
PHYSICAL REVIEW A, VOLUME 61, 022705
Dielectronic recombination of Pb791 atomic ions at high spectral resolution
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Dielectronic recombination cross sections forDn50 transitions in Pb791 are calculated in a fully relativistic
distorted-wave approximation. We present detailednl j results for the first resonances associated with the 2s

→2p̄ ( j 5 1
2 ) core excitation, which opens up atn520, and for the first resonances associated with the 2s

→2p ( j 5 3
2 ) core excitation, which overlap the 1s22p̄nl resonances series. An accurate identification of these

peaks is of importance in the ongoing dielectronic recombination experiments for the determination of the
2s-2p threshold energies. Careful examinations of Breit interaction and QED effects are performed in order to
calculate the resonance energies with a resolution comparable with present experimental resolution. Fully
relativistic calculations for Auger and radiative rates are performed for an accurate determination of the peak
heights.
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I. INTRODUCTION

Dielectronic recombination~DR! plays a fundamental role
in the determination of the level populations and ionizat
balance of high-temperature non-LTE laboratory and as
physical plasmas. The development of ion accelerat
traps, and storage rings has made possible the observati
increasingly more detailed and complex DR spectra. T
high resolution achieved in the current experiments, at
order of 10–100 meV@1,2# in light ions, has challenged th
most sophisticated theoretical computations for interpreta
@3,4#.

In addition to its application in astrophysics and fusi
plasmas, DR provides a unique tool for precision spectr
copy of intermediate double excited states. In particular, w
the capability of the storing and cooling of even the heav
highly charged ions, the experimental assessment of in
ences from relativistic and QED effects is now possible. F
example, the 1s22p1/2nl resonances on the DR spectra of t
heaviest Li-like ions consist of a series of peaks, which c
be assigned to different principaln quantum numbers. The
extrapolation ton5` allows the indirect determination o
the 2p1/2-2s1/2 Lamb shift in nonhydrogenic systems.

Previous DR calculations on heavy highly charged Li-li
ions were performed on Au761, Bi 801, and U891 @5–8#. All
these calculations demonstrated that the effect of relati
can change the peak positions, as well as the peak hei
therefore the relativistic effects should be included in cal
lations of DR cross sections in heavy highly ionized ions.
compare with early low-resolution experimental measu
ments, the convoluted peaks in the theoretical spectra co
spond to resonances from eachn principal quantum number
The purpose of this work is to present a convoluted spect
at much higher resolution coming from individualnl j reso-
nances. In the paragraphs below, we present the resul
relativistic calculations of the first peaks of the 1s22p1/2nl
and 1s22p3/2nl series of the DR spectra of Pb791. We focus
1050-2947/2000/61~2!/022705~5!/$15.00 61 0227
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our study on the 1s22p1/220l resonances, which are locate
between 14 and 18 eV. These are the first set ofnl j reso-
nances that need to be identified in the experimental sp
trum, so that, by extrapolation on the principal quantu
numbern, the threshold energy of the series can be obtain
We also perform fully relativistic calculations of th
1s22p3/26l resonances. These large peaks cover an en
range of about 300 eV, and overlap the 1s22p1/2nl resonance
series.

In Sec. II we describe the theoretical methods used in
calculations, in Sec. III we compare the results of the cal
lations using different methods, and, finally, the results
summarized in Sec. IV.

II. THEORY

In the isolated-resonance and independent-processes
proximation, the dielectronic recombination cross section
a given initial leveli through an intermediate levelj is given
~in atomic units! by @9#

s~ i→ j !5S~ i→ j !
~G j /2p!

~E2Ec!
21G j

2/4
~1!

where the width of the resonancej is given by

G j5(
m

Aa~ j→m!1(
n

Ar~ j→n! ~2!

and the DR strength is expressed as

S~ i→ j !5
p2

Ec

gj

2gi
Aa~ j→ i !F(

k
Ar~ j→k!

G j

G . ~3!

