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Abstract. A programme is outlined for the assembly of a comprehensive dielectronic recombination database within the gen-
eralized collisional-radiative (GCR) framework. It is valid for modelling ions of elements in dynamic finite-density plasmas
such as occur in transient astrophysical plasmas such as solar flares and in the divertors and high transport regions of magnetic
fusion devices. The resolution and precision of the data are tuned to spectral analysis and ficierm $or prediction of

the dielectronic recombination contributions to individual spectral line emissivities. The fundamental data are structured ac-
cording to the format prescriptions of the Atomic Data and Analysis Structure (ADAS) and the production of relevant GCR
derived data for application is described and implemented following ADAS. The requirements on the dielectronic recombina-
tion database are reviewed and the new data are placed in context and evaluated with respect to older and more approximate
treatments. lllustrative results validate the new high-resolution zero-density dielectronic recombination data in comparison with
measurements made in heavy-ion storage rings utilizing an electron cooler. We also exemplify the role of the dielectronic data
on GCR cofficient behaviour for some representative light and medium weight elements.
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1. Introduction then the recombination can be viewed as complete, at least

. . L ) ) . in the low-density (coronal) limit. Dielectronic recombination
Dielectronic recombination (DR) is the dominant electron—iof, . -1« place via many intermediate autoionizing states — in-

recombination process in many astrophysical and laboratoRye  “entire Rydberg series. It was the significance of the ef-
plasma_s. Itplays an mpprta_nt role in determmmg_both the IeVi%ctive statistical weight of so many available states that led
populations and the ionization balance of both high- and low;, 455 (1964) to recognize the importance of dielectronic re-
temp_e_rature n_on—LTE plasmas over a wide range of elec”@&nbination in the first instance. A consequence of this is that
densities and its accurate description is key to spectral a”abé?'ﬁuge population structure model is required in principle for

(e.q. Ju.dge. et al. 1997; .Lanzafame et al. 2002). Dlelect_ro‘a'frther progress. In astrophysics and fusion, the problem has
recombination can be viewed as a two-step process. Firs Xually been made manageable by simply summing over all fi-

ahfree electron e>;0|tes an ele;:t_ron in-an Dﬁhz’ say, and in Jnal states so as to produce a total dielectronic recombination
the process transfersfiigient of its energy that it is captured,;yo cogicient. In combination with radiative recombination,

into an autoionizing state of the iok*?1. The process is re- g&/is the @ective recombination cdicient from the point

versible since the total energy of the system remains consery, view of an ionization state only — the so-called “coronal

Howgverr; if:an electron (e|trt1er the Eaptured electron or andgl ficture”. In this picture, excited-state populations are depleted
tron in the parent core) then makes a spontaneous radiaflye sjvely by spontaneous radiative transitions and are small
transition that leaves the ion in a non-autoionizing (bound) St%mpared to those of ground states — with which they are in

guasi-static equilibrium. Collisional processes are negligible,
except with ground state targets. In turn, the ionization state
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is determined by balancing th&ective recombination rate of recombination process which would seem to make for unac-
(the ground state ofX*? against the collisional ionization rateceptably large tabulations. However, it is not only impractica-
of (the ground state ofX*% 2. ble, but unnecessary, to treat each final state in the same manne
For dynamic finite-density plasmas, there are therefore tfar the purposes of collisional-radiative modelling. The tech-
critical limitations to the coronal approximation which musmhiques of matrix condensation and projection reduce fiee-e
be addressed. Both require a re-appraisal of the strategy tfee number of high-lying states by the progressive bundling of
computing dielectronic recombination, which is the objectivepresentative states and project the full influence of the high-
of this paper. Firstly, from the atomic point of view, a dynamitying states down onto a fully-resolved low-lying set. (It is the
plasma is one for which the timescale of change in plasruav-level set which is the focus of detailed spectral analysis.)
parameters (especially electron temperatiige,and electron With this in mind, we can tailor our dielectronic recombination
density,Ng) is comparable with the lifetime of the metastabléabulations to reflect this situation.

populations of its constituent ions. This situation is a concern, Of course, many people have calculated both partial and to-
for example, for impurities near plasma contacted surfacesyijj gielectronic recombination rate diieients and it is imprac-
fusion (Summers etal. 2002) and for active solar events (Langay (4 jist them all here. A useful starting point is the compila-
et al. 2001). The population of an ionization stage may Ry, of total recombination rate ctigients from the literature
longer be assumed to be concentrated in the ground stat,0f1a,70tta et al. (1998) who then used this data to compute
each ion. A significant population is found in the metastablgge coronal ionization balance for all elements up to Ni. When

and they may not be in quasi-static equilibrium with the grounfle yagits of ab initio calculations are not available then much

state. This means that such metastables are the starting pointfI' 21q abuse. is made of the General Formula of Burgess

recombination events, and so the time-evolution of their popYygs). Partial dielectronic recombination rate fiméents also
lations must be tracked in the same manner as for the groungl, \nq in the literature in connection with the study of par-
states. We call this the generalized collisional-radiative (GCR),,1ar physical problems: for example, at low temperatures
picture (Summers & Hooper 1983). Even if the metastabjghere only a few autoionizing states contribute significantly
populations are in quasi-static equilibrium with the groungsshaumer & Storey 1983); satellite lines (e.g. Bely-Dubau
state, they are significant and so are still a source term igra| 1979): laser produced plasmas, where the electron den-
dielectronic recombination which cannot be ignored. sity andor charge state is high enough that the non-LTE popu-

The second issue is that of finite-densiffeets. The coro- |4tions are concentrated in a limited number of low-lying states
nal (zero-density limit) picture assumes that, following the t""?‘see e.g. Abdallah & Clark 1994).

step dielectronic recombination process, the resultant (non- ) o
autoionizing) excited-state (electron) radiatively cascades back VW& have found it helpful for application to prepare and han-

down to the ground state without collisional disruption. At fidle dielectronic recombination data in a hierarchy of increas-

nite electron densities, this radiative cascade can be interrugf&SoPhistication which we caliaseling level 1andlevel 2
by further electron collisions which redistribute the populatigiaSelinedata are those produced using the Burgess general for-

—in particular, ionization (possibly stepwise) out of excite@ul2 (GF), or with the techniques and state-selective programs
states, which reduces théetive dielectronic recombination@ssociated with it. The generality of dielectronic data in use
rate. Collisional—radiative modelling removes the limitatio@day are still from the GF. The background codes to the GF
of the coronal model, but at the cost of much more elab@ve @ capability significantly beyond that of the GF, but are
rate excited-state population calculations. These in turn requffeS Well known. We return to these in more detail in Sect. 2.3.
much more detailed dielectronic recombination data, and in 4A€ '€vel 1approach was introduced in the early "ninties” to
easily accessible form. The onset of these dendtigces on support the GCR modellmg of I_|ght_ elements such as _Be' B
the “post-DR” population structure depends markedly on igihd C. The_se species are used in “Ilg_ht-element strategies” for
charge, but can be significant even at electron densities as RigsMa facing wall components in fusion technology. For such

asNe 2 108 cmi3 typical of the solar corona. At much higheplements, it is sfficient to use LS-coupled atomic structure
densitiesNe ~ 10 cn3, redistributive collisions can inter- and term population modelling. The relevant metastable popu-
rupt the two-step dielectronic process itself. lations in this case are terms such &5(@s2p®P). Thelevel 2

