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Abstract. Dielectronic recombination data for the beryllium isoelectronic sequence has been calculated as part of the assembly
of a dielectronic recombination database necessary for modelling of dynamic finite-density plasmas (Badnell et al. 2003, A&A,
406, 1151). Dielectronic recombination ¢heients for a selection of ions from this sequence are presented and the results
discussed.
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1. Introduction theoretical calculations. However it was clear that (unknown)
ei<ternal electric fields in the interaction region had a signifi-

The programme t(.) generatg a tqtal and_flnal state_ leygént dfect on the magnitude of the dielectronic recombination
resolved intermediate coupling dielectronic recombmatlorgte codicients
database necessary for spectroscopic modelling of dynamlcChen & Crasemann (1988) used a relativistic Dirac-Fock

finite-density plasmas, where the coronal approximation is nr%t del to study dielectronic recombination in the heav-
valid, has been described by Badnell et al. (2003). To this end . ay - - 0r o a8+ 13+
. : , : ier beryllium-like ions ZR®%, S&%, Kr32t, Mo®*®*, Ag*,

work has been underway in calculations of dielectronic recorm- 0r o : : . : o

o . . and X&%, using intermediate-coupling with configuration in-

bination data for the oxygen (Zatsarinny et al. 2003) isoelec- ~ " . . . . . .

tronic sequence. In this paper we describe calculations éﬁ(r]actlon. This work provided quite accurate dielectronic re-
: combination rate cdicients for bothAn = 0 andAn #

results for dielectronic recombination data for the beryllimB transitions. Badnell & Pindzola (1989), in their study of

isoelectronic sequence. Although some studies of this sequence . : . : 2
. _Intermediate-coupling fiects on dielectronic recombination

have been made, most of these present only total recombination . . : .

) IN oxygen ions, presented improved theoretical calculations
rates from the ground state. Here we present final-state level- "> " . . .

A or O™ ions. A partitioned configuration-average approxima-

resolved recombination rates from metastable states as well.as . ) .
ion was employed to take into account fielffeets which
the ground state.

. . . showed good agreement with the measurements of Dittner et al.
There have already been some studies of dielectronic {%87)
combination for many of the ions in the beryllium isoelec* N w perimental m rement ina meraed-beam
tronic sequence. Badnell (1987) calculated dielectronic recotm—hef expenme ad ;easu € ebs, "L.JS gl'k erge _tet?1 S
bination rate cogicients in both_S and intermediate-coupling echniques, were made for some berylium-iike lons at the

schemes for sixteen beryllium-like ions. It was found that boh{mversﬂy of Aarhus. These were compared with theo-

An = 0 andAn # O transitions were important in these calcular-eucal calculations (Badnell et al. 1991) made using the

tions, and also that radiative stabilisation of the spectator eIéAtQTOSTRUCTURE package. The increased precision of the

tron can contribute significantly to dielectronic recombinatiocrﬁ.xIoerlment allowed resolution of dielectronic recombination

The first measurements of dielectronic recombination rate hgfem both the ground and metastable states, results with which
the

efficients were subsequently made by Dittner et al. (1987) theoretical calculations were in good agreement. Again,
the 25— 2p excitation in the light ions €, N¥*, 0% and F* ' external field enhancement of dielectronic recombination in
Here the fractions of ions in the me';asta,ble states of tmee measurements did not allow a quantitative comparison be-

. ; ; : theory and experiment. Other intermediate-coupling cal-
term 2s2pP were measured allowing precise comparison Wl{wee.n ) . S .
P gp P culations of dielectronic recombination rate ffaments for B

