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Photorecombination of Highly Charged, Few-Electron Ions: Importance of Radiation Damping
and Absence of Resonance Interference
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We use the radiation damped Breit-PauliR-matrix method that was introduced by Robicheaux
et al. [Phys. Rev. A52, 1319 (1995)] to study photorecombination of Fe241. Results are compared
to perturbative and experimental results, and agreement is excellent in all cases. It is found that the
inclusion of radiation damping is extremely important for this system, whereas resonance interference
effects are negligible. These findings are in complete contrast to those of a recent study by Zhang and
Pradhan [Phys. Rev. Lett.78, 195 (1997)]. [S0031-9007(97)04255-5]
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Photorecombination is the process by which free ele
trons are accelerated by charged atomic ions and emit p
tons of sufficient energy such that they are captured by
Coulombic attraction of the ion. This is a cooling mech
anism in hot plasmas as well as an important diagnos
[1,2]. Thus, accurate photorecombination cross sectio
are required for a wide variety of ions for the modelin
of these plasmas, whether in fusion [1] or astrophysics
research. The bulk of the required cross sections mus
obtained from numerical calculations since there is on
limited experimental data available [3]. The most deman
ing aspect of any calculation is the treatment of the dom
nant resonant process of dielectronic recombination (D
whereby the incident electron is captured by the ion into
doubly excited resonance state, followed by radiative s
bilization via the spontaneous emission of a photon. Th
presents a great challenge to atomic theorists. Since th
are an infinite number of Rydberg states converging
each excited state of the target ion, an efficient meth
for computing and mapping out the rich spectrum of D
resonances is needed. In addition, the lifetimes of the
resonances are affected by the interaction between
(zero-photon) radiation field and the scattering (and t
get) electrons; this becomes more important as the re
ual charge on the ion increases. The resultant resona
profile is reduced and broadened, a phenomenon know
radiation damping [4,5]. It is also possible that members
neighboring Rydberg series may interact with each oth
giving rise to resonance interference phenomena, furt
complicating the theoretical treatment.

The purpose of this Letter is to compute Breit-PauliR-
matrix [6,7] photorecombination cross sections for Fe241,
both with and without radiation damping, so as to asse
the degree of damping effects, and also to compare w
perturbative results so as to assess the degree of interfe
resonance effects. While we find the former effects to
very large, the latter effects are undetectable. This is
complete contrast to the findings of a recent Letter [8].
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There are two commonly used numerical approaches
the calculation of DR cross sections: (1) perturbative me
ods [9,10]; and (2) nonperturbative methods that solve
close-coupling equations, and use the resulting scatter
matrices, together with appropriate radiative interacti
potentials, to predict photorecombination probabilitie
The widely accepted most efficient and accurate appro
for solving the close-coupling equations is theR-matrix
method [11], which can be extended to compute pho
recombination [12,13]. The advantages of perturbati
methods are that (1) the computed resonance positio
autoionization widths, and radiative widths are used
input into an analytic formula that economically yield
the detailed DR spectra at any level of resolution desire
and (2) the inclusion of radiation damping effects
straightforward. The main disadvantage of lowest-ord
perturbative methods compared to theR-matrix method is
that higher-order effects such as quantum interference
tween resonance processes is not usually included. W
it is possible to extend perturbative methods to high
orders to incorporate these effects, a general algorithm
treating the interaction of two or more Rydberg series do
not exist presently. TheR-matrix method, on the other
hand, incorporates these interference effects to all orde

The main difficulty with one implementation of photo
recombination within theR-matrix method, namely, the
calculation of photoionization cross sections (to obtain t
photorecombination cross sections through the detai
balance relationship [12]), is that the lifetimes of the res
nances are treated in the absence of radiation damp
This does not present a problem for low-charged io
since the effects of radiation damping are insignificant f
low-lying resonances. Indeed, there have been numer
Breit-Pauli R-matrix calculations for the photoionization
of neutral atoms [14]. It is well known, however, that a
the ionic charge is increased, radiation damping forDn .

0 DR rapidly becomes more important. As demonstrat
in the case of the photoionization of Fe241 [15], this
© 1997 The American Physical Society 2783
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effect caused a factor of 6 reduction in the peak resonan
cross section compared to undamped results. Recen
Robicheauxet al. [13] presented a new approach, base
on the use of a radiative optical potential, for treatin
photorecombinationwith radiation damping within any
close-coupling method, and, in particular, theR-matrix
method. The approach was subsequently applied to
treatment of photorecombination of Mo411 [16] to show
that, similar to the study on the photoionization of Fe241,
this method yielded damped resonance cross section pe
which were an order of magnitude smaller than resu
obtained in the absence of the radiative optical potentia

