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1. INTRODUCTION
This paper is the second in a series of papers describing

computational procedures for the analvsis of atomic spectra from
laboratory fusion plasmaé. In the first paper of the series
(Gordon, Summers and Tully, 1982), known as paper I, techniques
were described for calculating spectral emission, ion populations
and ionization stage abundances for impurities in thermal
plasmas. These were developed into a collection of computer
codes known as COPASE which could be applied to a wide range of
physical conditions in both equilibrium and non-equilibrium

plasmas.

A necessary preliminary to the application of these codes to the
details of the emission of a particular impurity is the
preparation of a suitable set of basic collision excitation
coefficients, spontaneous emission coefficients and energy levels
for that ion. The completeness and precision of the predictions
depends absolutely on the quality of this fundamental data.

A number of problems arise in the creation of such a data
collection. Firstly we have special interest in application to
thermonuclear plasmas, such as the investigation .of impurity
spectral emission from large tokamak devices such as DITE and
JET. The range of impurity elements and their respective ions
which can occur is large. Besides including common low
Z-elements such as carbon and oxygen, many metals from the first
and second long periods are also important. By comparison the
number of ions for which atomic data (both experimental and
theoretical) of sufficient accuracy is available, is much smaller
and is sparsely distributed throughout the literature. Secondly,
the full data of reaction matrices etc resulting from each
detailed cross-section calculation which is required for the full
description of the cross section and its resonance structure is
over complex for our present purposes. For thermal plasmas it is
usually the Maxwellian integrated rate coefficient which matters.
Finally, for population calculation, a complete or fairly
complete set of transition rates amongst the various levels is
usually required. This raises questions of consistency of data
from mixed sources and of having available 51mp1e approximations

to fill in gaps in higher accuracy data.

-]=-



In the light of these comments, we have adopted two approaches,
namely
(a) the collection of data of the best available quality
for specific ions of special importance;
(b) the assembly of interpolable data for whole
isoelectronic sequences from which values for a specific
member can be derived rapidly but with some reduction in

precision compared with the data derived from (a).

It is the contention of this paper that such 'general z' data, as
described in (b), can be prepared and that with care in the
organisation and interpolation any resulting loss of accuracy of
the data can be minimised. 1In the present paper data has been
compiled for the H-I, He-I, Li-I, Be-I and Na-I isoelectronic
sequences, however the overall structure of the suite of programs
is such that it can be employed for any isoelectronic sequence
where suitable data is available. The assembly of data, its
upgrading and revision will be continuing tasks as new data

becomes available.

The computer codes which are used to assemble and organise the
data feature graphical display and interactive computer dialogue
which allow both verification of raw data and optimising
interpolation, extrapolation and quadratures over the data. They
have proved useful in their own right for atomic data
manipulation and have been combined into a comprehensive data

handling computer package.

In section 2, the broad behaviour of the various atomic
coefficients required for the data base are described. 1In

section 3, the numerical techniques used to represent the data and
extend it in parameter space are summarised. The detailed
description is given in appendix A. The computer programs are
described in section 4. 1In section 5 the sources of data
currently employed and the present state of the data collection
are described. Finally, in section 6, some case studies are
presented which are of particular interest to interpreting

impurity spectral emission from tokamak devices.



2, THE BEHAVIOUR OF ATOMIC RATES

Data tabulated in the literature is given in a large variety of
approximations and forms and therefore inevitably for a given ion
under study, it is often the case that it is the one for which

the atomic data is incomplete, or presented for a range of
energies out with the range of current interest, or requires
conversion. It is therefore helpful to develop techniques to
allow interpolation and in some cases extrapolation of atomic
data along a given isoelectronic sequence where the data for some
of the members is available. To achieve this while keeping any
loss of accuracy to a minimum, it is necessary to be aware of the
broad theoretical form of the relevant coefficients and
especially of their asymptotic behaviour.

To this end, we now review the dominant behaviour of transition

energies, A-values and collision cross-sections.

2.1 Transition Energies
Transition energies are required for the COPASE suite of programs

for the evaluation of transition rates in the rate equations for
the populations of ionic levels. In this case spectroscopic
accuracy is not required, as would be essential in the case of

line identification studies.

The present study spans from low charge states for which the
energies are dominated by the correlation terms of the
Hamiltonian to highly charged states for which relativistic

effects are prominent.

For an ion of charge z, the ionization potential Ii with the ion
in level of principal quantum number n, can be expanded as
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Likewise, for an ion of charge z, the transition energy AEij

between levels of principal quantum number n. and nj can be

expanded as
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We use the following notation conventions: =z is the ion charge,
Z, the nuclear charge and z; = z+tl. a, and b0 are the
coefficients of the leading terms of the correlation and

relativistic corrections respectively.

2.2 A-Values

An important aspect of the study of the atomic physics of plasmas
is the exploitation of the sensitivity of metastable level
populations to plasma conditions. Therefore, as well as being
concerned with the emission of resonance lines with electric
dipole A-values, we cannot ignore the importance of the weak
radiative decay of metastables associated variously with A-values
for non-dipole, LS breakdown, two photon decay, etc. The
A-values vary smoothly with ion charge, or effective ion charge
and behave asymptotically as some power of the charge
characteristic of the particular type of radiative transition.

A-values are also sensitive to the transition energy.

For electric dipole transitions the alternative forms of

absorption oscillator strengths, fi , and line strengths, S

*] ij’

are also used and may exhibit simpler behaviour with z than the
A-values. In the present work only A-values are employed in the
final data collection. We have the following relations
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The w; and w. are statistical weights. Other notation is

conventional.
Generally we can write

A = aozlo +  is (4)



where ag and bo are only weakly dependent on zq along an
isoelectronic sequence and are characteristic of the particular
type of transition. Note however that the effective power bO can
change significantly on moving from correlation to relativistic

dominated atomic structure regions.