Here Ec is the energy of the continuum electron, which
fixed by the position of the resonancej, gj is the statistical
weight of the (N11)-electron ion doubly excited level,gi is
©2000 The American Physical Society05-1
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the statistical weight of theN-electron ion initial target level,
Aa( j→m) is the autoionizing rate from levelj to level m,
andAr( j→k) is the radiative rate from levelj to any lower
energy levelk. The term in the square brackets in Eq.~3! is
the branching ratio for radiative stabilization.

For the calculation of the full 2s→2p̄ core transition DR
spectra at relatively low ~1–10 eV! resolution, the
AUTOSTRUCTUREcode@10,11# has been used. For applicatio
to highly charged ions, this code generates the bound or
functions using a semirelativistic procedure, following t
work of Cowan and Griffin@12#, in which the mass velocity
and Darwin operators have been added to the nonrelativ
Hartree-Fock differential equations. Perturbation theory
then used to evaluate the remaining one-body and two-b
fine-structure interactions.

For a high-resolution spectrum, a fully relativistic meth
is needed. We first use a relativistic, parametric poten
approximation@13# to the solution of the Dirac Hamiltonian
implemented in theHULLAC package@14#. The main idea of
the parametric potential method is the introduction of a c
tral potential as an analytic function of screening parame
which are determined by minimizing the first-order relativ
tic energy of a set of configurations. This optimized poten
is used to calculate all one-electron orbitals and energ
relativistic multiconfiguration bound states and their en
fig
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gies, continuum orbitals, and all the required transition ra
The first-order perturbations theory contributions from t
Breit interaction and QED corrections to the energies
also included in the calculations.

In order to calculate the threshold energies more ac
rately, we also use the atomic structure codes of Grantet al.
@15#, based on the multiconfiguration Dirac-Fock~MCDF!
approximation@16#. Energies and bound-state wave fun
tions are obtained using Grant’s MCDF code, which includ
nuclear size effects, Breit interactions, and QED correctio

The variousAa and Ar rates entering Eq.~1! are calcu-
lated using first-order perturbation theory. All the metho
use the distorted-wave approximation for the continu
wave functions, which is extremely accurate for high
charged ions. The fully relativistic calculations include bo
Coulomb electrostatic and Breit electromagne
contributions to the autoionizing transition amplitude
AUTOSTRUCTURE and HULLAC codes generate the rates
well as the atomic structure. In order to generate the ra
using the MCDF codes, a method described in Ref.@6# is
used, implemented in what we call the DR/MCDF packa

III. RESULTS

The reactions we consider for Pb791 are
Pb791~1s22s!1e2
Pb781~1s22p̄nl !→H Pb781~1s22snl!1hn1

Pb781~1s22p̄n8l 8!1hn2

~4!

for n>20, n8,20, andl 8,n8, and also

Pb791~1s22s!1e2
Pb781~1s22pnl!→H Pb781~1s22snl!1hn3

Pb781~1s22pn8l 8!1hn4

l
Pb791~1s22p̄!1e2 ~5!
der

the

gy

m
R

of

rg
the
for n>6, n8,6, andl 8,n8.
In Fig. 1 we show the results of the 1s22s1/2 and 1s22p1/2

energy levels calculated by using the MCDF code. The
ure shows the zeroth-order Dirac-Fock energy, the first-or
perturbation theory contribution of the Breit interaction, a
the hydrogenic vacuum polarization and self-energy scre
ing corrections. The total contribution of the last two corre
tions is marked as ‘‘QED.’’ The calculated total energy d
ference between the 1s22s1/2 and 1s22p1/2 levels is 231.2
eV, which agrees very well with the results obtained by K
et al. @17#, 230.8 eV. For the same energy calculation, b
without including QED effects, we obtained 258.7 eV, whi
also agrees with Kimet al.’s results, 258.8 eV. The calcu
lated total energy difference between the 1s22s1/2 and
1s22p3/2 levels is 2642.4 eV, in agreement with Kimet al.,
who obtained 2642.0 eV. The same calculations with
QED effects give 2667.3 eV~Kim et al. obtained 2667.3
-
er

n-
-

t

t

eV!. Figure 1 also shows the results of the zeroth-or
Dirac-parametric energies calculated by using theHULLAC

code ~including QED effects!. For the 1s22s1/2-1s22p1/2

transition, we calculate an energy of 242.8 eV, and for
1s22s1/2-1s22p3/2 transition, the energy is 2651.9 eV.