Send gprint requests toJ. Colgan, e-mailjcolgan@lanl.gov were made by Pindzola & Badnell (1992). The calculations of
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Badnell (1987), Badnell & Pindzola (1989), and Pindzola &hich can radiatively decay emitting a photon when either
Badnell (1992) have been fitted by Mazzotta et al. (1998) the 2p electron drops into the 2s subshell or whemihalec-
their study of ionization balance for a wide range of atomicon drops into a lowenl’ shell which is bound. In this cade
ions. andn values were included up to 15 and a quantum-defect ap-
The current work presents intermediate-coupling calculproximation for high-level values aofi up to 1000 was used
tions of dielectronic recombination final state level-resolve@adnell et al. 2003). FoAn = 1 excitation the dielectronic
rate codicients for all ions in the beryllium-like isoelectronicrecombination process can be written as
sequence up to At as well as C¥#*, Til®, Crrd, Fe&?, L ~ )31 .
Ni2#, zn?6*, Kr32, Mo38*, and X&%. As previously dis- 1928['S] + € — 1S23 L]l
cussed (Badnell et al. 2003) this data will form part of ang2osopfp, ;o] + € — 122131 [31L,]nl”, 3)
Atomic Data and Analysis Structure (ADAS) dataset compris-
ing theadf09files for each ion, detailing the rate deientsto which again can radiatively decay emitting a photon when any
eachLS andLS Jresolved final state. This is available thougbne of the 2 3’ or nI” electrons drops into a lower subshell.
the ADAS project (Summers 2001) and is also available onligmilarly values ofl’ up tol’ = 6 were included along with
at the Oak Ridge Controlled Fusion Atomic Data Center.  values ofn up ton = 15. Again an approximation for the high-
These calculations produce dielectronic recombination fevel values of was used up ta = 1000.
nal state level-resolved cfiients over a wide range of elec- AUTOSTRUCTURE is implemented within the ADAS
tron temperatures and atomic ions. No electric or magnetic figlgite of programs as ADAS701. It produces raw autoion-
effects that may fect dielectronic recombination rates in dzation and radiative rates which must be post-processed to
plasma are included in these calculations. However we expebtain the final state level-resolved and total dielectronic re-
our results to be broadly accurate over a wide range, especialynbination rates. A post-processor ADASDR is used to reor-
our intermediate-coupling calculationisS-coupling calcula- ganize the resultant data and also to add in radiative transitions
tions are also presented for comparison. In Sect. 2 we givb@ween highly-excited Rydberg states, which are computed
brief description of the theory used and in Sect. 3 we presdiyidrogenically. The ionic thresholds are shifted (by a small
some dielectronic recombination rate fioments for selected amount) to known spectroscopic values (typically taken from
ions in the beryllium isoelectronic sequence. We conclude withe NIST database) at this step. This post-processor outputs di-
a brief summary. rectly theadf09file necessary for use by ADAS. Separate files
are produced for the flerent core excitations. For the beryl-
lium isoelectronic sequence we calculate dielectronic recombi-
2. Theory nation rate coicients for theAn = 0 andAn = 1 transitions
The theoretical details of our calculations have already beand so, generally, fourdfO9files are produced since we cal-
described in detail (Badnell et al. 2003). Here we outligulate in both thé.S and intermediate-coupling configuration
only the main points. The AUTOSTRUCTURE code (Badnefhixed approximations.
1986, 1997; Badnell & Pindzola 1989) is used to calculate
energy levels, radiative, and autoionization rates in tise 3 Results
and intermediate-coupling approximations. The autoionization
rates are calculated in the isolated resonance approximationlute adf09files generated by our calculations in both tte
ing distorted waves. The enables the generation of final stated intermediate-coupling configuration mixed approxima-
level-resolved and total dielectronic recombination rateffcoe tions, for both theAn = 0 and An = 1 transitions, are
cients in the independent processes approximation, i.e. we aeailable on the wwwittp: //www-cfadc.phy.ornl.gov).
glect interference between the radiative recombination and fhgey provide final state level-resolved dielectronic recombina-
dielectronic recombination rate. Although this has been foutidn rate coéficients into finaLS terms orLS Jlevels in a man-
to be only a very smallféect for the total rate (Pindzola et al.ner useful to fusion and astrophysical modellers. All of our total
1992), more recent studies of partial recombination cross siftermediate-coupling rate cfieients were also fitted with the
tions for lithium-like P* (Mitnik et al. 1999) predict some in- following formula
terference between these processes for the weak partial cross 5
sections. _ o - 1 Z e BT, )
The dielectronic recombination process for beryllium-like T3/ &
ions can be represented, in intermediate couplingAfoe 0

excitation, by to facilitate comparison with other work. In this equatidn
and E; have units of Kelvin and the rate diieientsa have
129 ] + € — 18252pfPoag ; tPy]n, units cné/s. Our fits are accurate to better than 3%, for all ions
N 192010 § 3P0 ; DN, (1) inthe temperature rang#(5x 10°~1x 10°) K, whereZ is the
residual charge of the initial ion. In Table 1 we present a list
and of the codficientsc; andE; for each member of the beryllium
isoelectronic sequence. In these fitting &@&nts the contri-
1°252pPPo10] + € — 15252pfP210; Pulnl, butions from theAn = 0 andAn = 1 transitions have been

