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ABSTRACT

Recent spectroscopic models of active galactic nuclei (AGNs) have indicated that the recommended electron-
ion recombination rate coefficients for iron ions with partially filled M shells are incorrect in the temperature
range where these ions form in photoionized plasmas. We have investigated this experimentatiyfdofreing
Fe xm1. The recombination rate coefficient was measured by employing the electron-ion merged-beams method
at the Heidelberg heavy-ion test storage ring. The measured energy range of 0-260 eV encompasses all dielec-
tronic recombination £2s?2p°3131’3l” nl” resonances associated with the, 3~ 3p,,, 3s— 3p, 3p— 3d, and
3s— 3d core excitations within the M shell of the Bav (1s?2s°2p°3s°3p) parent ion. This range also includes
the 122572p°313'41" nl” resonances associated with-341” and 3 — 4l” core excitations. We find that in the
temperature range 2—-14 eV, wherexte is expected to form in a photoionized plasma, thexiverecombination
rate coefficient is orders of magnitude larger than previously calculated values.

Subject headings. atomic data— atomic processes — galaxies: active — galaxies: nuclei— plasmas —
X-rays: galaxies

1. INTRODUCTION The only DR measurements for M-shell ions of third- and
fourth-row elements that have been available up to now are
; . . : those for Na-like Fexvr (Linkemann et al. 1995; Mler 1999),
servations of active galactic nuclei (AGNs) have detected a 5, o Ti v and Sav (Schippers et al. 1998, 2002), and Mg-

new absorption feature around 15-A7 (Sako et al. 2001;|- : : :
‘ X . ' ike Ni xvin (Fogle et al. 2003). Although being of minor
lF)’ounds ett alll.22000031.,l2(asp| ?t a|1l.220%(22.,GBe”har tet laléggg%Ste%n'astrophysical relevance, the 8cand Tiv measurements il-
{u?ggon; .K ’ IdaSFIIe 50'05 T'h' aho eba. id 't.f.()lén S|ustrate that the low-energy recombination spectra of M-shell
et al. » Rrongoia et al. ). This has een 10entiled as,ns can be dominated by strong resonances associated with
an unresolved transition array (UTA) due mainly tp-2 3d

; o i ; 3p — 3d core excitations.

inner shell absorption in maderately ch_arged Iron 1ons with an This Letter presents the experimental measurement of radia-
open M shell (Fa—Fexvi). On the basis of atomic Structure 4o rocombination (RR) plus DR for Fev forming Fexr.
calculations and photoabsorption modeling, Behar et al. (2001), | the temperature range where ke is expected to exist in
pointed out that the shape of the UTA features can be used fora photoionized plasma, our experimentally derived- IR
diagnostics of the AGN absorber. However, Netzer et al. (2003)r te coefficient is order’s of magnitude larger than the sum of
noted a disagreement between the predicted and the observe e recommended RR value from Woods et al. (1981) and the
shape of this feature. As a p_ossu_)Ie cause for this d|screpancyDR value from the compilation of Arnaud & Ra)./mond (1992).
they suggested an underestimation of the low-temperature d|—As DR is much larger than RR at these temperatures, this
electronic recombination (DR) rate coefficients for iron M-shell d '

. Th ¢ Hicients determine the ch tate bal iscrepancy is clearly due to errors in the recommended DR
lons. These raté coetiicients determine the charge-state balanCyi, A similar discrepancy can be expected for the other iron
of the iron M-shell ions in a photoionized plasma and, con-

sequently, the shape of the UTA. M-shell ions. This has important consequences for the modeling

Reliable low-temperature DR rate coefficients of iron of AGN spectra.
M-shell ions are not available in the literature. The widely used
compilation of Arnaud & Raymond (1992) is largely based on
theoretical work by Jacobs et al. (1977) and Hahn (1989). The The experiment was performed at the heavy-ion test storage
purpose of this early theoretical work was to produce DR data ring (TSR) of the Max-Planck-Institut fuernphysik in Hei-
for modeling coronal equilibrium. However, ions form in co- delberg, Germany (MPI-K). The measurements employed well-
ronal equilibrium at temperatures about an order of magnitude established procedures for studying electron-ion recombination.
higher than those where they form in photoionized gas (Kall- Details of experimental and data reduction procedures, as well
man & Bautista 2001). Therefore, the use of these theoreticalas further references, are given in Schippers et al. (2001, 2004)
DR data is questionable for photoabsorption modeling. Bench-and Savin et al. (2003).

