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ABSTRACT 

'!'his study focuses on the development and the evaluation 

of a practical Stark broadening calculation of isolated ion 

line widths by Hey. In particular, emission profiles 

produced by optically thin plasma sources are considered. 

Despite the development of the fully quantum mechanical 

theory in the impact regime by Baranger, the semi-empirical 

and semi-classical approximations by Griem have been widely 

used in the practical prediction of widths of isolated lines. 

Hhereas these approximations achieved fair success for singly­

ionised emitters, discrepancies have been widely reported in 

the application to the more highly-ionised species. 

In order to make use of the advantages offered by the 

classical path approximation, a new derivation of the 

effective Gaunt factor appearing in the excitation cross-

sections has been carried out. In particular, this function 

is derived with proper allowance for curvature of the electron 

(perturber) orbit. Careful examination of the restrictions 

on a classical path approximation is seen to lead to a Gaunt 

factor based in spirit on the approach used by Griem, but 

achieving a continuity as a function of energy for all above­

threshold energies, as well as a reduction to the correct 

limiting behaviour at high energies (Bethe approximation). 

The extension of the Gaunt factor into the below-threshold 

energy regime for inclusion of elastic contributions to the 

broadening is thus facilitated and two methods of achieving 

this are discussed. 
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Apart from this major change required in order to deal 

with the spectra emitted by ions of ionisation stage Z ~ 2, 

it is found that the radiator structure of the emitter plays 

an important role in the line broadening. Details of the 

radiator structure required for application of the LS 

coupling scheme, such as configuration interaction and 

equivalent electron configurations, are therefore taken into 

account where necessary. 

'rhe derived theory is presented together with its 

properties and applied to spectral lines of a wide range of 

ion emitters, namely SnII, OII, OIII, SIII, SIV, AIII, AIV, 

NIII, NIV, ClIII, FII, CIII. The agreement obtained between 

theory and experiment is compared with results reported by 

various authors. Furthermore, attention is paid to the 

tre nds and regularities in Stark broadening parameters for 

iso-electronic and homologous ions, as well as variations 

with in multiplets. 

'rhe presented theory is found to yield good agreement 

for ions of 2 4 Z < 5, compares very favourably with some 

other theoretical approaches in most cases, and is seen to 

succeed in the improvement of present calculational methods. 
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PREFACE 

The aim of this thesis is the evaluation of a proposed 

practical procedure by Hey (1979, private communication) for 

the computa titm of Stark widths of isolated ion lines, which 

can be used to correlate experimental data from spectral 

lines in plasmas. In particular, it is concerned ·with 

emission profiles only, normally produced by laboratory 

plasmas which are·optically thin (or require only small 

corrections for opacity (Griem: 1964)) in the spectral 

region of interest. Broadening effects specifically 

associated with radiative transfer in optically thick 

material, such as stellar atmospheres, are therefore ignored 

in this investigation. 

Line broadening is a direct function of the environment 

of the radiating atom or ion, and thus offers itself as an 

attractive non-interfering probe for the measurement of 

plasma conditions (Baranger: 1962; Griem: 1964, 1974; 

Cooper: 1966). Such an application is not only of great 

importance in the determination of the physical state of 

stellar atmospheres (Mihalas: 1970), but is attaining greater 

importance with the rapidly increasing demand for the 

utilisation of high density plasmas in fusion experiments 

(KWU-report: 1973; Burgess et al.: 1967; Breton et al.: 

1977; Hauer: 1980). 

The finite width of a spectral line can be ascribed to 

three mechanisms {Griem: 1964; Traving: 1968): 



(a) the natural line width; 

(b) Doppler broadening; 

(c) pressure broadening. 

iv 

The natural line width of a line is caused by the interaction 

of the radiating system with its radiation field (He:i.tler: 

1954) and is usually negligibly small for practical purposes 

(Baranger: 1958a). T'ne thermal motion of the emitting atom 

or ion gives ri-se to Doppler broadening, and the interaction 

of the emitting atom or ion with surrounding particles causes 

pressure broadening. The last broadening mechanism can be 

subdivided into three further categories, depending on the 

type of surrounding perturbing particles: resonance 

broadening, van der Waals broadening and Stark broadening 

(Griem: 1964) . Each of these arises from the interaction of 

the radiator atom with atoms of the same kind, atoms or 

molecules of a different kind, and charged particles 

respectively. It is the last category of Stark broadening 

which is the subject of this thesis, because of its practical 

importance discussed below. (In addition to the above 

broadening mechanisms, instrumental broadening is introduced 

by the scanning spectrometer and has to be accounted for in 

the analysis of experimental line profiles.) 

Of the above mentioned mechanisms, Doppler and Stark 

broadening are of major practical importance in highly 

ionised plasmas (Wiese: 1965; Griem: 1964). Since Doppler 

broadening is caused directly by the thermal motion of the 

radiator, i. t can be used to determine the temperature of the 

radiating system. Stark broadening (pressure broadening) is 
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however relatively insensitive to temperature and, unlike 

Doppler broadening, depends directly on the pressure of the 

system. Stark broadening thus becomes the dominant 

broadening mechanism at large pressures, as is seen when 

comparing widths of lines from glow discharges with those 

from high pressure arcs (Marr: 1968). Since these two 

mechanisms give rise to two different line profiles (Doppler 

broadening causes a Gaussian shape, whereas Stark broadening 

gives rise to a Lorentzian profile for isolated lines in the 

impact approximation), de-convolution techniques can be 

applied to experimental data to yield the separate line 

profiles. Since Stark broadening predominates in high 

pressure plasmas, the perturber densities (usually free 

electron densities) can thus be deduced. 'I1his use of Stark 

broadening as a practical probe has been particularly applied 

to spectral lines from hydrogen and hydrogenic ions, as these 

are strongly sensitive to Stark broadening effects (Baranger: 

1962; Griem: 1964, 1974). 

A minor disadvantage of the Stark broadening analysis is 

the required knowledge of the kinetic temperature of the 

plasma (Wiese: 1965). Since the Doppler width is usually 

much smal l er than the Stark width, line profile analysis does 

not provide a useful means of obtaining kinetic temperatures. 

Use is ther efore often made of total (integrated) line 

intensity ratios and line-to-continuum ratios for this purpose 

(Griem: 1964). Stark widths are also experimentally more 

difficult to obtain than Stark shifts of the line, since the 

latter require wavelength calibration only, whereas widths 
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require an additional intensity calibration (Wiese: 1965). 

Calculation difficulties associated with the line shifts 

(Griem: 1964, 1968, 1974) make this simple measurement 

however less reliable, and width measurements are favoured 

(Wiese: 1965) . For ionic lines, additional shifts from 

plasma polarisation make accurate predictions of density from 

shift measurements difficult (Griem: 1974; Volontt: 1978). 

Apart from free electron density determination in dense 

plasmas, other applications are possible. For plasmas of 

known pressure in local thermodynamic equilibrium (LTE), both 

the temperature and electron density can be obtained (Wiese: 

1965; Griem: 1964). Alternatively, the use of Stark width 

measurements as a means of checking the existence of LTE as 

well as a means of correcting line and continuum intensities 

has been suggested (Wiese: 1965). Examples of such 

diagnostic use of Stark widths are the analysis of a laser 

produced plasma by Burgess et al. (1967) and the determination 

of the electron density from the HeII line A= 3203 ~ by 

Bogen (1972) . 

The lines from hydrogen and hydrogenic ions are subject 

to linear (quasi-static) Stark effects and are therefore far 

wider than the isolated impact-broadened lines. This has 

been the reason for the major part of attention devoted to 

these ion lines. While isolated impact-broadened lines are 

therefore of less interest for diagnostic purposes, they 

provide a direct test of our knowledge of the structure of 

complex atomic systems • (Hey: 19772., 1978). Whereas 

comparison between theory and experiment for the singly-ionised 
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radiators has yielded good results (Griem: 1974; Jones et al.: 1974) 

the state of theory for multiply-charged ions has remained 

unsatisfactory (Hey and Bryan: 1977). Some discrepancies 

for individual linewidth calculations by various authors have 

been reported as follows: 

CIII 

NIII 

NIV 

OIII 

SIII 

w 

w 
rn 

w ~ 2 
C 

w 
m w~ s 
C 

w 
m w~ 2 
C 

Wm 
W ~ 0.5 

C 

w 
m W ~ 2.0 
C 

Bogen (1972) 

Hey and Bryan (1977) 

Kallne et al. (1979) 

Hey and Bryan (1977) 

Platisa et al. (1979j 

m denotes the ratio of measured to calculated linewidth. w 
C 

These reported discrepancies therefore provide an incentive 

for further investigation of the existing computational 

techniques, one of which is developed in detail in this thesis. 
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INTRODUCTION 

With the large acquisition in the last decade of 

experimental data on Stark widths from isolated ion lines for 

the determination of electron densities (Konjevic and Wiese: 

1976) , a critical re-evaluation of theoretical developments 

of Stark broadening has become imperative. Despite the 

fully quantum mechanical solution of the line broadening 

problem obtained by Baranger (1958a, c), classical collision 

concepts have remained'an essential feature of the analysis 

of the broadening mechanism (Griem: 1974) . 'The re2.son for 

this feature has been the inadequacy of the quantum mechanical 

formulation in providing a readily computable programme for 

calculation of the many collision cross-sections required in 

the determination of the line shape. For example, in the 

distorted-wave calculation .(Davis, Kepple and Blaha: 1976) 

this failure can be specifically attributed to the large 

number of partial waves that normally need to be analysed 

laboriously for each single cross-section, thus givinc_::r rise 

to prohibitive lengths of computing times when large nurnbers 

of line widths are required. Quantum mechanical calculations 

of widths have th.us become available only relatively recently, 

and the accuracy of these is potentially well within the 

agreement obtained by semi-classical theories (Belv and Griem: 

1970; Barnes and Peach: 1970; Hey and Blaha: 1978) cornbining 

classical collision statistics with quantum mechanical radiator 

structure details. The success obtained by Griem (1974-), 

using a semi--classical method for the calculation of Stark 
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broadening of singly ionised ion lines thus encourages the 

further development of semi-classical methods for use in the 

determination of Stark widths from ions of higher ionisation 

stages. Such a development of the semi-empirical theory by 

Griem (1968) has been undertaken by Hey (1979, private 

communication) and this thesis forms part of the evaluation 

and improvement of this development. 

As already mentioned (see Preface), Stark broadening i s 

caused by the interaction between the radiator ion and 

surrounding charged patticles. 'this broadening mechanism is 

thus an extension of the well-known Stark effect; the 

s plitting and polarisation of spectral lines parallel and 

perpendicular to an applied electric field (Herzberg: 1937; 

Be the and Salpeter: 1957). In the case of hydrogen, one 

obta. ins, for example, a pattern of components symmetrically 

di spos ed around the position of the unperturbed line (Condon 

and Short1ey: 1935). 'rhe collision of charged particles in 

a plasma with the radiator will thus impose a varying electric 

field, and thus a perturbation, giving rise to a rapidly 

varying pattern of components, which is observed as a 

broadening effect. The second order Stark effect, however, 

gives rise to an asymmetrical splitting, and thus the line 

is not only broadened, but also shifted (Marr: 1968). 

