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impurities in dynamic finite density plasmas.
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Abstract. The paper presents an integrated view of the populatioctsiiel and its role in
establishing the ionisation state of light elements in dymarinite density, laboratory and
astrophysical plasmas. There are four main issues, the disedreollisional-radiative picture
for metastables in dynamic plasmas with Maxwellian free ebéstrand its particularising
to light elements, the methods of bundling and projection fonimaating the population
equations, the systematic producfiagse of state selective fundamental collision data in the
metastable resolved picture to all levels for collisonaiative modelling and the delivery of
appropriate derived cdigcients for experiment analysis. The ions of carbon, oxygehreaon

are used in illustration. The practical implementation ofriethods described here is part of
the ADAS Project.
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1. Introduction

The broad mechanism for radiation emission from a hot tesydasma is simple. Thermal
kinetic energy of free electrons in the plasma is transtbibsecollisions to the internal energy
of impurity ions,

A+e-> A" +e Q)

whereA* denotes an excited state aAdhe ground state of the impurity ion. This energy is
then radiated as spectrum line photons which escape fropidbema volume

A* = A+ hy. )

wherehv is the emitted photon energy amdts frequency. Similarly ions in general increase
or decrease their charge state by collisions with electrons

A+re oA +e+e
At+e-sA+hy 3

whereA* denotes the next ionisation stage of impurity bnThe situation is often referred
to as thecoronal picture The coronal picture has been the basis for the description o
impurities in fusion plasmas for many years. However, thegpess towards ignition of
fusion plasmas and to higher density plasmas requires aipléme beyond the coronal
approximation. Models of finite density plasmas which idgsome parts of the competition
between radiative and collisional processes are loosédazollisional-radiative However,
collisional-radiative theory in its origins (Bates al, 1962) was designed for the description
of dynamic plasmas and this aspect is essential for the miregaations of divertors, heavy
species, transport barriers and transient events. Thermrasrk is centred ogeneralised
collisional radiative(SCR) theory (McWhirter and Summers, 1984) which is developetién t
following sections. It is shown that consideration of reli@n time-scales, metastable states,
secondary collisions etc. - aspects rigorously specifiemilisional-radiative theory - allow
an atomic description suitable for modelling the newer aisdaove. The detailed quantitative
description is complicated because of the need to evalodiedually the many controlling
collisional and radiative processes, a task which is comged by the variety of atoms and
ions which participate. The focus is restricted to plasmagkvare optically thin and not
influenced by external radiation fields, and for which groand metastable populations of
ions dominate other excited ion populations. The paperigesvan overview of key methods
used to expedite this for light elements and draws illusteatsults from the ions of carbon,
oxygen and neon. The paper is intended as the first of a sénegpers on the application of
collisional-radiative modelling in more advanced plasmanarios and to specific important
species.

The practical implementation of the methods describedisgqrart of the ADAS (Atomic
Data and Analysis Structure) Project (Summers, 1993, 2004istrations are drawn from
ADAS codes and the ADAS fundamental and derived databases.

1.1. Time constants

The lifetimes of the various states of atoms, ions and alastin a plasma to radiative
or collisional processes vary enormously. Of particulanason for spectroscopic studies
of dynamic finite density plasmas are those of translatistetes of free electrons, atoms
and ions and internal excited states (including states nis&ion) of atoms and ions.
These lifetimes determine the relaxation times of the veripopulations, the rank order of
which, together with their values relative to observatiomets and plasma development times
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determines the modelling approach. The key lifetimes @ivido two groups. The first is
theintrinsic group, comprising purely atomic parameters, and includeastable radiative
decay,mn, ordinary excited state radiative decayand auto-ionising state decay (radiative
and Auger),. The intrinsic group for a particular ion is generally oreldias

Ta << To << Tm (4)
with typical values
Tm~ 1048 5,76 ~ 108/ 5,74 ~ 108 s, (5)

wherez is the ion charge. The second is thetrinsic group, which depends on plasma
conditions - especially particle density. It includes figarticle thermalisation (including
electron-electrone ¢, ion-ionri_j and ion-electrorri_¢), charge-state change (ionisatigg
and recombinatiom,ec) and redistribution of population amongst excited iones#t,eq). The
extrinsic group is ordered in general as

Tionrec ~>> Ti—e >> Ti—j >> Te-e (6)
with approximate expressions for the time constants giyen b
Tree ~ [10" = 10°%)(1/(z+ 1)°)(KTe/1n)2(cm™/Ne) s
Tion ~ [10° = 10')(z+ 1)*(1n/KTe)Y%et/KTe(cm3/Ng) s
Tiij ~[7.0x 107](m/mp)1/2
(KTe/10)¥2(1/Z)(Ccm3/N;) s (7)
Ti_e ~ [1.4x 10°)(m/m;)Y/2
((KTe/In) + 5.4 x 107 4(KTi/I)(mp/m))*?
(1/Z)(em/Ni) s
Tee ~ [1.6 X 10P](KTe/14)¥?(cm3/N;) s.

The ion mass isn, the proton mass,, the ionisation potentig}, the ion density;, the
electron densityNe, the ion temperaturd;, the electron temperatur® and the ionisation
energy of hydrogen iky. treq may span across the inequalities of equation 6 and is disduss
in a later paragraph.

From a dynamic point of view, the intrinsic and extrinsic gps are to be compared with
each other and with timescalagyasma representing plasma ionftlision across temperature
or density scale lengths, relaxation times of transienhpheena and observation times. For
most plasmas in magnetic confinement fusion and astrophysic

Tplasma™~ Tg ~ Tm >> To >> Te-e 8)

wherety represents the relaxation time of ground state populatidmsns (a composite of
Trec @Nd Tion) and it is such plasmas which are addressed in this paperseTime-scales
imply that the dominant populations of impurities in thegutea are those of the ground and
metastable states of the various ions. The dominant popugatvolve on time-scales of
the order of plasma tfusion time-scales and so should be modelled dynamicaHy,ishin
the time-dependent, spatially varying, particle numbenttiowity equations, along with the
momentum and energy equations of plasma transport thélustrative results are shown in
figure'la.

The excited populations of impurities and the free elecron the other hand may
be assumed relaxed with respect to the instantaneous danpoaulations, that is they
are in aquasi-equilibrium The quasi-equilibrium is determined by local conditiorfs o
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Figure 1. (a) Ratios of ground and metastable lifetimes to plasma timesaaising from
transport of some ions of nitrogen and neon at the edge ofrfysasmas. For Nithe ground
state to metastable state transfer time constanis contrasted withr, = 1s0)/Vv with typical
scrape-@-layer thicknesslso ~ 2 cm andmv?/2 < 1 eV from chemical or physical sputtering
and withrgit = 42_/D where a typical dfusion codicientD = 10* cn?s™L. For selected
neon ions,tq = At,N./Vdif iS contrasted with the reciprocal of the sum of the inverdes o
the ionisation and recombination time constants for the giatate. The latter illustrative
results are for a JET-like tokamak H-mode radial plasma modél shaped dfusion and
pinch terms.Te(r = 0)=1 keV with a pedestal of 30eV at= a and exponential decay (scale
length= 0.01a) in the scrape of layer at plasma minor radais= 100 cm. Vgif combines
pinch and concentration filision parts. (b) Critical densities, definedMigrreq = 70.a), for
categories of excited populations of some oxygen ions. Thrixscale for curve [1] is the
orbital angular momentumof the outer electron of doubly excited states; for curvet[ig]the
principal guantum numbaer of the singly excited electron; for curve [3] it is a simple éxd
to the three low-lying states illustrated. For low levelsais, 7eq is markedly sensitive to
the detailed atomic structura.= 3 valence shells populations are of special relevance o lig
element spectroscopy in the visible.
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electron temperature and electron density. So, the atoroieifing may be partially de-
coupled from the impurity transport problem into local cdétions which provide quasi-
equilibrium excited ion populations and emissivities ahdrt dfective source cdicients
(collisional-radiative cogéicients) for dominant populations which must be entered théo
plasma transport equations. The solution of the transpoitions establishes the spatial and
temporal behaviour of the dominant populations which magnthe re-associated with the
local emissivity calculations for matching to and analydisbservations.