Recent spectroscopkKMM-Newton andChandra X-ray ob-

2. EXPERIMENTAL TECHNIQUE

marking by experiment is highly desirable. A beam of**Fe x1v was provided by the MPI-K accelerator
facility. After acceleration to an energy of 4.2 MeV ampthe
Yinstitut fir Atom- und Molekiphysik, Justus-Liebig-UniversitaLeih- ion beam was injected into the storage ring, where it was col-
gesterner Weg 217, D-35392 Giessen, Germany. linearly overlapped with a magnetically guided electron beam.
? Max-Planck-Institut fu Kernphysik, Saupfercheckweg 1, D-69117 Hei- In the overlap region the ions can recombine with the electrons
delberg, Germany. by means of RR and DR. Recombined ions were separated

3 K 1 - - . . . .
Stad(feéee':fﬁ:r?;t fuSchwerionenforschung, Planckstrasse 1, D-64291 Darm- ¢ the jon beam in the first dipole magnet after the electron-

* Columbia Astrophysics Laboratory, Columbia University, 550 West 120th 10N interaction region and counted using a single-particle scin-
Street, New York, NY 10027. tillation counter with a nearly 100% detection efficiency. The
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Fic. 1.—Measured Fexav to Fe xi1 merged-beams electron-ion recombi- Fic. 2.—Measured Fexv to Fe xim MBRRC at energies below 10 eV

nation rate coefficient (MBRRC) in the energy range associated with DR (filled circles). The solid curve enclosing the white area is the result of a fit
resonances viaB, — 3p,, 35— 3p, and $ — 3d core excitations. The vertical comprising 39 DR resonances and the contribution from BiRK dashed

bars denote DR resonance positions as expected on the basis of the hydrogeniaurve). The thinner dashed curves show the fits to the first six of the 39 DR
Rydberg formula. Only the €83d ?D,,,) nl” series of Rydberg resonances can resonances. The excess rate coefficitmt(see text) contributes to the mea-
unambiguously be identified. Note that the resonances below 2.3 eV exceedsured signal at energies belest meV. Here the assumed enhancement factor
all other resonances in height by an order of magnitude. is (Aalag) +1=1.7.

systematic experimental uncertainty of the measured recom+(3s3p® ?P,, ;) 71" and 3°3p,,, nl” resonances. Accurate theo-
bination rate coefficient is estimated to k5% (Lampert et retical calculations taking into account these features and their
al. 1996). This uncertainty stems mostly from the ion-current mutual coupling through quantum mechanical mixing appear
measurement. Adding further uncertainties discussed in § 3highly desirable in order to understand the detailed electronic
increases this to 18%. dynamics leading to the high resonant rates in this particular
The experimental electron energy distribution is best de- energy range.

scribed as a flattened Maxwellian distribution that is char-  Up to an energy o£50 eV, the resonance pattern is irregular.
acterized by the longitudinal and transverse temperaffjres Assignment of the observed features could not be achieved,
and T, (see, e.g,, Pastuszka et al. 1996). The experimentalith the exception of the &Bp? 2S) nl” and (33p? ?P) nl” series

energy spreadAE = ([(In 2)k;T,1?+ (16In 2)Ek T,)? de- limits around 45 and 48 eV, respectively. At higher energies
pends on the electron-ion collision energy. Heyés the Boltz- the (3°3d °D,,,) nl” Rydberg series is discernable converging
mann constant. In the present experiment the temperatures were its limit at 58.6722 eV (Behring et al. 1976). This feature
ksT, = 12 meV andk; T, = 0.09 meV, and consequentyE = was used to calibrate the experimental energy scale. This was