As a starting point for the analysis of such a line 

profile, the following expression for the power spe ctrum 

obtained from all possible transitions in the radiator needs 

to be considered (Baranger: 1958a, b, c): 
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P( Ll} = 

Here wif denotes the angular frequency of a spectral line 

resulting from a transition from state Ii> to If> 

(0 .1) 

== Ei - Ef), d is the dipole moment opera tor, and pi is 

the probability of occurrence of state Ii>. In the case of 

isolated lines, interest is confined to a small region 

wif + 6.w about the unperturbed frequencies, and it is thus 

sufficient to regard: 

(0. 2) 

a s the line shape. Taking the Fourier transform of the line 

s hape, one readily obtains an expression for the 

a uto-correlation function of the light amplitude, which can 

be rewritten in terms of the quantum mechanical states of the 

system of radiator and perturbers (Baranger: 1958a): 

Do 

!II ( s ) = J F ("' ) e _,.,, d w (0. 3) 

-Oo 

= [ jl e-'-t.)tfs I< f I £ Ii) 12 

i.f 

= Tr [ g r+ ( s ) . Q T ( s ) j l (0.4) 

Tr denotes the trace of the quantum me chanical ope rators 

~, T(s) ( t ime evolution operator in the Scl:irod inger p i cture ) 

a nd the density ma trix p: 



where H 

L'. K. 
j J 

z v. 
j J 

= 

= 

= 

4 

HA + L, K. + L, v. 
j J j J 

Ho + L, v. 
j J 

kinetic energies of the N perturbers; 

atomic Hamiltonian; 

perturbation potential arising from the 

interaction between perturbers and 

radiator (H 1 (s}); 

U (s) time evolution operator in the interaction 

picture 

00 

= L (0. 5) 

In order to make use of a classical path approximation, and 

there by assrn:-:.ing that the perturbers move along a fixed orbit 

about the radiator, one needs to neglect the back reaction of 

the atom on the perturbers. This assumes that the density 

matrix p remains the same at all times, thus placing a 

restriction of short times son the collision intervals of 

importance (Baranger: 1958b). It is then possible to 

separate out the averaging procedure over the radia ::or ancl 
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the perturbers by writing: 

where the trace facilitates the average over the radiator 

states and the subscript AV denotes an independent average 

(0. 6) 

over the perturber velocities. Since the latter is readily 

obtainable from an integration over the Maxwellian velocity 

distribution, the situation is greatly simplified. As has 

been shown by Baranger, (1958b), the above approximation 

regarding the important collision intervals sis just the 

impact approximation. This approximation, which is examined 

in detail in Chapter 1, is also known from the classical 

picture obtained from the interpretation of the Fourier 

integ-ral 0.3. It amounts to saying that the auto-correlation 

function cp (s) differs appreciably from its unperturbed value 

only in times much longer than the average collision time, a 

situation analysed classically by Lorentz (1906). In 

consideration of the Fourier integral 0.3, the opposite 

extreme to the impact approximation is known as the quasi­

static approximation, meaning that the auto-correlation 

function cp (s) varies rapidly within a single collision 

interval (Baranger: 1962). This situation has been analysed 

classically by Holtsmark (1919), but a quantum mechanical 

analogue does not exist (Baranger: 1958a, c). Since U1e 

ma jor contribution to the broadening of the isolated lines 

ar ises from electron perturbers (Baranger: 1962; Griem: 

1964, 1974), it is the impact approximation which remains of 
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interest for the development of the line width calculation in 

this thesis (Baranger: 1958a, b, c; Griem: 1974). 

'I'he separation of the line width problem into two parts, 

as in eq. 0.6, and the resultant analysis of the problem in a 

quantum mechanical treatment of the radiator on the one hand, 

and the classical treatme nt of the perturbing electrons on 

the other, is examined carefully in Chapter 1. It is this 

separation which is central to the semi-empirical method 

developed by Griem (1968), which forms the starting point for 

the calculations preserited in this thesis. 

In the semi-empirical calculations of Stark widths 

(Griem: 1968), the estimation of the collision cross-sections 

relies on the validity of the effective Gaunt factor 

approximation for excitation cross-sections (van Regemorter: 

1962; Seaton: 1962a, b). The use of the empirical data by 

van Regemorter (1962) in calculation of Stark widths of 

sever al singly-ionised ion lines has achieved limited success 

(Griem: 1968; Hey: 1976, 1977a, c, d, 1978; Hey and Bryan: 

1977). For multiply ionised radiators, the empirical values 

sugge s t e d by van Regemorter (1962) and Seaton (1962a, b), as 

well as t11e functional form suggested by Griem (1968), were 

found to be inadequate. Improved versions have been 

discus sed by Griem (1974), but even these failed to predict 

Stark widths of lines for multiply ionised species adequately 

(Dimitrijevic and Konjevic: 1980a). Therefore, a universal 

effective Gaunt factor should be derived, which combines the 

already obtained success for singly ionised ions with 

predictive abilities for higher ionisa.t:i.on stages as we ll. 
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, The derivation of such an effecti·ve Gaunt factor is presented 

in Chapter 3, and is based on the simple model by Griem 

(1968, 1974). The expression obtained is found to be 

continuous for all above-threshold energies and also dispenses 

with the independent specification of a threshold value 

required by the earlier model by Griem (1974). The model 

presented here thus lends itself to extrapolation below 

threshold for the evaluation of the dipole elastic 

contributions to the broadening - a procedure originally 

s uggested by Griem (1968). Two methods of extrapolation 

below threshold for the inclusion of the elastic contributions 

are discussed in Chapter 3, and their success has been 

repeatedly tested in the calculations performed in Chapter 5. 

Further insight is thus gained into the various methods of 

inclusion suggested in the literature (Griem: 1968; Fleurier 

etal.: 1977). 

Apart from t11e improvement obtained by extension of the 

semi-empirical procedure into the high-Z regime, the details 

of the radiator structure have been included - a feature 

which is particularly lacking in the partially successful 

semi-classical model by Griem (1974, eq. 526). In particular, 

the following points are examined in Chapter 2: 

(a) the validity of the LS coupling scheme; 

(b} the inclusion of equivalent electron configurations; and 

(c) the allowance for configuration interaction in the 

radiator . structure. 

'11he importance of such effects in the prediction of variations 
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within multiplets, for example, has been repeatedly pointed 

out by Hey (1977b, d, 1978) and Hey and Blaha (1978). 

A further point of investigation in this thesis is the 

possibility of regularities of Stark widths with respect to 

atomic structure. 'l1he regularities obtained in t11e atomic 

oscillator strengths (Wiese and Weiss: 1968) have led to 

investigations of similar trends in the Stark widths (Puric 

et al.: 1974, 1978, 1979a, b, 1980) as the width depends 

di rectly on the atomic oscillator strength (Hey: 1977b; see 

a lso Chapter 2). The'ion lines investigated in Chapter 5 

have thus also been chosen with the outer electron structure 

in mind, and are tabulated below in Table 0.1: 

TABLE 0.1 

HOMOLOGOUS ION STRUC'I'URE 

ground term ion 

ns 2 is CIII, NIV 

ns 2 np 2p0 NIII, SIV, SnII 

ns 2 np2 3p OIII, SIII 

ns 2 np3 450 OII, ClIII, AIV 

ns 2 np4 3p FII, AIII 

Apart from inclusion of "weak" collisions (Baranger: 

1958a, b, c) in the Gaunt factor approximation of collision 

cross-sections, the inclusion of "strong" collisions is 

required. Instead of including these contributions in the 

formulation of the effective Ga.unt factor (Griem: 1968, 1974), 

a separate line widt11 term has been obtained in Chapter 4 for 
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CHAPTER 1 

FROM A QUANTUM MECH.l\NICAL FORMULATION 

TO A SEMI-CLASSIC.AL MODEL 

'11he need for a quantum mechanical theory for the 

estimation of the line width arises when the dist.ance between 

the radiator and the nearest perturber is of the same order 

as the de Brog-lie wavelength of one of the two (Baranger: 

1958a). Since the wavelength of electron perturbers is 

appreciable on the scale of distances under consideration, 

break.down of classical treatments may occur for a 

non-negligible fraction of the total number of collisions 

between the perturber and radiator systems. Furthermore, 

the energy exchange in the collision must be much less than 

the kinetic energy of the perturber, in order for a treatment 

of the line broadening problem by classical mecha!"lics to be 

valid (Baranger: 1958a, 1962). Provided that certain 

criteria are satisfied, one may approximate the fully quantum 

mechanical result obtained by Baranger (1958c) by the 

classical path theory. (See in particular Chapter 3 on the 

effective Gaunt factor.) As discussed in the Introduction, 

the large number of collision cross-sections required make a 

fully quantum mechanical calculation impractical, and hence 

the need for classical path approximations a.rises (Griem: 

1968). In this approximation, the perturbers are assumed to 

travel along classical paths about the radiator and to 

inte~act with the radiator constituents via a changing 
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electric field (Baranger: 1958b). In order to facilitate an 

analysis of this problem, the complexities of the radiator 

structure and the complexity of the statistics of the 

collision processes can be separated by dividing the 

calculation up into two terms, each to be treated by 

appropriate approximations. 

A detailed quantum mechanical development of Stark 

broadening (Ba ranger: 1958a, c) yielded the following­

expre ssion for the full width at half maximum (FWHM) of an 

isolated line Ii>-+ 1£> in wavelength units (Baranger: 1958c): 

where 

V 

perturber (electron) density; 

electron speed; 

denotes the average over a 

Maxwellian velocity distribution of 

the perturbers; 

inelastic cross - sections for 

collisional transitions to levels 

i' (f') from initial state Ii> and 

final state if> of the optical 

transition; 

elastic scattering amplitudes for 

the two stc:1.tes of the p e rturbed 

system; the integration b e ing 

performed over all scatte ring angles d Q. 
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'rhis quantum mechanical expression is valid in the impact 

approximation (Baranger: 1958a, b, c), which is a weak 

coupling approximation. 

1.1 THE IMPAC'I1 APPROXIMATION 

It. is the nature of this weak coupling that needs to be 

examined carefully before this quantum mechanical result (eq. 1.1) 

can be applied to a particular line broadening problem. 

Apart from a quantitat~ve validity criterion for the above 

expression, an interpretation of 11 weak 11 collisions as opposed 

to "strong" collisions is given by Ba.ranger (1958b, c) in the 

consideration of a Dyson expansion of the time evolution 

operator of the radiator system. Whereas "weak" collisions 

can be treated by a first order Dyson expansion over times 

involved in the collision process (see also expression 0.5 for 

time evolution operator given in the Introduction): 

t 

I 't(tl)1 = I l(t.l)1 +;k J dt, H,1 (t,) I "t (t.J>i 
to 

(where = radiator wave function in the 

interaction picture; 

perturbation Hamiltonian fort> t 0), 

highe !-" orders are appreciable for strong collisions. In 

order to disentangle (Baranger: 1958c; Peynman: 1951) the 

resultant higher order terms, the impact approximation needs 

(1.2) 

to be applied to these strong collisions. '11his approximation 
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requires that the strong collisions be sufficiently separated 

in time for the following inequality to hold (Baranger: 1958a, 

b, c) : 

w <<-1 
't 

(1.3) 

where Tis the duration of a typical collision and W the width 

of the resultant (impact broadened) line profile. It is in 

this form that this criterion for the impact approximation is 

known from classical treatments of the line broadening problem 

(Breene: 1957; Baranger: 1962), namely as the opposite to the 

quasi--static approximation (Holtsmark: 1919) which does not 

arise in the quantum mechanical analysis by Baranger (1958a., 

b' C) • 

An additional criterion for the impact approximation is 

obtained by combining the expression 1.3 with the Heisenberg 

Uncertaj.nty Principle: 

thus yielding: 

(1.4) 

E 
w <<­

tr 
- (1..5) 

where Eis the incident electron energy. Since the major 

contribution to the broadening of the isolated lines arises 

from the free electron perturbers (Barang-er: 1962; Griem: 

1964, 1974), any effects associated with radiator motion are 
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neglected in t11e following discussion, and the perturbers are 

considered to be electrons. Corrections owing to ion 

perturbers are dealt with in Chapter 4.3. 

1~is thesis is restricted to strictly isolated 

(non-overlapping) lines, and one has thus the additional 

requirement that: 

\J < 
"" 

minimum [ 
6E·,· l l 

ri 
(1.6) 

where the {.,Ei, i and LE:f, f denote the separation in the energy 

level (term) diagram between the initial (i) and final (f) 

levels of the spectral line under consideration and the 

"interacting" or "perturbing" levels i', f' to or from which 

optically allowed transitions can occur. 