2.3 Electron Collisional Cross-Sections and Rates
As described in Paper I, the COPASE suite of programs calculate
directly proton induced collision rates for quadrupole

transitions between nearly degenerate fine structure levels.
These are only ones for which proton collisions are important
(ignoring highly excited states involved in recombination and
cascade events). For all other transitions the electron
collision rates are much more important than the proton rates.

- It is the assembly of the electron collision rates which we are

concerned with here.

For our'general z data compilation, we have chosen to express all
collisional data in terms of the collisional rate parameter, vy,
specified at a standard set of reduced electron temperatures. We
define the reduced temperature L in terms of the electron

temperature as

e
e '—-2* (5)
1

It is evident in practice that a fixed set of reduced
temperatures can be chosen which spans all relevant actual
electron temperatures for ions along an isoelectronic sequence.
For a specified transition, y varies smoothly with zy along an
isoelectronic sequence at fixed reduced temperature I and at
fixed zq it varies smoothly with 0+

Collision cross-section data is provided in published works in
various equivalent forms, namely excitation cross-sections, Q
( with I, > I, where the I's are ionisation potentials),

collision strengths, Qij’

1%]

de-excitation cross-sections, Qj+i’
z-scaled collision strengths, zzﬂij and effective Gaunt factors,
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éij’ as tabulated functions of colliding electron energy in
various forms, namely, energy with ion in initial state, Ei’
initial wave number, ki, energy with ion in final state,.Ej,
.final wave number, kj, parameter, X, and threshold parameter, e.
If the transition energy is AEij’ I the ionisation energy of

hydrogen in its ground state and a, the Bohr radius, then we have

‘the following relations

1] i J i j
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Q, X and ¢ are dimensionless quantities and g is symmetrical
between initial and final states. Zoff is an effective ion
charge chosen to give good correspondence with best results. We
have chosen § and X as the most convenient for tabulation of
collision cross-section data. @ is a smooth, slowly varying
function of X except in the vicinity of resonances where it
changes rapidly. The detailed variation due to resonances 1s not
of importance here, since we are only concerned with averages
over free electron distributions close to Maxwellian. Usually
collision strengths averaged over energy intervals much greater
than the resonance widths are available from the source papers.
We shall use @ for this average without distinction.



Collisional rate data is also provided in several equivalent

forms, namely excitation rates q. de-excitation rates a;

>i?
the rate parameter, Vi the Maxéeil averaged scaled collision
strength, <z29i.> and the 'P-factor', Pij introduced by Van
Regemorter (1962). All these forms denote integrals over
Maxwellian free electron distributions and are tabulated as

AEij/kTe or some composite of them. The

+q?

functions of Te’ ee,

following relations hold
W, ' i 1/2

= _1 e G el I
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Yy and (z2Q) are dimensionless and symmetrical between initial and
final states. We have chosen y and Oe as most convenient for

tabulation of general z rate data.

2.3.1 Asymptotics and Approximate Forms

Three types of collisional transition are distinguished here,
namely dipole allowed, non-dipole and spin change. These are not
mutually exclusive types and transitions with intermediate

character do occur. The extreme behaviours are as follows:

(i) dipole lim @ ~» cq @ v 4/3 SlogX
X+1 X+
(ii) non-dipole lim @ ~» cq & oy (9)
X+1 X
(iii) spin change lim @ - cq X2Q n Cy
X+1 Xre

cq and Cy are constants, and S is the line strength.
It is found that fairly good representation of the collision
strengths over their whole energy can be obtained by simple

modification of the asymptotic forms, namely:
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(1) Q F3Slog(X + Fy)
(i1) Q - Fy (10)
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where F, and F, are constants to be determined by fitting to
source data. These approximate forms have been identified by a

number of other authors.

Integrating these approximate forms over a Maxwellian electron
distribution, the equivalent expressions for the corresponding

rate parameters, Yy, are obtained, namely:

(N4

(1) Y F3S[log(1 + F2) + EEI((1 + F2)AE/kTe)]

e

F (11)

(1i) v 3

(1i1) v ¥ F3CE/RT) gRa((1 + Fy)AE/KT)
1+F,
where EEI(x) = exp(x)El(x) and EE2(x) = exp(x)Ez(x) with Eq and
“E, the first and second exponential integrals.

Note that further terms in the asymptotic series could be given
and more elaborate approximate forms deduced from them. We have
chosen here the simplest useful forms. They are used in the next
section as an aid to interpolation and extrapolation of

cross-section and rate data.

3. INTERPOLATION AND INTEGRATING PROCEDURES

Numerical procedures are used for interpolation and extrapolation

of ionisation potentials and transition energies with respect to
Zq; A's with respect to zy; Q's with respect to X; y's with
respect to © and z;. Also numerical quadrature procedures
perform conversion of @'s to y's. Our work is based on the use

of cubic splines for interpolation. The advantages are the



generally stable and convincing trajectory of the spline in
interpolation and the latitude for choice in end conditions which
allows smooth extrapolation into specified asymptotic behaviour.

Our general strategy has been to convert the input data value
‘pairs to 'reduced' values such that the reduced dependent
variable is as nearly constant as possible over the whole
independent variable range and is asymptotically constant. Also
the reduced independent variable is chosen, if possible, to '
convert the infinite theoretical source ranges to convenient
finite ranges. For interpolation in z, the above requirements
are met by z-scaling of the dependent values, with the reduced
independent variable usually taken as l/zl. z, itself is
sometimes convenient inspite of its infinite range. For
interpolation of cross-section data with energy, the source data
is first used to generate an approximate form .based on equations
(10), if possible. The difference or ratio of the source and

approximate values provides suitable reduced values.