N 1820°1Sy ; 2Pai; D] (2) added together. We also plot some examples of the final state



Table 1. Fitting codficientsc; andE; for Eq. (5), for ions in the beryllium isoelectronic sequence. Allfioents refer to our intermediate-

coupling calculations.
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lon
B+
C2+
N3+
04+
F5+
Neb*
Na7+
M98+
Al 9+
Si10+
Pll+
812+
cl3+
Arl#
Catt*
Ti 18+
Cr2o+
FeZZ+
Ni24—+—
Zn26+
Kr32+
MO38+
Xe50+

cl
4.317¢5)
9.146(6)
5.943(5)
1.925€5)
1.856(-4)
2.388(-4)
3.676(-4)
5.488(5)
7.731¢-4)
9.360(-4)
1.419¢3)
9.035¢-4)
7.505(-4)
4.404(3)
5.330(-3)
1.038€2)
5.166(3)
1.320(-2)
2.848(2)
2.334¢2)
9.331(3)
7.385(-2)
1.826(1)

c2
1.177¢3)
5.045¢-4)
6.386(4)
1.246¢4)
6.807¢-4)
9.831¢-4)
1.840¢3)
2.664(3)
4.602¢-3)
3.831¢-3)
3.063¢3)
6.703(3)
8.945¢-3)
8.517¢3)
2.413¢2)
3.627¢2)
2.729¢2)
7.676(-2)
1.093¢1)
4.309¢2)
9.982¢-2)
1.072¢1)
1.918¢1)

c3

3.742¢3)
7.050¢3)
4.556(-4)
1.445¢2)
1.385(2)
1.778€2)
2.500¢-2)
2.971¢2)
1.433€2)
2.559¢2)
3.667(2)
3.737¢2)
5.163¢2)
6.421¢2)
7.324¢2)
9.046(-2)
9.578¢-2)
1.146€1)
1.446(1)
2.376¢1)
3.381¢1)
6.962¢1)

c4

1.711¢5)
1.083¢2)
3.084¢3)
6.672¢3)
6.817¢3)
6.169¢3)
1.547¢2)
2.765¢2)
2.355¢2)
1.973¢2)
2.663¢2)
3.319¢2)
2.556(1)
3.829¢1)
1.534¢1)
6.791¢1)
8.347¢1)
2.033¢1)
3.905¢1)
4.295¢1)
9.599¢ 1)

c5

9.868(-4)
5.548(3)
1.196€2)
2.202¢2)
2.479¢2)
5.822¢2)
8.595(-2)
1.111¢1)
1.455¢1)
1.696¢1)
4.604(-2)
3.437¢1)
4.407¢1)
3.194¢2)
3.499¢-3)
8.831¢1)
1.251¢-0)
1.781¢-0)
2.047¢:0)

El
6.7054)
6.485(-3)
9.140¢-3)
8.552¢-2)
1.369¢+4)
2.1906-3)
1.473¢-4)
2.969¢3)
2.593¢-4)
7.601¢:3)
1.005¢-4)
1.0166-4)
7.187¢3)
1.4106-4)
2.952¢-4)
3.926¢:4)
4.068¢-4)
5.706-4)
9.1944-4)
2.169¢-4)
1.6466-4)
7.616¢:4)
5.853¢-4)

E2
1.066¢-5)
1.052¢-5)
1.027¢5)
1.640¢-4)
5.259¢-4)
5.207¢-4)
4.533¢-4)
7.940¢-4)
9.519¢-4)
4.385¢-4)
6.061¢-4)
8.917¢-4)
6.959¢-4)
8.884¢-4)
2.192¢5)
2.87445)
2.073¢5)
4.427¢5)
6.413¢5)
2.278¢5)
3.813¢-5)
4.482¢5)
8.194¢-5)