For excited populationg;.q plays a special and complicated role due to the very large
variation in collisional excitatigitle-excitation reaction rates with the quantum numbers of
the participating states. In the low density coronal pietygg >> 7, and redistribution plays
no part. Critical densities occur fateq ~ 7o and forreg ~ 74 and allow division of the
(in principle) infinite number of excited populations intategories includindpw levels high
singly excited levelanddoubly excited level®r which important simplifications are possible.
These are examined in section 2. Light element ions in fuplaemas are generally in the
singly excited state redistibutive case, approaching thebly excited redistribution case at
the higher densities. Highly ionised ions of heavy speaiefusion plasmas approach the
coronal picture. lllustrative results on critical dersstiare shown in figure 1b.

Finally, because of the generally shegte compared with other timescales (including
those of free-free and free-bound emission), it is usuakydase that the free electrons have
close to a Maxwellian distribution. This assumption is mdeughout the present paper, but
is relaxed in the next paper of the series (Bryanal, 2005).

1.2. Generalised collisional-radiative theory

The basic model was established by Bagesal (1962). The ion in a plasma is viewed
as composed of a complete set of levels indexed lyd j and a set of radiative and
collisional couplings between them denoted@y (an element of theollisional-radiative
matrix representing transition fromto i) to which are added direct ionisations from each
level of the ion to the next ionisation stage (flo@entS;) and direct recombinations to each
level of the ion from the next ionisation stage (fo@entr;). Thus, for each level, there is a
total loss rate ca@cient for its population number density;, given by

- Cii = Z Cji + NeSi. (9)
j#i

Following the discussion in the introduction, it is notedttpopulated metastable states can
exist and there is no real distinction between them and gfmiates. We use the term
metastablego denote both ground and metastables states. Metastaklédheadominant
populations and so only recombination events which statt wimetastable as a collision
partner matter. We condider the population structure ofzttimes ionised ion, called the
recombined or child ion. Thez¢ 1)-times ionised ion is called the recombining or parent ion
and the £ - 1)-times ionised ion is called the grandchild. The metdstbf the recombined
ion are indexed by and o, those of the recombining ion by andy’ and those of the
grandchild byu andy’. Therefore the ion of charge statdias metastable populations,
the recombining ion of charge ¢ 1) has metastable populatioNs and the grandchild ion
of charge £ - 1) has metastable populatioNs. We designate the remaining excited states
of the ztimes ionised ion, with the metastables separatedydigary levels for which we
reserve the indicesand j and populationdN; andN;. There are then, for example, direct
recombination cocientsr;, from each parent metastable into each child ordinary levél a
direct ionisation coicients from each child ordinary level to each parent metdse,; such
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thatS; = ), S,;. Also there are direct ionisation ddeientsS, , to the metastables of the
child from the metastables of the grandchild. Then the oty equations for population
number densities are

N, Cop Ne Ry O 0 N/;,
E No | _ Nespﬂ’ Coor Coj Ne I N,
dtl Ni | | O Cir Cij Ne riy/ N;
N 0 NeS, NeS,j Gy N*

(10)
where the equations for the £ 1)-times and% + 1)-times ionised ions have been simplified
by incorporating their ordinary population contributioims their metastable contributions
(shown as script capital symbols) as the immediate focua thez-times ionised ion. This
incorporation procedure is shown explicitly in the follmgiequations for the-times ionised
ion through to equatiorls 16 and may be done for each ionisatiage separately. Note
additionally the assumption (made by omission of the (3atjifion element, where 3 denotes
the row and 1 the column) that state-selective ionisatiomfthe stagez- 1) takes place only
into the metastable manifold of the stage

1.2.1. Derived source term ¢fieients From the quasi-static assumption, wedkt/dt = 0
and then the matrix equation for the ordinary levels ofzttienes ionised ion gives

Nj = = C;'CirNy — NeCji'riy N (11)
where we have used summation convention on repeated in@abstitution in equations 10
for the metastables of thetimes ionised ion gives

dN,
v = Ne[Su | Ny
+[Cpo = CoiCj'Civ | No
+ Ne[rp = CyiCiitriv | NS (12)

The left-hand-side is interpreted as a total derivativéwihe-dependent and convective parts
and the right-hand-side comprises the source terms. Tims iersquare brackets in equations
[12 give the &ective growth rates of each metastable population ofzitimes ionised ion
driven by excitation (or de-excitation) from other metafta of theztimes ionised ion,
by ionisation to theZ + 1)-times ionised ion and excitation to other metastablethet-
times ionised ion (a negatively signed growth) and by redoatibn from the metastables
of the ¢+ 1)-times ionised ion. These are called @R codficients. Following Burgess
and Summers (1969), who used the name ‘collisional-diedaat’ for ‘collisional-radiative’
when dielectronic recombination is active, we use the natature ACD for the GCR
recombination ca@cients which become

ACD, ., = Ryy = Ty — CyiCji'iy. (13)
The GCR metastable cross-coupling dbeients (forp # o) are
Qe:Do’—m = po'/Ne = [Cpa' - ijcj_ilcia'] /Ne. (14)

Note that the on-diagonal eleme[rti]:p(r —ijCj‘ilCi(,] /Ne With ¢ = p is a total loss rate
codficient from the metastabje Substitution from equation 11 in the equatidbns 10 for the
metastables of the+ 1-times ionised ion gives
dNy
dt

= Ne[S - $/iCj'Cis | N
+[Co = NZS,Cjtriv [ N5 (15)
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The GCR ionisation coéicients resolved by initial and final metastable state are
SG.D(T—H/ = Swr = I:Sva' - Svjcj_ilci(r] (16)

and note that there is contribution to cross-coupling betwgarents via recombination to
excited states of thetimes ionised ion followed by re-ionisation to &f@érent metastable,

X€Dyy = =Ne[S,iCjlriv | 17)

Consider the sub-matrix comprising the (2,2), (2,3), (3a2d (3,3) partitions of
equations 10. Introduce the inverse of this sub-matrix as

-1
Wor Wy Coor Cyj
= 18
[\Nia Wij } [Cio- Gij (18)

and note that the inverse of the (1,1) partition
-1
[Wor| = € = [Cpor = G, C5Cir | (19)

This compact representation illustrates, that the imjpsiof the quasi-static assumption
leading to elimination of the ordinary level populations fiavour of the metastable
populations, may be viewed agandensatiomn which the influence of the ordinary levels is
projectedonto the metastable levels. The metastables can be contiengesimilar manner
onto the ground restoring the original (ground states ottyfjsional-radiative picture. The
additive character of the direct metastable coupli@gs means that these elements may be
adjusted retrospectively after the main condensations.

1.2.2. Derived emission and power gii@ents There are two kinds of derived cieients
associated with individual spectrum line emission in commase in fusion plasma diagnosis.
These arghoton emissivity cggcients(£EC) andionisation per photon ratidSX8). The
reciprocals of the latter are also known plsoton gficiencies From equations 11, the
emissivity in the spectrum ling— k may be written as

M
> FIONNG).  (20)

€jok = = A]—>kNeNJ = AJ—yk(Z ?']((SXQ NeNo— +
o v'=1

This allows specification of thexcitationphoton emissivity co@cient

PECT0,) = AT (21)
and therecombinatiorphoton emissivity cocient
PECL | = AjLiF L. (22)

The ionisation per photon ratios are most meaningful foretkeitation part of the emissivity
and are
) M1
SXBIY, = 3" 8CDyy /A AF . (23)
y=1
Each of these cdicients is associated with a particular metastahle’ or u’ of the A*?,
A*71 or A*%1 jons respectively.
The radiated power in a similar manner separates into pavisndoy excitation and by
recombination as

PLT, = Z AEj i AjiF & (24)
jk
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called thdow-level line power cggcientand

PRB, = Z AEj_>kAj_)k7"j(J,ec) (25)
ik
called therecombination-bremsstrahlung power gigentwhere it is convenient to include
bremsstrahlung witlPRB. Note that in the generalised picture, additional powertfar
z-times ionised ions occurs in forbidden transitions betwaetastables as

D AE, A N, (26)
yeXen
for the ztimes ionised ion. In the fusion context, this is usuallyaimRadiated power is the
most relevant quantity for experimental detection. For atliat, it is theelectron energy loss
functionwhich enters the fluid energy equation. The contributiorhtotbtal electron energy
loss rate for the-times ionised ion associated with ionisation and recomtion from the
(z+ 1)-times ionised ion is

DB CorNe + Ne D RyuNy) +
4 o v
DB SuNe +NeY Gy +

Z AEq_,As_,Ny + Z PLT,NeN, +

0.0 T

Z PRB, NeN,, (27)

where theE, andE, are absolute energies of the metastaplesthe z-times ionised ion and
of the metastablesof the @+ 1)-times ionised ion respectively. Thus the electron enkrss

is a derived quantity from the radiative power filtments and the other generalised collisonal-
radiative coéficients. Note that cancellations in the summations caugethetion to relative
energies and that in ionisation equilibrium, the electnoergy loss equals the radiative power
loss.