With regularly spaced nodal values and pure transition types,
spline interpolation is very reliable, but frequently the data is
very sparse, of mixed character or badly distributed. Then it is
much less clear what accuracy expectations can be placed on
interpolated and extrapolated values. It is often necessary to
'experiment' with the fitting. We have found it useful to have a
4th fype of transition (used when the primary transition type is
unclear) (cf.equation (10)) which simply converts to logarithmic
reduced values. For collision strength interpolation in energy,
an approximate form based on two input values sometimes cannot be
obtained. We have also available forms based on one input value.
For the dipole case, this one point form forces the exact
asymotopic behaviour (equation (9i)). Where data is badly
distributed the spline may be too flexible and it is safest to
revert to simple linear interpolation. Alternatively, some
improvement can be effected by rescaling of the independent
spline variable. Finally, collision data for transitions of
mixed type can often be interpolated successfully in two stages
by first subtracting the approximate form obtained by treating
the transition as one type and interpolating the remainder as a
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transition of the other type. We have found our use of graphic
display and interactive computing helpful in the above

manipulations. The details of the interpolations are in

appendix A.

4, THE COMPUTER PROGRAMS

There are six Fortran program units as follows:

(L) QQPROG interpolates and extrapolates tabular excitation
cross-section data to differant energies;

(2) QRPROG integrates over tabular cross-section data to
provide Maxwell averaged rates;

(3) RRPROG interpolates and extrapolates tabular excitation
rate data to different temperatures;

(4) EAPROG interpolates and extrapolates tabular energy
and A value data to different z's;

£3) IPPROG generates impact parameter approximation

excitation rates at selected temperatures;
(6) GZPROG generates a COPASE compatible specific ion atomic
rate data set from a 'general z' data file.

All these programs are written in Fortran and are designed for
interactive execution from a graphic terminal. Graphic plotting
is done through calls to the GINOF or GHOST subroutine libraries.
The organisation of programs (1) to (5) are similar and require
prompted console input as follows:
(a) Transition title information, ion charges Zyr Z and
Zoffo principal quantum numbers, energies and statistical

weights of initial and final states.

(b) Source tabular data values. The various equivalent
forms of the input data, described in section 2.3 are
allowed and immediate conversion is made to our standard

forms.

(c) Selection of independent variable values at which
output results are required. Various output forms are

allowed.

-10-



During execution, graphical display of both source and output
data values is selectable under program prompt. This allows
visual verification of data and of successful interpolation.
Also, under program prompt, choices are offered for altering
interpolation and display formats and for selecting different
6utput values. Finally, result listing and graph hard copy can
also be obtained. These five routines operate independently and
require no additional input data files from disc or tape. They
make use of a library of subroutines for spline interpolation,

approximate form fitting and graphic output.

These programs have been used to produce 'general z data files'.
Each such file is for a particular isoelectronic sequence over a
range of ion charge and usually based on specific theoretical

- approximations. It contains atomic data for each transition for
a representative set of z's (or ions) stored in a form suitable
for easy interpolation to any ion in the range. For the
represehtative ions, energy levels, transition energies and A
values are stored directly. Collision data is stored for each
representative ion as Y's at a standard set of reduced
temperatures. Each stored transition has an associated parameter
line. These parameters are preset to allow best interpolation in
general. There is at least one such general z datafile for each
isoelectronic sequence and there may be several corresponding to
different approximations and ranges of z spanned by the
representative data. We have used partitioned data set
organisation to store the separate members under an isoelectronic
sequence group name such as HELIKE.DATA. Thus the general z data
file for He-like ions containing primarily the data of Pradhan,
et al.(1981) is HELIKE.DATA(PNH1981). Each sequence partitioned
data set may also contain members with specific ion data. This
is necessary for few times ionised ions where interpolation based

on z-scaling is poor.

Program (6), in addition to console input, requires a general z
data file entered on Fortran stream 7. As for programs (1) to
(5), program (6) initially prompts for the nuclear charge, ion
charge and effective ion charge of the ion for which data is
required. Also a set of output temperatures (or reduced
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temperatures) are sought. Thereafter the program works
successively through each transition stored in the general z
file, computing for the given ion, the transition energy, A value
and y values at the output temperatures. As mentioned in the
previous paragraph, each transition has an associated parameter
line. These parameters are chosen for best interpolation in
general (see section 3), but improvement is possible in certain
cases. For this reason, the option can be selected to use the
preset parameters or to search for the best parameters and hence
interpolation under interactive dialogue using the display
facilities. Operation in this latter circumstance is similar to
that of programs (3) and (4). Program (6) can produce an output
data file of the assembled energy. A value and rate parameter
results for the requested ion and temperatures in the form
required for re-entry to the COPASE package described in paper I.

B SOURCES OF ATOMIC DATA
The programs described in the previous section have been used to

prepare atomic data for population calculations for a number of
specific ions. However the particular concern has been to
prepare general z data files for a number of the principal
sequences of interest to fusion. At present data in the H-I,
He-I, Li-I, Be-I and Na-I sequences have been assembled. It must
be stressed that this is not an exhaustive compilation of all
results on these sequences. Rather, the principal theoretical
calculations expected to have reasonable accuracy have been
sought. For most of the sequences, it has been possible to
assemble general z data files in more than one approximation.
This has proved most useful for making realistic accuracy
assessments and for investigating the consequences of basic data
variation for predicted populations and emissivities. In the
following subsections, sources used for the various sequences are
described. Note that although transition energies, A-values and
Y's are treated as separately compiled quantities in the data-
files, in the actual generation of y's from cross-section data,
A-values and energies consistent with the original collision

calculations involved were used.
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5.1 Hydrogen-like Data
Only transitions between terms of different principal quantum
shells are considered. The exact non-relativistic theoretical

z-scaling with the nuclear charge has been used to obtain
transition energies and electric dipole A-values for low and
medium z ions from the hydrogen values. Term energies with
relativistic corrections have been calculated for higher z ions
(Fe*25 and Mo'%1!) using the SUPERSTRUCTURE code. (Eissner et
al.1974). Transition probabilities for hydrogen were taken from
Corney (1979). Only electric dipole transition probabilities
were included except for the ls-2s two-photon decay and magnetic
dipole decay. The A value for the former scales as 215 and the
latter as 2110. The composite A value of Parpia and Johnson
(1982) has been adopted here.