E3

1.458¢-5)
1.928¢5)
6.560-4)
2.547¢5)
2.473¢5)
2.8755)
3.421¢5)
3.953¢5)
2.51045)
3.209¢5)
4.048¢5)
4.024¢5)
4.880¢5)
7.855¢-5)
1.002¢-6)
8.092¢5)
1.7456-6)
2.848(:6)
1.048¢-6)
1.6776-6)
1.908¢-6)
3.766-6)

E4

2.82446)
2.229¢5)
9.661¢-5)
5.026-5)
5.525¢5)
1.014¢-6)
1.740¢-6)
5.812¢5)
7.609¢5)
1.100¢-6)
1.078¢-6)
2.048(:6)
5.472¢-6)
6.832¢-6)
5.012¢-6)
9.817¢-6)
1.194¢:7)
6.195¢-6)
9.92446)
9.550¢-6)
1.8476:7)

ES

8.166@5)

1.435¢-6)
1.7116-6)
2.1304:6)
2.6926-6)
2.856(-6)
3.302¢:6)
3.823¢-6)
4.320¢:6)
5.053¢-6)
8.821¢:6)
1.24567)
9.748¢:6)
2.362¢7)
2.44448)
1.4576¢:7)
2.118¢7)
2.74947)
4.88047)

level-resolved and total rate dieients that are derived from
theadf09files for several atomic ions in the beryllium-like se-
guence.

As an example of the final state level-resolved rateffcoe

cients available, we present in Fig. 1 final state IeveI-resoIv«;;@lO—14
dielectronic recombination rate ddieients for C*, calculated =
within the intermediate-coupling approximation described preg 10

viously. The rate ca@icients are from the initial 288 1S,
level to the final state levels 428°2p 2Py 53> and 182s2i

“P1/23/25/2 as indicated. Of course there exists hundreds of fig
nal state levels for this ion alone, for which the dielectronic§ 1%’
recombination final state level-resolved rate fliceents are &

tabulated in theadf09files; here we plot several examples toE 1078
illustrate the data. As expected, at low temperatures, the ion

combines preferentially into the 2282p 2P, level due to its

lower energy. Some interesting structure is also observed in the

rate codficients for some of the other final state levels.

In Fig. 2 we present total dielectronic recombination rate
codficients for J*. We compare out.S and intermediate-

Coeffic

-16

10

-19

-20

10

599

coupling date with results fitted from the tables of Mazzotigg 1. pielectronic recombination final state level-resolved rate co-
et al. (1998), where they fitted to the calculations of Badnedficient for G* as a function of electron temperature (in Kelvin).

& Pindzola (1989). We also show the calculations of BadnelNe present final state level-resolved rate fioients from the ini-

& Pindzola (1989) in our figure. For high temperatures ouial 123 S, level to the final state levels as indicated (where we
results are in excellent agreement with the fittedfiicients have dropped the ipart of the configuration for clarity).

of Mazzotta et al. (1998). However at low temperature (be-
low 10° K) both ourLS and intermediate-coupling results are
significantly higher than the fit of Mazzotta et al. We also have

plotted the data of Badnell & Pindzola (1989) to which thdazzotta et al., suggesting that their fits become inaccurate at
fit of Mazzotta et al. was made. It is clear that the results Wfw temperatures.
Badnell & Pindzola (1989) are much closer to our results (espe- To further illustrate our method and results, in Fig. 3 we
cially the intermediate-coupling calculations) than to the fit gfresent total rate céiécients for the dielectronic recombination
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Fig. 2. Dielectronic recombination rate ceient for & as a func- Fig-3. Dielectronic recombination rate dfieient for Cf** as a
tion of electron temperature (in Kelvin). We compare our calculatiofignction of electron temperature (in Kelvin). We compare a&
using LS configuration mixing and intermediate-coupling Conﬂguraand intermediate-coupling calculations with the fittedfiorents of
tion mixing with data from the fitted cdiécients of Mazzotta et al., Mazzotta et al.