In order to apply a classical path treatment (Baranger: 

1958b, 1962; Griem, Kolb and Shen: 1959) to the quantum 

mecha nical result 1.1, one requires that the distance . between 

the radiator and the perturber b e larger than the (reduced) 

de Broglie wavelength of the perturber (X == !v) (Ba.ranger: 

1958a). Since the orbital angular momentum quantum number 

£ of the perturber is just the impact parameter pin units of 

,x, this is equivalent to the requirement that the relevant P., • 

values be large (Baranger: 1962): 

(1.7) 

or c s tima ting the collision time -r N ~ (Spitzer: 1940) : 
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E 
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(1. 8) 

which indeed implies eq ~ 1.5 within the impact approximation. 

Furthermore, the classical path approximation assumes: 

E >> 6E (1. 9) 

which contains the condition for inelastic collisions that: 
_/ 

This restriction (inequality 1.9) on "t;-he perturber 

energies allows one to extend the original definition of 

"weak" collisions by Baranger {1958a, b, c) to include a weak 

coupling approximation in spatial wavefunctions: apart from 

the first order Dyson integral (time dependence) applied 

above, a first order (spatial) Born approximation can be 

made. Since one is, however, dealing with a charged 

scattering centre, Coulomb waves need to be employed rather 

tllan plane waves. In the high energy limit, both types of 

first order approximations - the Born I and Coulomb-Born I 

approximation - tend to the Bethe approximation (Seaton: 

1962a, 1975). This high energy limit (Bethe: 1930) is 

usually considered as the simplification of the Born I 

approximation (van Regemorter: 1960): 



[ 
i~.r 1 J = C e. - -

4n . 

by the expansion: 

where 

i(~-!s'Lt 
e = 1 + i ( k - k'). r 

1 k2 
2 ~ = 

~ ~ ~ 

1 - mv 2 
2 ~ 
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and the unprimed quantities refer to the incident perturber 

electron and the prime denotes the wave vector of the 

scattered electron. The Bethe approximation is thus 

equivalent to the classical path approximation. 

Combining these various conditions applicable to isolated 

lines in the impact regime treated by the classical path 

approximation, one obtains the following order for the times 

in question: 

6E 

n 
1 

<< 1' « E 
n 

For extremely isolated lines this could have the form: 

<< 
1 

't 
< << 

E 
11 

As an upper lirni t for the impact parameter, the 

following criterion will be applied {Griem: 1968, 1974) in 

Chapter 3 on the Gaunt factor. As formulated orig i nally by 

{1.10) 

(1.11) 
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Spitzer (1940), the "adiabatic" cut-off is given by: 

Yma.i<. 

ti V 
!:::: 

L':\E 
(1.12) 

1 6E 
⇒ > --

V n 
(1.13) 

which is entirely consistent with condition 1. 9 for the Bethe 

approximation (see also Seaton: 1975; Hey and Breger: 1980b; 

Chapter 3. 3) . From inequalities 1.11, the following 

sequence of times could be applicable for extremely isolated 

lines: 

'vJ << 
1 

't < << ~ 

This particular regime corresponds to the adiabatic 

approximation (Baranger: 1962; Spitzer: 1940): 

6E > ~ 
nv 
f 

Since collisions in this regime are too slow to induce 

transitions (Spitzer: 1940; Schiff: 1955), the ordering of 

inequalities given by 1.14 is not applicable to the present 

calculations, in which collision--induced transitions play an 

important role (Baranger: 1962). Excluding thus the 

sequence of times given by 1.11, one is left with the time 

ordering given in expression 1.10, which is required for the 

validity of: 

(1.14) 

(1.15) 
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(a) the impact approximation; 

(b) the classical path approximation; 

(c) the Bethe approximation (equivalent to (b)); 

(d) broadening by inelastic collisions. 

In order to compute also the contribution from elastic 

processes (see section 3 of this Chapter), the ordering in 

1.10 will have to be relaxed to the less stringent form: 

6E 

n < 
1 

't < 
E 
ti 

(1. lOa.) 

'I1his is in order to deal, in particular, with perturber 

energies in the vicinity of threshold ( E ~ 6E) , where elastic 

processes become important (Gailitis: 1963; Bely: 1969). 

It is in this attempt to extend the classical pa th, impact 

approximation into the threshold regime, that the major 

difficulties with the present theoretical approach have been 

encountered in the past (Griem: 1968, 1974; Hey and Breger: 

1980a, "b) . 

'.rhe calculation of line widths from eq. 1.1 can thus be 

subdivided into the calculation of inelastic and elastic 

cross-sections, as well as into two groups of collisions: 

weak and strong collisions. 

l. 2 WEAK INEI..u.7\.STIC CROSS-SECTIONS 

Since the inelastic collisions contribute the major part 

of the line width at high perturber velocities (Griem: 1968), 

these cross -sections will be dealt with first. As the 
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summation in eq. 1.1 extends over all levels i' (f') above 

and below levels i (f) to which collision-induced transitions 

can occur, one has to deal with cross-sections for both 

excitation and de-excitation. It is convenient at this 

point to introduce the dimensionless collision strength 

Q(i,i') (Hebb and Menzel: 1940; Seaton: 1958) which is 

symmetrical in the labels . , . 
l , l. 1~e inelastic cross-sections 

can then be written as (Hebb and Menzel: 1940): 

a-,-( L 

where W, 
l 

V 

(2 ( i i') 

W · L 

statistical weight of level i; 

initial electron velocity. 

For the evaluation of the collision strengths, further 

assumptions need to be made. For high perturber energies, 

the weak coupling approximation is appropriate and the first 

order Born approximation is usually made, or, to include 

slower perturbers, a distorted wave approximation. 

(1.16) 

Replacing the interaction potential by the monopole-dipole 

term l e ads to the Bethe approximation of the inelastic cross--

sections (Seaton: 1962a). This replaceme nt can be justified . 

by the fact that the allowed dipole transitions are the 

predominant sources of optical radiation in laboratory 

plasmas. Defining the effective Gaunt factor as done by 

Seaton (1962a) yields (van Regemorter: 1962): 

f2 ( i i' l = 
8 n E H 

rr ,~Ei•t 

(1.17) 
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where Rydberg constant for infinite nuclear mass; 

g 

f. , . 
]_ ]_ 

effective Gaunt factor; 

absorption (emission) oscillator strength 

for level i' lying above (below) level i. 

In this expression for the collision strength (symmetrical in 

labels i', i) the oscillator strength introduces the asymmetry 

in labels • I • 
. )_ , ]_ of the cross-section, the effective Gaunt 

factor g(i'i) being also symmetrical in labels i' ,i. 

This simplified form of the collision strength (which 

also ignores exchange terms (Seaton: 1975)) thus yields for 

the inelastic cross-sections: 

a -, ·= t l 

8 n2. 2 E/a: 

f3 6E mv 2 

'J:his e xpression is equivalent to the form of the Bethe limit 

used by Griem (1968): 

l. 

> I g 

but any ambiguity about the exact definition of the matrix 

e lement has so far been avoided by employing a general 

parameter, the collision strength. 

(1.18) 

(1.19) 

The expansion of the collision strength (and t h us 

os cilla tor strength) in terms of the detailed matrix elements 

require d c a n thus be left to a sepa.rate t r eatment (Chapter 2). 

It is at thi s point tha t a division of the line width 
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calculation into: 

(i) radiator structure complexities; 

(ii) collision statistics; 

has been achieved. Details about the radiator structure are 

now contained in the oscillator strength f. , . whereas the 
J. J. 

complexity of the collision between the radiator and the 

perturbers can be treated classically (subject to 1.10) in 

the determination of the effective Gaunt factor g (Chapter 3). 

It is this separation into a quantum mechanical treatment and 

a classical treatment that makes the semi-classical approach 

suggested by Griem (1968, 1974) so successful. 

1.3 THE ELASTIC CROSS-SECTIONS 

As stated earlier, the calculation of eq. 1.1 can be 

subdivided into the calculation of weak and strong inelastic/ 

elastic contr ibutions of the linewidth. From the above 

discussion of the weak inelastic cross--sections, one requires 

as part of the full linewidth the weak inelastic contribution: 

(1.20) 

where the average is an integration over a .Ma:x-wellian velocity 

distribution of the incoming electron perturbers: 

f(v)dv - exp [ -
2. k T 

(1.21) 
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Using t11e expansion 1.18 for the inelastic exci to. tion cross­

sections (E., > E.) one obtains thus: 
J. J. 

Vrnin 

Integration from a lower limit v . is required, since 
min 

incident electrons of energy less than 1 m v 2 - L,E will 2 min - i' i 

not induce transitions. A more convenient form is obtained 

by changing the variable of integration to: 

z = 
111V 2 

2kT 

thus imposing t}1e condition: 

A E-,· [_), l I 

z 
kT 

11his yields for eq. 1.22: 

n EH / rn 1. l- i•;. IC>O 

-\ - ·-. fi'i g (z) exp ( -z} dz 
m2 M 2nk1 

where one can denote now the excitation rate integral by: 

c,o 

<vo·,,1) = t,,1J ij'(zl exp(-zldz 

z t'i 

'I'o obtain Ne (v oi'i}AV for de-excitation (superelast.ic) 

processes, the principle of detailed balance can be used 

(Tolman: 1938; H.ey and Bryan: 1977): 

(1.22) 

(1.23) 

(1.24) 
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in terms of the LTE level populations of i and i'. 

Boltzmann distribution law: 

N ·, L 

N· I, 
= [ 

nE1.,l ] exp -
kT 

one has for the de-excitation rate: 

00 

<vcru) =exp[~~"] fii, f Q(z)exp(-z)dz 

zi'i. 

(1.25) 

Using a 

(1.26) 

(1.27) 

Changing the variable of integration such that the integration 

i.s performed instead from zero to infinity and retaining the 

notation z for the dummy variable, one· obtains: 

00 

- f. - ✓ J-g { z + ~Ei't )exp ( - z) dz 
u - kT 

0 

The reason for writing the de-excitation rate in this 

form (eq. 1. 28) is to compare it with the excitation rate 

given by eq. 1.24, which will be modified by extending the 

integration down to zero, i.e.: 

co 

<v er,,,) = fn I Q(z) exp (-z)dz 

0 

in order to include the elastic collision contributions to 

the line width. The suggestion to include the elastic parts 

of the· width, given in eq. 1.1 by: 

{1.28) 

(1.29) 
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by extrapoh.1.ting the excitation rates below threshold, has 

been made by Griem (1968) and can be justified as follows. 

Making a classical path approximation, Baranger (1958b) 

obtains for the line width: 

where Si,Sf are the classical path scattering matrix 

elements appropriate for the upper and lower states of the 

line, and the collision frequency element: 

(1.30) 

(1.31) 

(1.32) 

Combining eqs. 1.31 and 1.32 one obtains the expression given 

by Griem (1968): 

\.J -We_ .. (1.33) 

Expanding the scattering matrices in terms of a Dyson series, 

and replacing the actual interaction in the Schrodinger 

picture by the dipole-monopole interaction (the same 

approximation was made in the estimation of the cross-sections 

by eq. 1.18), one finds that the first order and negative 

interference terms vanish (Griem: 1968, 1974). 

retains to second order: 

One thus 
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00 

Re[~l(i'j J V(Udtf i)l 2 

- 00 

~'<f'I r V(t)dtl 1)1 2J} 
-= Av 

For an expansion of a.,. in the form given by eq. l.lg, 
J. J. 

the definition of a cross-section by Seaton {1962a) has been 

utilised: 

which is written as (Griem: 1968; Seaton: 1962a): 

00 ~ 

Oi [ "' 2ir J ~. I < i, I J V ( t l d ti l 

l. 

>I J df 

0 - c,o 

(1.34} 

(1.35} 

(1.36) 

Comparing eqs. 1.36 and 1.34 with the quantum mechanical 

expression 1.1 thus suggests the inclusion of the elastic 

collision terms by extrapolating the inelastic excitation 

cross-sections below threshold. The validity of such an 

approximation has been discussed by Bely (1969), who used the 

result by Gailitis (1963) that "the discontinuities due to 

the inelastic cross-sections are exactly compensa.ted for by 

the discontinuities of the elastic cross-sections" {Bely: 1969}. 

Bely comes to the conclusion that this quantum mechanical -

consequence of the continuity of the collision cross-section 

averaged over the resonances below threshold is applicable • 

for all practical cases. 