In the following sections, it is shown how the quasi-stagswamption and population
categorisation allow us to solve the infinite level populatistructure of each ion in a
manageable andffecient way. Such solution is necessary for low and medium idens
astrophysical and magnetic confinement fusion plasmas i$hinlike the simpler situation
of very dense plasmas where heavy level truncation is ussaduse of continuum merging.

2. Excited population structure

The handling of metastables in a generalised collisordikt@e framework requires a
detailed specific classification of level structure comgatiwith both recombining and
recombined ions. For light element ions, Russell-Saunde®) coupling is appropriate and
it is sufficient to consider only terms, since although fine structnergy separations may be
required for high resolution spectroscopy, relative papahs of levels of a term are close
to statistical. So the parent ion metastables are of the §otyS, with v, the configuration
and the recombined ion metastables are of the fbpin,S, with the configuration,, =
v, + nil; and the excited (including highly excited) terms agel(S,)niL;S;. n and|
denote individual electron principal quantum number argtak angular momentuni, and

S denote total orbital and total spin angular momenta of théiralectron ion respectively
in the specification of an ion state in Russell-SaunderslowyupThe configuration specifies
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the orbital occupancies of the ion state. For ions of heaeynehts, relative populations
of fine structure levels can fiier markedly from statistical and it is necessary to work in
intermediate coupling with parent metastables of the feyi) and recombined metastables
of the formI', J, with the configuratiol, = y,+n;l; and the excited (including highly excited)
levels §,J,)nilijiJi. There is a problem. To cope with the very many principal quimn
shells participating in the calculations of collisionakleéctronic coéficients at finite density
necessitates a grosser viewpoint (in which populationdangled, whereas for modelling
detailed spectral line emission, the finer viewpoint (inethpopulations are fullyesolved is
required. In practice, each ion tends to have a limited sktvofevels principally responsible
for the dominant spectrum line power emission for which adbehapproach is too imprecise,
that is, averaged energies, oscillator strengths andsimilistrengths do not provide a good
representation. Note also that key parent transitionsiéectronic recombination span a few
(generally the same) low levels for which precise atomiadaé necessary. In the recombined
ion, parentage gives approximate quantum numbers, tHaveds of the sama (andl) divide
into those based onftierent parents. Lifetimes of levels of the sambut different parents
can vary strongly (for example through secondary autoaiuns). Also the recombination
population of such levels is generally from the parent withick they are classified. We

Complete system Bundle-nS model

d

on

2" continuum continuum

15 continuum 15! continuum

high
levels

» levels
n
— ow
—1 levels
levels

Low level + projection model Condensation

n

I

spin
systems

2" continuum 15t coni ond

15! continuum

il
1
(-

Figure 2. Schematic of population modelling and condensation proesdit represents two
metastable parent states of non-zero spin, so that whehedectron is added, each yields two
spin systems for the-times ionised ion.

therefore recognise three sets of non-exclusive levelseofécombined ion:
(i) Metastable levels - indexed by o.

(i) Low levels - indexed byi, j in a resolved coupling scheme, being the complete set of
levels of a principal quantum shell range ny < n < ny, including relevant metastables
and spanning transitions contributing substantially tiative power or of interest for
specific observations.

(i) Bundled levels - segregated according to the parertastable upon which they are built
and possibly also by spin system - which can inclbdedle-nlandbundle-n

Viewed as a recombining ion, the set (i) must include relepamnents and set (i) must span
transitions which are dielectronic parent transitionsm&idependence matters only for the
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populations of (i), high precision matters only for groupsafd (i) and special very many
level handling techniques matter only for group (iii).

To satisfy the various requirements and to allow linking opplation sets at élierent
resolutions, a series of manipulations on the collisiondiative matrices are performed
(Summers and Hooper, 1983). To illustrate this, suppose tisea single parent metastable
state. Consider the collisional-radiative matrix for teeambined ion and the right hand side
in the bundle-n picture, and a partition of the populatioagran] with n : ng < n < n
andn: n; < n. Elimination of theNy yields a set of equations for thé,. We call this a
‘condensation’ of the whole set of populations ontontmopulations. The cdBcients are the
effective ionisation ca@icients from then, the dfective cross-coupling céiécients between
then and the éective recombination cdiécients into then, which now include direct parts
and indirect parts through the levelsExclusion of the direct terms prior to the manipulations
yields only the the indirect parts. Call the€89" andrind". We make the assumption that
Cindir andri?" may be expanded over the resolved low level set (see sec@mo2give the
expanded indirect matrifz:i'?d” andri”v1dlr wherei and j span the resolved low level set (ij).

These indirect couplings are then combined with higheripi@t direct couplingé:idjir and
rdr so that

Cij =CJ" + " (28)
and

riy = rdr 4 pindir, (29)
The procedure is shown schematically in figure 2. The prowegsbe continued, condensing
the low level set onto the metastable set. The generalidési@oal-dielectronic cofficients
are the result. The time dependent ammndpatial non-equilibrium transport equations which
describe the evolution of the ground and metastable papokabf ions in a plasma use these
generalised cdicients. Following solution, the condensations can be sekto recover the
complete set of excited populations and hence any requiextrsl emission. The progressive
condensation described above can be viewed as simply onaaiber of possible paths
which might be preferred because of special physical cmmditor observations.

For light element ions, four types of bundling and conddngaire distinguished in this

work:

(a) Ground parent, spin summed bundlesrowest n-shell.

(b) Parent and spin separated bundle-nlowest spin system n-shell (theundle-nS
population modgl

(c) Low LS resolved— metastable states (thaw-level population modgl
(d) Parent and spin separated bundle>fow LS resolved— metastable states.

Type (a) corresponds to the approach used in Summers (19y@g. (c) corresponds to the
usual population calculation for low levels in which (castent) recombination and ionisation
involving excited states are ignored. It establishes thgeddence of each population on
excitation for the various metastables only. Type (fedively the merging of (b) and (c) in
the manner described earlier, is the principal proceduteetexploited in this work for first
quality studies. Details are in the following sub-sections



H.P. Summers et al. lonisation state. I. 11

Rec. Parent Paregspin ws, s Lowest Nmet
seq. index system metastable
H-like 1 (1s?S) In 0.250 ° 1S

(1s2S)3n 0750  k2s3S

Helike 1 (121S)2n  1.000 ¥22s2S
2 (1s2s3S)?n  0.333 18257 2S
(12s3S)%n  0.667 12s2p*P
Li-ike 1 (2s2S)n 0250  2?1s
(2s2S)3n 0750  Z2p3P
Be-like 1 (°1S)?n  1.000 X?2p?P

2 (22p3P)2n  0.333  222p2P
(22p3P)*n  0.667  22p? %P

B-like 1 (22p2P)3n  0.750 2?2p? D
(2s2p2P)In  0.250 22p? 3P

2 (22p? *P)3n  0.375  222p2 3P
(22p?“P)5n  0.625  22p%5S

C-like 1 (2522p? 3P)%n  0.667  X?2p“S

(2s?2p?%P)2n  0.333  2*2p 2D

2 (282p? 'D)?n  1.000 2*2p®°D

3 (282p?1S)2n  1.000 2°2p®2D

4 (22p®5S)4n  1.000 ZP2p3“S

N-like 1 (2s?2p®4S)3n  0.375 X?2p*°P
(2s?2p® 4S)5n  0.625 2*2p33s°S

2 (282p°2D)3n  0.750  X?2p* 3P

(22p%2D)In 0.250 2%2p* D
3 (22p%2P)%n 0.750  2%2p* 3P
(282p®2P)In  0.250 Z*2p*'D
O-like 1 (22p*3P)2n  0.250 X°2p° 2P
(222p*3P)%n  0.250 2%2p*3s“P
2 (22p*'D)2n  1.000 2?2p*3s2D
(2s?2p* 1S)%n  1.000 2°2p*3s?D
F-like 1 (252p°2P)In  0.250 x?2pbls
(282p°2P)3n  0.750 2X?2p°3s3P

w
PRPNNRRPNRNRRPRPREPNNNRRPRPRNRPRPRPREPREPRERRERRRR

Table 1. BundlensS calculation pathways. The pargsgin system weight factor is defined in
equation 32 and 33\ netindicates the number of metastables of the recombined ioniasstc

with the parenspin system. Thearent index sequentially numbering the féérent parents

shown in brackets, is used as the reference for tabulaticoeficients.