In order to provide a general overview of the low-ener
region of the DR spectra of Pb791, we present in Fig. 2 the
semirelativistic results of the DR cross section fro
AUTOSTRUCTURE in the 0–300 eV energy range. The D
cross sections have been convoluted with a 3 eVfull width at
half maximum~FWHM! Gaussian. This spectrum consists
a series of peaks, belonging to the 1s22p1/2nl resonances,
which starts atn520. The threshold energy of this Rydbe
series resides at 230 eV. This threshold is not visible in
figure because we limit our calculations ton<50. However,
the resonances for very highn would not be noticeable due
to the presence of some peaks belonging to the 1s22p3/26l
5-2
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resonances in the same energy range. The energy resu
these calculations have been adjusted~separately for each
series! in order to match the threshold energies with tho
obtained from the fully relativistic MCDF calculation, in
cluding Breit and QED corrections. Thus, we shifted the p
sition of the peaks2155 eV for the 2s-2p̄ series and
2166 eV for the 2s-2p series.

The aim of this work is to provide a high-resolution D
spectrum which includes detailed structure within then
peaks. Therefore, we need to go beyond the semirelativ
approximation, and perform a fully relativistic calculatio
For an accurate determination of the strength of the pe
the Breit interaction in calculations of Auger rates is a

FIG. 1. Relative energies of the 1s22s and 1s22p1/2 levels for
the Pb791 ion, calculated by using the MCDF method, implement
in Grant’s code. The figure shows the zeroth-order Dirac-Fock
ergy ~DF!, the first-order perturbation theory contribution of th
Breit interaction energy, the vacuum polarization correction~vp!,
and the self-energy screening correction to the energy~se!. The
total contribution of the last two corrections is marked as ‘‘QED
corrections. The small lines at the sides of the figures show
zeroth-order plus QED and zeroth-order plus Breit interaction p
QED energies, calculated by using the parametric potential me
for the solution of the Dirac Hamiltonian~DP!.

FIG. 2. Dielectronic recombination cross sections for the Pb791

ion, through the 1s22p1/2nl (n520250) and 1s22p3/26l interme-
diate autoionizing levels. The DR cross sections have been obta
by using the semirelativisticAUTOSTRUCTUREcode, and have bee
convoluted with a 3 eVfull width at half maximum Gaussian.
02270
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included. Figure 3 shows the 1s22p3/26l DR strengths, ob-
tained by using theHULLAC code, and the DR/MCDF code
We present the results in terms of strengths, since the na
linewidths of the resonances are not visible in this scale. T
comparison between the two calculations shows very g
agreement. In order to facilitate the comparison, the ene
axis of theHULLAC results was shifted toward the lower e
ergies, by 9 eV. As shown in Fig. 1, the absolute energ
calculated by using the MCDF andHULLAC codes differ by
approximately 200 eV. However, as shown in Fig. 3, t
relative energies calculated by using the parametric poten
method are still very accurate. The main difference in
calculational methods is that MCDF optimizes the calcu
tion on the separate configurations, andHULLAC utilizes the
same potential for all the configurations, providing accur
relative energies. The resonances gather in pairs ofj j sub-
configurations, i.e., 2p3/26l j 5 l 11/2 and 2p3/26(l
11) j 5 l 1121/2. Inside each one of these groups, there is
dominant resonance, and it corresponds to a level havin
total J value equal toJ5u3/21 j u. The dominant transition in
the whole manifold ~at 273.7 eV! corresponds to the
1s22p3/26 f 7/2 (J55) level.