Including the elastic cross-sections in this fashion, 

one thus obtains the form for the collision strengths for 
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excitation and de-excitation: 

where the average Gaunt factor is given by 

«> 

< tj ( i'll ) = J tj ( z ) exp (- z ) dz 

0 

·for excitation 

co 

(g(L'U)=Jg(z+ 6 Ei'L) exp(-z)dz 
kT 

0 

for de-excitation. 

(1.37) 

(1.38) 

(1.39) 

Since the effective Gaunt factor g is often a very slowly 

varying function of energy (Griem: 1968; Hey and Bryan: 1977), 

tl1e difference between eq. 1. 38 and eq. 1. 39 has often been 

neglected (Griem: 1968), and the average of the Gaunt factor 

h a s often been approximated by the computation of (Griem: 1968): 

where E is the average energy q-m v 2 > = lkT. In a 

calculation by Hey, and Bryan (1977), the approximation was _ 

made of a constant threshold value of g of O. 2 for all 

transitions, as proposed by van Regemorter (1962). The 

resultant underestimation of the threshold Gaunt factor l e ad 

to undere s tima tes of the line widths calculated for OIII 

(He y and Brya n: 1977), as already mentioned in the Preface. 

(1.40} 
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A calculation involving the evaluation of eq. 1.38 and eq. 

1.39 for each transition in question for the same OIII lines 

has been done in the course of this investigation (see 

Chapter 5.2; Hey and Breger: 1980b). Much better agreement 

between theory and experiment has been obtained using a 

rigorous averaging proc~dure. 

1.4 STRONG COLLISION CONTRIBUTIONS 

Having included the weak inelastic and elastic collision 

contributions to the line width, an estimate for the remaining 

strong collision contributions in eq. 1.1 has to be made. 

For these, higher orders of the Dyson series (eq. 1.2) are 

not ne gligible, but b e cause of the impact approximation 

(Baranger: 1958a, b, c) these collisions are well separated 

in time. 1~is additional term is usually assumed to take 

the form (Weisskopf: 1933; Griem et al.: 1959; Griem: 1964, 

1974) : 

(1.41) 

(compa re with eq. 1.33), where o . is chosen to be consistent , min 

with the lower cut-off employed in the calculation of the v-.1eak 

ine lastic cross - sections. A modi fication of this relation 

for hyperbolic perturbe r trajectories has been proposed by 

Hey (1979, private communication). It is this modified form 

tha t. i s emp loye d b e low (see also Chapte r 4.1). 

Summarising the above discussion, the transformation of 

the quantum m~ch a nica l expression 1.1 to the following s e mi -



28 

classical result has been achieved (Hey: 1977): 

3Zn,. )..,7- E 
2. ( )Yi [ Hao m EH - .. 

We ::: Ne 13- - 2 ! T L 6.E fl,, < g ( L'l) > 2nc rn TT < i' i'i 

+[~ f , •• < g (f' f) > J + \✓s 
f' i:i.En 

ex >..2. a2. (~; t [; <Q(ii')) 0 

- Ne - vn-- ,._.,,. 
W· ~ 

L 
< Q ( f f') > l ws -} + 

rs..,, 

f' Lu,: 

where in the latter expression (given for comparison with 

eq. (1) in Hey and Breger (1980a)): 

a: 

a 
0 

fine-structure constant 

Bohr radius 
t2 

me 2 

In expression 1.42 the Stark width resulting from 

interactions with surrounding ions has been neglected. As 

is shown in Chapter 5, this is indeed permissible as the 

contributions remain of the order of 1% in most cases. 

(1.42) 



29 

CHAPTER 2 

RADIATOR S'I'RUCTURE 

The semi-classical expression for the spectral line 

width (eq. ,1.42) obtained in Chapter 1 is seen to depend on 

the atomic absorption oscillator strength f.,.. The 
l. l. 

importance of this parameter in determining the Stark width 

has been pointed out r~peatedly (Hey: 1977b; Hey: 1978; Hey 

and Blaha: 1978; Behringer and Thoma: 1978) as it is through 

this quantity that the line broadening mechanism is 

explicitly dependent on the internal structure of the ion 

emitter. It is thus important to allow sufficient details 

of the radiator structure to remain explicitly in the 

expression used for the oscillator strength in order to 

include the traits (such as variations within multiplets, 

configuration interaction) of the ion under consideration. 

For the correct evaluation of the matrix elements involved, 

one tlrns requires the knowledge of a reliable system of 

atomic energy values and classifications (Griem: 1964, 1974). 

Since there is often a shortage of known data on a particular 

radiator structure, a careful balance has to be struck between 

reducing (simplifying) the oscillator strengths to include 

less detail on the one hand and the difficulty of obtaining­

reliable radiator structure data on the other. 
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2 .1 THE ABSORPTION OSCILLZ-\TOR STRENG'rH 

As a general starting point, the definition of the 

oscillator strength as formulated by Sobel'man (1972) is used 

in order to facilitate a unified notation. The absorption 

oscilla tor strength is defined in terms of the line strength 

and is positive for a transition~-+~• where~• is above 

level~: 

2m wtJ, .,,,J, 
f (~J • 0 I JI} = - -"---"- s ( () J; o' .J'} 

I 3nel. 2 J ... 1 

and 

·where w J 'J' ~ I 'Y 

D = -er dipole moment operator; 

(2 .1) 

(2. 2) 

(2. 3) 

J (J') total angular momentum of level i (i'); , 

any remaining quantum numbers 

required for l evel specification. 

In orde r . to proceed, one requires the choice of a 

suitabl e coupling scheme. For the ions under consideration 

in this inves tigation, as for most applications, the LS 
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coupling approxin-:.a tion was found to be valid ( see also 

Chapte:r. 5). For other ions, the spin-orbit term may not be 

sufficie ntlv small to warrant such a choice, and other 

coupling schemes need to be employed. Such an exception 

occurs in the case of NII, where highly excited terms occur 

in pairs. As discussed by Hey (1977b), the application of a 

LK coupling scheme is applicable and can be facilitated by a 

correction factor multiplied into the LS coupled line 

strength. The use of a LS coupled line strength would 

remain more appropriatd for special cases of transitions in 

which this correction factor reduces to unity (Hey: 1977b). 

Making use, thus, of the LS coupling scheme, one employs 

a quantum number de scription of --ySLJM. so that the line 

strength (eq. 2.3) becomes: 

wh e re 

s(tsLJ; o'S'L'J')= I tt>'SLJ11 □ 116'S'L'J')l 2 

- {2J -1- 1 )( 2J' + 1) {L J S}'1(WIDlllS' L'll' 
J' L' 1 

L (L') = total orbital angular momentum of i (i') ; 

s 

( } 

total spin; 

6-j symbol. 

From the t r i a ngular conditions of the 6-j symbol one obtains 

the selection rules: 

6S 0 

fiJ., = o, + 1 L + L' ~. 1 . 

(2. 4) 

(2. 5 ) 
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Employing furthermore the parentage scheme approximation, 

thus considering a transition: 

one obtains 

I to L 11 o II cS' L • l I 2 

and 

where P, 
> 

= (2L+ 1)(2L' + 1){l L 
L' l' 

= max ( P, , £ ' ) ; 

ni 
Rn'P,' = radial integral (in units of a 0 ). 

Collecting equations 2.1, 2.4, 2.6 and 2.7, one obtains the 

following form of the oscillator strength usually quoted 

(Hey: 1977b}: 

and 

1 
\,j = ---

2J + 1 

1 S(J,J') 

2J + 1 

SU, J') 

a 2. e2 
0 

fl 
- l > ( 2 L + 1 ) ( 2 L' + 1 ) ( 2 J' + 1 ) ~ 

lL' 

'!'he radial integral can be evaluated for ions with a 

single outer electron using· the Coulomb method by Bates and 

(2. 6) 

(2. 7) 

(2. 8) 

(2.9) 
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Darngaard (1949) with sufficient degree of accuracy (Griem: 

1962a, 1964, 1974; Hey: 1977b; Warner: 1968): 

where 
n t< 

J. 

E 
00 

qi 

= effective principal quantum 

number of level i; 

= ionisation energy relevant to the 

appropriate parentage scheme; 

= 

n* of level with larger P, value; 

Bates-Damgaard factor (Bates and Damgaard: 

1949; see also revised tables by Oertel 

and Shomo: 1968). 

To date , this approximation has also been employed 

successfully for individual equivalent electron transitions 

(Hey and Breger: 1980a, b, c), but this is, however, not 

strictly valid, and a Thomas--Fermi radial integral (Thomas: 

1927) should be employed for equivalent electron levels 

(Warner: 1968d). (Due to the limitations imposed on this 

particular investigation, such an alteration has to be left 

for future work . ) 

2. 2 CORREC TION FOR EQUIVALEN'r ELECTRON CONFIGUP.ATION-S 

As stressed by Sobel 'man (1972), the above formalism of 

the line stre ngth (and thus oscillator strength) is not 

(2 .10) 
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applicable to transitions in which an equivalent electron 

configuration participates. Apart from the cases where one 

of the levels giving rise to the broadened line corresponds 

to an electron configuration containing equivalent electrons 

(henceforward called simply "equivalent electron level") as 

in the example of SnII (see Chapter 5), it is often found 

that the lower level of the transition is sufficiently near 

to equivalent electron levels ~ogive rise to non-negligible 

matrix elements between the transition level and an equivalent 

electron level. For the calculations done in this 

investi9ation, this range of important near perturbing levels 

is defined to correspond to about t:,n* < 1.3. Equivalent 

electron leve ls were found to lie within this range from 

transition levels in several lines of SIII, AIV, NIII, ClIII 

and FII (see Chapter 5). 

~wo cases of oscillator strengths need thus to be 

conside red: 

and 

{2.11) 

depending on which is the lower level, since the absorption 

oscillator strength is de f ined as f (£-+ u). I<'rom the pre v i ous 

section, 2.1: 
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(2.13) 

and 

(2. 14) 

are already known. The relationship between an absorption 

oscillator strength and the cor responding emission oscillator 

strength is: 

where u.J.£ and wu denote statistical weights of the lower and 

upper levels, respectively, or for configurations: 

(2.15) 

(2 .16} 

In order to obtain equations 2.11 and 2.12 in terms of 

equa tions 2.13 and 2.14 respectively, use can now be made of 

the correction for the equivale nt electron oscillator 

strengths as formulated by Sobe l'man (1972, p. 314, equations 

31.55, 31.49, 31.27) to yield for the oscillator strength 

2.11: 

f ( IX l :-: s L J -➔ cd N - I SIL rs L f) = N I G !,~ I 2. f { ex s, L, l s L J -) ex s, L / s [~ Y) 

(2.17) 

where N = number of e quivalent electrons ; 

GSL = fr a cti.onal pa r e n t age coe fficient 
S1_L1 

(S obe l'ma n: 1972, pp. 105-112~ Shore and 

Menzel: 1 968, pp. 385 - 390). 
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'I.1.he oscillator strength 2.12 can be derived analogously to eq. 

2 .17 by making use of eq. 2 .16. However, care needs to be taken 

in the de tailed consideration of the hierarchical procedure 

involved in formulating an oscillator strength for 

configurations, terms and levels. 

configura tions that: 

One thus obtains for 

w ( l N) 
---, N f(l ➔ l') 
W ( l N- I l ) 

w(lNJ 
= 

w ( l'J 
Nffl'~l) 

W ( lN-I l') W ( l ) 

Evaluating the thus defined equivalent electron correction 

factor e xplicitly yields: 

4l + 3 - N 
2(2l +1) 

for the oscillator strength averaged over all terms 

(2 .18) 

(2.19) 

corresponding to a configuration. Rewriting this r e lationship 

for oscillator strengths of terms (eq. 2.18) for atomic levels 

(eq. 2.12) one obta ins the same form as for eq. 2.11, namely: 

f ( ex l N - 1 S, L /' S L J / ~ od NS L .l ) = N J G !,~ I 2. f ( (X Si L it' S L J '·➔ o: Sil I l S L J ) • 
(2.20) 

'I'he correct relationship b e tween eqs. 2. 20 and 2 .18 as elucidated 

in the following section. 