2.1. The bundle-nS model

Now let A*% denote the recombining ion antt2~! the recombined ion so that= z — 1

is the ion charge of the latter, is the dfective ion charge and takes the place of the nuclear
charge in the reduction of hydrogenic rate ffméents to compact forms in the statistical
balance equations. Also introduce bundled populations

Nyns = Ny, L,s,)08 = Z Ny, L,S,).0ILs (30)
L
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and the assumption that

(2L+1) _(2L+1)
@+, +1) "™ T mEL, +1) "
The bundling is based on the observation that the largelstiool cross-sections are those for
whichn = n" andl = I’ + 1. For these cases the transition energy is smékg¢avely zero
for hydrogen or hydrogenic ions) and the cross-sectionsatarge for electron densities of
relevance for fusion that it is very good approximation teusse relative statistical population
for thelL sub-states. The assumption is weakest for populationatefsivith core penetrating
valence electron orbitals and we expect spin system breakfto highnl states progressively
at lowern and| for increasing ion charge. Thus the above assumptions are appropriate
for light element ions with a more elaborabendle{Jy)nlj model more suited to heavy
element ions. The latter will be the subject of a separatepalm the bundlerS model,
only equilibrium populations of complete n-shells for aggiyarent and spin system need be
evaluated, which are the solutions of the statistical adaguations

NyniLs = (31)

Z [An’—m + NEqu)_;n + Npqg?)_)n] NV,I']'S

n=n+1

n-1
+ Z [Nqu?’)—m + NpqE'IE)’)—»n] Nv,n”S

n”’=ng

+ ws, s [NeNJa) + NeNF ol + N2NF o]

=1 D) INeg®,, + Npg?, ] (32)

n=n+1

n-1
+ > Ao + Neg®,, + Nog®, ]

n’=ng

+ Nquie + Nquﬂe + Z Ains_)y/}Nv,nS
~

N; is the population of the parent iad;*, Ne is the free electron density arld, the
free proton densityA is the usual Einstein cdigcient, g® andq®® denote collisional rate
codficients due to electrons and protong,), aﬁd) andozﬁ3 denote radiative, dielectronic and

three-body recombination cfiients respectivelyA® o | , denotes secondary autoionisation

andq®,, andg®,, denote collisional ionisation rate dfieients due to electrons and protons

respectivelyws, s is a spin weight factor (see equation 33 below). For compmes,ithere are

separate systems of equations for each parent and for up tepiw systems (in L-S coupling)

built on each parent and one such equation for each valaéroim the lowest allowed-shell

no for the parenspin system teo. The number of spin systems is labelldg sand the lowest

allowed n-shellng = ng), the lowest accessible shell by recombination except fobbkis

built on the He-like 2s3S parent. In general bare nuclei of other elements fiextive ion

projectiles along with protons. We use the word protons terepresent mean ¢ s ions with

suitably scaled collisional rate cieients. These equations are analogous to the equations for

hydrogen and coupling-independent expressions may befaistig mainn — n’ codficients

providing a suitable spin system weight factor
(2S+1)

2(2S,+1)

is introduced. Table]1 summarises these various paramfetefist period iso-electronic

sequences up to fluorifeon. There are a number of issues.

(33)

ws, s =
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2.1.1. b-factors and lowest level&or hydrogenic ions it was advantageous to write the
statistical equations in terms of Saha-Boltzmann dewviataxtors. This remains true for
complex ions but the definition must be generalised. Theadievib, s is defined by

78214\ w,ns

kTe ) 2w,
That isb, s is specified with respect to the parent ion stafé', and the ionisation potential
l,ns is also referred to that parenty is the Bohr radius. Note thab,,s = wsv,snzwy
wherew, = (2S, + 1)(2L, + 1) is the parent statistical weight. It is convenient toaduice
Cvns = b,ns — 1 and scaled temperatures and densities

N,ns = NeNJ 8( exp(l,ns/kTe)by, ns. (34)

6o = (ﬂe)l
e — IH Z%
3
Ne
pe=25\/§’;%°2 (35

with similar forms for the proton temperature and densitys the fine structure constant. In
these terms the statistical balance equations becomeydarty suitable for calculation and

resultingGCR codfticients (z-scaled), on &/p. grid, can sustain interpolation of moderate
precision within an iso-electronic sequence.

The parenspin system model does not distinguish recombined metastabthin the
same spin system. For example, consider 81822P parent in a B-like like ion recombining
into the singlet system of the C-like ion. The pafspin system has two metastables,
25°2p? 1D and 2?2p? 1S. We assign theféective ground state as the lowest energy metastable
(28%2p? 1D state in this example) and assign statistically weightstielt sub-populations to
resolve between the recombined metastables. There isa&ahstantial dierence between
the quantum defect of the lowest state itself and the meantgomdefect arising from a
weighted average of the lowest n-shell terms. These chaigpove the stepwise part of
the collisional-radiative ionisation cfiicient within the bundlatS picture at low density and
allow the bundleaS model to stand alone, albeit at some reduction in accuracpgregise
solution, as adopted in this paper, is given by the condemgatojectioiexpansion matrix
transfer of the bundl@S model onto the low level solution which distinguishes esily
between the LS terms in the lowest few quantum shells fronbéggnning (see section 2.2).

2.1.2. Auto-ionisation and alternate parentst the metastable state which represents
the lowest level of recombined pargsgin systenv, nS be labelled byp. With parenty,
from a stepwise collisional-radiative point of view it isma@nient to refer to,nS as an
intermediate state system and labehit ¢5*Yn. Thus a recombinatigstepwisgcascade
pathway may progress from a parenthrough the intermediate statenS ending on the
metastable with the dfectiveGCR recombination cofiicient written asACD,_,,) es+vp,, and
likewise a stepwise excitatifionisation pathway may progress from lowest metastahiia
intermediate state, nS to final ionised ion metastabbe with the dfective SCR ionisation
codficient 8€D,,_,(,y esp,,.  The population calculation for a given pathway involves th
excited state population structure connecting the recoimpiparenty and metastable.
However, an alternative parent, which is not the interntedisate parent, can be populated
by autoionisation of excited states above the auto-ioisareshold. That is, if the parent

is a metastable and so there exists a lower lying ground @apossibly other metastable) of
the parent, say’. The excited state populations of thaeS system must include such auto-
ionisation processes. Above the auto-ionisation threstaold at low electron densities, auto-
ionisation is the dominant loss mechanism. However, thelleumauto-ionisation transition



H.P. Summers et al. lonisation state. I. 14

10t —

Saha Boltzmann deviation factor (b, ,s)

104 N L L
1 10 100 1000
Principal quantum shell (n)

10! — T ——

T
—_
o
=
L

100

Ty
|

T
Ll

ERmRaL
Pl

\BREmERLL
|

Saha Boltzmann deviation factor (b, )
=
o
N

T
Ll

105 | il s
1 10 100 1000
Principal quantum shell (n)

Figure 3. BundlenS population structure for & recombining from and ionising to 8
atTe = 1.7x 10° K. (a) b2 15) 2, factors for doublet bundle-n populations built on the
ground parent & 1S term. The enhanced b-factorsrat~ 10 — 300 is due to dielectronic
recombination. Curves show the progressive suppressioheohigh populations as the
electron density increases. (bssp3p) 2, factors for doublet bundle-n populations built on
the metastable parens2p 3P term. The abrupt transition to underpopulations at4 is due

to secondary Auger transitioh$ coupling allowed breakdown type) to th8 parent system.
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probabilities scale as™® and are independent of electron density, whereas direistaiton
loss rates scale as* and vary directly with electron density. For high n-sheliect
ionisation is the dominant loss process. As the electromitiemcreases, direct ionisation
becomes the dominant loss process for all n-shells andianigation is quenched. The
inclusion of auto-ionisation transition probabilitiestime statistical balance equations leads
to dramatic changes in the population structure as showmyimef§ 3a, b. In the example,
the populations o€*1(2s? 1S) 2n are built upon a ground state parent so no auto-ionisation
pathways are accessible from the excited states. If thelatpus are expressed in terms of
the Saha-Boltzmann b-factors, then they show strong opesfption of the high n-shells at
low electron density due to dielectronic recombination.tiie electron density is increased,
the dielectronic recombination influence becomes less duenisation of the high n-shell
populations with all the b-factors tending to 1. This bebaviis typical for a recombined
system built on a ground state parent. By contrast, the ptipak ofC*1(2s2p 3P) 2n, built
upon an excited metastable parent, show powerful depopulabove the auto-ionisation
threshold. As the electron density increases, the diretsiing collisions from the excited
states compete more strongly and the b-factors tend to 1.