8.3 meV forE <0, .2 eV, AE =33 meV atE =1 eV, and achieved by multiplying the experimental energy scale by a
AE = 245 meV atE = 60 eV. In the following the experi-  factor that deviates from unity by less than 1%.

mental data are presented as a merged-beams recombination Finally, Figure 3 shows the measured & MBRRC in

rate coefficient (MBRRC{ov) , that is, the recombination cross the range 60—260 eV. This range includes resonances associated
section times the relative velocity convolved with the experi- with 3s— 41" and 3 — 41" (i.e.,AN = 1) core excitations. Here
mental electron energy distribution function. N is the principal quantum number of the transitioning core

3. RESULTS AND DISCUSSION

4‘} 4f nI'I" seriasls

Figure 1 shows the measured fi& MBRRC in the energy [ [n=4 I | 3pI 1T
range 0-60 eV. This includes all resonances associated with il | | ]
3s?3p — 3s°31” and Z*3p — 3s3p3l” core excitations. The i 3p > 4pnl” series ]
experimental MBRRC increases strongly at energies below 8F i 3| 4| r*l | T .
2.5 eV. Figure 2 shows this energy region in more detalil. It is T i |f'f|a||rﬁ

dominated by strong DR resonances that presumably represent
levels of the type (8p*?P,, 3, 71"”. Furthermore, the high-

limit of the (3s3p® %P, 3, 71" resonances and the limit of the
3s3p,, NI” series at 2.337 eV (Behring et al. 1976) are quasi-
degenerate withim0.1 eV. DR resonances associated with a
2p° P, — 2Py, fine-structure excitation were found to be im-
portant for low-temperature DR of Feviin forming Fexvn
(Savin et al. 1997, 1999). The measured sfkan1 MBRRC L . L L : - - :
exhibits a regular Rydberg series opt2P,,,) nl” resonances. S AR e R e e e e

In the present Feiv case, such a regular resonance pattern Electron-ion collision energy (eV)

from the 3., nl" series is not observed. The question remains Fi6. 3.—Measured Faiv to Fexi MBRRC in the electron-ion collision
to what extent the Unusua”y strong rise in DR resonance energy region of the 841" nl” and 33p4l” nl” resonances attached to the
strength below 2.5 eV is caused by the near-degeneracy of3p— 41" and 33— 4l” core excitations, respectively.

Recombination rate coeff. (10'11 cm’ 5'1)
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. - . TABLE 1
‘7': e collisionaly | PARAMETERS FOR THE FIT OF EQUATION (1)
"= 10° ionized ionized | [ E
S plasma i (cm*st K™ (eV)
% 1....... 3.55x 10°* 2.19x 1072
o 1 2 2.40x 1073 1.79x 10
o 10° 4 3. 7.83x 10°° 7.53x10°"
4] ] 4 ... 1.10x 10°2 2.21x 10
5 5....... 3.30x 10°2 9.57x 1¢°
= 6 ....... 1.45x 10t 3.09x 10
£ . 7. 8.50x 1072 6.37x 10"
a0 E 8 ... 259102  2.19x 10
g 3 9 ....... 8.93x 10°° 1.50x 10°
&) ] 10 ...... 9.80x 1073 7.86x 1C°
N

100

. rate coefficient (labeled\« in Fig. 2) is an artifact of the
Electron temperature (eV) merged-beams technique, and hence a mean excess rate co-
Fic. 4.—Experimentally derived Feiv to Fexit recombination rate coef- Efflqlent_was S_UbtraCted prior to the derl_vatlon of the PRRC.
ficient in a plasma (PRRQhick solid ling), comprisingAN = 0 DR (Fig. 1), Field ionization of the loosely bound high Rydberg electron