In the case of SnII (He y and Breger: 1980a) an even more 

complica ted type of transition occurs: oscillator strengths 

of the type : 
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are required. Accepting the formulation by Sobel'man (1972, 

p. 318) one has for configurations: 

(2.21) 

and for atomic levels (Sobel'man: 1972, equation 31.60): 

-

:: NP IG!:~:!2IG!i~:l 2 f(s;L",l[S,L,HP-I [S2.L2]SLJ ➔ s:L11l/P-l(Szl2]([S~LJSLJ) 

'J:'ne multiplicative factor in equation 2.21 reducc~s to: 

For P = 1, this reduces to the equation 2.19 as it should. 

2.3 REDUCTION OF RADIATOR STRUC11URE DETAILS 

The reduction of the equivalent electron oscillator 

strength for levels (eq. 2.17) to the corresponding total 

(2.22) 

'11 1 f h ~ • t • N 11N-l n' h osc1 ator strengt1 o t e set or transi ions l - h ~ as 

been discussed in detail by Sobe l'man (1972, pp. 314, 315) 

and the result obtained is: 

(2.23) 
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The result proposed for a transition £N-l£, - £N is (eq. 2.20): 

2 

N IG:.~.l l)(2L+1) (2L+1)(2J+1} 

x t ~, ~Jt,~~r (R~w 

and it remains to be shown that this reduces correctly to 

equation 2.23 by making use of the relationship between 

absorption and emission oscillator strengths (eq. 2.16). 

(2.24) 

If the spin-orbit ' term is sufficiently small, or the J 

value is restricted to one value by the triangular conditions 

of the 6-j symbol, this expression 2.24 can be reduced to the 

oscillator strength for terms, which is defined by Sobel'man 

(1972 I P• 309): 

(2.25) 

with the corresponding surr. rules: 

1 

2 L' + 1 

and 

One thus ob tains after summation over J and J': 

(2.26) 
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As a next simplification, one needs to consider the oscillator 

strength between all terms of a particular parent SiLi in a 

given configura tion. One can thus define analogously to eq. 2. 25: 

where 

[(2L+1)(2S+1) -
~$ 

(for given S1L,) 

defines the corr esponding statistical weight and the sum rule: 

1 

2 l + 1 

is obeye d. As stated by Sobel'man (1972, p. 315), a general 

summation over Lis however not possible due to the 

L-de p e nde nce of the fractional parentage coefficient. 

Following thus the approa ch outlined by Sobel 'man, only 'che 

summation ove r L' is performe d to yield: 

,, IL,-- cl t > 
f ( S L l -➔ S L l ) = N -' ----

' I I I 3 E.-i 2 l + 1 
( tll ) 2 

Rh'l' 

1 

w 

X [ ( 2 L + 1 ) ( 2 s + 1 ) I G :.~. I 2 

SL 

S,L, 

'J:he me an osc i llator strength fo r the config-urat.ion is 

now obta ine d by sununa tion ove r the various parents pos s ible. 

One define s again a na logous ly to eq. 2.25: 

(2.27) 

l 
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L 
where the statistical weights are related by: 

~ w 5,L 1 

One thus obtains for configurations that 

X L ( 2 L + 1 ) ( 2 s + 1 } I G :.~. I 2 

SILISL 

(It should be noted that reduction of the oscillator strength 

given by eq. 2.17 along the same lines as above yields: 

N ., I / IEL•,- E:I 
f ( l ~ t ~- l ) = N --· 

X L~ ( 2 L + 1 } ( 2 s + 1 ) I G !.~ I I 2 

SILISL 

\.'lhich is almost identical to the above e xpression with the 

exc e p t ion of the statistical weight w factors.) 

Making use now of the sum rule for fractional parentage 

coefficients (Sobel'man: 1972): 

[ I G !, ~ 1 I 1 = 1 

S,L, 

one obtains readily (compa re with eq. 2.18): 
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f(IN-ll/ ➔ lN) 
IE,;- Et! l > (R~-~y 

w(lN) 
:: N 

3 EH 2 l + 1 W ( lN-t [ 1 ) 

w ( lN) w ( l") 
f { l' ➔ l) = N w ( l N-I n G ( l ) 

Furthermore, application of equation 2.16 shows clearly that 

this result is entirely consistent with the result obtained 

by Sobel 'man (1972, p. 315): the total oscillator strength 

(2.28) 

of the set of transitions £N •-+ £N-l£, is N times greater than 

the oscillator strength of the single electron transition 

Using this simple correction for equivalent electrons, 

the factor N can be introduced into the results obtained fer 

the line width using a single electron oscillator strength as 

follows. By the dipole selection rules, the angular£ 

values are restricted to: 

£' = .£ + 1 

and after separation into Lin= 0 and t:,n / 0 transitions one 

obtains using equation 2.28 and the expression for the 

line width (eq. 1.42) for the F'WHM: 
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. 8 ( 7 t h ma0 N • ( : ; t [ I 
l' 

we 
L 

g"l·l· (g(i~i)) -
3 2 li + 1 l L-1 

+ 
li + 1 R2 (g(i:i)) + 

ti' 
8;flf-1(_g {f;f)) 2 l,+ 1 ~lili.., 2 lf + 1 

(2.29) 

This reduced form ' contains little detail about the 

actual ion structure, but has nevertheless been employed with 

varying success by Griem (1974) in obtaining his semi-classical 

line width formula equation (526) and also in a recent 

modified application to several ions by Dirnitrijevic and 

Konjevic (1980a). The latter investigation deals with 

similar ions to those of this thesis (see also Chapter 5). 

The simplification of complex spectra by description of the 

bound states merely by their effective principal quantum 

number and orbital angular momentum of the outermost electron 

results, however, in a loss of the dependence of the line 

broadening mechanism on variations within multiplets, 

deviations from the LS coupling scheme and the possibility of 

imperfections in the level classification such as configuration 

interaction. That variations within multiplets, as predicted 

by Hey (1978), are in some cases (AII) of measurable 

magnitude was illustrated by Behringer and Thoma (1978). 

Appreciable variations within multiplets were also found in 

the calculation of SnII linewidths (He y and Breger: 1980a; 
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Chapter 5). The difficulty of the inclusion of the correction 

factor for equivalent electron levels in the simple hydrogenic 

matrix element sum !3:_i,£. for cases with initial states with 
l J 

equivalent electrons has been pointed out by Dimitrijevic and 

Konjevic (1980a) who included fractional parentage coefficients 

only for cases where perturbing levels were of the equivalent 

type. '!'he resultant error in the hydrogenic sum in the case 

of SnII calculations was found to be negligible, where the 

additional terms were less than ten percent (see Chapter 5; 

Hey and Breger: 1980a) ~ A lack of reliability when reducing 

the radiator structure to an ave rage over the parentage 

{i.e. from eq. 2 . 27 to eq. 2.28) has also been reported in the 

calculation of radial integrals for the calculation of 

lifetime s of excited levels in AI by Zurro et al. {1973). 

2.4 CONFIGURA.TI ON INTERACTION 

Apart from the unequal contribution of various members 

of a p e rturbing term to the line width observed {Behringer 

and 'J.1homa: 1978; He y: 1978), the shift of energy levels due 

to inter actions betwee n configurations was expected to affect 

the line broade ning me cha.nism (Hey: 1977d), particularly in 

the case of ionised silicon. 11his effect was also detected 

in the investigation of several SnII lines, where several 

str ong "forbidde n (two-ele ctron)" transitions were observed 

{Mille r et al.: 1979; Wujec and Musielok: 1976) due to the 

s t r ong in t e racti on of the terms de note d 5 s 5p 2 2 D a nd 5s 2 Sd 2 D. 

{Se e al s o Cha p ter 5; He y and Bre ge r: 1980a ). Using t his 

par ticula r c ase a s an examp l e , the modifica t i ons required to 
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the line broadening calculation can be illustrated as follows. 

Denoting the two levels 5p 2 2 D and Sd 2 D as tabulated in 

the energy level tables (Moore: 1958): 

-1 

cm (labelled Sd) 

-1 
cm (labelled 5p 2 ) 

one has in terms of the "pure" energy eigenfunctions: 

where for normalised wavefunctions: 

In the calculation of the line width, one calculates matrix 

elements of the type: 

where 7/J n corresponds to the transition level perturbed by n x,m 

7/Jpert.· Two cases need to be considered now, depending on 

which of the two (7/J n or 7/J t) is the mixed wavefunction. n »m per. 

(2.30) 

(2.31) 

(2. 32) 

(2. 33) 
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Case 1: t n is pure, t t is mixed. · n,{,m per. 

In this case, suppose that w n is perturbed according •n x,m 

to the dipole selection rules by t(d). Then, since both 

tr (2 D) and *rr (2 D) contain this character, both 

and 

need to be calculated. 

finds: 

From equations 2.30 and 2.31 one thus 

and 

similarly. Hence the calculated oscillator strengths need 

to b e mult i plied b y !a 1 1 ! 2 and !a 2 1 ! 2 respe ctively in order 

to obta in the correct contributi on to the line width. 

1/1 n is per tur b e d via. t h e d i pole s e lection rules by the 
r n ,t, In 

If 

n 2 
.a; 

(2. 34) 

(2.35) 

r 
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character rather than the d character, the weighting constants 

in equations 2.34 and 2.35 would be la 12 l 2 and !a22 l 2 

respectively. 

Case 2: t n is mixed, t t is pure. nhm per. 

In this case, the state ltn,em> would be perturbed by two 

sets of perturbing levels. The following two matrix elements 

then enter into the sum over all contributions to the line 

width for of, = of, ( 2 D) • 'f'n£m - 'f' I , • 

I 1
2

1 (I) 12. I 12.1 (2.) 12. = CX11 ( 't(d) I I 1 'tpert.) + CX12. ( "f(p2
) j r_ j !"pert.) I 

where the superscripts (1) and (2) denote members of the set 

of perturbing levels which are permitted by the dipole 

selection rules. 

( 2 . 36) 

(2.37) 

The mixing constants a
11

, a
12 

and a
21

, a 22 need therefore to be 

known to use the above outlined correction for line broadening 

calculations. By the s election of accurate measurements of 
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the at::.orniC; transition probabilities between the states 7/JI ( 2 D) 

(and t 11 ( 2 D)) and other levels, comparison of theoretical and 

measur ed values could yield these constants a:,.. The 
1) 

relationship b e tween transition probabilities and the line 

strength is (Griem: 1964): 

C 

and 

1 (Eu- EJ 2 S(J,J') 

C:\ 3 EH 

In this particular example of SnII, the following term 

transition probabilities would be applicable: 

yielding 

yielding 

yielding 

(Alu.)..., 

(ALu.)c 

(2. 38) 

(2.39) 

Using the J-splitting within the terms, the consistency 

of the obtained values ja:ij 1 2 can be checked. The remaining 

two va lue s of !a 2 2 j 2 and la 1 2 j 2 can then be obtained from the 

normalisa tion conditions equations 2.32 and 2.33 (see also 

Chapter 5). 
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2. 5 THE COMPLE'fENESS PARAJYIETER 

From the reduced form (eq. 2.28) of the oscillator 

strength: 

2 l + 1 
( nl) 2 

Rn'L' 

the following sum rule is obeyed for hydrogenic ions: 

L l> 
n'l' 2l+1 

n2. 

l + 1 \ (, n l )l 
2 l + 1 7 \Rh'l+I 

l + 1 /, 1r
2 j ) ----- ,pl - nl 

Ll+1 a! 

-= --2 ( 5 n2 + 1 - 3 l ( t + 1) ) 
2Z 

(Condon and Shortley: 1935) (2.40) 

In order to check the completeness of the sets of 

perturbing levels used in the calculation, 

is evaluated: 

L'JSi 
the parameter S. 

= s. 
I 

where: 

and (Rn ,£ ) 2 is calculated, as pointe d out earlier, in the n I £ I 

Coulomb approximation (Bates and Damgaa.rd: 1949). 

]. 