Therefore, we require dielectronic recombination from tHaPProach, whichis the main purpose of the present paper series,
metastable states as well as the ground. Secondly, we reglfiPncerned with the need to handle medium and heavy species
final-state resolved data, i.e. we need to know the specifid?0th fusion and astrophysics and to handle more extreme en-
level that each two-step recombination ends-up in — the gé/ﬁr_onments. In this approgch,we aim to Work_W|th levels rather
eralized collisional-radiative population rate equations govefif" terms and to use an intermediate coupling scheme, based

the subsequent time-evolution of these states. (Incidentally, ffgthe use of the Breit-Pauli Hamiltonian (Badnell 1997).

first requirement imposes an additional requirement on the sec- There are several reasons why theel 2approach is now
ond, namely, that we now require dielectronic recombinatiorecessary: astrophysical spectral diagnostics tend to be basec
into metastable parent final-states that lie above the ioniza levels rather than terms and the competition between au-
tion limit so that the collisional-radiative modelling recovermionization and radiation makes itfiicult to partition term-

the Saha—Boltzman populations and ionization fractions in thesolved dielectronic recombination data over levels; nuclear
high-density limit.) As we have already indicated, there aspin—orbit mixing is important even for lo&-ons, e.g. carbon,
very many possible final states accessible to the dielectrob&rause only a weak mixing of LS-forbidden autoionization
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rates with LS-allowed can give rise to “forbidden” autoionizadielectronic calculations. Also, we illustrate metastable-
tion rates that are comparable with the dominant radiative ratesolved ionization fractions. In Sect. 5 we give more detail of
(see Nussbaumer & Storey 1984; Badnell 1988y, axreases the organization of the database and the computational imple-
further then LS-forbidden radiative rates start to become sigrentation of its production. We finish with a short summary.
nificant; finally, dielectronic recombination via fine-structure
transitions is completely absent in LS-coupling, giving rise to4 Theory
large underestimate of the low-temperature dielectronic recom-
bination rate cofficient in some iso-electronic sequences (se&1. Generalized collisional-radiative modelling
Savin etal. 1997)'. : . ' . Consider ionsX*? of elementX of charge state. We sepa-
The goal of this work is to calculate multi-configuration vz P

: ' . : : L rate the levels oX*? into metastable levelX*? indexed by
intermediate coupling dielectronic recombination ratefitoe o . . L L

. ) eek indices, and excited levels, indexed by Roman indices.
cients from the (ground plus) metastable levels of an ion to r[l

. . . e metastable levels include the ground level. We assume
possible final states, resolved by level, ardundling, appro- g

riate for generalized collisional-radiative modelling. We wiﬁhat the excited level™ are populated by excitation from
P 9 9. all levels,p and j, of X*?, by ionization from the metastable

cover elements applicable to astrophysics and magnetic fusion ) 7
viz. He, Li, Be, B, C, N, O, F, Ne, Na, Mg, Al, Si, P, S, Cﬁevels of X7~ and recombination from the metastable levels

+z+1 H H e . .
Ar, Ca, Ti, Cr, Fe, Ni, Zn, Kr, Mo and Xe. The first phase of;: le . The dgmlnané pOpﬁlz?}'onddﬁer'tfﬁ of thes(;a lons in
the work will be the H- through Ne-like sequencesvel 1L.S- the plasma are denoted bi, Ni™* andN;*". The excited-state

coupling data for many elements of these sequences was E%Bulatp?hden&neili ,t?]re as?un:egl to be ml qtl.JaS"it_it'c equi-
culated by Badnell (1991-92, unpublished) and incorporat ium with respect to the metastable populations. Thus,

into the atomic database part of the Atomic Data and Analygjs- Z CZ NZ + Z Cizj sz n Z Siz—lN;—l + Z REINZL, (1)
Structure (ADAS) and is routinely drawn into the generalized <5 i T g "
Svtzelhj;:)enazzll—radlatwe part of ADAS (see Summers 2003). S\(/)}/.hereciz. are elements of the collisional-radiative matrix de-
y have a clear pathway through to the complete (g byJ
lization of the detailedevel 2data that we will produce.
The second phase of the work will cover the Na-IikNeCizj = Al + Nedlf; s j>i, 2)
through Ar-like sequences, piloted initially by furthéeyel 3 whereNg is the electron densitygS . is the electron-impact de-
d

LS-coupling calculations to extend the 1991-92 data. Note trt1efgl<tc:itation rate coicient andA]_, is the spontaneous radiative

ADAS uses year numbers for the introduction of new approxi- o o ey .
mations bringing substantive contributions to the database. ‘I[ﬁ}ae' both for thg = i transition in the jorX™. The equivalent

LS-coupled work of Badnell above has the year number «ggnPressions for upward transitions €0) ?”.d fori andc_)r J
réplaced by a metastable index follow trivially. The diagonal

The third phase will focus on the remaining sequences of P&lamentC? denotes the loss rate dieient from the excited
ticular elements of interest, e.g. Fe. Even with the compactiﬁ[— tei d”' . b
cation of the partial dielectronic recombination data, along the o andisgiven by
lines already indicated, full publication in a paper journal is? = _ch?i - S7, (3)
impractical, and not especially useful. So, the entire data will i
be made available via the World Wide Web (see Sect. 5). T
organization of the dielectronic data product follows the data
format specifications of the ADAS Project. Dielectronic datgf = Z Slﬁ (4)
are assigned to the data fornaatfO9(Summers 2003). i

The plan for the remainder of the paper is as follows: {g the total ionization rate céiécient out ofi. Finally, %2 is the
Sect. 2.1 we review the generalized collisional-radiative ZB- iy

: o artial ionization rate cd®cient out of metastable and RZ*!
proach encapsulated in ADAS and which influences our ap- ; L . v
roach to handling dielectronic recombination data. In Sect. gzthe partial recombination rate dfieient out of metastable
P velv, both into leveli of the ionX*2 Sizu‘l includes contribu-

we describe and justify the theoretical approach that we taketic())ns from both direct ionization and excitation-autoionization.

calculatdevel 2data. In Sect. 2.3 we review in some detail the,, ;™. o e .
. . ™ includes contributions from three-body, radiative and di-
essence of the Burgess approach. It will be shown that this ré-

. . - electronic recombination.

mains of importance for a full exploitation of the new work, . .

for example, as applied to tHeredistribution of autoionizin Solving forNj, we have
ple, pp g

states. Also, it is necessary to assess the progress in the e~ _ Z (CH)tCE N — Z (C?)-tsiNzL

cision of new dielectronic data in comparison with these- R L

line data. In Sect. 3 we discuss the experimental situation for 1 ped szl

verifying dielectronic recombination data and the role of ex- - Z (€ RN

ternal fields. Some comparisons of results of our theoretical !