AN =1 DR (Fig. 3), RR, and the theoretical estimate for the unmeasured in the recombined ions can result from the motional electric
contributions of states witin> 55 for RR andAN = 0 DR. The error bars fields they experience inside the storage-ring bending magnets

denote the+18% experimental uncertainty in the absolute rate coefficient. ; ;
The experimental results without the RR and DR extrapolation are shown by (Schlppers etal. 2001)' In the present experiment, Only RR and

the double-dot—dashed line. Also shown is the theoretical DR rate coefficient DR 'nVOlV'ng capture m@o Rydberg levels with quantum num-
of Arnaud & Raymond (1992thick dashed line; labeled AR), its deliberate  bers less than 55 contribute to the MBRRC.
modification by Netzer (2004otted line), and the RR calculation by Woods Similar to the approach of Schippers et al. (2001, 2004)
etal (1981 hin dtied i 'able'?d W)SS)hThe star at 4 ev (labeled KFG) "and Fogle et al. (2005), the missing DR resonance strength up
is the estimate of Kraemer et al. (2004). The contribution from the low-energy = . . .
DR resonances between 0 and 2.5 eV is shown as the thin dashed line. ThéO .nmax = 1000 was estimated from a theoretical calculation
curves labeled RR were calculated using a hydrogenic formula (eq. [13] of USing the AUTOSTRUCTURE code (Badnell 198@)lthough
Schippers et al. 2001) with,,, = 1000 thin solid line) and withn,,, = 55 the AUTOSTRUCTURE code fails to reproduce the irregular
(dot-dashed lin€). The temperature ranges where ¥ie is expected to peak  Fexrv resonance structure below 50 eV, it reproduces the more
in abundance in photoionized and collisionally ionized plasmas are highlighted. regular resonance structures of highRydberg resonances

. . close to the various series limits reasonably well when slight
electron. The strongest features in this spectral range are themanyal adjustments” are made to the autoionization transition
limits of the 3o — 41" nl” resonance series. These occur at about ates.

177.9 eV (" = 0), 195.0 eV [’ = 1), 2104 eV [ = 2), and The unmeasured DR contribution due to states with55

221.7 eV (" = 3) according the NIST atomic spectra database \yas estimated to contribute 15%7% to the experimentally

(Ralchenko et al. 2005)ldentification of the observed peak gerived Fexiv PRRC for plasma temperatured, > 9 eV. The

features with individual Rydberg series is challenging except 7¢4 uncertainty was estimated from the adjustment of the tran-

for the series limits. . _ sition rates. The same field ionization cutoff was taken into

_The plasma recombination rate coefficient (PRRC) is de- account in the RR contribution to the low-energy resonance fit

rived by convolving the measured MBRRC with a Maxwell- j, Figure 2. The unmeasured fraction of the RR-PRRC, due to

Boltzmann electron energy distribution. As detailed in Schip- RR into 323p nl (n> 55) states, was calculated using a hydro-

pers et al. (2001, 2004), there are three issues that requirgenic formula (eq. [13] of Schippers et al. 2001; see Fig. 4).

special consideration: the experimental energy spread, the reThe RR and DR contributions from = 55 to n = 1000

combination rate enhancement at low energies, and field ion-were subsequently added to the PRRC. The contribution of

ization of high Rydberg states in the storage-ring bending mag- AN = 1 DR with n> 55 is insignificant.

nets. _ . For convenient use in astrophysical modeling codes, the total
The experimental energy spreag influences the outcome e x1v to Fe xin PRRC was fitted using

of the_convolution for resonances with resonance energies

E < AE. This can be circumvented by extracting the DR cross 10

section from the measured MBRRC at low energies. In Fig- FprasmdTe) = Te—3/22 c exp (FE/ksT.). (1)

ure 2, this was achieved by fitting 39 DR resonance line shapes i=1

to the measured spectrum. It should be noted that most probably

none of the 39 DR line shapes correspond to a single resonanc&he resulting fitting parametecsandE, are given in Table 1.

but each rather comprises a blend of resonances. In additionThe fit deviates by less than 1% from the experimentally de-

the fit includes a contribution due to RR, which was calculated rived result in the energy range 70 meV to 10 keV.