The definitions of generalised collisional-radiative ®Eation and recombination
codficients are still relevant but give the recombination radefr to p and the total loss rate
from p (i.e. with no resolution of final parent after ionisation3pectively. The recombination
codficient is already correctly pargntetastable resolved and needs no further adjustment.
The correct parent resolved (partial) ionisationfieentsSCD,_,,) eswvp,, are derived by
constructing the loss vector from each level. Because thdetrmonsiders the excited state
populationsN, ns, direct ionisation only populate&;“. The alternative parents are populated
by auto-ionisation. The parent resolved loss vectors are given by

Lv,nS—W = Ner,nS—w
Lv,nSﬁv’ = AinSav" (36)

lonisation pathways and the expected (part®R ionisation coéficients forC*! + e —

C*2 + e+ eare summarised in table 2. From the point of view of recontimnarom v via
intermediate stateg nS towardsp, autoionisation allows exit into the alternative pareht
beforep is reached. This gives the nguarent cross coupling cgcient XCD,,_,, esin,, .
Note that in applications, it is the cficients summed over intermediate states which are
required as

XCD,y = > XCD, ) eoiny- (37)
v,S
Behaviours are illustrated in figuries 4a, b.

2.2. The low-levet projection model

Consider now the set of low levels of an ion. F@XR studies, we are concerned with complete
sets of low levels associated with the valence electrondérgtbund and excited n-shells. The
span of the low levels idng; = Ny — Ny with ng denoting the ground complex valence n-shell
andn; the highest resolved n-shell. For light elements and spsobpy which extends up to
the visible range, we seelty; = 1 at minimum and 2 preferably.

The solution for the populations andfective codicients follow the theory of section
[1.2.1 and is numerically straightforward, carried out ia fopulation representation (called
the p—representation), rather thén-factor orc—factor representations (see equation 34 and
the following lines). The use of the-factor representation, wheece= b — 1, is essential for
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Figure 4. BundlenS generalised collisional-radiative diieients. Te is the electron
temperature and\e the electron density. (aﬂ;;l +e — C!2 + e+ efor different initial
metastablep, final statesy and intermediate pargmpin systems. Curves are labelled as
SCD(p — (V') 25*1n; v) wherep = 1 = (2522p 2P), p = 2 = (22p? *P), v,V = 1 = (25° 1S)
andv,v = 2 = (2s2p 3P). (b) 0*3[252p? *P] + e — O*3[25?2p 2P] + e parent cross-
coupling codicients. BothO*2[(2s2p? 4P) 3n] and O*2[(2s2p? *P) °n] recombined systems
are included. The autoionisation pathway for the former lewadd in LS-coupling, but for
the latter proceeds only in intermediate-coupling (seei@@@.3). Such ca@cients follow
broadly the behaviour of recombination ¢beents.
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Final parent Intermediate Initial GCR ionis. Type
metastable  system metast. fibe
1 (252 lS) “n 1 SG‘D]__>(1) 2n1 d
1 (2s2p °P) ?n 1 8CD12)2n1 e-a
2 1 8CD1,2) 2n2 d
1 (232p 3P) “n 2 86@26(2) an1  €-a (lC)
2 2 Se‘Dz_)(z) 4n,2 d

Table 2. Excited state structures and part@2®R ionisation coéficients calculated for the Be-
B series. lonisation cdicient nomenclature i8CD, _,,) @s+1),,,» Wherep indexes the lowest
metastable of the pargapin system, withy the parent of the spin system andindexes the
final metastable state. ‘d’ denotes direct ionisation and’ ‘denotes inner shell excitation-
autoionisation contributions.

cancellation error avoidance in computation of the vernh&yel population structure, but is
not necessary for the low levels. The construction ofG@heandr;, codficients is by spline
interpolation in electron temperature of data extractedhfarchives. Expansion of indirect
projection data and its amalgamation with the resolvecctitata is by weight matrices as:

- _ dir (o indir
Cij=Cj + Z WijysCamivs
v,S
dir r indir
liy =1~ + Z Wisyshny,s (38)
S
~ _ gy dir L indir
Ll - I-i + Z wi:v,SLn:v,S
v,S

wherei e nandj € n’. Introducing the term statistical weight fractions as
(25| + 1)(2|_| + 1)

e 39
Winys 2ien(@2Sj + 1)(2L; + 1) (39)
then
wfjiv,s = Ws, sWi:ny,s forn#n’
‘”icj:v,s = ws, s
wir:v,s = Winw,S forn=n’ (40)

wiLZV,S =ws,s
andws, s is as defined in equation 33. Table 3 illustrates@jeveighting.

In the deduction of spectral emission €itgents between low levels there can be some
confusion. Following the definition of equation 21, in thesalved low level picture, the
emission cofficient is referred to a particular metastable. If metastable neglected, so
that there is only a ground state and all other levels areadeas excited, the reference is
to the ground state. On the other hand, a metastable tresta @rdinary excited level will
have a quasistatic population comparable to that of thengtso that); N; = Nyt # N; and
PECotj—k = PECLj—kN1/Nior and this is the caéicient which should be used with a ‘stage-
to-stage’ (that is un-generalised picture) ionisatiorahak. Figure 5 illustrates the behaviour
of low level populations. The graph is of the paramﬁ§F° from equation 2D.
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Index Term Spin  Parent Shell n-shell weights

n=2 n=3

1 25°2p °P 2 1 2 025 -

1 25°2p 2P 2 2 2 025 -

2 2s2p? 4P 4 2 2 0.786 -

3 2s2p? °D 2 1 2 045 -

3 2s2p? °D 2 2 2 045 -

4 252p? %S 2 1 2 0.05 -

4 252p? %S 2 2 2 0.05 -

5 252p? 2P 2 2 2 025 -

5 2s2p? °P 2 2 2 025 -

6 25°3s2S 2 1 3 - 0.0667

6 25°3s?S 2 2 3 - 0.0667

7 25°3p 2P 2 1 3 - 0.3333

7 25°3p 2P 2 2 3 - 0.3333

8 2p3 4P 4 2 3 0.214 -

9 25?3d 2D 2 1 3 - 0.6

9 25°3d °D 2 2 3 - 0.6

10  22p3s“P 4 2 3 - 0.1089

11  22p3p*D 4 2 3 - 0.1881

12 22p3p*“S 4 2 3 - 0.0297

13 22p3p“P 4 2 3 - 0.1089

14  22p3d “F 4 2 3 - 0.2673

15  2s2p3d “D 4 2 3 - 0.1881

16 22p3d ‘P 4 2 3 - 0.1089

Table 3. Fractionising of bundlexS matrix projection onto low levels for B-like ions with
two resolved n-shells.

2.3. Specific reactions

Energy levels for high bundlaS levels and their A-values, Maxwell averaged collision
strengths, radiative recombination €o@ents, dielectronic recombination deients and
ionisation cofficients are generated from a range of parametric formula@jppibximations
described in earlier works (Burgess and Summers, 1976; Suspymi977; Summers and
Hooper, 1983; Burgess and Summers, 1987; Summers, 2004h ddiality specific data
when available are acccessed from archives and substftutélde default values. This is a
systematic procedure for dielectronic @dgients (see sections 2.3.1 and 5 below).

For low levels, a complete basis of intermediate couplingrgy level, A-value and
scaled Born approximation collision data, spanning thagpial quantum shell rang® <
n < n is generated automatically using the Cowan (1981) or Autosire (Badnell,
1986) procedures. This is called obaselinecalculation. These data are merged with
more restricted (in level coverage) but similarly orgadibéghest quality data from archives
where available (e.g. R-matrix data such as Ramsbo#tbal (1995)). The data collection
is compressed by appropriate summing and averaging to foommgplete LS term basis
and augmented with comprehensive high quality LS resohietbaronic recombination,
radiative recombination and collisional ionisation fiméents mapped from archives (see
sections 2.3.1, 2.3.2 ahd 5 below). The radiative data Bagrigin in the work of Burgess
and Summers (1987). The final data collection is callegexific ion fil§ ADAS data format
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Figure 5. Low level population structure of N&. The excitation part driven by thei2s2S
ground state is denoted By;. Terms are labelled as 2pZP, 3: 3s2S, 4: 3p 2P, 5: & 2D,

6: 4s2S, 7: 4p 2P, 8: 4d 2D. At low density, the population ratiols; /NeN; become flat
tending to the coronal values. At high density the popufatitios decrease inversely with
the electron densit\e, tending to the Saha-Boltzmann values. The intermediatemagithe
collisional-radiative regime.

adf04. The detailed content is examined in secfion 3. Detaildaitsselective dielectronic
recombination and ionisation ceients are given in the following sub-sections.