(2 .41) 
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A so~ewhat similar quantity used by Jones, Benett and 

Griem (1971) and Griem (1971) is an effective completeness 

parameter for both the upper and lower levels of a particular 

spectral line, taken together. 

used by Platisa et al. (1977). 

This quantity has also been 
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CHAPTER 3 

THE EFFECTIVE GAUNT FACTOR 

The semi-classical model (eq. 1.42) suggested in Chapter 

1 treats the electron perturbers as particles travelling 

along classical trajectories about the radiating ion. As 

such, all possible paths and collisions have to be included 

in the eva luation of the line width. In order t.o simplify 

the resultant complexi ty of this diverse picture, the details 

of these collisions with regard to their trajectories and 

their statistical occurrence have been isolated in a single 

quantity: the effective Gaunt factor g. 

The de finition of this quantity g has been based on a 

developme nt of the original concept of the Kramers-Gaunt 

f a ctor g (Kramers : 1923; Gaunt: 1930). Gaunt (1930) 

considered the problem of continuous absorption and defined a 

f a ctor g which can be used to calculate also excitation 

cross-section s for dipole transitions (Seaton: 1962a; 

Barange r: 1962; van Regemorter: 1962): 

g f.,. 
l L 

(3.1) • 

The definition of the effective Gaunt factor gas given 

by eq. 1.18 (Seaton: 1962 ; van Regemorter: 1962) seems to be 

ide n t ical a t first sig·h t; the re, howe ver, the cross-sections 

a r e assumed to be known, and the effe ctive Gaunt factor is 

t hus an empirical qua ntity obtained by: 
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ff '6.E \ mv2. 
~-,· L l 8 TT 2. 

(3.2) 

specifically for collisions not involving exchange and treated 

within the dipole approximation. The value of g is thus not 

given by a fixed theoretical expression, but is based on 

deductions "from the best observations and the best 

computations available" (van Regemorter: 1962, p. 907). Any 

attempts to formulate an expression for this factor g (as in 

this chapter) are thus attempts to fit the empirical data 

available. Such an evaluation of the effective Gaunt factor 

has been made by van Regemorter (1962) and Seaton (1962a), 

who proposed numerical values for g on the basis of the atomic 

data available at the time. 1bese values were considered to 

be applicable to a general ion within an average accuracy of 

a factor of two, and have been applied to the line broadening 

problem. Limited success has been achieved in predicting 

experimental values of the line widths (Griem: 1968; Hey: 

1976b; Hey and Bryan: 1977; Hey: 1977a, b). Various other 

values for g, particularly to replace the threshold value of 

0.2 given by Seaton (1962a) and van Regemorter (1962), have 

been suggested for particular ions to improve the above 

estimates (Blaha: 1969; Davis: 1974). A convenient functional 

form of the effective Gaunt factor relating it to the classical 

path of the electron perturber around the ion has been obtained 

by Griem (1968). Since this formula has been found to 

• disagree with experiment for the more highly ionised speci,es, 

a new derivation of g on the basis of the classical path 
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approxima~ion has been undertaken in this study. 

For electrons colliding with a positive ion of ionisation 

stage Z, the path described by the electron will be a 

hyperbolic orbit with the ion scatterer at the focus: 

Fig. 3.1: Classical hyperbolic electron orbit 

.... .... .... .... ... .... ... O< 

r r' .... ~ .... ,,, ' ,,, 
.,, .... .... .... 

/ ... .... .,, ,, ,,, 
/ .... ,,, 

..... 

> 
aE ,,, 

where a: scattering angle; 

€ eccentricity of orbit; 

Q semi-axis of hyperbola; 

2p latus rectum of the orbit; 

p impact parameter; 

v. incident electron velocity; 
"-'.I.. 

~ outgoing electron velocity; 

0 - focus of hyperbola. 



53 

For such an orbit, the following relationships can be 

deduced: 

(Z-1)e 2 

a = m V 2. 

COS "f 
1 

--
E 

perihelion distance = a ( E - 1 ) 

(3.3) 

(3. 4) 

{3.5) 

(3.6) 

(3.7) 

In order to obtain the collision cross-section from such 

an orbit, the definition by Seaton (1958, 1962a) of a cross­

section can be used (Griem: 1968): 

CTt'i = 2n JP~, f dy ( P i't < 1 ) (3.8) 

where the integration is over all possible impact parameters, 

and P.,. is ci1e transition probability of a collision at 
J. J. 

impact parameter p. As already discussed in Chapter 1, a 

monopole-dipole expansion of the interaction is sufficient, 

thus yielding (Seaton: 1962b; Griem: 1968; see also eq. 1.36): 

R,· L L 

4 mv 2 ( 12 

= - --- sin ( °'12. ) 
3 (Z-1)n/ 

In order to obtain an expression now for the effective 

(3.9) 
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Gaunt factor from eq. 3.2, the transition probability needs 

to be integrated over all possible impact parameters to yield: 

00 

Q·,· = 13 J ls 2 df 
LL TI ~+a. 

(3.10) 

0 

This integral, however, diverges, and suitable upper and lower 

limits for the impact parameter have to be introduced in order 

to yield a finite effective Gaunt factor. Denoting these 

limits p and p . , the above integral yields the "quasi-max min 

classical" effective Gaunt factor (Griem: 1968, p. 260): 

13 
9t'i. =--

2 TT 

The necessary choice of the cut-off parameters p and max 

Pmin gives rise to the major criticisms of the above method 

of calculating cross-sections (Davis et al.: 1976; Hey and 

(3.11) 

Breger: 1980b). Griem et al. (1959) suggest that the cut-off 

be made at the minimum impact parameter below which strong 

collisions; rather than weak collisions, take place, and at 

the maximum impact parameter above which the collisions are 

screened (i.e. Pmax = pD, the Debye length for screening of 

ions by electrons). The validity of such a definition of 

the cut-off parameters in the impact regime has been further 

discussed by Lewis (1961). Where correlations between electron 

pertu.rbers occur, Pmax = 1.1 PD has been suggeste d (Griem 

et al.: 1962a; Baranger: 1962). In the case of non-degenerate 
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ions rather t11an hydrogen, the upper limit needs to be 

reduced, such that an evaluation of the cross-section (eq. 

1.36) by eq. 3.9 is valid (Griem: 1966, 1968). For such an 

evaluation, the classical path perturbation Hamiltonian Vin 

the interaction picture was assumed approximately to be the same as 

the actual interaction in the Schrodinger picture (which is 

in fact an equivalent assumption to the impact approximation 

applied to isolated lines, see eqs. 1.10 and 1.11), and thus: 

1 

f 
->> {3.12) 

Adopting this "adiabatic" cut-off (Spitzer: 1940) as the 

upper limit of the impact parameter, the lower cut-off needs 

to be obtained from the "demarcation" of the strong and weak 

collision regimes (Lewis: 1961; Griem et al.: 1959) as well 

as the validity of the semi-classical approach as discussed 

in Chapter 1. 

3 .1 UPPER CUT-OFF' O:F' ECCENTRICITY 

In order to ascribe the broadening of isolated lines to 

the impact of unshielded perturbers, one requires (Griem: 

1962b): 

where hw is the plasmon energy. 
p 

For ions in a plasma with 

e lee tron density 10+ i 7 cm- 3 , the energy separa tion t,E. , . would 
l. l. 

have to remain l a rger than 94.7 cm- 1 in orde r for the above 
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criterion to be valid. For such energy separations, one tl1us 

has a shielding distance of: 

-- 1iv adiabatic 
Jo> j~L.,~I = f max 

and the adiabatic cut-off occurs thus for impact parameters 

below the Debye shielding distance. Since the energy 

separations in practice (see Chapter 5) are usually much 

larger than 94.7 cm- 1 , the following cut-off can be used 

(Griem: 1966, 1968, 1974): 

Jrnox = 

This cut-off is, however, not sufficient, as it neglects the 

effect of the curvature of the hyperbolic orbit traversed 

(Griem: 1966, 1968, 1974). 

Applying conservation of angular momentum for the 

unperturbed trajectory in a Coulomb field (Griem: 1966): 

f V = f'v' 

one obtains: 

frnox = 

(primes denote perihelion 

distance where transition 

occurs) 

The correction to the straight classical pa th has to be 

(3 .13) 

(3.14) 

( 3 .15) 
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obtained from considerations of conservation of energy of the 

unperturbed classical path (Griem: 1966): 

1 1 2 (Z-1)e 
2. 

2 
' - m V = -m V 

2 2 f' 
(3.16) 

(:'((:') 
"2.. 

⇒ 
2(Z-1)e.6.E 

0 = 
ffi v3n {3.17) 

where the level separation j.6Ei'il has been abbreviated as t,E. 

Using expre ssion 3.5, one thus obtains: 

2 
Ema.x:::. 1 

or denoting: 

as introduce d by Griem (1968, eq. 16): 

2 
E l'Y'ln.x. = 1 + 

where ¢ is the solution ( v; ) of the cubic eq. 3 .17, which is 

written as: 

\o n'l' 
2 Onl = 0 

(3. 18) 

(3.19j 

{3.20) 

(3.21) 

In orde r to solve this cubic, both an analytical as we ll 

as an iterative proces s can b e applied. The analytical 
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solution of the cubic: 

3 
X + px + q = 0 

as discussed by Littlewood (1958, p. 188), is presented below 

for the special case (eq. 3.21) under consideration here. 

Two different methods for the solution of a cubic of the above 

form are required, depending on tl1e sign of the discriminant: 

D = 4p 3 + 27 q2 

which becomes in the case of eq. 3.21: 

case 1: D > o and thus ~2 > f=j 

In this case, the cubic will have one real root only. 

For eq. 3.17 this would correspond to the condition: 

LiE 27 2 
( -- (Z-1) 

Er¼ 4 

which will apply in most practical cases (see Chapter 5). 

As a first step in the solution of eq. 3.21, one substitutes: 

(j) = y + 2 

to obtain instead of eq. 3.21: 
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y3 + z.3 + ( 3 yz - 1 ) { y + z ) - 2 's = 0 

Making the choice now of y or z such that 3yz = 1, one derives 

the following two equations for y and z: 

Yi+ Z3= 2~ 

Y3z3 1/ = /27 

For a quadratic of form: 

a >-.2 + b \ + c = 0 

one can derive the following equations for the roots Ai and 

A2 of the quadratic: 

b 
= - - 1/a 

One can thus deduce from eqs. 3.21b and 3.21c that y 3 and z 3 

must be the solutions of the quadratic: 

1 

27 
= 0 

'l.'he variables y 3 and z 3 can thus be solved for, and since 

¢ = y + z, one obtains: 

(3.21b) 

(3.21c) 
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as the solution of the single real root. 

case 2: 1 D < O and thus ~2 < 27 

In this case all three roots are real but only one 

positive. One substitutes: 

¢ = k cos 0 

into eq. 3.21 and rewrites the result as: 

~ 

4 cos 8 

Use can now be made of the trigonometric identity: 

COS 38 :: I+ cos3 8 - 3 COS 8 

4 by choosing k such that k 2 = 3. One thus obtains that: 

(3.22) 
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e = 

3 
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arc cos m "!, 

and since ¢ = k cos e, the solution for the only positive 

root can be written as: 

(3.23) 

This form involving arc tan rather than the simpler expression 

using arc cos had to be chosen in order to make evaluation on 

the computer possible. 

Using the above two methods of evaluating the roots of 

the cubic (eq. 3.21), the maximum eccentricity E (eq. 3.18) max 

can now be evaluated readily. 

The effect of the curvature correct.ion in the E term -max 

on the g fact.or has been investigated for several transitions 

of NV, as well as for the process 2s-2p of the iso-electronic 

sequence of NV. For large incident electron velocities, the 

error introduced by omitting this correction was found to be 

very small, but erroneous g are obtained for low velocities, 

as was expected (Griem: 1968). Some typical values obtained 
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Fig. 3.2: Solution of cubic 
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1 -mv 2 
2 = 100 6E 

1 -mv 2 = t,E 2 

where g and gc are calculated without and with introduction 

of the curvature correction¢ into the numerator (E ) max 

respectively. 