approach with high-resolution experimental results from stor- = Z Ne XF7 N7 + Z Ne'F7NZ + Z Ne R NZ+

age rings are given. In Sect. 4 we address derived data and we o u v

present some illustrative comparisons of GGRetive codi- = Z XNZ 4+ Z INZ + Z RNZ (5)

cients obtained usingaseline level 1andlevel 2 data from e
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whereXNJ.zg, 'N.Zﬂ andF*szv are the &ective populations of due to solve the low-level problem — those levels with principal
to excitation, lonization and recombination from their respequantum numben < nc, say. In the absence of dielectronic
tive metastables, arfﬁ'*RTj; the corresponding cdiécients. It recombination, or at ghciently high electron densities (e.g.
is here that the connection with spectral analysis is made. Th0'® cm 3, say, as found in laser-produced plasmas) tien

total emissivity in the ling — kis given by can be small enough for this to be a complete solution since all
, St higher levels are in collisional LTE, with a Boltzman popula-
ik = N{A S (8) " tion distribution. However, the presence of dielectronic recom-

ination in low- to medium-density plasmas means thatan
e prohibitively large4£500, say).
We now consider a projection-condensation approach that
XRpees = MRFIAL (7) allows for the &ect of the high-level population& & n > nc)
) ) ) .. on the low-level populationsn( < n;) — see Summers &
respectively. Thus, the contributions to the tgtab k emissiv- Hooper (1983) and Burgess & Summers (1969). We work in
ity from excitation, ionization and recombination are given by,e pundleda picture. Here the populations are grouped ac-

XIRgzZ NeZX'RTSGZ NZZ Lz ®) cording to their parent level and principal quantum number.

with the populationg\ljZ given by Eq. (5). The correspondingg
photon emissivity coficients are defined by

=k 5 B.i-kB We assume that the high-level populations are in quasi-static
equilibrium with the low-level populations and adjacent stage
respectively. metastables. Thus, for each parerthe high-level populations
The dynamic metastable populatidi$of X* satisfy (denoted byrn) satisfy
1 dN; 7 iz 7 Xn1z 0= ZCTnTnN‘zn + C‘zz'n L ‘fﬁ’
T Z CZ,NZ + Zc NZ

+ Z SZINZ? Z RELNZ, (10)

{ which is of the same form as Eqg. (1) for the low-level excited-
states. Thus, the low-level populations satisfy equations of the
+ {Szllej‘l + Z S XN,ZT;}} same form as Eq. (9). This is a full solution for all levels, in

I the bundleda picture. It includes direct couplings between the
low-level populations (e.g1 — n’) and indirect couplings via
Z{ ZNZ+ Z s XNZ } the high-level populations (e.g.— 1 — n’). However, we al-
ready have a description of the low-level problem in the fully-
resolved picture, given by Egs. (1) and (9). We can supplement
these equations with the indirect couplings of the bundied-
picture, expanded over the low-level set using level weighting
factors,wij. This projection corresponds to solving Egs. (1)
and (9) withC, S, R and Q (including their appearance in
Eq. (5)) replaced by, S, R andQ whereC = C + "C,
S=S+ M5 R =R+ "™RandQ = Q + "Q, where

v4 NZ SZ—l RNz—l
{ P Zm: om m} Imtlz)(r = Wp,mWrn o Cz (CZ) (11)

™n,rn ™ ,7h Tn ™’

V4 z z-1 z— i
- Z { op Np Z S(rm RN } mdslz/i = Wynj Z SZ vn R Cin vn’ (12)

= Z X222 Z s ingoz+1 z z Rzl
CD:o—p 0' Dp—)O’ P dRI.ZV, = Wi,yn Cyn viY (C )vn N vn v (13)
nn
7-1-7 z-1 z—z+1 z '
+ Z ScoypNa Z ScopnNo
. - and
n Z z+1>z \z+l _ =T N2 ind~z z-1 z-1\71
Aepy—p' Wy CDp—u' P oo = Wp.mWrn o Z SP fad (C )Tﬁ’ h RZTﬁsO" (14)
" nn ’
DI ZQH ® i
CDir—p N3 CDyp—o N7, Although we now have a complete solution in terms of the

fully-resolved low-level and bundlexdhigh-level picture, one
which defines the generalized collisional-radiative excitfurther step is of practical significance. In order to span a wide
tion (Xcp), ionization Scp), recombination Rep) and parent range of electron densities it is necessary to treat very large
metastable cross-couplin@¢p) rate codicients. (We note principal quantum numbers in order to reach the collision limit
thatQ?, = O initially, by definition, then see Eq. (14) below.)at low densities. It is not necessary to treat eaafdividually.
This set of equations, together with those er are stficient Rather, a set of representatinevalues can be used instead.
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If Nr denotes the bundledpopulations fom = n; + 1,n; + and can safely be neglected for our purposes. This is the inde-
2,...,andN= denotes a subset of them, then the two are relatpendent processes approximation whereby dielectronic and ra-
via Nf = w-z Nz, wherew. - are the interpolation cdicients. diative recombination can be considered separately and is the
Substituting forNy into Egs. (1) and (9) yields a condensedpproach taken by the database aspect of ADAS. Separate data
set of equations foN= and theC, S, R andQ obtained from files exist for dielectronicgdf09 and radiative recombination
the condensed set of equations are identical in form to thdself08 and they can be updated independently. Our focus is di-
obtained from the full set of equations. electronic recombination. Details of the ADAS data status for

We note here that we have made an assumption viz. tiagliative recombination can be found in Summers (2003).
following dielectronic capture, the autoionizing state is not per- In the isolated resonance approximation, the partial di-
turbed by a further collision before it either autoionizes or r&lectronic recombination rate dtieient aizjl from an initial
diates. This is not due to a limitation of ADAS but rather aetastable stateof an ionX*?1 into a resolved final stateof
choice that we have made (and defined withinati99specifi- an ionX**is given by (Burgess 1964)
cation) so as to make the general collisional-radiative problem

. . K 2 3/2

tractable over a wide range of electron densities. Working exz,; (478l Wi _E/keTo)
plicitly with autoionization and radiative rates and bound artl” ( ksTe ) i 2w, €
non-bound states rather than partial dielectronic recombina- a ' ,
tion rate coéicients and (mostly) bound states vastly increases 2 Aj—w,Ecl A (15)
the data requirements, in general. Although our collisional— ZhAp+ X A?_)mEC,’
radiative model goes over to the correct LTE limit at high elec-
tron densities] there is a density rangd_@lG Cm—3, found in Where(x)]‘ is the statistical We|ght of théx(+1)—e|ectl’0n doubly'
laser-produced plasmas) where the levels of spectroscopicaicited resonance stafe w, is the statistical weight of the
terest have non-LTE populations that are influenced by ndN-€lectron target state (sa,= Z - N - 1) and the autoion-
LTE populations of autoionizing levels that are themselves cdfation (A°) and radiative &) rates are in inverse seconds.

lisionally redistributed. We describe an approximate solution [#ere, Ec is the energy of the continuum electron (with or-
Sect. 2.3 below. bital angular momenturt), which is fixed by the position of

Upe resonances, arid is the ionization potential energy of the
hydrogen atom (both in the same units of enerdy)js the

3/2 _
(i) we require recombination data from all metastable leve0ltzZman COQSta”Ee the electron temperature andré§)*/? =
not just the ground; 6.6011x 10724 cm?.