using a semiempirical hydrogenic formula (eq. [12] of Schip-  Uncertainties in the nonresonant portion of the background

pers et al. 2001). that was not due to RR contributed an estimated 8% error to
An enhanced MBRRC is consistently observed in_merged the measurement. Uncertainties in the exact enhancement factor
electron-ion beam experiments at very low energies.B-e¢ near 0 eV contributed a 2.1% uncertainty at 0.07 eV, 1.4% at

ksT,, the measured MBRRC exceeds the theoretical expectation0.1 eV, and less than 1% above 0.14 eV. Adding these, the
by factors of typically 2—3 (Gwinner et al. 2000). This excess transition rate uncertainty, and the 15% systematic uncertainty

5 See http://physics.nist.gov/asd3. ¢ See http://amdpp.phys.strath.ac.uk/autos.
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in quadrature gives a total experimental uncertainty-d8%
in the energy range 70 meV to 10 keV.

measurements for other iron ions (e.g., Savin et al. 2002), this
close agreement is probably fortuitous.

In the photoionized zone, the experimentally derived PRRC
is decisively determined by the resonances occurring at electron-
ion collision energies below 2.5 eV. The RR contribution is

The approximate temperature ranges wheraiveorms in insignificant relative to DR. Our derived PRRC is several orders
photoionized and in collisionally ionized plasmas can be ob- of magnitude larger than the DR data from the widely used
tained from the work of Kallman & Bautista (2001). For pho- compilation of Arnaud & Raymond (1992). It is still about an
toionized plasmas, they find that the fractional e abun- order of magnitude larger than the DR PRRC used by Netzer
dance peaks at a temperature of 4.5 eV. From a different(2004) and Kraemer (2004), who deliberately assumed sets of
photoionization model, Kraemer et al. (2004) obtain a value DR PRRCs for the Fe M-shell ions in order to achieve a better
of 7.8 eV. The “photoionized zone” may be defined as the agreement of their plasma modeling results with the observed
temperature range where the fractional abundance of a givershape of the Fe®2— 3d UTA (cf. § 1).
ion exceeds 10% of its peak value. Forfe, this corresponds The present result shows that the previously available theo-
to a temperature range of 2—-14 eV (Kallman & Bautista 2001). retical DR PRRCs for Fexv forming Fexm are much too
Using the same criterion and, again, the results of Kallman & low, as Netzer et al. (2003) already suspected. Other storage-
Bautista (2001), for coronal equilibrium the Eev “collision- ring measurements show similar deviations from published
ally ionized zone” is estimated to extend over a temperaturerecommended low-temperature DR-PRRCs for M-shell ions
range of 170-580 eV. It should be kept in mind that these (Linkemann et al. 1995; Mler 1999; Fogle et al. 2003). We
temperature ranges are only indicative. In particular, they de-are now in the process of carrying out DR measurements for
pend on the accuracy of the underlying atomic database. other M-shell iron ions. As they become available, we rec-

In Figure 4 we compare our experimentally derived PRRC ommend that these experimentally derived PRRCs be incor-
with the RR rate coefficient of Woods (1981) and the recom- porated into future models of AGN spectra in order to arrive
mended DR PRRC of Arnaud & Raymond (1992). The latter at more reliable results.
is based on a theoretical calculation by Jacobs et al. (1977)
and includes DR associated witlp 2 3d inner shell transi- We gratefully acknowledge the excellent support by the
tions. It was calculated for a temperature rangé&,0f = 30— MPI-K accelerator and TSR crews. This work was supported
9000 eV. In the collisionally ionized zone, the experimentally in part by the German federal research funding agency DFG
derived PRRC is lower than the theoretical result by 21% at under contract Schi 378/5. D. L., M. S., and D. W. S. were
ks T, = 580 eV. This discrepancy may partly be attributed to supported in part by the NASA Space Astrophysics Research
the fact that DR resonances associated with»2d and higher Analysis Program, the NASA Astronomy and Astrophysics
core excitations were not measured. But given the poor agree-Research and Analysis Program, and the NASA Solar and He-
ment between the calculations of Jacobs et al. (1977) and DRliospheric Physics Program.

4. ASTROPHYSICAL IMPLICATIONS
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