- The partitioned data set of general data files for the H-I
sequence is called HLIKE.DATA with the following members
(a) SGC1983;
(b) HS1977;
(c) HS1978;
and a specific ion member for hydrogen
(d) CMCD83H.

(a) SGC1983 contains collision data in the infinite z Coulomb
Born approxmation of Sampson et al. (1983). This latter work is
an extension of the tables of z-scaled collision strengths (z2gq)
of Golden and Sampson (1978) to higher X values and to some
further higher angular momentum transitions. The variation
between the two calculations is small (<2%). Results are
available for 1ls-ng (2= n < 5, & i 4) 2s-ng (3 E: n & 5, & < 4)
and 2p-ng (3 Sy 5, & % 2). The appropriate Zogg 1s Zy, the
nuclear charge (cf equation (7) and Golden and Samﬂson (1977) ).
The y's scale exactly with zl_z, in this case (by definition)
apart from very small variations at high z due to relativistic
transition energy variation. We have simply put this data into
our general z structure by storing the data for a set of ions of
the sequence, viz, C+5, 0+7, Si+11, Ar+17, Fe'2s and Mo+”1.

(b) HS1977 This is a small data file containing only the 1ls-2s
and 1ls-2p transitions for He+, Li+2, c*s and Ne™® from the close
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coupling calculations of Hayes and Seaton (1977). Collision
strengths were provided in this latter paper for 1 < X 5 4 and we
have converted them to y's at the standard reduced temperature
set. These results do not include resonances. Hayes and Seaton
(1978) indicate that the resonances converging on the n=3 level
increase the collision strength of the ls-2s transition by 20%
and the ls-2p transition by 107 between the n=2 and 3 thresholds.
A rough assessment of this is contained in the following data
file.

(e HS1978 is as HS1977, but with the 1ls-2s collision strength
increased by 207 between excitation and ionization threshold and

the 1s-2p collision strength by 107 similarly.

(d) CMCD83 1is a specific data set for neutral hydrogen. It was
produced directly from the recommended collision strengths of
Callaway and McDowell (1983) and includes the ls-2s, ls-2p,
1s-3s, ls-3p, 1ls-3d transitions.

5.2 Helium-1like Data
Transitions between resolved fine structure levels are of

interest here and especially the detailed decays of the 1s2y
levels at high z. Energy level data for the helium sequence is
available from a number of sources. Of note are theoretical data
from Sampson and Clark (1980) associated with their infinite z
Coulomb-Born calculations, from Padhan (1983) based on the
SUPERSTRUCTURE code, from Ermolaev and Jones (1974) and from the
high precision multiconfiguration Dirac-Fock calculations of Hata
and Grant (1983). We carried out calculation some time ago for a
number of helium-like ions conveniently spaced in charge for
interpolation purposes. It has been informative to compare these
older results with the newer calculations. Agreement is very
-good in general with typically 0.17 variation between the various
sources, with the exception of the well recognised weakness of
some of the calculations in obtaining the correct ordering of the
23PO, 23Pl and 2180 levels along the isoelectronic sequence.

This difficulty arises in the vicinity of z=14. This is of
little importance for the calculation of level populations and
our SUPERSTRUCTURE calculations were adopted in the present
study.
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For He-like ions the 1823180 and 1323381 levels are metastable.
Additionally at higher z, the decay of the ls2p3PL2 levels to
the ground level 182180 matter. The 1325180 - 15218O decay is
predominantly two photon with the A value varying as zle. The
1828351—152180 decay is through a relativistic magnetic dipole
transition, A ~ z;10. The 1s2p3P_ - 132180 decay is strictly
forbidden. The 132p3P1 - 132150 occurs through breakdown of LS
coupling which allows a weak (but strongly z dependent) eleetric
dipole decay, A ~ zla. 'The 132p3P2 . 15218Q decay is magnetic
quadrupole with A m.zl3. The results of Lin et al.(1977) have
been used for all these with interpolation and extrapolation
where necessary using program EAPROG (see section 4). All other
important transitions are electric dipole type, however for decay
within the 1s2! complexes it should be noted that the behaviour

- of the A value with z can be substantially different from z“.

For example, the 152p3P0,1 - 1s2s38, A values are nearly linear
"in zy. We have used a combination of results of Lin et al.(1977)
and our own calculations for the electric dipole decays.

The partitioned data set of general z files for the He-TI sequence
is called HELIKE.DATA with the following members

(a) KT1983
(b) PNH1981
(c) PRAD1983
(d) SPC1978
(e) SC1980

(a) KT1983 This is a small data file containing the collision
data of Tayal and Kingston (1984) and Kingston and Tayal (1983).
There are close coupling calculations with inclusion of resonance
contributions, for the transitions 1s21S - 1s2s3S and 1s21S -
1s2p3P. Fine structure is not resolved. The calculations are

available for zq = g5 by Ll
(b) PNH1981 These are the extensive distorted wave

calculations of Pradhan et al.(1981). They extend up to high z
(z1 5725) and include all transitions between terms in the 1ls2
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and 1s22 complexes. The calculations are in LS coupling.
Resonance contributions are included although it is to be noted
that the radiative branching of the resonant states at high z is
not included. The resonant enhancements in this work at high z

are very large.