(ii) we require recombination data into particular final states; 1 he &fect of interacting resonances on dielectronic recom-
(iii) we require the final-state to be level-resolved fok nc bination has been investigated by Pindzola et al. (1992) and
and parent-level-resolved bundleder n > n; can safely be neglected, at least in the absence of external

(iv) parent metastable cross-coupling means that we require#ctric and magnetic fields (see Sect. 3 below). While au-
combination into metastable autoionizing final states; toionization rates can be determined (within the isolated res-

(v) we need only produce data for a representative st of ~onance approximation) via the fitting of resonances calculated
The ADAS adf09data specification incorporates all of thes# @ close-coupling approximation, or via the extrapolation of
requirements. threshold close-coupling collision strengths using the corre-
Finally, we note that use of total zero-density ground—sta?@on_den_ce principle, it iS. usufal now to introdqce a further_ ap-
recombination rate cdgcients is, in principle, quite unsafe forpro>_<|mat|on — that of using d|§torted waves, 1.6 the agtmon-
the collisional-radiative modelling of dynamic finite—densit;'é""t'On rates are calculated via perturbation theory using the

plasmas — see Burgess & Summers (1969), Summers & Hoo é)llden Rule (Dirac 1930). This is the only approximation that
(1983), Badnell et al. (1993) and Sect. 4 below we have made so far that may need to be reconsidered in certain

cases. In low-charge ions, a perturbative distorted wave cal-
culation may give inaccurate autoionization rates compared to
those calculated in a close-coupling approximation. However,
this only has a directféect on the partial dielectronic recom-
We have already noted that the partial recombination rate coefiation rate if the autoionization rates do not “cancel-out” be-
ficient (RI.ZV”) includes contributions from three-body, radiativéween the numerator and denominator of (15) — typically, au-
and dielectronic recombination. In ADAS, three-body recornteionization rates are orders of magnitude larger than radiative
bination rate coficients are obtained from electron-impactates.

ionization rate coicients, via detailed balance. This also en- One could obtain (some) partial dielectronic recombination
sures that the correct Saha—Boltzman limit is reached at higdita from arR-matrix photoionization calculation, on making
electron densities. Since three-body recombination is sepanase of detailed balance, either in the absence of radiation damp-
from dielectronic and radiative recombination, it is not neéng (Nahar & Pradhan 1994) or with its inclusion (Robicheaux
essary to consider it further. However, quantum mechanicakly,al. 1995; Zhang et al. 1999). (One must take care not to dou-
dielectronic and radiative recombination are indistinguishalde count the radiative recombination contribution in the mod-
processes which interfere with each other. In practice (seding now.) However, this cannot provide us with a complete
Pindzola et al. 1992), this interference is a very sméka set of partial recombination rate d&eients since it is only

We are now in a position to spell out our requirements
recombination data:

2.2. Dielectronic recombination rate coefficient
modelling
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practicable to compute photoionization from (i.e. photorecorrero-energy continuum orbital means that long-range free—
bination to) a relatively low-lying set of states — uprte- 10, free integrals arise and these are treated using the technique:
say. Total recombination rates are obtained by supplementofgdistorted wave scattering theory, see Badnell 1983.) For
the photorecombination data with hightclose-coupling” di- eachnl, AUTOSTRUCTURE reforms both theN- and (N + 1)-
electronic recombination rate déieients calculated using Bell electron Hamiltonians and diagonalizes them (separately) to
& Seaton (1985) or Hickman’s (1984) approach. This is basesform the rates. Only for H-like ions have we found it nec-
on the radiative-loss term from a unitary S-matrix and does negsary to treat allat the same time, and treat only eackep-

and cannot, resolve recombination into a particular final stateately. Typically, eaclm is calculated explicitly until no new
which is essential for collisional-radiative modelling. Indeedontinua can open-up and then only a representative setipf
even when summed-over all final states, errors can still te-n = 999, is used. This approach avoids the extrapolation of
sult. This has been demonstrated explicitly by Gorczyca et liw-n autoionization rates or, even worse, partial dielectronic
(2002) in the case of E&. They found that only the IPIRDW recombination rate cdicients to higha. Use of (16) is, in ef-
approach could reproduce the measured dielectronic recdett, an interpolation since it is exact in the limit— oo and
bination cross section of Savin et al. (1997, 1999) for higiny error is bounded at the lowasby knowledge of the “ex-
Rydberg states. act” result obtained from usingy directly, rather tharry.

Thus, our initial goal is to generate complete data setS AyToSTRUCTURE is implemented within ADAS as
within the independent processes and isolated resonanceAtSAS701. It produces the raw autoionization and radiative
ing distorted waves (IPIRDW) approximation. Subsequenthates. To produce partial dielectronic recombination rate co-
selective upgrades frof-matrix data may be made via, foreficients, according to the prescription of Sect. 2.1, requires
example, the RmaX network which can be viewed as a pigrther non-trivial organization of the raw data. In particu-
gression of the Iron Project (Hummer et al. 1993) and whighy yadiative transitions between highly-excited Rydberg states
is focusing on X-ray transitions — see, for example, Ballangge computed hydrogenically and added-in during a “post-
et al. (2001). We note that while the Opacity Project (Seatghocessing” exercise with the cod®AsDR, which is imple-
1987) calculated a large amount of photoionization data, whig{ented with ADAS as ADAS702. Also, observed energies
in principle could be used for recombination (via detailed bajyy the core and parent levels are used at this stage to ensure
ance), unfortunately, only total photoionization cross sectioggcrate positioning of the resonances and, hence, accurate
were archived, i.e. summed-over the final electron continuug\y-temperature rate cicients.ADASDR outputs directly the
and so itis impossible to apply detailed balance and so it canggtoofile for use by ADAS. Separatadf09files are produced
be used as a source of recombination data. for different “core-excitationsn( — n’), e.g. 1— 2,2 — 2

We use the codaUTOSTRUCTURE (Badnell 1986, 1997, and 2 3 for Li-like ions. This enables selective upgrades of
Badnell & Pindzola 1989) to calculate multi-configuratiofe adfo9database.

intermediate coupling energy levels and rates within the

IPIRDW approximation. The code can make use both of non-

relativistic and semi-relativistic wavefunctions (Pindzola &.3. Exploitation of the Burgess—Bethe approach

Badnell 1990). The lowz problem is no diferent from the one ) ) )

of computing atomic structure. The highproblem requires We are concerned with how the precise calculations de-
some discussion. The mean radius of a Rydberg orbital sca¥§§bed above relate to other calculations and, in particular,
asn? and so it rapidly becomes impossible to calculate an ef- those commonly used in astrophysics. @aselinecalcu-
plicit bound orbital (fom > 20, say) and some approximatioﬂat'on is based on the methodologies of Burgess, which rep-

must be made. We note that (Seaton 1983) resent what can k_)e achieved without recourse to t_he detail
132 of the above sections. The Burgess GF itself was in fact a

im (72 p -F 16) functional fit to extended numerical calculations. The associ-

im |- (") = Fr(r)lko> (16) ; . "

o \ 27 ated code, with extensions, we call the “Burgess—Bethe gen-

where the bound orbital(;) are normalized to unity and the®ral program” (BBGP). It will be shown in this sub-section
continuum orbitals ) to 76(k — K'), herek? = E¢(Ry). The how the BBGP can be used to obtain a working model for the

approach taken iIAUTOSTRUCTURE is to make use of (16) at I-redistribution of doubly-excited states and, hence, provide a
finite n, i.e. to approximate the bound orbital by a Suit<—31b|9orrection to accurate, but unredistributed, dielectronic data so
normalized zero-energy continuum orbital, for- 15+ 12/4 as to model the dynamic part of the plasma microfield. Also,
(evaluated in integer arithmetic). A further refinement is t8Urbaseling calculated using the BBGP, will allow an assess-
evaluate the (true) continuum orbital for the incident electrdRent of the typical error that is present in the general dielec-
at E¢ + 2/n? Rydbergs (instead dfc) so as to maintain the tronic modelling in astrophysics to date.