2.3.1. State-selective dielectronic recombinatidtate selective dielectronic recombination
codficients are required to all resolved low levels and to all besm® shells for the various
initial and intermediate state metastable parenfer GCR modelling. These are very
extensive data and have been prepared for the prég@gRtwork through an associated
international ‘DR Project’ summarised in Badnetlal (2003) [hereafter calleBR - paper ]
and detailed in subsequent papers of the series . Based ordt#yendent particle, isolated
resonance, distorted wave (IPIRDW) approximation, theigdadielectronic recombination
rate co&ﬁicientafﬂi from an initial metastable stateinto a resolved final staieof an ionA**

is given by

2 3/2
@ _ (4”30"*) WP L EJKT.

.= e
vl kTe ¥ 2w,

a r
% Z' Ap,j—»v,Ecl Ap,j—>i
I a
ZnApjon+ Zmi Ap jomed

wherew, j is the statistical weight of thé\(+ 1)-electron doubly-excited resonance stgie,
is the statistical weight of thH-electron target state and the autoionizatidf) @nd radiative
(A" rates are in inverse seconds. Théisw is used here to denote a parent ion stitds the
energy of the continuum electron (with angular momentynwhich is fixed by the position

(41)
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of the resonances. Note that the parent stata® excited, that is they exclude the metastable
parentsy’. The codeaurtostrucTure (Badnell, 1986; Badnell and Pindzola, 1989; Badnell,
1997) was used to calculate multi-configuration LS and mestiate coupling energy levels
and rates within the IPIRDW approximation. The code makeshash of non-relativistic and
semi-relativistic wavefunctions (Pindzola and Badnedi9Q) and is #icient and accurate for
both the resolved low level and highshell problems. Lookup tables (see sectiom@f09

are prepared comprising state selective recombinatiofficiesits at a standard setzécaled
temperatures, for each metastable parent, to all LS restdvens of the recombined ion with
valence electron up ta-shell n® > n; (normally n® = 5) and to bundiesS levels of a
representative set akshells (usually spanning, to 999). These bundleS codficients are
simple sums over orbital states n and so apply at zero density. This provides an extensive,
but still economical, tabulation.

2

T L ———
o** + e recombination  n=20

log[ bp,nl ]
N
Ld ‘ T T T

'
o®

Figure 6. O* dielectronic recombinatiorby i factors as a function of outer electron orbital
angular momenturhfor doubly-excited states of O relative to &+ 2 1S for p = 2s2pP
and 2s3@P,n = 20, Te = 10° K, Ne = Np, Zetf = 1. Cases: INg = 100 cm3; 2. N = 1012
cm3; 3. Ne = 108 cmi3; 4. Ne = 10 cm3; 5. Ne = 10'® cm3. Note the alternative Auger
channel reduction for thp = 2s3p'P graphs.

In DR paper-| we introduced an associated code, the ‘Burgess—Betheajgmegram’
BBGP. BBGP is used here as a support function in a model fdrtdistribution of doubly-
excited states which provide a correction to the accuratejfredistributed, dielectronic data.
The redistributed data (regenerated in the sadf®@9format) are normalised to IPIRDW at
zero density. The procedure is similar to that for singlyiextsystems. FoLS-averaged
levels, the number densities expressed in terms of theiatiens, b, , from Saha-Boltzmann,
and referred to the initial paremnt, are given by

2 13/2
m&lu |7 @pnt g
Npni = NeN;s[ T ] PV B/ Tehy (42)
Thus, in the BBGP zero-density limit, with only resonanttcae from they parent balanced
by Auger breakup and radiative stabilization back to theesparent, we have

Zr Aok
boni = i . 43
p.nl (ZI’ A2 ; A ( )

p,nl—vk’ p,nl—v’,nl
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In the extended BBGP model, we include resonant-captuma fritial metastables other
than the ground, dipole-allowed collisional redistrilbutibetween adjacent doubly-excited
|-substates of the sanmreby secondary ion- and electron-impact, and losses by fedtet
Auger break-up and parent radiative transition pathwayse gopulation equations for the
|-substates of a doubly-exciteeshell become

— (NS s+ Nar Y ) Noia

nl-1—-nl nl—-1—-nl

(Zef1)
+(Z Neqael)—mlf + Z Nzeffqnl—f:nl’
I'=l+1 I"=l+1
p-1 I1+1

* Z Z Apn|—>p1/<|’ + Z Apn|—>p1 nt | Npni

pi=1l'=
(e) (Zeff
- <Neqnl+1—>nl + NZeffan+1—>nI) NP ni+1
M I+l

Z Z qVK'HpmN + Z Ap1n|_>pn|Np1n| (44)

V=1 I’= pr=p+1

g° denotes resonance capture feeents. M denotes the number of parent metastables
which are the starting point for resonance capture wheRedsnotes the number of true
excited parent states. lon impact redistributive collisi@re fective and are represented
in the equations a% ion contributions. The density corrected bundg+ecombination
codficients are then
Sy o (Ne)
(d,IPIRDW) __(d.IPIRDW) _ V= nl

@y ns (Ne) @,y ns (Ne 0)Z| 5(/1—8)3(_?1:3)(Ne 0) (45)
Details are given irDR paper-I Figure 6 shows thefkects of redistribution of the doubly
excitedby factors in the recombination a4,

Autoionisation rate calculations in LS coupling excludeedkup of non-ground
metastable parent based ‘singly excited’ systems by sgngdn Such breakup only occurs
in intermediate coupling but cannot be ignored for a corpagulation assessment even in
light element ions. These rates are computed in separa&teniatiiate coupling dielectronic
calculations. These rates are main contributors to thenpanetastable cross-coupling
identified earlier (cf. theD*?[(2s2p? *P) °n] intermediate states in figure 4b leading back
to theO*3(2s?2p 2P) parent).

2.3.2. State-selective ionisatiorDirect ionisation cofficients for excited n-shells in bundle-
nS population modelling are evaluated in the exchange-dabksnpact parameter (ECIP)
approximation (Burgess and Summers, 1976). The methodhwhigrges a symmetrised
classical binary encounter model with an impact parametatainfor distant encounters is
relatively simple and of moderate precision, but has a detnaied consistency and reliability
for excited n-shells in comparison with more eleborate esh There is a higher precision
requirement for state selective ionisation from metastanld low levels. Such ionisation
includes direct and excitatigsutoionisation parts, but the latter only through true texti
parents. Stepwise ionisation is handled in the collisioadlative population models. There
are extensive ionisation cross-section measurementthdsgt are in general unresolved and
so are of value principally for renormalising of resolveedhetical methods. The most
powerful theoretical methods used for excitation, namem&rix with pseudostates (RMPS)
(Bartschat and Bray, 1996; Ballanetal, 2003) and convergent-close-coupling (CCC) (Bray
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and Stelbovics, 1993), have some capability for ionisattart at this stage are limited to
very few electron systems as is the time-dependent-clospliog (TDCC) (Pindzola and
Robicheaux, 1996; Colgeaet al , 2003) ionisation method. FGCR calculations, we have
relied on the procedures of Summers and Hooper (1983) fthalimind final state resolution
of total ionisation rate cdicients and on the distorted wave approximation. The destort
wave method is our main method for extendg@R studies for many elements and most
stages of ionisation. RMPS and TDCC studies are directedlynaisthe neutral and near
neutral systems where the distorted wave method is ledablel(Lochet al , 2005). We
use the configuration average distort€2ADW) wave approach of Pindzola, @&n and
Bottcher (1986). It has reasonable economy of computathilewllowing access to complex,
multi-electron ions, highly excited states, excitatartoionisation and radiation damping. It
expresses the configuration averaged excitation crosexsdor

(Nl )% (ol )% Ykl — (ngly)® (nal2) %kl ¢ (46)
as
Forcit = —2 (G + 1)(d + 3— o)
excit — Esif Q1 2 QZ

D (@i + 1)@ + DMy (47)

Il

and the configuration averaged ionisation cross-section fo

(Nl )%kl — (gl kel ekl ¢ (48)
as
_ 321
Tionis = W(ql + 1)
D@+ 1)@ + 1)@ + DMery (49)

li ,le,lf

whereMy;.4; are squared two-body Coulomb matrix elementsienotes the average cross-
section and, k; andke denote average initial, final and ejected electron momesiaactively

in the configuration average picture. The configuration ayerdirect ionisation cross-
sections and rate cficients may be unbundled back to resolved form using angatdorfs
obtained by Sampson and Zhang (1988). Note that the extitatiescribed here are to auto-
ionising levels and so resolved Auger yields may be usedwéie the same as those in the
dielectronic calculations of section 2.3.1 above. In fhetipbnisation cofficient calculation
results are structured and archived in ADAS (formdf23 in a manner very similar to state
selective dielectronic recombination. Extensive studiage been carried out on light and
heavy elements (Colgaet al, 2003; Lochet al, 2003).

