
the left curve is due to 3p®3d(*Ds;2) — 3p®3d (?Ds),) fine structure
excitation and the right curve is due to 3p®3d — 3p®3d?* excitation.
The dashed curve shows the contribution of the 18 fitted low-energy
resonances (upper panel of Fig. 6). The dash-dotted curve shows the
contribution by the An* = 1 and An* = 2 DR above £ = 74.5 eV.

For FeIX there are two kinds of uncertainty in the total DR
plasma rate coefficient due to the metastable fraction in the ion
beam. The first one is the additional +6% uncertainty in the
ground level ion current due to metastable ions in the ion beam.
The second one stems from the fraction of DR resonances in the
measured spectrum due to DR from the excited 3s> 3p> 3d (°Py)
metastable level. This uncertainty was estimated by comparing
our theoretical plasma rate coefficient of DR from the metastable
level, with our theoretical plasma rate coefficient consisting of
calculated metastable level DR and ground-level DR. For deriv-
ing an upper limit of this uncertainty, 12% and 88% of the ions
were assumed to be in the metastable level and the ground level,
respectively. We found an additional uncertainty ranging from
100% at a plasma temperature of kg7 = 0.01 eV, 24% at 0.1 eV,
12% at 1.3 eV, 10% at 2.3 eV, 2% at 25 eV, 0.6% at 107 eV to
0.4% at kgT = 1000 eV. This means, that the uncertainty due to
the fraction of metastable DR resonances in the measured spec-
trum is only critical at plasma temperatures which are far below
the photoionized zone. In the photoionized zone this uncertainty
is not so large and negligible in the collisionally ionized zone.

The total experimentally derived DR plasma rate coefficients
for Fe vIII and for Fe IX are shown as thick solid lines in Figs. 7
and 8, respectively. They comprise the fitted low energy res-
onance strength, the remaining experimentally measured DR
rate coeflicients, and the unmeasured, theoretically calculated,
but scaled to the experiment, contribution up to ny,x = 1000.
The temperature dependent uncertainties due to field ionization,
rate enhancement, and metastable levels added in quadrature to
the experimental error yield the total uncertainty for the exper-
imentally derived DR plasma rate coefficient, given at a 90%


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810834&pdf_id=7

E. W. Schmidt et al.: Electron-ion recombination for Fe vIII and Fe IX: measurements and theory

Temperature (K)

108 10* 108 108 107

CP

10—10

10—11

Recombination rate coefficient (cm3 s™)

10_12 Il Il |" I
0.01 0.1 1 10

Temperature (eV)

Fig. 8. Experimentally-derived Fe1X DR rate coefficient in a plasma
(full curve) comprising DR associated with 3p® — 3p’ 3d core exci-
tation (Fig. 4). The error bars denote the uncertainty of the absolute
rate coefficient at a 90% confidence level. Temperature ranges are high-
lighted where Fe X is expected to peak in abundance in photoionized
and collisionally ionized plasmas. The estimated (unmeasured) DR con-
tribution of levels with n > 34 (gray shaded area in Fig. 5) is shown by
the dotted curve. The dashed curve shows the contribution of the 28
fitted low-energy resonances (lower panel of Fig. 6).

confidence level. For Fe VIII the total uncertainty is ~54% at
kgT = 0.01 eV, =31% at 0.02 eV, and ~25% at 0.05 eV and
above. For FelX the total uncertainty is ~106% at 0.01 eV,
~80% at 0.02 eV, ~40% at 0.05 eV, ~35% at 0.1 eV, ~34%
at 0.2 eV, 229% at 1 eV, 227% at 10 eV, and less than 26% at
18 eV and above.

The AUTOSTRUCTURE DR plasma rate coefficients were
derived by convolving the calculated cross sections with a
Maxwell-Boltzmann electron energy distribution. These cross
sections are not scaled to the experiment in contrast to the ones
which were used for extrapolation of the experimental data.