same transition energy. (In the Bethe approximation, the free— In the LS-coupled term picture, introduce a &ebf par-

free dipole acceleration integral is proportionalAe? times ent termsy, 2*1L, of energyE, relative to the ground parent

a slowly-varying-with-energy dipole-length integral, whee term, indexed byp. Suppose that the excited parents are those
is the transition energy.) Actually, the true continuum orbitaVith pmin < p < P. The metastable parents, which are the
is calculated at about 15 energies pand the one- and two- initial metastables for recombination and the final parents on
body bound—free integrals are interpolated at the required &rkiich the recombining exciteal-electron is built, are the sub-
ergy, which is given by energy conservation. (The use ofsat 1< p < pmin = M. Let p’ denote an initial parent with the
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incident electron denoted Wyl’. We wish to re-establish the  Turning to the radiative decay of the doubly-excited reso-
expressions used by Burgess in his development and it is helpnt states in th&S-resolved picture: the spontaneous emis-
ful to work in z-scaled dimensionless coordinates. Then, intrgion codficient, with a passive spectator in timé shell, is
ducingz; = z+1, the dfective charge, the collision strength fogiven by

a dipole excitation of, >*1L, to y;, 2*!L, evaluated in the

Bethe approximation, is given by A ((SpLp)niSL— (SpLp)niSL) = (2L, + 1) (2L + 1)
Q((SL) K1, (SoLy) KIS L) = 48 1)2 L L, 1)° )
((SoLp) KT (Splp) KIS L) = 48((z + 1)7 /2]) 2 x{ e } A (SLp = L) (22)
( I ) S+ 1) (2L + 1) {L’p Lpl}
Aépp 2(2s,+ 1) L whereA'(SLp — SLy) is the parent-core spontaneous transi-

) 2 tion probability. ThelL- andLS-averaged probabilities are both
(Fir [p72] Fkl>' (17)  simply equal toA'(SyLp — SpL},). The BBGP method exploits
the fact that, in the dipole case,

x (28, + 1) (2L + 1) fs LS,

in terms of the parent oscillator strength wherel. =

max(, ’). For dielectronic recombination, it is convenient t0pa I [KFietr lo] Pad 2

express this in terms of the Einstein A-¢beient for the parent — = - n , (23)
> . . oy AT 2032 + 1)(z + 122

transition and to analytically continue the collision strength to

negative energies for tHe electron, that is ag = k/z; — i/n.

Formally, we identify a band of free-electron energié€sig; =

de/ly, with the separation betweenshells 2214/n%, and let
7 p

and dficient recurrence relations are available for the genera-
tion of hydrogenic bound—free radial integrals for all parameter
values. It is clear that the Bethe approximation for the partial
|<F | ‘2|F >|2d( J1k) = (r/16)e/ 1) KFer 1ol P (18) collision strengths can be substantially in error fox0 < 2.
ki P 1| HREAR) = VT 00/ M) Rk ioT Enl 2t Burgess introduced correction factors for the lowest partial col-

Then, the (dielectronic) resonance-capture cross sectioi$¥on strengths, based-on a comparison with more sophisti-

i cated collision calculation results that were available at the
given by
time. More precisely, introduce

cor, = ZQ((SPL’F)) K", (SpLp) ki=ol) /
D aBE((SLp) KT, (SpLp) Kizol ) (24)

|/

2
Q° ((SPL;J) K, (Spr) kIS L) d(E/ln) — ((21 ;111) J

7T2 3 €
(),

€
’ 2(A(SL L . . .
x{ Lo '—/p 1} (S" P p) [(Fier lol Pad?2. (19) The general formula for zero-density total dielectronic recom-
L (z +1)* bination rate coféicients used a fixed-set a@br, for all par-
ent transitions. These were based-on parent4s2p tran-
sitions and it is the case that the inclusion of corrections is
most significant for paremin > 1 transitions. To exploit the
(zn+1)?)( 3 BBGP method beyond its use for the general formula, we must
a ’ N7\ — i 1
A*((SpLp)niSL— (Splp) K1) = ( 2 203 establish the population equations of the doubly-excited lev-

The inverse (Auger) rate cfiiient is obtained by invoking
detailed balance as

2( A (S L els. ForLS-averaged levels, the number densities expressed in
« (Afprf ) (2L, + 1)1 { Lo Lp 1 } { (Ste— S P)] terms of their deviationdy, n, from Saha-Boltzmann, and re-

Iy 1" L (z +1)* ferred to the initial pareny’, are given by
X [(Fier ol Pa)l?. (20) w2l o
— H Pl E/(keTe
For the generalized collisional-radiative modelling of light efNpni = NGNE'S{ kaTe ] a Casd )bp,nl' (25)

ement ions, it is convenient to useaveraged doubly-excited

levels, but still resolved by spiB, whereas the_BBGP treat-Then, in the BBGPbaselinezero-density limit, with only res-

are then and radiative stabilization back to the same parent, we have
A2((SoLp)niS = (SpLp) K1) = ( 7 )2 . S A (p.nl - pKTY) .
A (SpLp - SiLp) P\ A (pnl = pkT) + A (p,nl = P,
|> p— p
X ((2| n 1)) @+ 1) ]I(qu, lol Pa?, (21) In the extended BBGP program, we can also include resonant-

capture from initial metastables other than the ground, dipole-
in both cases. The matching resonance-capturgiceats are allowed collisional redistribution between adjacent doubly-
obtained by detailed balance, or by summing and averagexgitedl-substates by secondary ion- and electron-impact, and
over the resolved expression fQf given above. losses by “alternate” Auger break-up and parent radiative



1158 N. R. Badnell et al.: Dielectronic recombination data for dynamic finite-density plasma. I.

transition pathways. The population equations for the 2.3.3. Bethe correction factors and radiative transition

substates of a doubly-exciteeshell become probabilities
—(Neqﬁ|-1—>n|+Nzqu]1|_1_>n|) Npni-1 For our compa_risons, it _is important Fhat the_ inputs for
the BBGPbaselinecalculations are consistent with thes-
n Z NeQS + Z NZgh TOSTRUCTURE calculations for thdevel 1andlevel 2results.
] ] - Small-scaleAUTOSTRUCTURE runs have been used to pre-
p-1 I+1 p-1 pare these inputs for tHeaseline Low partial-wave collision
n Z Z A2 ot Z Al rispunt | Nl strengths are now widely available (e.g. fromTOSTRUC-
pi=1l'=I-1 pi=1 TURE), such that theor, can be prepared fairly easily. Within

the ADAS Project, iicient subroutines for bound-free inte-
grals and complete BBGP calculations are available together
with sets ofcor for the principal types of transitions. They are
= Ne Z Z q(r;z,Kl’ﬁp,nlez + Z A;al,nlap,nlel»n" (27) " available to those for F\)Nhon? dir)e/f:t utilization tdvel 1ar)1/d
Pe=1b=l-1 Pr=ptl level 2data in full GCR modelling is not an option.
These equations may be solved progressively downwards The results presented in this overview paper are illustra-
through the levels built on excited parents, terminating witive only. Figure 1 contrasts zero-density total dielectronic re-
levels built on the “final” ground and metastable parents. The@mbination cofficients (") calculated in the GF and the
calculations vyield state-selective dielectronic recombinati®BGP baselineapproximations with those of tHevel 1and
codficients to levels built on each metastable parent, togettieyel 2computations reported here. In particular, we note that
with Auger rates, from levels built on metastables above tlevel 1and 2 data are required to describe the recombination
ground parent, to lower metastable parents. The results fréfnlow temperatures and that thevel 2 data provides a no-
the above solution, at zero density, we ¢mbkelinedata. ticeable refinement over tHevel 1results. Figures 2a,b illus-
We note some details of the implementation: trate the partial recombination inteshells and the population
structure of thd-subshells of a representative doubly-excited
n-shell. Figure 2a shows the very good convergence of BBGP
to level 1data with increasing completeness of alternate Auger