3. Fundamental atomic data for low levels of ions

For bundlenS modelling, the expected fundamental data precisigni®% for excitation and
ionising collisional rate cdécients,< 10% for A-values and state selective recombination
codficients ands 1% for energies.

For low level modelling many sources are used. A rating iigiVor the classes
of fundamental data for the ions of carbon, oxygen and neotabie/ 4 which is based
on the following considerations. For energy levels, catiegoarea spectroscopich <
0.5% andc < 1.0%. Category is anticipated from ab initio multi-configuration structur
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Table 4. Fundamental data precision categorising for the ions ofazgrbxygen and neon.
The definition of the categories and justification of the gaties for N&® are given in the
text.

calculationsh from such calculations with extended optimising améflects direct inclusion
of experimental energies from reference sources. For Aeglcategories a < 5%, b

< 10% andc < 25%. Categoryc is anticipated from our baseline calculatiorsfrom
optimised multi-configuration structure calculations lwéxtended optimising and from
specific studies in the literature. For electron impact Mekwaveraged collision strengths,
T, the categories ara < 10%, b < 20% andc 5 35%. Categoryc is from our baseline
calculations,b from distorted wave calculations amdfrom specific R-matrix calculations,
equivalent methods or experiment. For radiative recontlminathe categories amie< 5%, b

< 10% andc < 50%. Categoryg is from scaled methods using hydrogenic matrix elemdnts,
from distorted wave one-electron wave functions in an oigh potential using spectroscopic
energies and from specific R-matrix calculations and experiment. Catedpas the baseline
in ADAS. For dielectronic recombination, the categories ars 20%, b < 30% andc <
45%. Categoryc is from BBGP approximationsh from LS-coupled calculations using
Autostructure from the DR Project ardfrom IC-coupled calculations using Autostructure
with parent and lowest resonance energy level adjustmentsthe DR Project. Categobyis
the baseline in ADAS. Itis to be noted that the theoretidaliee precision which is consistent
with the variation between the three categories is 15% bbttedielectronic recombination
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comparisons with experiment still show unexplained disareies at the 20% level so the
present categories are safe. For ionisation, the categama < 10%,b < 25% andc < 40%.
Categoryc is from ECIP approximationdy from configuration average with angular factor
term resolution ané from RMPS, TDCC calculations and experiment. Catedoiyg the
baseline in ADAS.

As indicated in sectioh 23, these various data are assdrblen adfO4file which is
suficient to support the primary low-level population calcidat The tabulations are at a set
of temperatures arising from a fixed set of z-scaled temperat(see sectidn 2.1.1) which
spans the full range to asymptotic regions of reaction d&allision data are converted
to these ranges using-plots (Burgess and Tully (1992) and this procedure also flags data
errors or queries. The precision of the specific ion file detees the achievable precision
of all derived populations, emissivities and collisionadliative coéficients (Whiteforcet al,
2005; O’'Mullaneet al, 2005). The assembling of data in théf04is systematic and orderly.
A comment section at the end of the file details the assemblysstimplementer, codes
used and dates. This includes baseline and supplemenfif¢mmmerging, LS compression,
dielectronic recombination data inclusion etc. Also thisrextended detail of orginal data
sources and a history of updates. A givedfO4 file represents a ‘snapshot’ of the state
of available knowledge at the time. It is subject to periodiciew and ADAS codes (see
section 5) are designed to enable easy reprocessing ofrekdelata following fundamental
data update. The grading for each ion given in table 4 isfjedtiand supported by the
comments from itsdfO4file. A summary from N&° is given in the following paragraphs
in illustration. For Né®, the low levels span 44 terms, including up to the= 5 shell
built on the parent £2s S andn = 3 shell built on the #2p !S. Only the ¥°2s 1S
parent is treated as a metastable from &@R point of view. The intermediate coupled
baseline data set mopmm#10-ic#ne6.datwith preferred supplementary energy A-value and
T data merged frorsopjl#be-igine6.dat lonisation potentials and energy levels are from the
NIST Standard Reference Database apart frp8p2S (Kelly, 1987) and p3d 3F levels by
(Ramsbottonet al, 1995). The categorisation & A-values were drawn from the Opacity
Project( Opacity Project Team, 1996; Tubly al, 1991 ) as justified (for N IV and O V) by
Wiese, Fuhr and Deters (1996) and suppgeéplisted bys 3% by Fleminget al (1996a,b),
Jonssonret al (1998), Froese Fischer, Godefeid and Olsen (1997), Froissbdf, Gaigalas
and Godefried(1997), Nussbaumer and Storey (1979), Sam@sxett and Clark (1984) and
Ramsbottornet al (1995). Category is safe. Y's are taken from Ramsbottoet al (1995).
These are for a 26 LS eigenstate multichannel R-matrix tation. The categories assigned
area andb. Radiative and dielectronic recombination and ionisaithfiollow the baselines
in ADAS, that is categorieb although the summed and averaged ionisation ratéici@at
(over metastables) is normalised to experiment.

4. lllustrative results

Figurd 7 show&&C coeficients for the C Il 858 A spectrum line. The d¢heients depend on
both electron temperature and electron density in genékatommon practice in spectral
analysis is to observe principally the strongest resondineeof an ion. Such emission
is driven largely from the ground state (figlre 7a) and bezafsthe large A-value, the
density sensitivity occurs at relatively high density. $hauch resonance line emission at
moderate to low densities mostly reflects temperature aadligtribution of the ionisation
stages. Comparison in near equilibrium ionisation balgrasmas of line ratios from the
same ion, by contrast, is mostly directed at electron dgmsit relies on the presence of
metastables and spin changing collisional processes tferctime sensitivity. As shown
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Figure 7. Excitation and recombination photon emissivity functiofi*,Cs, driven by the
ground metastables, are shown for the C Il 858 A spectrum lifiee codficients depend
on both electron temperature and electron density. € part decreases at high electron
density due principally to stepwise ionisation losses fritve upper level of the transition.
The behaviour of theréc) part shows both suppression of dielectronic recombinaséibn

moderate density and then enhancement due to three-body neetio at high density and
low temperature.
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earlier, the balance of the dominant ground and metastaplg ations is disturbed in dynamic
plasmas and so density sensitivity may be modified by thedijmatate. The distinction of
the metastable driveRE C in GER modelling, as illustrated in figure 7b, allows more complete
diagnostic study and the possibility of separation of the #fflects. In strongly recombining
plasmas (most commonly photo-ionised astrophysical @ayrthe direct contribution of
recombination to the emission may dominate the excitatam rheP&C9, as illustrated

in figure/7c, is then required. In the fusion context, multeral spectral observations are
important for the study of impurity transport especiallyaneources. Visible and quartz UV
observations are convenient and this places a requirerne®é&Cs from higher quantum
shells. It is this primarily which defines the span of taw-levelsfor population modelling.
Emission from highen-shells is significantly fiected by cascading from yet higher levels.
The full machinery of projection as described in secfion i.hecessary for our global
ambition of 20% precision for emissivity cieients.

Figure[8 illustrates the5CR recombination co@cients. At low electron density,
radiative and dielectronic recombination dominate. Fatee from metastables, alternate
Auger branching can largely suppress the dielectronic gfattie surfaces. Thus figure 8a
shows the characteristic exponential rise at the temperédu excitation of the main parent
(core) transition of dielectronic recombination and thiee subsequent fallfb(as ~ Te‘3/2),
in contrast witH 8c. At moderate densities, suppressiorheftigh n-shell populations,
principally populated by dielectronic recombination,ahgh re-ionisation occurs and the
codficient falls in the dielectronic recombination region. Atwéigh density, three-body
recombination becomedfective, preferentially beginning at the lower electron pematures.