5.2. Derivation of the RR plasma rate coefficients

RR plasma rate coefficients for Fevill and FeIlxX for a
Maxwellian electron energy distribution were derived from
AUTOSTRUCTURE RR cross sections including excited lev-
els up to nmax = 1000. They are shown as thick dotted lines in
Figs. 9 and 10. As can be seen there, the DR plasma rate coef-
ficient dominates over the RR plasma rate coefficient in a wide
energy range for both ions. In the photoionized zone and the col-
lisionally ionized zone, the RR plasma rate coefficient is one to
two orders of magnitude smaller than the DR plasma rate coeffi-
cient.

5.3. Parameterization of plasma rate coefficients

For convenient use in astrophysical modeling codes the Fe VIII
and Fe IX DR plasma rate coefficients a/PDR were fitted using

apR(T) = (1)) ciexp(~Ey/T), @)

l

both for the experimental and the theoretical results. The
resulting fitting parameters ¢; and E; are given in Table 3 for
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the experimentally derived Fe vIII and FeIX and the theoret-
ically calculated Fe viit DR plasma rate coefficients. The fits
deviate by less than 1% from the experimentally derived and
the theoretically calculated DR plasma rate coefficients over
1 meV-100 keV (11.6 K-1.16 x 10° K). For a fit of the Fe IX
AUTOSTRUCTURE DR plasma rate coefficient we refer the
reader to the work of Badnell (2006a).

The theoretical Fe vl and Fe X RR plasma rate coefficients
ag® were fitted to the following functional form (Verner &
Ferland 1996)

T 7\ % T 1+5' 7"
\/j(u\/i) (1+\/j) } C®
TO TO Tl

where B’ is (Gu 2003)

aR(T)=A

B’=B+Cexp(_TT2)~ (6)

The fitting parameters A, B, Ty, T;, C and T, are given in
Table 4 for Fe viil. The fitting coefficients for Fe IX were deter-
mined previously by Badnell (2006a). The fits deviate by less
than 1% from the calculated results in the temperature range
(10 = 107) 22 K, where z is the ion charge before recombination.

6. Discussion

In Figs. 9 and 10 we compare the present experimental and
AUTOSTRUCTURE calculated Fe viil and Fe1X DR plasma
rate coeflicients. We also compare with the previously recom-
mended DR plasma rate coefficients of Arnaud & Raymond
(1992). We do not compare with any of the ad hoc changes pro-
posed by Netzer (2004) and by Kraemer et al. (2004).

The agreement between the experimental and
AUTOSTRUCTURE calculated DR plasma rate coefficients is
mixed for Fe viIl. The experimentally-derived DR plasma rate
coefficient is 5.4 times that of the theoretical one calculated
with AUTOSTRUCTURE at kg7 ~ 0.01 eV, 3.2 at0.1 eV, 1.7
at 1.1 eV, 1.3 at 2.1 eV, and they are equal at 3.3 eV. Above
ksT = 3.3 eV the experimentally-derived DR plasma rate
coefficient is smaller than the AUTOSTRUCTURE one going
down to a factor of 0.82 of the AUTOSTRUCTURE DR plasma
rate coefficient at kgT ~ 8 eV. It is between 0.82 and 0.85 above
8 eV. Looking at the AUTOSTRUCTURE calculations of TR
associated with capture into n = 3 and of DR + TR associated
with capture into n > 4 separately, we can see, that a calculation
restricted to n > 4 DR would underestimate the experimental
DR result strongly at temperatures where Fe VIII forms in a pho-
toionized plasma. The experimentally derived DR plasma rate
coefficient is 5.3 times that of the AUTOSTRUCTURE n > 4
DR + TR plasma rate coefficient at kg7 = 1.1 eV and 2.8 at
2.1 eV. This underestimate is because the AUTOSTRUCTURE
calculation comprising of TR associated with capture into
n = 3 dominates over the AUTOSTRUCTURE calculation
comprising of DR + TR associated with capture into n > 4 in
the temperature range kg7 ~ 0.08-2.7 eV. It is interesting to
note that TR makes the dominant contribution to the plasma rate
coeflicient in the photoionized zone.