In order to allow estimates of the effective Gaunt factor 

to be made without the elaborate exact solution of the cubic 

(eq. 3.21), a plot of¢ versus ~ is presented in Fig. 3.2. 

3.2 LOWER CUT-OFF OF ECCENTRICITY 

Since the effective Gaunt factor is evaluated using 

classical perturber orbits, one requires, as pointed out in 

Chapter 1, that the de Broglie wavelength of the electron 

perturbers must be small with respect to the impact parameter. 

Thus (Baranger: 1962; Griem: 1966, 1968): 

.f 
,. n >> j', = -

mv 
(3.24) 

Furthermore, a dipole approximation was employed and, as 

already assumed in Chapter 1, the Coulomb interaction did not 

contain a monopole-monopole term. For the case of c11arged 

radiators, i.e. ions, such an omission is valid only when the 

perturber remains outside the orbit of the bound electrons 
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of the ion (Griem: 1974, pp. 24, 51, 269). One thus requires; 

f 

where d ., . is the dipole matrix element. 
1. 1. 

In other words, 

the dipole moment of the incoming electron with respect to 

the ion should remain larger than the dipole moment of the 

ion-bound electron system. Griem (1974, p. 269) estimates 

(3.25) 

n 2 ao this p2 to be of the order of -Z-, but, as will be discussed 

in the following sections, a more accurate estimate needs to 

be used. T.he appropriate estimate will be seen to be (see also 

Chapter 2) the Coulomb approximation: 

where 

2 

d·,· = L L 

n* 

( 3 n ~ )2 
( n* i 

2Z h 

the larg-er of the two angular momenta of 

• I • 
1. ,1.; 

the angular momentum of the lower level of 

the pair; 

effective principle quantum number; 

= Bates-Damgaard factor. 

As already mentioned above, the lower impact parameter 

limit must correspond to the limit between weak and strong 

collisions. A further requirement that needs to b e met, is 

the unitarity of the s-matrix. Several values for this 

impact parameter have been suggested (Griem et al.: 1962; 

(3.26) 
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of the ion (Griem: 1974, pp. 24, 51, 269). One thus requires; 

f 

where d ., . is the dipole matrix element. 
l. l. 

In other words, 

the dipole moment of the incoming electron with respect to 

the ion should remain larger than the dipole moment of the 

ion-bound electron system. Griem (1974, p. 269) estimates 

(3.25) 

n 2 ao this p2 to be of the order of -Z-, but, as will be discussed 

in the following sections, a more accurate estimate needs to 

be used. The appropriate estimate will be seen to be (see also 

Chapter 2) the Coulomb approximation: 

where 

2 

d·,· = L L ( 3 n~ Ji ( n~ 2 

2Z h 

the larger of the two angular momenta of 

• I • 
l. ,1.; 

the angular momentum of the lower level of 

the pair; 

n* effective principle quantum number; 

= Bates-Damgaard factor. 

As already mentioned above, the lower impact parameter 

limit must correspond to the limit between weak and strong 

collisions. A further r e quireme nt that needs to b e met, is 

the unitarity of the s-matrix. Several values for this 

impact parameter have been suggested (Griem et al.: 1962; 

(3.26) 
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cooper and Oertel: 1969; Griem: 1974), but all cut-off 

parameters are found to be of the order of: 

f > 

for rectilinear trajectories, where~ is a numerical factor 

of order unity. 

Having obtained various minimum impact parameters that 

need to be exceeded, one still needs to apply curvature 

corrections in a similar fashion as for the maximum impact 

parameter. 

For the first condition, the impact parameter had to 

remain larger than the reduced de Broglie wavelength: 

n 
> r :: 

I mv 

Applying pv = p'v' to this expression just yields the same 

form. 

The second condition required that the dipole moment of 

the perturber-ion remains larger than the bound electron-ion 

dipole moment: 

r > 

Applying again conservation of angular momentum and energy 

(eqs. 3.14 and 3.16) (Griem: 1966): 

(3.27) 

(3.28) 
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p 2. 
J >. 

2(Z-1)e 2 l 
+ I 

J':1. m V 2 

2. 

= ~ d-~ [mv' + 
2 2 l l 

m v 2EH 
(3.29) 

Since the third condition of unitarity has been obtained 

for a rectilinear trajectory (Griem: 1974, p. 79), curvature 

corrections need to be made, applying: 

2 
f sb· :: 

where 

⇒ 

Pstr. 

Pc 

2 
+ n 

= 

= 

fl > 

(3.30) 

straight path impact parameter; 

curved path impact parameter, 

ti 2. 
2. q. 

2. { Z -1) e 
f~ ::. (~dvi J2 -2-2 -

mv mz.vtt 

rt 
[ 

2 2. (Z-1)2 EH] 
:: ~ dt't - Yzrnv2. m1 v2 (3.31) 

So far the constant ~ has been assumed to be a numerical 

factor, indicating that p3 should be of the order of the above 

value. As will be discussed in Chapter 4.2, this constant 

may be taken as unity without appreciable error in g. For 

slow velocities and large d., . 2 the above lower limit of the 
1 1 

impact parameter can turn negative. Since such values are 

meaningle ss, this criterion will be neglected when such a 

sign reversal occurs (Griem: 1968; Cooper and Oertel: 1969). 

Since the two cut-off conditions p2 and p3 are just 
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indications of the order of magnitude of the lower limit of 

the impact parameter (as was emphasised by the factor~ in p3), 

a different approach to the one by Griem (1968, 1974) for the 

evaluation of E . will be adopted. min It would certainly be 

correct to evaluate the p . by using the following form min 

(Griem: 1968, 1974): 

but to avoid an underestimation of p. by the wrong scaling min 

factor for each criterion (i.e. ~ in the case of p 3 ) it is 

advantageous to estimate p. by: 
nun 

and for the case of negative p 3 2 : 

for 

Having defined p . in such a way, the factor~ will be min 

{3.32} 

(3.33) 

(3.34) 

taken as unity in the following discussion. The validity of 

this estimate will be considered in Chapter 4.2. 

Using this prescription of a lower limit to the impact 

parameter integration, one obtains for: 

l. 2. 't 
m Srnin V 

+ 
(Z-1}2.e1t 

=1 +,!~t:H l1 + di~[1 • 
+ 2(Z-1)] 

dt.,t . 
(3.35) 



for all d., . 2 
]. ]. 

2. 

Emin = 1 

68 

{Z-1) 2 EH 
> 1 , and otherwise: 

-mv 2 
2 

+ 

It is convenient at this point to define: 

. Using these parameters, the threshold condition is given by 

x = 1 and comparison with the van Regemorter values (1962), 

discussed earlier, as well as other suggested g values is 

facilitated. 

From eq. 3.11 one thus obtains for the effective Gaunt 

factor: 

1 
{3 

g =--- ln 
2rr 1 + 2 ,. 1 + d i.'i [ 1 + 2 + --- ] - 2-

X 2. [ ,. xt 2 (Z- 1) (Z -1 )2 y 2 ] 

(Z -1) y Y d~,t X 

and when: 

1. 2. 

2. < (Z-1) y 
d l' t 2. 

X 

(3.36) 

(3.37) 

(3.38) 

(3.39) • 

(3.40) 



69 

4 X 
6 

¢ It-1 + 2 2. '· 

ff (Z-1) y 
g ==-ln x2 [1 + 

2. 

2(Z-1)] ] t 2 TI 
dtL [ 

X 
1 + 

(Z-1 ty 2. 
+ 

y 2. di:i. 

should be employed, where the subscript t denotes that a 

"truncated" version of the g factor is employed. 

Neglecting the curvature corrections in both numerator 

and denominator of eq. 3.39, and employing the estimate of 

d. , . 
l. l. 

d. , . 
l. l. 

as suggested by Griem (1974), one obtains (~ = 1, 
n2 

= z> = 

4 x6 

1 + 
(Z-1 //' 13-

g ::: --ln 
x2. [ 

II' It 
St\ 2 TT n 

[ 1 1 
+ (Z-1 ( y2 1 + z 2. 

+ 

Despite the earlier demonstration of the large error 

introduced in the numerator by neglecting curvature effects, 

( 3. 41) 

(3 . 42) 

this crude estimate has been employed with success for the 

calculation of several SnII line widths (Hey and Breger: 1980a). 

So far, however, no reference to the correct limiting 

behaviour of the effective Gaunt factor has been made: it is 

precisely for this reason that the simple form of g Sn had to 

be abandoned in favour of the expressions 3.39 and 3.41. 

The effective Gaunt factor obtained by consideration of the 

collision processes along classical paths should satisfy the 

following criteria: 
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i) The B_ethe approximation formula of g should be obtained 

in the high-energy limit (x >> 1). This limit can be 

obtained in a suitable form from Seaton (1975) for the 

Bethe approximation: 

8 
f2 { i,L' ) = 

3 

where "flk = mv; 

8n S( i,l') -
3{3 

(3.43) 

r O = "classical distance of closest approach" 

= Pmin 

Thus: 

g = - ln n v 13 [ - ] 
B 1T fmin ~E 

{3.44) 

ii) The effective Gaunt factor must remain an "analytical" -

continuous in energy (i.e. well-behaved) - function for 

y large, even for small x {threshold limit 1+). 

iii) Since broadening of ion lines is considered here, a non­

zero threshold value must be obtained under all 

circumstances (Seaton: 1962). A zero g factor is 

obtained for all cases where the argument of the 

logarithm~ 1. The case where p. > p is thus min max 

artificially interpreted to give g = 0 on physical 

grounds (Griem: 1966, 1968; Cooper and Oertel: 1969). 
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3.3 ASYMPTOTIC BEHAVIOUR OF g 

i) High-energy Bethe formula: 

Since the curvature correction for the p was given by max 

¢ where: 

3 2 ( Z -1) e\0.E 
(/) - (/) -----

m V 3 fl 
= 0 

this correction can be neglected in the high velocity limit. 

Furthermore: 

➔ 
m f V '· 

(Z -1) e '2. 

for large v. 

'1:hus: 

- -} g 
{3 

2n 

which, for the upper limit Pmax 2 

f3 [nv ] - ln -- :: 9s 
TI · Jrn·,n AE 

, becomes: 

which is the correct limit (Seaton: 1975). 

ii) Analytical b ehaviour of g: 

For all values of y and x ~ 1, the derived effective 

Gaunt factor should be continuous and remain positive. Thus 
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the diffic~lty of interpretation (Griem: 1966, 1968; Cooper 

and Oertel: 1969) for the case where p. exceeds p is min max 

avoided in the above threshold regime. To verify this 

analytical behaviour, the high energy regime of the Gaunt 

factor 
Pi 

is examined, as well as the exact nature of the ratios 

Pmax 

P2 p3 
-- , -- in the near-threshold regime. 
Prnax Pmax 

For large values of x, the curvature correction¢ for 

the upper impact parameter tends to unity, since it obeys the 

relation: 

(Z-1)y 

x3 
= 0 

For high energies and x >> y, a finite positive g value 

requires for both eqs. 3.39 and 3.41: 

4 X lr 

> 2. 
1 

l [ X 2 (Z-1)] 
1 + d1.,i: -z. + 

V ct.,. 
J ~ t 

which can be further approximated for x >> 1: 

> 1 

At this point it is important to note that (Sobel'man: 

1972, p. 315; see also Chapter 2): 

1 1 
d·,· - = L l 2. 

y 

1 

3 
= 1 

Since values of x ~ 1 are considered, the effective Gaunt 

factor is seen to remain analytical for large x. The above 

(3. 45) 

(3.46) 

(3.47) 

(3.48) 
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relation 3.48 is not necessarily satisfied if one estimates 

(Griem: 1964, 1974): 

z 

as was done in the calculation of gsn· Following a similar 

procedure for 9sn as for the above g high energy behaviour, 

one obtains the requirement: 

4 X 4 

which may break down for small values of y. More serious, 

(3.49) 

(3. 50) 

however, was a breakdown of this approximation near threshold 

x discussed below under section iii). 