(c) PRAD1983 These are the intermediate coupling distorted
wave calculations of Pradhan (1983a) for some high z ions.
(Fe+2“, Se+32, and MoT40) for an extensive set of transitions
from n=1 -2, 3 and from n=2 -2, 3 fine structure levels. These.
calculations do not incorporate resonances. Our datafile
contains the n=1 -2 transitions only. Pradhan (1983b) assesses
the enhancement of these results by resonances and, in turm, the
reduction of the resonant enhancement through radiative branching
(c.f dielectronic recombination). Insufficient results are given
for preparation of a full datafile, however it is evident that
the radiative branching does reduce the resonant enhancement at
high z substantially. The enhancements in Pradhan et al.(1981)

are much too large.

(d) SC1980 This comprises the calculations of Sampson and
Clark (1980) for transitions within the ls2% complexes. These
are based on the authors' infinite z Coulomb-Born techniques but
are in intermediate coupling. Fine structure resolved data is
given for all the possible transitions for a wide range of z's.
Our datafile has been assembled with representative ions between
z1=5 and zl=41. The collision strength data in this case is
tabulated as a function of K22, which leads to bad data
distribution in the region near threshold at high z. We have
used the bad data option in our codes in these cases. This
region of uncertainty is not of great physical importance under

normal excitation conditions.

(e) SPC1978 This comprises the calculations of Sampson et
al.(1978) for transitions with An#o based again upon their
infinite z Coulomb-Born techniques. The results are in
intermediatie coupling, giving fine structure resolved transition
data. The data includes zl=13, 25, 41. The values at the lowest

z) where j1termediate coupling is small are close to the
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'no mixing' values. The no mixing values can be extended to
lower z, using the standard prescriptions for the method. We
have produced a general z datafile on that basis, spanning the
range z;=5 to z;=41 as for SC1980. The two files SPC1978 and
SC1980 provide an extensive compilation of Coulomb-Born data.

Did Lithium-Like ITons

Transitions between terms are of most importance here. The
lithium-like system is well known and available data is of good
quality. There are no metastable levels and only electric dipole
transitions matter. We have taken transition energies from
Baskin and Stoner (1975) supplemented with our own SUPERSTRUCTURE
calculations for Fe'23 and MoT39. A-values are taken from the
critical compilations of Martin and Weise (1976) which spans from
Lit0 to Nit25. oOmitted transitions for Fe 23 and Mo'39 are
obtained from our own.calculations. It should be noted that fine
structure separation of the levels is occurring for zq 2 23 with
associated changes in the simple low z component f-value ratios.

The partitioned data set of general z files for the Li-I sequence
is called LILIKE.DATA with the following members:

(a) CMCW1983
(b) GCS1981

(a) CMCW1983 This is based on the study of Li-like ion
collision cross-sections by Cochrane and McWhirter (1983). This
is a fairly complete study which has assessed best available data
and especially close coupling calculations. Cochrane & McWhirter
have a similar approach to our own in seeking the trends of
collision rate data with z. However, their results are provided
as ad hoc empirical fits for the fP factor (equation 81)
(so-called gf by the authors). We have converted this data to
our standard forms of y's at our standard reduced temperatures.

The general z file spans from z,=12 to zl=40.

(b) GCS1981 These are the infinite z Coulomb-Born calculation
of Golden et al.(1981). The required Zoff for the Li-like
sequence transitions is given by Golden and Sampson (1977). It
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has been informative to contrast some of the transitions in
GCS1981 with the data of CMCW1983. The Coulomb-Born data often
gives a very good representation of the latter values but with
different Zofge For example, for Fe'23 the 2s-3d transition
required zeff=25‘5 whereas the 2s-3p transition gave agreement to
within a few per cent with Zeff=26 the nuclear charge. The
general z file spans from z1=h to zl=40._

5.4 Befyllium-Like Ions

The beryllium-like sequence has been extensively studied,
especially for the lower z members of the sequence. There are
substantial calculations of energy levels, transition
probabilities and collision data. Fine structure resolution of
the terms is of interest here. The 2s2p3P level is metastable
and the 2s3p3P level relatively long-lived. We have concentrated
on two separate regions, namely 11 t zq £ 39 and 3 % zq < 9: and
on transitions within the n=2 complexes. For the former we have
chosen representative ions Si+1°, Ar+1”, Fet22 and Mo'38. Energy
levels for Si+1°, ArT1% and Fe'22 were taken from Edlen (1979)
and for Mo+38 from Nussbaumer and Storey (197%9a). For the second
T4 NeT6 and

sk s : i
Si'10, Transition energies are taken from Baskin and Stoner

< . +
range, we have chosen representative ions C 2, O

(1975) and transition probabilities from Nussbaumer and Storey
(1978, 1979a, b) and from Muhlethaler and Nussbaumer (1976).

The partitioned dataset of general z files for the Be-I sequence
is called BELIKE.DATA with the following members:

(a) CSP1980
(b) BBDK1984
and an ion specific member for ot

(e) - D19780

(a) CSP1980 This is the data of Clark et al.(1980) and Sampson
et al.(1980) and is fine structure resolved intermediate coupling
data based on the authors' infinite z Coulomb-Born techﬁiques.

The general z file spans l].S Zq B 39 and for all transitions with

An=0 and n=2.
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(b) BBDK1984 Consists of the close coupling calculations of
Berrington et al.(1984). The collision rates are based on the
extension of their older collision sfrength data to higher
energies with an expected improvement in the rates.