and with the calculations of Badnell & Pindzola. 10

of CI***. In this case we again compare with the fitted fiiee N
cients of Mazzotta et al. (1989). For this ion, these fits were
made to the calculations of Badnell (1987). Again at higher
temperatures both sets of calculations are in good agreem@t o,
with the fit of Mazzotta et al. At low temperature ou® cal- 210
culations fall df sharply as do the fitted results. This is unlike'q::
the intermediate-coupling calculations which are much highég
at the low temperatures. g
Finally, in Fig. 4 we present total dielectronic recombina®
tion rate co€ficients for Z#%*. In this case we compare with § .
data from Chen & Crasemann (1988), who used relativistif; 10 —— LS data
wave functions to study higheZ beryllium-like ions. Very 0 —— ICdata
good agreement is observed betweenldsiand intermediate- Chen (1988)
coupling calculations and the data of Chen & Crasemann, es-
pecially at high temperatures. In the lower temperature region,
our intermediate-coupling calculations are slightly higher than _,
both theLS calculations and those of Chen & Crasemann, v 17 T
which remain in excellent agreement. T(K)

Fig. 4. Dielectronic recombination rate cfieient for Zr?® as a func-
4. Summary tion of electron temperature (in Kelvin). THES and intermediate-

. . ) ) . coupling data are compared with data from Chen & Crasemann
In this paper we have described calculations of dielectronic {gggg).

combination data for the beryllium-like isoelectronic sequence

as part of an assembly of a dielectronic recombination database

necessary for the modelling of dynamic finite-density plas-

mas (Badnell et al. 2003). We have calculate&iJfinal state sophisticated techniques available today, we have calculated
level-resolved dielectronic recombination rate ffiegents in a our data over a wide temperature range and for a large number
form which will prove of great use to astrophysical and fusiodf atomic ions in order to maximise the available information
plasma modellers. Although our approximations are such tliax modelling work.

each final state level-resolved dielectronic recombination rate We have presented selected final state level-resolved
codficient may not be as highly accurate as some of the mastd total rate cdéicients for some ions of interest and have
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made comparisons, where possible, with previous work. References
the high temperature range we have found good agreemen

. . ; I, N. R. 1986, J. Phys. B, 19, 3827
with the calculations of Badnell (1987), which have be aéne 986, J. Phys 9,38

\ _ €hdnell, N. R. 1987, J. Phys. B, 20, 2081
fitted by Mazzotta et al. (1998). However, it appears that the el N R. 1997 J. Phys. B, 30, 1

fits of Mazzotta et al. (1998) may become inaccurate in thdnell, N. R., O'Mullane, M., Summers, H. P., et al. 2003, ASA,
low temperature range. We also comment that, at the lowest 406, 1151

temperatures considered there may be a significant uncertaBdgnell, N. R., & Pindzola, M. S. 1989, Phys. Rev. A, 39, 1690

in the dielectronic recombination rate ¢heient due to an Badnell, N. R., Pindzola, M. S., Andersen, L. H., Bolko, J., &
uncertainty in the position of near threshold resonances. Schmidt, H. T. 1991, J. Phys. B, 24, 4441

However, these temperatures are likely to be too low to be @fen, M. H., & Crasemann, B. 1988, Phys. Rev. A, 38, 5595
concern to plasma modelling, even for the case of photoioniZg§ner. P. F., Datz, S., Krause, H. F., etal. 1987, Phys. Rev. A, 36, 33
plasmas. Our fits are accurate to better than 3%, for all ionsG M- F. 2003, ApJ, 590, 1131

- 7 . Mazzotta, P., Mazzitelli, G., Colafrancesco, S., & Vittorio, N. 1998,
the temperature rang&(5 x 10°-1 x 10°) K, whereZ is the AGAS, 133, 403

rgsidual charge of thg ini_tial ion. In the future we will prese%imik’ D. M., Pindzola, M. S., & Badnell, N. R. 1999, Phys. Rev. A,

dielectronic recombination data for further isoelectronic gg 359

sequences as detailed previously (Badnell etal. 2003).  pindzola, M. S., & Badnell, N. R. 1992, Nudl. Fusion and Plasma

Material Interaction data for fusion, 3, 101

Note added in proofAfter submission of the present article, &indzola, M. S., Badnell, N. R., & Gffin, D. C. 1992, Phys. Rev. A,

related study of DR rate cfiecients appeared (Gu 2003) — pre- 46, 5725

liminary comparisons show excellent agreement for the toimmers, H. P. 2001, ADAS User Manual (2nd ed.), available from

rate codficients. http://adas.phys.strath.ac.uk/adas/docs/ manual
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