A recent Letter by Zhang and Pradhan [8] described t
use of the Breit-PauliR-matrix inverse-photoionization
methodwithout radiation damping to treat photorecom
bination of Fe241 and Ar131. The photorecombination
treated in Ar131 proceeds viaDn  0 DR, so that radia-
tion damping is not significant for lown, although we
find it to be a noticeable effect. TheirR-matrix results,
compared to experiment, were of the same level of acc
racy as separate perturbative results [17], which is in li
with the findings of a recent Breit-PauliR-matrix and per-
turbative study for the photorecombination of Ar151 [18].
In the case of Fe241, on the other hand, the dominan
DR mechanism proceeds via aDn . 0 transition. While
Zhang and Pradhan made no quantitative comparison w
experiment, they did compare to perturbative results [1
and found that theirR-matrix convoluted cross sections
were only about two-thirds of the perturbative ones for th
lowest resonances (KLL), which is surprising. They also
suggested that this difference was due to resonance in
ference effects and noted that the tails of the Lorentzi
profiles of neighboring resonances were indeed overla
ping, when viewed on an appropriate scale. In view
previous studies on damped vs undamped photorecom
nation of Fe251 [15] and Mo411 [16], a further reduction
by about a factor of 6 should be expected if these invers
photoionization calculations were performedwith radia-
tion damping. Thus, resonance interference effects wo
seemingly cause a reduction in the computed photoreco
bination cross sections byroughly an order of magnitude,
which would be highly surprising [20]. To summarize
Zhang and Pradhan [8] stated in effect that their results
dicated that radiation damping effects, which they did n
include in theirR-matrix calculations, were not particu-
larly significant for Fe241 but that interfering resonance
effects were.

We now investigate radiation damping and interferin
resonance effects. TheR-matrix method that we used for
the damped calculations is based on the radiative op
cal potential treatment of photorecombination due to R
bicheauxet al. [13]. The implementation of this method
was further modified so as to computepartial photore-
combination cross sections to final states contained with
the R-matrix box, from the appropriate dipole matrices
both with and without the inclusion of the optical poten
2784
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tial in the Hamiltonian; the latter is precisely equivalent
to the inverse-photoionization treatment of photorecom
bination [8,12]. The Breit-Pauli distorted-wave (BPDW)
perturbative results were obtained from the program
AUTOSTRUCTURE[9]. All of our R-matrix and perturba-
tive calculations used identical atomic orbitals and iden
tical configurations1snl (nl  h1s, 2s, 2p, 3s, 3pj) to
describe the lowest 13 target levels of Fe241.

We first show a comparison between our nondampe
and damped Breit-PauliR-matrix results for theKLL
(1s2l2l0) resonances in Fig. 1(a). We plot the collision
strength,Vi, which is related to the recombination cross
section,si , via Vi  viEisiypa2

0, wherevi is the sta-
tistical weight of the initial leveli and Ei is the en-
ergy (in Rydbergs) of the electron incident oni. We
choose the vertical scale such that the broad tails of th
Lorentzian profiles can be seen. The two are nearly iden
tical on this scale. On the other hand, if we plot the
collision strengths on a scale where the (damped) max
mum is visible, then differences are quite noticeable [se
Fig. 1(b)]; the undamped collision strengths actually pea
at a much higher value than the damped ones. This choic
of vertical scale also illustrates that the resonance width
which are roughly comparable to the width of the fig-
ure lines for this horizontal scale, are obviously much
less than the energy separation of any two resonance
and so these resonances cannot be considered “overla
ping and interfering.” In Fig. 1(c), we magnify the region
of one of the narrower resonances (1s2p2 2P3y2, which
cannot autoionize in LS coupling) in order to see that the
effect of radiation damping is to reduce the peak colli-
sion strength by almost 4 orders of magnitude. The con
voluted collision strengths for our two sets ofR-matrix

FIG. 1. Photorecombination collision strengths for theKLL
resonances of Fe241: Dashed line, inverse-photoionization
method (without damping); solid line, radiative optical potential
method (equivalent to inverse-photoionization method with
damping); (a), (b), and (c) are unconvoluted, (d) is convoluted
with a 50 eV FWHM Gaussian.
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results (damped and undamped) are shown in Fig. 1(
showing roughly a factor of 7 damping. We next show
comparison between dampedR-matrix and (damped) per-
turbative Breit-Pauli results in Fig. 2, both with and with
out convolution, in order to see that the positions, shap
and convoluted collision strengths are in excellent agre
ment. This clearly demonstrates that interfering resonan
effects are negligible for theseKLL resonances. It has
been suggested [8] that the perturbative method can
yield detailed resonance structure; as we see, this is
the case. Finally, we show our photorecombination col
sion strengths for the entire1s2lnl0 series in Fig. 3. The
agreement between ourdampedR-matrix and perturbative
results is excellent across the entire energy range. Cau
should be exercised in comparing these collision streng
with Fig. 1(b) of Zhang and Pradhan [8]. Despite appa
ently identical definitions of the collision strength in term
of the cross section, if we convert their collision streng
to a cross section and convolute with a Maxwellian di
tribution, we do not recover the rate coefficients in the
Table I. There appears to be a factor of 2 difference
the definition of collision strength used in practice. Also
it is not clear whether their collision strength is for tota
recombination or justKa recombination.