‘Data is available for C+2, 0+“, Ne'®6 and Si™10 and has simply
been converted to y's at our reduced temperature set. These
calculations are in intermediate coupling and take account of

resonances.

(c) D19780 1Is an ion specific file for ot*. The collision
data is based on the close coupling calculations of the Queen's
University, Belfast Group, but is drawn from a range of their
papers. Also the n=3 levels are included. Data is drawn from
Dufton et al.(1978), Berrington et al.(1979), Widing et al.(1982)
and Tayal et al.(1983). Supplementary A value data is taken from
Hibbert (1980). A fine structure resolved picture is used.
Separation of term collision strengths into fine structure
components has been achieved using the data of Malinowsky (1975)

for reference.

5.5 Sodium-Like Ions
Fine structure resolved transitions between the 3s and 3p terms

are of interest and possibly also resolution of the 3d term. For
transitions involving higher levels, term averages are
sufficient. Only electric dipole transition probabilities
matter, there are no metastables. There have been a number of
calculations of transition energies for this sequence. The range
from SiT3 to Mo'3! is relevant. We have taken level energies
from Baskin and Stoner (1975) for Si+3 to Ca+9, from Corliss and
Sugar (1982) for Fe'15 and from Blaha and Davis (1978) beyond
Fe'15 up to Mot3l. TFor transition probabilities, and
representative ions, we have chosen two ranges: namely from 21=4
to z;=16 and from zl=10 to zl=32. For the former fine structure
resolved transition probabilities between the 3s, 3p and 3d
levels are used. Comparative data is available, including Flower
and Nussbaumer (1975), Froese-Fischer (1976) and McEachan and
Cohen (1983). Agreement is good with the largest divergence =~
127 for Si'3 and much smaller divergences for higher z's. For
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the second range, data of Blaha and Davis (1978) is also
available and the spread in A-values at Fet15 is at most ~87. We
have used the data of Flower et al.(1975) for the first range and
of Blaha and Davis (1978) for the second.

The partitioned data set of general z files for the Na-I sequence
is called NALIKE.DATA, with the following members:

(a) FN1975

(b) BD1978

and an ion specific member for Mg
(c) BLl972MG

+

(a) FN1975 Consists of the distorted wave (with exchange)
calculations of Flower and Nussbaumer (1975). These are fine
structure resolved calculations for the 3s, 3p and 3d levels. We
have converted this data to y's at the reduced temperature set
for the representative ions Si+3, S+5, Ca+9 and Fe+15. It should
be noted that the source collision strength data is available at
three impact energies only ranging from near threshold to about.
twice threshold.

(b) BD1978 Consists of the distorted wave (no exchange)

~ calculations of Blaha and Davis (1978). The multiplet component
transitions are reiolved oily for the 351/2—3p1/2 and 351/2-3p3/2
transitions for z,= 20 (Zn' !%) below which the splitting is
effectively statistical. This data includes all multiplets
between the 3s, 3p, 3d, 4s, 4p, 4d and 4f terms. Collision
strength data is tabulated for 1 $x S 4, We have converted this
daia to v's for the representative ions cat?, Fe'ls, znt19 and
Mo 31, '

(c) B1972MG Is an ion specific file for Mg+ based on the
unitarised Coulomb-Born (no-exchange) collision strengths

derived by Blaha (1972), including the 3s, 3p, 3d, 4s and 4p
levels. Comparative collision data is available for 3s-3p,
3p-3d, 3s-4s, 3p-4s and 4s-3d transitions from the close
coupling calculation of Mendoza (1981l). There is broad agreement
(within ~ 257) between these calculations. Transition
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probabilities have been taken from Hibbert et al.(1983). It
should be noted that there is some controversy over the 3s-4p
transition probability. There is a factor of ~ 2 variation
between calculations. The Hibbert et al.(1983) value is at the
low end of the range. '

6. CASE ILLUSTRATIONS

6.1 Examples of Output from the Programs-
The product of this work is the computer data collection and set
of programs for its generation and manipulation. It is intended

for direct use from a computer terminal. In this section we wish
to illustrate simply the form of output, graphical and tabular,
which may be obtained from the programs.

Table 1 shows the printed output from the program QQPROG for the
15215—132p1P1 transition of C'%. This is a dipole transition
(type 1) and requires an A-value (f or S) as input. The
alternative forms are returned as output. The parameter IDIFF=0
indicates that ratio fitting was used (see Appendix A) and
IBPTS=0 indicates that the 'bad point' option was not required.
The parameters of the approximate form are FXC2 and FXC3 (= F2
and F3 in equation (10i). IFPTS = 2 indicates that two point
approximate form fitting was used. The difference column shows
the difference between the approximate form and the input data.
The program interpolates or extrapolates the input cross-section
data to the requested set of energies, yielding the required
output collision strengths. Figure 1 shows the 'reduced plot'.
We use the term 'reduced plot' to indicate that the x and y axis
correspond to the actual interpolation variables used (cf.
Appendix A). 1In this case x = 1/X and y = Q/Qapprox' Sourcg_
values are connected by straight lines and interpolated values
marked by crosses. The quality of the interpolation is
immediately evident from the graph.

Table 2 shows the printed output from the program QRPROG for the
3s-4s transition of M_T. This is a non-dipole (type 2)
transition. The program returuns the rate parameter, vy, together
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with other equivalent forms at a set of requested temperatures.
fP is the absorption oscillator strength times the P-factor. The
product is meaningful even for non-dipole transitions. Figure 2
shows the associated reduced plot. The crosses here indicate the
values used by the quadrature routines and again provide a clear
indication of the accuracy of the interpolation. The graphical

display also helps the verification of input data values.