lon and electron-redistributive cross sections are evaluatdepthways. Figure 2b shows théexts of collisional redistri-
following the method of Pengelly & Seaton (1964). This is tBution at finite-density. A ratio of the sum oveesubstates at
be viewed as a very simplified treatment of the dynamic part&fdiven density to that at zero density yields a BBGP finite-
the plasma microfield associated with ions which move closé@nsity adjustment factor of the totaishell capture at zero
than their neighbours to the target. The quasi-static part of #@nsity. The consistency between the BBIB#I 1, andlevel 2
ion microfield, which is approximately/3 of the total, is ig- approaches allows us to use this adjustment factor dievieé1
nored at this level of analysis (see Sect. 3 for further discussidfdlevel 2data. In advanced generalized collisional-radiative
of field effects in an experimental context). modelling, the BBGP finite-density redistributive code acts
as an interface between the extraction of state-selective zero-
density dielectronic data from the ADA&If09database and
2.3.2. Energy levels its entry into the GCR population codes, corrected for finite-
The energy dferencesEpn s — Epniz1s are critical to the density doubly-excited state redistribution. Note also that rou-

problem of doubly-excited-state redistribution. They are smdliiié semi-automatic comparisons as, illustrated here, provide
tending to zero at large Thus, the redistributive cross-section§1e theoretical uncertainty estimate with which we can tag each
are very large, remaining finite in the degenerate level linfifelectronic datum.

only because of the finite radiative lifetime of the target (which

i; short for resonqnt states) or through screening of the proj%‘.:'Experimental validation of dielectronic

tile by nearest neighbours. For the= 0, 1, 2 waves of then- recombination data and the role of fields

shell spectator electron, quantum defect expansions of the form

Kpni s = @ +a1/n? are usually available. For the higHdr- 2), The last decade has seen an enormous amount of experimenta
the large number of energies required can be estimated maxgvity in the area of dielectronic recombination. In particu-

economically from the dipole polarizabilitie@,pf", of the par- lar, heavy-ion storage rings coupled with electron-coolers have

e z
- (Neqnl+1—>nl + NZlqn|+l—>nI) Np ni+1
M I+l P

2.3.1. Collisional rates

ents, following Edlen (1964), as provided a wealth of data for partial dielectronic recombina-
) 4 ) tion. (The partial here is by the intermediate resonance state
Epni = (z2/n)71 +5.23504"(z/n)"(n/(1 + 1/2) rather than the final state.) Most data is of the “bundi&d-
+3/4)] + (2 /M) (32 — 11 + 1))/ form, but somel-resolution is possible for very low-lying
@n(l = 1/2)I(1 + 1/2)( + 1)( + 3/2)). (28) states. The iso-electronic sequences studied range almost ex:

clusively from H-like through to Na-like and nuclear charges
Small-scaleAUTOSTRUCTURE runs have been used to preparbave ranged betweeh= 2 and 92. In all cases, in the absence
these data for thbaseline We use two-term quantum defecbf external fields, there is rarely any significant disagreement
expansions fitted at — co andn = 10. with theory, i.e. outside of the experimental uncertainty. A few
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Fig.2. O* recombination.a) Partial n-shell recombination cd&-
cients: initial recombining metastable?28S, intermediate excited
W parent p;, final states (Z5!S)n with p; = 2s2p*P and 2s3p'P.
I e = 16x 10P K, Ne = N, = 0. BBGF9 indicates use of standard
H \ cor, matching the GF, BBGP® indicates use of specificor;. For
R the An = 0 case, BBGP? and BBGF**2) are superposedin = 1
10 104 10 10 107 cases: 1. no alternative Auger channels, €&ff; 2. no alternative
Te (K) Auger channels, specifioon; 3. 2s3p!P — 2s3<'S alternative Auger
channel, specificor; 4. as before and 2s3% — 2s2p'P alternative
Auger channel, specificor;. b) by, i factors for doubly-excited states
of O relative to &* 22 1S for p; = 2s2p’P and 2s3gP, n = 20,
@: 10° K, Ne = N,, plasmaZy; = 1. Cases: 1N, = 10 cm3;
INe = 102 cnm3; 3. Ne = 102 cm3; 4. N, = 10" cm3; 5.
N. = 10 cm3. Note the alternative Auger channel reduction for
the pi = 2s3p'P graphs.
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Fig. 1. The graphs contrast{®(p, — p — p,) vs. T for the di-
electronic recombination of © ions in various approximations at
zero densitya) p,= O*(2¢ 1S), p, = 0*(2€2p 2P): An = 0 and
An = 1 intermediate parents included. The Burgess GF includes o
the dipole 2% 'S—2s2p'P and 28 1S— 2s3p'P transitions. BBGP in-
corporates specificor; correction factors, energies whichfr from
those implicit in the GF, and the 3p3s alternative Auger channel.
The level 1andlevel 2results include all allowed and non-allowed
parent transitions within tha = 2 andn = 3 complexes. Note the
low temperature extension which cannot be modelled with the G the more recent, typical, comparisons between experiment
and BBGP. The correct distinction and positioning of the key lovand the results of IPIRDW calculations includeoiBri et al.
est resonances are possible onlyeael 2 b) p, = O* (2 'S) and (2002), Savin et al. (2002a,b), Brandau et al. (2002). In Fig. 3,
O*(2s2p*P), p, = O (25°2p ?P) and G* (2528 “P):level 1results e show representative comparisons of dielectronic recombi-
separated by spin-system and final parent. Recombination from-afdtion data for ® + e= —O* and Fé8 + e SFe™, cal-
to metastables cannot be handled by the GF. Excited-states bumﬁﬁrl]ated in the IPIRDW approximation WitktUTOSTRUCTURE

e

3 L L
the 2s2p°P parent have a spin-change autoionization pathway. TRE 4 nich jllustrates the level of accuracy that can be expected
level 1 metastable-resolved totals do not include this loss. Within ar% .

of the theoretical data.

LS-coupled GCR picture usinigvel 1data, spin-breakdown Auger ) ] ) )
data is included explicitly in the GCR calculations for the correct One major area of uncertainty is the role of external fields

linking of systems built on the 2s'S and 2s2@P parents. The rel- on dielectronic recombination, and itis this more than anything
evant final-parent-changing Auger data is included inati®9data that renders pointlesdferts to compute (zero-density) field-
file specification. For comparison with simpler treatments, totals ifree data to an accuracy of better tha20%, say. It has long

cluding quenching ofi-shells> 4 built on the 2s25P parent are also heen known that the high Rydberg states that frequently
shown.
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enhancement — by reducing it in most cases(see Robicheaux
et al. 1997; Bartsch et al. 1999; Schippers et al. 20@hB "~
et al. 2001). While this suppression of the electric field en-
hancementis advantageous towards the use of field-free dielec-
tronic recombination data, it is disadvantageous in terms of try-
ing to compute field-dependent data for plasma modelling.
Previously, it appeared that a reasonable approach would
be to use the values of the plasma microfield (which in turn
depends on the plasma density) for the electric field strength
for use in the generation of field dependent (i.e. density depen-
dent) data as input to collisional-radiative modelling. This in it-
self ignored any further (e.g. external) electric fields that might
be present in the plasma environment, beyond the plasma mi-
crofield. The recognition of the importance of magnetic fields
as well makes a comprehensive solution to dielectronic recom-
bination in a plasma a distant goal and partial data accurate
to ~20% as meaningful as necessary. Furthermore, field en-
hancement is sensitive to interacting resonances as well (see
Robicheaux et al. 1998) unlike the field-free case. We do note
again that high Rydberg states in a finite density plasma are
broughtinto LTE by (electron) collisions. A preliminary study
by Badnell et al. (1993) showed that thHéset of the plasma mi-
crofield on the density-dependefiiextive recombination rate
codficient was suppressed by collisions driving high Rydberg
states into LTE — larger values for the microfield, which lead to
larger enhancements of the zero-density ratéfaent, corre-
sponds to denser plasmas for which collisions drive more states

Electron temperature (K) into LTE.