It is evident that recombination is lesffextive from the metastable at relevant ionisation
balance temperatures. Models which ignore the role of cagtom the metastable parent
(which may be the dominant population) can lead to substhetrors in recombination
codficients, while simply excluding all capture from the methitacannot deliver the
precision sought for current modelling. For light eleméntastrophysical plasmas, the zero-
density coronal assumption for the recombinationfiécient is still frequently made. This
cannot be justified even at solar coronal densities.

Figure[9 illustrates the5CR ionisation coéicients. At low electron density, the
codficient is dominated by direct ionisation, including exddafauto-ionisation, from the
driving metastable. Relatively high electron densities sequired before the stepwise
contribution begins. It is primarily the excitation to, athen further excitation and ionisation
from, the first excited levels which controls this. The grduand metastable resolved
codficients both show the same broad behaviour as the usual (stagtage) collisonal-
radiative cofficient, tending to a finite limit at very high density. It is te noted that the
XCD codficients are required to be able to construct a meaningfuédtagtage collisional-
radiative ionisation cad@icient from the generalised progenitors. It remains the tizemost
plasma modelling (certainly in the fusion area) is not aididso the use of the generalised
codficients as source terms. Reconstruction of stage to stageestsums (at the price of a
reduction in modelling accuracy) from the generaliseditdents is still is a requirement and
is addressed more fully in section 5.

The generalised ciécients may be used to establish the equilibrium ionisataarce
for an element in which the dominant ground and metastahpelptions are distinguished,
that is the fractional abundances

N2
(W):azl,m,Mz;z:O,---,zo (50)
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Figure 9. Generalised collisional-radiative ionisation éiteients for 0% + e -» O** + e+ e
(a) SCD(2s22p 2P — 22 1S) (b) SCD(2522p 2P — 252p°P)

whereM; is the number of metastables for ionisation staged

ot _ NN - - 4
Nl = ) NI = N[Z (51)

in equilibrium. Writing N for the vector of populationsll?, the equilibrium population
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fractions are obtained from solution of the matrix equagion

G[0,0] Ne :R[l—>0] 0 N[O]
NSO~ elid] N RI2-1 NIz
0 Ne§[la2] Q[Z,Z] N[Z] =0. (52)
0 0 Nes2 3! NG

equil
These in turn may be combined with tB& T and PRB to obtain the equilibrium radiated
power loss function for the element as

%
N[&
[tof] _ (4
piot — ZPZ (N[tot]) equil

z=0

_ Z Z(?L:Hz + PRBE) ( N[wﬂ) " (53)

z=0 0=0

The equilibrium fractional abundances and equilibriumatetl power function are illustrated
in figure[10. It is useful at this point to draw attention to esidn functions which combine
emission cofficients with equilibrium fractional abundances. They armcwnly used in
differential emission measure analysis of the solar atmosphereafameet al , 2002)
where they are calle@®(Te) functions. In solar astrophysics, it is assumed thatGKE)
are functions of the single paramef&r(either from a zero-density coronal approximation or
by specification at fixed density or pressure) and usuallpathmdance of hydrogen relative to
electrondNy /N is incorporated in the definition. For finite density plaspiashe generalised
collisonal-radiative picture, we defirgIN functions, parameterised Ay andN, as

[Z(exq
J—>k Z TSGJ j—k [ N[tot] Je il

E [Z(rec) [Z+l]
Z)(rec
+ 'PEGV J—>k( Nltot] ] . (54)
equil

These are strongly peaked functionsTin The precision of the present modelling and data,
including the full density dependence, is in principléfient to allow bivariate dferential
emission measure analysis (Judgel, 1997) although this remains to be carried out. The
general behaviour of @TN function is illustrated in figure 10c.

5. Computations and archiving derived data for applicatiors

The organisation of the main calculations and data flow isvshin figure 11. The calculations
executed for the paper have been implemented in generabgriqpdes and attention has
been given to the precise specification of all data sets amdntchinery for accessing and
manipulating them. This includes initial data, interméeliand driver data as well as the final
GCR products and follows ADAS Project practice. Populatiomatnre modelling requires
an initial input dataset of energy levels, transition piuliées and collisional rates of ADAS
data formatadf04 which is complete for an appropriate designated set of laglée For
the light elements, best available data were assembledexifitst as described in section 3.
These data are substitutes for more moderate quality, baplete, baselinedata prepared
automatically (se&CR - paper ll). TheadfO4files are required for LS-terms. In practice,
we find it most suitable to prepare the data for LSJ levels had bundle back to terms. For
GCR modelling, state selective recombination and ionisatiogficients must be added to
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Figure 11. Schematic of computational steps in production of genechtisdlisonal-radiative
data. Data sets are shown by circular outline and programegits by rectangles. The key
members have been incorporated and assigned names in the ABte&sy

form the fully specifiedadfO4file. The LS-coupled dielectronic cficients are mapped in
from very large comprehensive tabulations of data forat09 prepared as part of tHeR
Project(Badnellet al ,2003). The resultingdfO4files are the ADAS preferred data sets and
are available for elements helium to neon.

The two population codes, called ADAS204 and ADAS208, waoidgether. ADAS204
is the bundleaS model. Data on the metastable parent structure, quantuectdefauto-
ionisation thresholds and autoionsation rates are redjuirkese data may be extracted from
theadfO4files and it has been helpful to make the driver dataset pagiparautomatic. High
quality shell selective dielectronic data are essentidl this is part of the provision in the
adf09 files described in the previous paragraph. ADAS204 provi@aplete population
solutions, but extracts from these solutions the condeirgkence on the low n-shells, as
projection matricesfor connection with the calculations of ADAS208. It is to hated that
the main on-going development is refinement of atomic dolisates between the key low
levels. The projection matrices are not subject to frequeahge and so are suitable for long-
term archiving &df17). ADAS208 is the low-level resolved population model whiivers
the final data for application. It draws its key data from tb#yfconfiguredadfO4file and
supplements these with projection data. The evaluationeopbpulation structure takes place
at an extended set afscaled electron temperatures and densities (see ségtiand2this
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means that the resultirgCR codficient data are suited to interpolation along iso-electroni
sequences. Thus the initial tabulationG#R codficients is in iso-electronic datasets. It is
convenient to implement the gathering and mapping fromeisetronic to iso-nuclear in a
separate step, which also supports the merging back to tiesalwed stage-to-stage picture
if required. The production dPEC andSX3B codficients is directly to iso-nuclear oriented
collections. The number dPECs from the population calculations can, in principle, beyver
large. We restrict these by a threshold magnitude and tapkat important spectral regions.
It is straightforward to rerun ADAS208 to gener&t&C or SXB codficients alone in spectral
intervals of one’s choice. The separation of the ADAS204 ADAS208 tasks and the ease
of modifying data within aradfO4file means that ‘what-if’ studies on the sensitivity of the
derived data to fundamental data uncertainly can readilsiezhout. Special ADAS codes
enable detailed study of cumulative error and dominating@s of uncertainty such that
error surfaces, for example forEC as a function of electron temperature and density, may
be generated. Such error (uncertainty) analysis for thieatederived cofficients and its
utilisation in the confrontation with diagnostic experimi® is the subject of a separate work
(see O’'Mullaneet al, 2005).

6. Conclusions

The requirements for precise modelling of spectral emissind the relating of ionisation
stages in thermal plasmas have been considered. Collisitiative methodologies have
been developed and extended to enable the full role of nadéilastto be realised, so that
this generalised9CR) picture applies to most dynamically evolving plasmas odag in
magnetic confinement fusion and astrophysics.

The procedures are valid up to high densities. The studesepted in the paper explore
the density &ects in detail within th&CR picture and show that the density dependencies of
excited ion populations and offective rate cofficients cannot be ignored.

Specific results are presented for light elements up to nednttee computations are
carried out in an atomic basis of terms (LS-coupled). SucHetlimg will remain suficient
up to about the element argon, beyond which a level basisrfimgdiate coupling) becomes
necessary. Heavier elements will be examined in furtheesapf this series.

Considerable attention has been given to the generatiorassembly of high quality
fundamental data in support of t§€R modelling. Also datasets of fundamental and derived
data have been specified precisely and codes have beensagdoliowing the principles of
the ADAS Project. The product of the study is the preferreddSlata for the light element
ions at this time.
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