Table 3 shows the output from RRPROG for the 2s2185-2s2p3P
transition in 0+“. This is a spin change transition (type 3).
The data input in this case consists of rates or an equivalent
form at a set of temperatures and the program returns rate
parameters and equivalent forms at a requested set of
temperatures. For rate interpolation, there is no choice of
difference option. If an approximate form can be obtained, ratio
interpolation is carried out, otherwise the difference is formed
and interpolated. Figure 3 shows the reduced plot. The crosses
mark the interpolated values. Note also from the table the
characteristic decrease of y with increasing Te for spin change

transitions.

Table 4 shows the output from EAPROG. This program interpolates
transition energies and A-values. The parameter FAC2 is the

' z-scaling parameter (bo in equation (4)). The parameters IECI
and IACl indicate the choice of independent variable for the
energy and A interpolation respectively (z1 selected by 1, 1/z1
selected by 2). Graphical output is also available.

Table 5 shows the printed output from the impact parameter
program IPPROG for a typical case. Note that this program
requires binding energies rather than excitation energies for the
levels of the transition. It can only provide dipole transitions

and requires an A-value as input.

Figure 4 shows the graph of the scaled y's versus log (Ge) for a
transition using the program GZPROG. The general z data file is
NALIKE.DATA (FN1975) and the transition displayed is 3s-3p. The
continuous curves are the scaled y's of the representative ion

transitions and the crosses mark the values for the ion for which
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data is sought - in this case csT6. The program allows a search
for the best scaling factor, FGC2 (see appendix A) that is, which
makes the curves superimpose as nearly as possible. 1In this case
FGC2=-1.1 is most suitable. The program also provides the
transition energy and A-value and returns an output file to disk
" for direct input to the COPASE programs described in paper I.

The structure of such a file has been described in paper I.

6.2 A Study of O™
Spectral emission from this ion is prominent in the edge region

of the JET plasma and is in a strongly ionising environment.
Electron temperature and density in the region of its emission
may be uncertain. It is of interest to investigate the
theoretical ratio of the emissivities of two spectral lines
emitted by this ion to see if the ratio is markedly dependent on
density, temperature or both. A COPASE type datafile BELIKE.DATA
(D19780) for 0*% was used. This datafile contains the atomic
data nécessary to calculate the local populations of low excited
levels of 0% in statistical equilibrium at arbitrary
temperatures and densities, and hence the local emissivities of
spectrum'lines of 0+”. This is achieved by re-entering the
datafile into the COPASE programs. The various possibilities
have been described in paper I. 1In dynamic conditions (such as
the edge region of JET, where impurity ions are diffusing
rapidly), metastable populations may differ from their
statistical equilibrium values. It is useful to be able to
isolate the dependence of the population of the upper emitting
level of a line on the ground and metastable level abundances
(see equation (6) of paper I). The populations of the excited
levels may be determined in these circumstances by a new
subroutine in the COPASE package called METPOP. Table 6 shows
typical results for ot“. Table 6a shows the level assignations
and the plasma parameters. The first four levels are designated
as metastable, indexed by IMET and the remainder as ordinary,
indexed by IORD. The columns in Tables 6b and 6c correspond to
the different densities. Only one temperature is shown. The
final population of a level is obtained by multiplying the
dependence on each metastable by the metastable population and
summing. Equilibrium metastable populations are shown at the top
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of Table 6b. From this point is is straightforward to determine
line emissivities and ratios of emissivities in conditions of
either equilibrium or arbitrary metastable filling. Figure 5

shows the emissivity ratio

€(2s2p3P-2s3s38S)
e(2s2p'P;-253d'D,)

plotted as contours in the electron temperature/electron density
plane. Equilibrium metastable populations have been adopted in
this case. (The metastable multipliers are set to unity.) The
line composition and the contour values are also shown on the
right hand side of the graph. LGS=1 indicates that the contours
are logarithms of the emissivity ratio. The graph is-generated
by the subroutine METCON after the call to METPOP.
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APPENDIX A

The choices of independent variable, x, and dependent variable,
y, for interpolation are as follows:

A.l Energies and A-values

(i) Binding energy interpolation with respect to Zq -

2

X'Zl
dzv - QE%. - 0
dxzx ax?l,

0 max

(4E;y /My)  _ &=
Y = T2 203 7))
1 ny nj
x = z; or l/zl
2 2
dxz % dxz %
0 max

- PAC2
Byi/2)
¥ = 2'1 or l/zl
2
ay| . dy -0
dx? ” dx? ¢
0 *max

FAC2 ié selected interactively to make the y(x) curve

approximately constant in the interpolation region.
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A.2 Collision strength @ with respect to X

(i) Dipole

y = 0 napprox Dx n/napprox (FZ* a)

x = 1/X

QY_I-Q.L} = B

dx dx

x0 ; xmax
uhe{a napprox' is given by (1Ci) with the choices
(a) Fz - 0 F3 = 4/3
{b) Fz = exp(nof(ras)) -‘xo F3 = 4/3
nO/nmax
{c) Fz = —zo + (X +_F2) F3 = nO/(Slog(X0+F2))
(XO,QO)'and (X sr Ray) are the first and last members of the

tabular source data pairs with XO g Xmax' Options (b) and (c)
Eox F, and F3 are called the lpt and 2pt approximate forms. The
2pt form for F, is obtained iteratively with solution possible
only if @ is an increasing function of X. (b) is used if only a

single data pair is available.

ii) = Non-Dipole

Yy =

x = 1/X

dy| . gy - o

ax x, dx x
(iii) Spin Change

Y = /0 0rox

x = 1/X

gy| . gy & I

dx xq dx X
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i i iii) with the choices
where napprox is given by (10iii)

| 2
(a) F, = 100 Fy = O (X +F,)

| 2
() Fy = (Koo V(fpay/g) = Xg)  F3 = AgXg*Fy)
(1-v(A_/0))

Options (a) and (b) are called the lpt and 2pt approximate forms.
The 2pt form is obtainable only if @ is a decreasing function of

X. (a) is used with a single source data pair.

(iv) Other

Y = log n

X = 1/%

gdy - 4y - B
dx x, ax |,

Note that the line strength, S, is required in (i).