Fig. 3. a)A theoretical reconstruction is shown of the observed dieled. Comparisons and assessments of the derived
tronic recombination resonances for the light iott @&~ —0O*". The data

measurement is from the CRYRING heavy-ion storage ringh{B” . . L .

et al. 2002). Note that the dielectronic recombination data from tf described in Sect. 2.1, the emissivity and generalized
methods described in Sect. 2.2 have been convoluted with the expe@llisional-radiative (GCR) cdicients depend inter alia on
mental velocity distribution, which has the units of a rateffioent. the fundamental dielectronic cross section data. There are two
The three pairs of curves correspond to threfedint beam ener- issues of concern in assessing these derived theoretical data
gies which results-in three ftierent cut-@'s in the maximum princi- viz. the relative contributions to thefective codficients com-

pal qguantum number detected. The experimental and theoretical qﬁ@from many diferent direct and indirect pathways and, sec-
agree quite nicelyp) The Maxwellian dielectronic recombination rategndly, estimation of the uncertainty in the theoretical data,

i 8+ — T+ i i . A . .
coeficient for F€** + e — Fe!™ is shown. The measurement (solidhich may be treated as a “working error” in the interpreta-
curve) is from the Heidelberg storage ring (Savin et al. 2002a) with #8n of spectral observations from plasmas

experimental error assesseds@29%. The theoretical IPIRDW results . L . .
incFI)ude the 1- 2,2 — 2 and 2— 3 core excitations in the multi- . .For the éfective photon emISS.IVItY caecients (PECS), it .
configuration Breit—Pauli (MCBP, dotted curve) and Dirac—Fock datd f'.rStly to be ”‘?tec_' that the relative |mp0r.tan.ce of the 90””"
(MCDF, dashed curve) withma = co. The worst deviation from ex- bution from excitation XP&ee) and recombination®(PEC) is
periments iss30% (for the 33/’ resonances) with a typical uncer-directly proportional to the ionization balance fractional abun-
tainty <20% for the direct state-selective d¢beients to individual dances of the (metastable) “driver” populations. The recom-
levels and for the total dielectronic rate ¢d&ent. There is excel- bination part is most significant in transiently recombining
lent agreement between the Breit—Pauli and Dirac—Fock results. slasmas and it is on this part only that we focus here. The
Breit—Pauli approach is used for our mass data production. partitioning of the collisional-radiative matrix described in
Sect. 2.1 allows us to contrast the direct capture, capture com-
ing via the complete set of resolved low-levels and capture
via the high bundledr quantum shells, which are treated by
dominate the dielectronic recombination process can be Stapkajection. The relative contributions dependfelientially on
mixed by weak electric fields (Burgess & Summers 1969), @ensity since the projection part is suppressed selectively at
particular the plasma microfield (Jacobs et al. 1976), and sigher densities. Also, electron temperature and the recom-
increase the partial rate dtieients by factors of 2, or 3, or bining ion charge influence the relative importance of the di-
more, over a wide range of Recently, the picture has beerelectronic and radiative recombination contributions and the
further complicated by the discovery that magnetic fields, wheole of the more highly-excited levels. In Fig. 4, we show the
crossed with an electric field, stronglffect the electric field main dfects with some illustrative results from ADAS for
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Fig. 4. a) Temperature and density dependence of the GEREC?
for the Cmr 2s2p3P — 2s3d°D multiplet at 459.6 A driven by the
C3+(2s2S) recombining ionb) RPE C? for the Crr 2s2p3P - 2s3d°D
multiplet at 459.6 A and Ne1 2s2p*P-2s3d°D multiplet at 106.1 A,
respectively. Additional curves contrast the correspondifigC’s
driven by the ground states of the recombined ions at10'? cn3.

For comparison between isoelectronic systems, it is convenient to
the scaled electron temperat#re T./Z and scaled electron density

p = Ne/Z,, wherez, is the recombining ion charge-8 and 7, respec-

tively). Since the upper level is in the excitea 3 shell, the cascading
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Fig.5. a)O* + & —0O°% term-resolved GCR recombination ¢he
cients that are driven from the 28S ground metastable of the*O

ion as a function of electron temperature for a number of electron
densities. The scaled electron temperat@rand scaled electron den-
sity, p, are usedb) O* + e —O3%" term-resolved GCR recombina-
Hg@ codficient driven from the 2s2pP metastable of ®. The sup-
pression of the cdicients compared with those of (a) is due to spin-
breakdown alternative Auger channels. These must be included even
in term-resolved GCR modelling.

(projected) influence of higher levels is larger than for spectrum lines
originating in then = 2 shell. The low temperature behaviour is that

of the radiative recombination process at low density, but rises to thgt+ | &= _, 03+ |n the GCR term-resolved picture for light

of the collective three-body process at high density.

the Cr 2s2p°P - 2s3d°D multiplet at 459.6 A and the Neir
2s2p°P — 2s3d°D multiplet at 106.1 A.

elements, there are four déieients which are associated
with the pairings of the Zs!S & 2s2p'S and 2%2p °P &
2s2 “P metastable terms in the recombining and recom-
bined systems, respectively. As the radiative and three-body
processes are included, the low temperature and high den-

Figure 5 illustrates the main features of the genesity behaviours reflect these contributions. The finite-density

alized collisional-radiative recombination dheients for

suppression of the céiicient for the ground parent case and
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the dfect of alternative Auger channels are both pronounced | GCR (zero densit) @) |
and also depend on the ion charge. Thefleces require ;o | 777 ey , i
GCR modelling. The simpler stage-to-stage picture introduces | 7/ 7 \, |

a significant and, generally, unquantifiable error. It is to be ; AN
noted that the intermediate-coupled dielectronic recombination -;'. il
data of this project also sustains production of fine-structure-0-8 ¥ aiy
resolved metastable GCR dheients appropriate to medium- 2 \
and heavy-weight elements. s [
The present paper’s main concern is with ensuring the qu@l-0 61 !
ity and completeness of dielectronic data for plasma modelligg | ||
and not with all the consequential modelling of populations arfgl | |
ion distributions in plasmas. There are, however, two poin§s ¢ |t
to draw attention to. Firstly, it is well known that dielectronic 0.4
recombination shifts equilibrium ionization balance fraction it
curves to higher temperatures. This is most pronounced for [} |
the ions with one or two electrons outside of closed shells [} A
and produces a characteristic “piling-up” of these stages. 1t %2 ) , i

da

\ 1

is also these ion fractions which show most markedly the ef- [} 1 . /.. Wi & .-" ol "'-,\‘. ]
fect of finite density reduction of the collisional-radiative co- 1 10 100 1000
efficients. This cannot be ignored for moderately ionized sys- TEv)

tems in plasmas withle 2 10'° cm3. These &ects are shown ¢+

in Fig. 6 for oxygen. Secondly, most plasma transport models 10° cm® (0)
work only with whole ionization stage populations. The present T %8;‘3;“;3 2s’'s

work, however, sustains the metastable-resolved GCR pictureo s -.-.-.-.. 10'® cm?® 2s2p °P x