In Table I, we make quantitative comparisons be
tween our results, the experimental results of Beiersd
fer et al. [21], and theR-matrix results of Zhang and
Pradhan [8]. We note the good agreement between
perturbative andR-matrix results, both damped and un
damped. However, we obtain a large damping factor (8
800 for KLn, n  2 6, for our BPDW results). While
the results of Zhang and Pradhan [8] are generally larg
than our damped results, they are not comparable w
our undamped results. In order to try and shed light
the situation, we have carried out undamped calculatio

FIG. 2. Photorecombination collision strengths for theKLL
resonances of Fe241: Solid line, R-matrix results; dashed line,
perturbative results; convoluted results (with a 50 eV FWHM
Gaussian) are also shown.
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along the lines of Ref. [8], i.e., by using the photoioniza
tion code STGBF and applying detailed balance. Only
using a coarse energy mesh (a total of,10 000 points),
more suited to electron-impact excitation, do we obta
results similar to those of Zhang and Pradhan [8], wh
give no information regarding their energy mesh. We fin
that an extremely fine energy mesh is required to find,
alone resolve, a myriad of extremely narrow resonanc
(of width ,1028z2 Ry) which contribute significantly to
the undamped cross section. Indeed, only by using o
perturbative results as a guide was it possible to sea
out and delineate these resonances to obtain the undam
R-matrix results, forKLL andKLM only. These narrow
resonances contribute little to the damped results, and
their omission by an undamped calculation can lead to
result that vaguely resembles an undamped result, ass
ing that all of the broad resonances which are much le
affected by damping are included still. The importance
comparing the radiative width to thesmallestautoionizing
width for photorecombination, to assess the role of dam
ing, as opposed to thelargest autoionizing width, which
is relevant for electron-impact excitation, is discussed
detail in Ref. [16]. Experimental results summed over a
final states only exist for theKLL resonances [21]. The
experimental integrated cross sections were normalized
Beiersdorferet al. [21] using a well established theoreti
cal radiative recombination cross section. The estima
experimental uncertainty is 20% [21]. We note the exce
lent agreement between our dampedR-matrix results and
experiment for theKLL resonances.

Finally, in Table II, we compare our perturbative resul
with the experimental results of Beiersdorferet al. [22]
for Ka recombination. This is the recombination arisin
from inner-electron stabilization only. The experiment
integrated cross sections were normalized by Beiersdor
et al. [22] using a well established theoretical excitatio

FIG. 3. Photorecombination collision strengths for theKLn
(2 # n ! `) resonances of Fe241: Solid line,R-matrix results;
dashed line, perturbative results. Both are convoluted with
50 eV FWHM Gaussian.
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TABLE I. Photorecombination rate coefficients for Fe241 at T  2 keV (10213 cm3 s21).

Undamped Undamped Damped Damped
KLn BPDWb BPRMb BPDWb BPRMb BPRMc

KLL a 18.9 17.5 2.417 2.455 1.784
KLM 30.2 28.2 1.033 1.117 1.147
KLN 40.9 0.380 0.377 0.529
KLO 57.5 0.180 0.179 0.307
KLP 78.5 0.100 0.096 0.223
KLn $ 7 0.230 0.219 0.762

aExperimental result 2.48, Beiersdorferet al. [21].
bThis work.
cZhang and Pradhan [8].
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cross section. We see that the agreement between t
ory and experiment is excellent—within the estimated ex
perimental uncertainty (of 15%), except for the sma
KLO peak which was barely resolvable, in the experi
ment, from the higher-energy peaks [22]. By comparin
with Table I, we see that theKa recombination dominates
the total recombination and so the experiment clearly di
ferentiates between our results and those of Zhang a
Pradhan [8].

In conclusion, we find that the effect of radiation
damping in the photorecombination of Fe241 is to reduce
significantly the convoluted collision strengths, while reso
nance interference effects are negligible. Furthermore, o
results are in excellent agreement with experiment. The
are two important implications of these findings for the
theoretical treatment of photorecombination in highly
charged few-electron ions. First, properly performe
photorecombination calculations using the close-couplin
method without radiation damping will predict cross
sections perhaps 1 or 2 orders of magnitude larger th
the correct damped ones. The size of this effect mea
that, more generally, undampedR-matrix calculations for
photorecombination and/or photoionization resonanc
should only be performed after a careful assessment
the effect of damping. Second, as in the findings of a
earlier study [20], it remains the case that detection o
interfering resonance effects in photorecombination wi
be extremely difficult. Our verification of the standard
perturbative approach, which was called into questio
by the inexplicable findings of Zhang and Pradhan [8
is extremely important for spectroscopic modelers o

TABLE II. Ka partial photorecombination rate coefficients
for Fe241 at T  2 keV (10213 cm3 s21).

KLn Experimenta BPDWb

KLM 0.73 0.695
KLN 0.22 0.256
KLO 0.09 0.124
KLn $ 6 0.21 0.236

aBeiersdorferet al. [22].
bThis work.
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laboratory and astrophysical non-LTE plasmas, who ma
widespread use of perturbative DR data.
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