Figure 4 shows the 1s22p1/220l DR cross section, ob-
tained by using the DR/MCDF code. We have been able
use this code for detailed calculations untill 55, including
the core radiative transitions between 1s22p1/220l to
1s22s1/220l levels. For highly excited ions, the radiativ
transition rates are, in general, much higher than the auto
izing rates. Therefore, the DR cross section becomes rou
proportional to the autoionization rates@see Eq.~1!#. The
autoionizing rates are decreasing as thel quantum number
increases, and in consequence, it seems possible to ne
the DR contribution from levels having high-l quantum an-
gular numbers. However, these levels have a small quan
defect, and the convoluted cross section is not negligible
to the accumulation of many resonances in a narrow ene
range. Therefore, we include the contribution of t
1s22p1/220l ( l .5) by invoking the following procedure
First, we calculate the autoionization rates by using

-

e
s
od

ed

FIG. 3. Dielectronic recombination strengths through t
1s22p3/26l levels for the Pb791 ion. Part~a! shows the results ob
tained by using theHULLAC code, and part~b! shows the results
obtained by using the DR/MCDF code.
5-3



e

-

on

he
es
ox
e

-
is
lv

he
ia
in
tiv
lc

the
the

on-
hs,

vo-

le
ks in

nd-

eV,

bi-

eo-
In

c
f the
mi-
the
u-
for-
ons

as
der
y,

a

th
e
ow
o
al

D. M. MITNIK, M. S. PINDZOLA, AND N. R. BADNELL PHYSICAL REVIEW A 61 022705
AUTOSTRUCTURE code, for all the levels belonging to th
1s22p1/220l configurations. Although the low-l autoioniza-
tion rates from our fully relativistic calculations differ sub
stantially from the semirelativistic calculation, byl 55 there
is reasonable agreement between the two approximati
Therefore, we include theAUTOSTRUCTURE results for the
autoionization rates for the rest of the levels of t
1s22p1/220l ( l .5) configurations. Second, the energi
have been calculated using a relativistic hydrogenic appr
mation. As thel-quantum number increases, the levels b
come more degenerate, and the energies of the levels
roughly a function of only thej-quantum number of the va
lence electron. Finally, an additional approximation
needed for the calculation of the radiative transitions invo
ing the valence electron, i.e., from 1s22p1/220l to
1s22p1/2n8l 8. Since the energy difference between t
2p1/2-2s1/2 is relatively small, the corresponding core rad
tive transition is quite small. Therefore, the transitions
volving the valence electron become the dominant radia
path. To handle the high Rydberg states involved, we ca

FIG. 4. Dielectronic recombination cross sections through
1s22p1/220l levels for the Pb791 ion. The DR cross sections hav
been obtained by using the DR/MCDF code. The dashed line sh
the natural linewidth of the DR cross-section resonances. The s
line results have been convoluted with a 0.3 eV full width at h
maximum Gaussian.
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late these transitions by using analytic expressions for
dipole length integrals, based on analytic expressions for
Coulomb functions, as detailed by Burgesset al. in Ref. @18#.
The DR cross sections of Fig. 4 show details of the autoi
izing double excited states at the level of natural linewidt
and also provide details of thenl j structure of the configu-
rations. Figure 4 also shows the DR cross sections con
luted with a 0.3 full width at half maximum~FWHM! Gauss-
ian, in order to provide comparisons with possib
experimental measurements. Besides the first three pea
the spectrum, corresponding to the 1s22p1/220s and
1s22p1/220p resonances, each different 2p20l configuration
contributes two peaks to the DR spectrum, one correspo
ing to a pair of levels havingJ5 l 21 andJ5 l , and the other
corresponding to the pair of levels withJ5 l and J5 l 11.
The dominant resonances at 14.14 eV, 16.51 eV, 17.85
and 17.94 eV correspond to the 2p20s1/2 (J51), 2p20p3/2
(J51 and J52), 2p20g7/2 (J54), and 2p20h11/2 (J55)
intermediate levels, respectively.

IV. SUMMARY

In this work we have calculated the dielectronic recom
nation cross sections for Pb791. The high resolution achieved
in current experiments requires the presentation of the th
retical results detailed at the level of natural linewidths.
particular, for highly ionized heavy ions, fully relativisti
calculations are needed. For an accurate determination o
position of the resonances in the DR spectra, careful exa
nation of Breit and QED effects has been performed. For
calculation of the heights of the peaks, fully relativistic A
ger and radiative rates have been computed. We look
ward to an experimental determination of the cross secti
presented here.
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