GCR codficients and ionization balance fractional abundances
must be bundled back to the ionization stage for such models,
at the expense of precision. Figure 6b illustrates the resolvgdp 4
picture for the beryllium-like ionization stage of oxygen. Theg
simplest bundling strategy imposes equilibrium fractions on t@
metastable populations relative to the ground, as is used for the, 5
stage-to-stage fractional abundances in Fig. 6a. g
Modern good practice requires an estimate of uncertair
in derived theoretical data so that meaningful deductions can,
be drawn from the comparison with observations. It is unfor-
tunately the case that most theoretical dielectronic data has no
error associated with it. Because of the relative complexity of o
dielectronic recombination and the many contributions, agree-
ments between fferent theories and with observations some-
times appear fortuitously and do not reflect the underlying re-
liability (see Savin et al. 2002a). For the present derived GCR
cogficients and*PEC, we outline our approach to procuring a
relevant “working error”. Fig. 6. a) Behaviour of the ionization balance fractional abundances
In the ADAS project (Summers et al. 2002), a distinction i®r oxygen as a function of electron temperature and density. The bal-
made between “locked” parameters, as distinct from “searchrice is also shown using the GF for the dielectronic contributions.
parameters, in the optimized fitting of models to observatioridie same ective ionization rate cdicients were used in all three
Search parameters return a fit uncertainty or confidence le#¥fve sets, but are not considered further here. Twe(]) GCR re-

the locked parameters must carry an error with them. fiece sults are shown as a stage-to-stage balance, but originating from a

tive rate coéicient is such a locked parameter. Its uncertaintgue GCR metastable-resolved calculation. The metastable fractions
P ’ te combined by weighting with their equilibrium fractions as deter-

called the cumulative stat|st|c_al error, is computed from the Fhined by a low-level population balance. Note the potential confusion
rors of the fundamental reaCt'O_n rz_at_es as fOHOV_VS: Mo_nte Carl&@tween dierences due to the use of a low precision zero-density di-
samples are made of all the individual reaction fio®nts, ejectronic calculation, such as the GF, and those due to finite-density
within their (assumed) independent Gaussian uncertainty diffiects. A more complete and sophisticated approach to such metasta-
tributions, and the derived cficient calculated. The processles (extended also to ionization stages) is called “flexible partition-
is repeated many times until statistics are built up. The acdng” and will be the subject of a separate wolX. Beryllium-like
mulated results are fitted with a Gaussian variance. ionization stage, &, fractional abundances in the metastable term-
The key issue then is the starting point of uncertaintiégsolved GCR picture. Curves are shown, therefore, for both thes2s
in the fundamental component dielectronic fméents. The and 2s2pP ground and metastable terms. (The metastable curves are

BBGP codes described in Sect. 2.3 have been arranG8f'PIetely suppressed at the lowest two densities.)

iy . \ N )
: AR DT S TS Sl
10 15 20 25
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0°" 252p® *P-> 25°2p *P Specify
element ion and coupling

Recombining ion:
level indexing and energies

Recombined ion:
resolved level indexing and energies

\mean |- sd) | mean

Recombined ion:
nl-shell indexing and Auger rates

Recombined ion:
n-shell indexing and Auger rates

Fig. 7. Upper and lower cumulative statisticall standard deviation)
surfaces for th&PER? for the O1v 282 2P — 252p 2P multiplet

at 554.4 A. Note that projection has a substantial influence on the line —>»
emissivity and so its influence on the cumulative propagated error is
significant. Projection and its error contribution is not included in the

graph shownPE&e* data are archived in ADAS data formatifl5 Resolved level DR coeffts. Vs Te
The propagated “locked parameter” errors are availablerinfiles >
paralleling thedatfiles for use in plasma modelling.

Cycle over initial parent levels

Cycle over final parent levels

to generateadf09 baselindiles. Such a file is dferenced with
the matchindevel 1file to provide an error estimate for the nl-shell DR coeffts. Vs Te
baselinevalues and may be stored in.arr file exactly par-
alleling the naming of the actuadatfile. In like manner, the
level 1file may be diferenced with théevel 2file (averaged-
over fine-structure) to provide therr file for level 1 We treat n-shell DR coeffts. Vs Te
this also as a conservative error fevel 2 It is emphasized that
this is not a confident absolute error, but a (hopefully) helpful

appraisal of the theoretical data. It is most appropriate for the |
n- andnl- shell bundled data. The experimental comparisons |
of the type discussed in Sect. 3 indicate that a minimum un-
certainty~20% is appropriate for the term- and level-selectivieig. 8. Organization of data within thadf09 format. adf09 speci-
dielectronic data. Use of suckrr files is not yet a common fies both LS- and intermediate-coupled data organizations. In the LS-
practice and its handling within a projection matrix frameworkeupled case, the cfiieients span resolved terms with valence elec-
is complexRPECZ error surfaces are shown in Fig. 7 using tho" UP ton = 7; ~40 representative-shells up ton = 999. In the
ADAS procedure, but propagating error only from the Statén_termedlate-coupled case, the fia@ents span resolved levels with

. ; . .~ valence electron up to = 7; all nl-shells up tan = 10; ~40 represen-
selective part. The full handling of error will be treated in Stiven-shells up tan = 999. The cofficients are tabulated at 19 scaled

separate paper. temperatures spanning from 10Z1K. Auger rates for ionization to
alternate metastable parents for the satleghell andn-shell specta-

tors built on each parent-metastable are included for model complete-
ness. The detailed specification is in Appendix A of the ADAS User's
Manual (Summers 2003).

The complete set of dielectronic recombination data (both

“partial” and “total”) will be publically available asadf09

files from the Controlled Fusion Atomic Data Center are simple ascii text in a formatted organization. The lay-
the Oak Ridge National Laboratory, USht{tp://www- out differs slightly between thdevel 1 LS-coupled and
cfadc.phys.ornl.gov/data_and _codes). These data files level 2 intermediate-coupled forms. Figure 8 summarizes

5. Structure and access to the database
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pathways which parallehdf0Q Various ADAS codes exe-
cute the primary calculations and the subsequent collisional—
radiative modelling. The flow of calculation is summarized in

Drivers
or Autostr!
postproc.

Drivers

ADF28

Fig. 9.
6. Summary
ADAS701
Auto- We have described the goals and methodology behind a pro-
structure gramme to calculate a comprehensive database of dielectronic
recombination data for the collisional-radiative modelling of

dynamic finite-density plasmas and illustrated its use in such
environments. The first phase of the program covering H-
through Ne-like sequences is under way and illustrative results,
comparisons, and total (zero-density) rates will be the subject
l of a series of papers to follow in this journal: e.g., O-like ions,
Zatsarinny et al. (2003) and Be-like ions, Colgan et al. (2003).

olg,
ols, oic
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