For Fe1X the agreement between the experimental and the
AUTOSTRUCTURE calculated DR plasma rate coefficient is
not as good as for Fevill. The experimentally-derived FeIX
DR plasma rate coefficient exceeds the theoretical one over
the whole temperature range, despite the fact, that near the
3p°3d'P; series limit at £ = 72.5 eV the theoretical DR
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Table 3. Parameters c; (cm3 s

Fe vii1 DR plasma rate coefficients.
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K3/ 2) and E; (K) for the fits of Eq. (4) to the experimentally derived Fe VIIT and Fe IX and theoretically calculated

Experiment Theory
Fe viil Fe1x Fe vil
i Ci E,‘ C; E,' Ci E,'
1 5978[-7] 8.385[0] 4777[-71  9.034[0] 3.113[=7]  9.499[1]
2 8.939[-7] 9.922[1] 1.231[-6]  1.128[2] 8.783[-7] 3.031[2]
3 1.640[-5] 5.234[2] 5.055[-5] 6.624[2] 3.956[-6]  7.878[2]
4 9.598[-5] 1.579[3] 3.413[-4] 1.143[3] 5.539[-5]  2.080[3]
5 1.105[-4] 4.489[3] 1.625[-3]  3.926[3] 9.422[-5]  7.209[3]
6 7.299[-4] 2.102[4] 3.873[-3] 1.300[4] 9.343[-4]  3.159[4]
7 3.858[-3] 9.778[4] 6.438[-3] 4.684[4] 5.296[-3] 1.020[5]
8 2476[-2] 3.353[5] 6.970[-2] 2.670[5] 1.780[-2]  2.803[5]
9 1.789[-1] 8.081[5] 2.925[-1] 7.358[5] 2.269[-1] 7.840[5]

Numbers in square brackets denote powers of 10.

Table 4. Parameters for the fit applying Eqgs. (5) and (6) to the theoreti-
cal Fe viil RR plasma rate coefficient.

A B To T1 C T2
(cm’s™) X) X) X)
1.121[-9] 0.7407 3.753[1] 2.418[7] 0.0720 3.280[5]

Numbers in square brackets denote powers of 10.

merged-beams rate coefficient was larger than the experimen-
tally derived one. The experimentally-derived DR plasma rate
coefficient is 1152 times that of the theoretical one calculated
with AUTOSTRUCTURE at kg7 = 0.01eV,3.34at0.1eV, 1.7
at 1.3eV,1.5at2.3¢eV, 1.51 at25¢eV, 1.25 at 107 eV, 1.19 at
1000 eV, and 1.18 above 1000 eV.

As seen in Figs. 9 and 10 the DR plasma rate coefficients
of Arnaud & Raymond (1992) are orders of magnitude below
the experimentally derived rate coefficients in the zones where
Fe vilr and Fe1X form in a photoionization equilibrium. This is
not surprising as the Fe vIII and Fe 1X DR rate coefficients given
in Arnaud & Raymond (1992) were originally calculated with
the Burgess formula and scaled to the results of Hahn (1989),
neither of which take into account the DR resonances impor-
tant at low electron-ion collision energies. As one can see, for
Fe vill our experimentally-derived DR plasma rate coefficient
is 19.7 times that of the Arnaud & Raymond (1992) recom-
mended one at kg7 = 10 eV, 1.4 at 50 eV, 1.2 at 100 eV
and between 1.06-1.08 in the energy range 10°-103 eV. For
FeIX our experimentally-derived DR plasma rate coefficient is
70.8 times that of the Arnaud & Raymond (1992) recommended
one at kg7 = 10 eV, 2.6 at 50 eV, 2.0 at 100 eV and between
1.51-1.55 in the energy range 10°~10° eV.