As has been mentioned earlier, the collision types are not
exclusive. LS coupling breakdown at high Z leads to a dipole
component in some intersystem transitions. When this mixed
character is clearly expressed, the approximate form (ia) may be

used for F2 and F3 and the difference between this and the actual

Q's interpolated using type (iii).

A.3 Rate parameter y with respect to T_at fixed z,

(i) Dipole

Y = Y~ Yapprox or y/y approx (FZ%O)
x = (&E/kTe)/((AE/kTe)+l)
dy| - 4 - 0
dx dx
= %

-28—-



where ¥ approx is given by (10i), with the choices

(a) F, = 0 _ F, = 4/3
0 -
(b) F, soln. of 7(0)- 7£P;I°! ‘ F, 4/3
| L0 (0)
approx
(c) F2 soln. of: (max)' (max) F3 soln. of
’ ? approx
(0) . (0)
? 7approx

v(0) and y(max) are the tabular values corfesponding to the

lowest and highest reduced temperatures in the source data:. In

cases (b) and (c), F2 and F3 are obtained iteratively.
(ii) non-dipole and other
y = 7

x = (AE/KT.)/((AE/KT.)+1)

dx dx
X0 % max
(iii) . Spin change
Yy = 7/7approx

X = (AE/KT.)/((AE/KT_)+1)

dy
dx

- 9y

dx '

X

x0 max

where 7approx is given by (10iii), with the choices

(a) FZ - 100

F3 soln. of
; "0 e e
(b) F2 so%gi of 0 F3 soln. of
(0)
k4 - 7aggrox - (0) |, (0)
(max) (max) Y Yapprog
Y Y
approx
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In many cases Qapprox and Yapprox are very good approximations to
the tabulated 9@ and y over their whole range. However, often F3
in the dipole case is different from 4/3 contrary to the
theoretical expectation. This is probably attributable to,
deficiences in the higher partial wave treatment in the source
data (provided a consistent S is used). We have chosen to
continue to use 2pt approximate fitting where possible, since
this usually provides the optimum representation of the source
data. We have made no effort to 'correct' or 'adjust' source

data.

A.4 Rate parameter y with respect to z,
This is at the standard set of reduced temperatures 0,

Y
Y = ""Fec2
. 5
gﬁ gy_’f'
dx2 dlex

FGC2 is chosen iteractively to make the y (Ge,) curves

approximately coincident in the interpolation region.

A5 Quadrature of Q over a Maxwellian

Y =  Yapprox Lw;(n(X;) - napprbx(xi)
x, |
where xi - — 1
(AE/KT,)

with the X and W the nodes and weights of N-pt. Gauss-Laguerre
quadratures with N selectable from 4, 6 and 8.

11TH JULY 1985/cs
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Table 4. Output for sodium-like 4p—3d from EAPROG.

TRANSITION SPECIFICATION

NA-SEQUENCE

ENERGY LEVEL

4P-3D

DATA

MC&BD

ION CHARGE TRANS.ENER. (RYD)
1.00 8.33270248D-02
2.00 2.5269964D-41
6.00 1.99974030+00

940 4.4034601D+00
15.00 1.1890puiD+U1
19..00 1.8575990D+1f1
25 .08 3.2281000D+41
31.00 4.9209010D+471

OUTPUT PARAMETERS IECI =

ION CHARGE TRANS.ENER.(RYD)
5.08 1.3980744PD+00
6.00 1.9997403D+00
9.00 4. 4634001 D+00

13.00 B.99C4614D+00
15.00 1.109006HD+01
17.00 1.5184896D+01
31.00 4.9209010D+11

A VALUE DATA

ION CHARGE A VALULC{SEC-1)
1.900 1.65080+07
2.008 1.4504D+06
6.00 4.66G00D+09
9.00 1.6600D+180

15.00 7.8500D+1p
19.00 1.6740D+11
25.00 4.12080+11
31.00 G.6006D+11

QUTPUT PARAMETERS IACl =

ION CHARGE A VALULC!{SCC-1)
5.00 2.72655UD+H9
6.00 4.6L03D+09
9.00 1.6000D+10

13.00 5.1296D+10
15.40 7.5500D+1¥
17.00 1.1604D+11
31.080 B.6fupD+11

1

NMN G B 00D

NG & 20—

TRANS.ENER. (CM-1)
9148.8
27730.5
219445.5
483222.5
1304779.5
20871394.5
3542429.1
5408849.1
1EC2 = 1
TRANS.ENER. (CM-1)
153494.9 -
219445.5
483222.5
987244.7
1394779.5
166G344.9
5490949. 1
FUABS) S{AT. UNITS)
.7733D-01 6.3809D+81
.69620-91 2.8137D+01
.7446D-92 1.3059D+00
.3948D-02 4.3567D-#1
.1477D-92 1.9465D-01
.5011D-82 $.5644D-92
.95330-92 2.7447D-82
.6529D-92 1.6173D-92
IAC2 = 1 FAC2 = 4.99
F{ABS) S{AT. UNITS)
.F425D-91 2.23G0D+UH
.7846D-02 1.3859D+40
.3948D-02 4.3567D-91
.7435D-92 1.5818D-91
.1477D-82 1.84650-01
.7591D-92 7.4267D-42
.65290-92 1.6173D-82
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