7. Conclusions

The presented experimental and theoretical results for the DR,
TR, and RR rate coefficients of potassium-like Fe VIIT ions
forming calcium-like Fe viI and of argon-like Fe1X forming
potassium-like Fe VIIT have shown that the suggestions by Netzer
(2004) and Kraemer et al. (2004) to increase the iron M-shell
DR rate coefficients at electron temperatures where these ions
form in photoionized plasmas were pointing in the right direc-
tion. Our experimentally-derived DR + TR rate coeflicients are
orders of magnitude larger than the recommended DR values
from the compilation of Arnaud & Raymond (1992). A similar
discrepancy has already been found for aluminium-like Fe X1v

Temperature (K)
104 10° 108 107

Fom

109§

10-10 L

10-11 L

Recombination rate coefficient (cm® s™)

! i \
! ! RN
10—12 [ sl N A - ......|..‘ R
0.01 0.1 1 10 100

Temperature (eV)

Fig. 9. Comparison of the experimentally-derived and theoretical Fe vIIl
recombination rate coefficients in a plasma. The thick full line shows the
experimentally-derived DR plasma rate coefficient comprising An* = 0
DR (Fig. 1), An* 1 and An* = 2 DR (Fig. 2), and the theoreti-
cal estimate for the unmeasured contribution of levels with n > 32
(gray area in Fig. 3). The error bars denote the uncertainty in the ab-
solute rate coefficient. The thick dash-dot-dotted line labeled AS shows
the AUTOSTRUCTURE DR plasma rate coefficient comprising all DR
contributions associated with capture into n = 3 and capture into n > 4
(thin dash-dot-dotted lines labeled “n = 3 TR” and “n > 4 DR + TR”,
respectively). Also shown is the recommended DR rate coefficient of
Arnaud & Raymond (1992, thick dash-dotted line labeled Ar). The
thick dotted curve labeled RR shows the AUTOSTRUCTURE calcu-
lated RR plasma rate coefficient. Temperature ranges are highlighted
and labeled PP and CP, respectively, where Fe VIII is expected to peak
in abundance in photoionized and collisionally ionized plasmas.

(Schmidt et al. 2006) and magnesium-like Fe Xv (Luki¢ et al.
2007) and can be expected for the remaining iron M-shell ions.
This is because the earlier theoretical calculations were per-
formed for high-temperature plasmas and did not include the
DR channels important for low-temperatures plasmas. Since our
DR + TR results are also about an order of magnitude larger
than the RR rate coefficients this has important consequences
for the modeling and interpretation of X-ray spectra from AGN
and other cosmic sources.

Our results show that DR rate coefficients for medium
charged iron M-shell ions in photoionized plasmas are strongly
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Fig. 10. Comparison of the experimentally-derived and theoretical Fe IX
recombination rate coefficients in a plasma. The thick full line shows
the experimentally-derived DR rate coefficient comprising An* = 0
DR (Fig. 4) and the theoretical estimate for the unmeasured contri-
bution of levels with n > 34 (gray area in Fig. 5). The error bars
denote the uncertainty in the absolute rate coefficient. The recent
AUTOSTRUCTURE DR and RR calculations by Badnell (2006a) are
represented by thick dash-dot-dotted line labeled AS and thick dotted
line labeled RR, respectively. Also shown is the recommended DR rate
coefficient of Arnaud & Raymond (1992, thick dash-dotted line labeled
Ar). Temperature ranges are highlighted and labeled PP and CP, respec-
tively, where FeIX is expected to peak in abundance in photoionized
and collisionally ionized plasmas.

influenced by resonances at low electron ion collision energies.
This is in line with previous findings for more highly charged
iron M-shell ions (Miiller 1999; Lukic¢ et al. 2007; Schmidt et al.
20006). The theoretical challenge is the accurate prediction of
these low-energy resonances which are subject to strong corre-
lation effects. The difficulty to describe these resonances suffi-
ciently well is reflected by the significant deviation of the theo-
retical plasma rate coeflicients from the experimental results at
low temperatures. Therefore, for the time being storage-ring ex-
periments remain a vitally needed source for recombination rate
coefficients in photoionized plasmas. We are in the process of
carrying out DR measurements for additional Fe M-shell ions.
As these data become available we recommend that these exper-
imentally derived DR rate coefficients be incorporated into AGN
spectral models in order to produce more meaningful interpreta-
tions of the astrophysical data.
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