It still remains to be verified that the proposed g 

formulae 3.39 and 3.41 remain analytical (continuous) in the 

near threshold regime. For this, it is most convenient to 

consider each p 1 , p2 and p 3 separately. 

case I: 

Including the curvature corrections at low x, p was max 

written as: 

nv (:r f tna.x = 
L\.E 

and 
n 

f. = 
mv 
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'11hus: 

~mo.x 
:: 2 x1 ¢ 2 

and: 

(r:J = 
1 <_2_ 

4 x '1- ¢ 4 4 

Case II: 
Pmax ---

P2 

( 11 
)
2 

[ 

2 
2 (Z -1) 2. 

= m v d,-~ 2mEv" f2 + 
dL'i. 

from eq. 3.29, thus yielding: 

( f tno.x )2. = 
f 2. 

and using condition 3.48: 

x 2 + 2(Z-1)y 

4x 4 </> 4 

For large x, this is clearly < 1. 
1 

( ..Y._)1/3 estimated as~ (Z-1) and: x 3 

< 

J 

For large y, ¢ can be 

1 

For intermediate values, ¢3 - cp + (Z-1) ~ and: 
X 

1 2 (Z.,. 1) y 

(s::J + 

< X x3 

< 
1 

< 
2 [ 2 <t> 

2 (Z -1) y 1 
+ ]qi X 2¢x 

x3 

(3.51) 

(3.52) 
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case III: Pmax --
p3 

from eq. 3.31. Thus: 

< 
y 2 [ 1 - {Z; 1 )1] 

4x 4 ¢Lt 

Deductions about this ratio are difficult to make and a 

numerical investigation was thus employed to establish 

whether this ratio remains less than unity. Since this cut­

off should be applied only when: 

2 2. 

{Z-1) y 
X i 

(3.53) 

and one has di'i 2 ~ y 2 from eq. 3.48, it is important to note 

that the uni tari ty condition enters in the expression for g· 

only at threshold (x = 1) when Z = 2. For values of x 

larger than (Z-1), the following diagram (fig. 3.3) has been 

obtained from a numerical analysis of eq. 3.53, indicating 

the conditions under which breakdown of the Gaunt factor occurs. 

As can be seen from the diagram, a non-zero effective 

Gaunt factor using the 

ally < 27. From the 

unitarity condition is obtained for 

definition of y ~ R, this 

observation means that the effective Gaunt factor expression 

3.39 for g is valid for all: 
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Fig. 3.3: Regions of validity of the Unitarity condition 
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6E • > 

This conclusion really requires: 

l 
f ma.'X 

p3 2 

< 1 
(3.54) 

but for (--) 
Pmax 

- 1, 
Pmax 2 

p32 

and are very small, allowing 
Pmax 2 

the extension of (---) < 1 to eq. 3.54. 
Pmax 2 

In practice, the condition of t,E > 200 cm- 1 is easily 

met by most ions (Hey and Breger: 1980a, b, c). For Z > 2, 

the unitarity cut-off is dropped at threshold (for x < 2) and 

a non-zero value is obtained for values of y < 100, i.e. 

It should, however, be noted that for such small energy 

separations (less than ~100 cm- 1) the effect of shielding 

will become significant (see discussion at beginning of 

section 3.1). 

iii) Non-zero threshold value for ion scatterers: 

From eqs. 3.51, 3.52 and fig. 3.3 it is apparent that 

the effective Gaunt factor can be calculated from eq. 3.39 

and a fortiori from eq. 3.41. Since an increase in 

ionisation stage Z will increase the curvature factor ¢, the 

condition of non-zero threshold values is even better 

maintaine d for higher ionisation stages. 

This success at threshold cannot be claimed by the 

expression 3.42 for gSn' not even when this is corrected for 
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curvature. One obtains at x = 1 the requirement: 

4 ¢"' 

1 + ~ 4 [1 + y2] 
Z 2 '2. y 

> 1 

For small values of y, the correction factor¢-+ 1 (see eq. 

1 3. 45) and the denominator varies as ~ y 2 • Breakdown does 

thus occur at threshold, unless the matrix element d. , . 
1. 1. 

contains a 6E dependence. It is thus not advisable to 
n2 

replace d.,. by -Z, but rather to retain the whole eq. 3.26, 
1. 1. 2 d., . 

so that an equality of type 3. 48 (- 1 21 < 1) is obtained. . y 

3.4 EXTRAPOLATION BELOW THRESHOLD 

In the foregoing discussion, the validity of the proposed 

effective Gaunt factor (eqs. 3.39, 3.41) above threshold has 

. been verified. As already discussed in Chapter 1, the 

effective Gaunt factor approximation of inelastic collision 

cross-sections can be extended to include elastic contributions 

to the line broadening (Griem: 1968) by extrapolation into the 

below- threshold energy regime. Below threshold, the elastic 

contributions are predominantly dipole, whereas above threshold, 

the major elastic contribution is assumed to be quadrupole 

(Hey and Blaha: 1978). The inclusion of elastic contributions 

by extrapolation of the Gaunt factor into the regime of 

energies below 6E-,. thus omits the quadrupole elastic 
1. 1 

contributions to the line width. This approximation is 

discussed by Hey and Blaha (1978), who supplemented a semi­

empirical calculation with the formally more correct distorted-

wave calculation of cross-sections. It was found that, in 
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the case investigated (A= 4041.3 ~ line in the NII spectrum), 

some 81% of the line width could be ascribed to dipole 

contributions. '11he attention given to the dipole elastic 

terms, rather than to the quadrupole terms, seems thus 

justified. 

For these dipole elastic collisions below threshold, the 

incoming electron can be captured into an unstable state, 

giving rise momentarily to a doubly excited auto-ionising ion 

(or neutral) state (Gailitis: 1963; Bely: 1969). '1.1hese 

states form a converging Rydberg series of resonances in the 

collision strength, which, in turn, converge to the threshold 

energy. In order to extrapolate the effective Gaunt factor 

below threshold, an average over these resonances is required 

(Bely: 1969; see also Chapter 1). Such an average has been 

derived by Gailitis (1963), showing that this average gives 

rise to a collision strength continuous with respect to energy. 

Bely (1969) discusses this aspect with respect to the line 

broadening calculations as suggested by Griem (1968) and 

arrives at t11e conclusion that the collision strength "will 

be continuous when averaged over resonances, provided there 

exist no (levels) k and k' such that": 

In the case of the ions considered in this investigation, 

(3.55) 

such a restriction was found to be of no conseque nce, as this 

equality 3.55 ne ver arose. Details of t he method that one 

should employ to obtain an averaged g b e low thn~~shold are 
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found to v:ary widely in the literature {Bely and Griem: 1970; 

Barnes and Peach: 1970; Petrini: 1970; Fleurier et al.: 

1977). Griem {1968) suggests that one should maintain 

g = gth for all energies below threshold. Various other 

methods have been investigated by Fleurier et al. {1977), 

namely using an unaltered collision strength expression below 

threshold, as well as applying two types of corrections for 

cases where there are a great number of resonances and when 

there are a few resonances to be averaged over below-

threshold. Although non-negligible differences in the 

calculated line widths were obtained {Fleurier et al.: 1977), 

results of the same order of magnitude as the ones using the 

semi-empirical method of Griem {1968) were obtained. 

In order to investigate this uncertainty with regard to 

the exact extrapolation procedure below threshold, two 

"extreme" approaches have been tested for various ion lines 

(Hey and Breger: 1980b, c; see also Chapter 5). 

contributions have been estimated using: 

The elastic 

(a) the same e xpression for g below as above threshold, 

accepting- that the valid g. possible should be zero min 

(method I) ; 

(b) employing the threshold value of g for all energies 

below threshold (method II). 

In the two cases of oxygen and sulphur (Hey and Breger: 

1980b, c; see Chapte r 5), tl1e latter approach led to an 

overestimate of the measured line width for the lower 

ionisation stages; whereas employing method I of 
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extrapolat.ion yielded better consistency with experimental 

results. 

3.5 THE VELOCITY AVERAGE OF THE EFFECTIVE ~~UNT FACTOR 

As discussed in Chapter 1, the average effective Gaunt 

factor (eqs. 1.38, 1.39): 

with z = 

l 2 -mv 
2 

kT 

00 

= I ij(z)exp(-z)dz 
0 

Io0 .6.E·,· 
= g ( z + __ L~ ) exp {- z) dz 

kT 
0 

( 3. 56) 

(excitation) 

(3.57) 

(de-excitation) 

are required to obtain the collision strength 

of a particular perturber collision. Since the g expressions 

(eqs. 3.39, 3.41) derived above yield mathematically 

· cumbersome integrations, numerical methods have been employed 

to evaluate eqs. 3.56, 3.57. Such an integration needs to 

be done only when the assumption that g is a slowly varying 

function of energy fails, and thus the approximation of: 

(as employed in the use of gsn in Hey and Breger: 198Oa) is 

not valid any longer. This was found to be the case in OII 

and OIII (Hey and Breger: 198Ob), making numerical inte gration 

essential. The discussion of the two methods (method I and 

II) of extrapolation below threshold can then be illustrated 
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by the following diagram (fig. 3.4): 

Fig. 3.4: Maxwellian average of Gaunt factor 

i 
g 

--· ----

.. {iJ'.///··•·· 
..••. , • ·,,1• . .. , .. . ::, . . 

~Typical Maxwelliun 
distribution 

E ➔ 

~ estimation of elastic contribution by method I 

~ estimation of elastic contribution by method II 

(Griem: 1968) 

Eth corresponds to energy at threshold, i.e. 

· 1 
x = 1 ::::> 2 m v 2 = .6E 

The ratio of inelastic to (dipole) elastic contribution 

to the line width is thus directly obtainable from the 

evaluation of the inte grals (eq. 3.56) above and below 

threshold respectively. It was found that the elastic 

contribution thus obtained exceeded the simpler estimate made 

by Griem (1968), who evaluated this simply by taking: 
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where elastic contribution to line width; 

WTOTAL elastic plus inelastic contributions. 

3.6 COMPARISON OF g BY 3.39 AND 3.41 WITH PUBLISHED DATA 

Since the model for line broadening calculations in this 

' investigation can be regarded as an extension of the semi-

empirical model by Griem (1974), it is thus of interest to 

see how the suggested form of eqs. 3.39 a.nd 3.41 compare with 

Griem's effective Gaunt factor. The Gaunt factor, as used 

by Griem, has been employed in a slightly modified form by 

Dimi trijevic and Konjevic (198Oa) for similar ions to those in 

tl1is investigation. An alternative form of the effective 

Gaunt factor has been suggested by Davis (1974) and this form 

has also been found by Younger (1979), Younger and Wiese (1979). 

For comparison purposes, the different effective Gaunt factors 

can be suITu~arised as follows: 

Davis (1974) 

Younger (1979) for /',Jl = 0 

Younger+ Wiese (1979) 

for 6n = O transitions 

Dimitrijevic + Konjevic (1980a) 

for ~n = o (Griem {1974)) 

A + B 
x'-

♦ C ln x 1 

1 1 
g = (1-- ){0·7+-)(0·6 + 0·25 lnx 2

) 

Ze n 

Ze= effective charge 

,., 
g =0·7--- + g(x} z 
g(x) = 0·2, 0·24 , 0·33, 0·56, 0·98 
for l = 1 , 3 , 5 , 1 o , 3 o 

{3.58) 

(3.59) 

(3. 60) 
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_, 
Griem (1974) .6.n=o: 13 ( 4.5 2x 3 

[ n1 x 1 ]) 

g = -;- ln 

5 

- ff + I Z - 1 ) y 1 + z ( Z-1) y 1 ( 

3 

• 

61 ) 

+ (3.62) 

All of the above authors distinguish between l:,n = O and 

l:,n IO types of transition. Generally, the Gaunt factor for 

....t' 0 l:,n r is found to be more rapidly varying with energy (x) 

-
than for l:,n = O transitions. Except for the case of eq. 3.59, 

no explicit allowance is made for the difference in structure 

between real ions and the highly idealised model of the 

hydrogenic ion which predicts integral principal quantum 

numbers. The inclusion of the observed quantum defect 

(alternatively, the definition of an effective charge Z) is 
e 

only partially possible in the equations 3.61 and 3.62 

suggested by Griem (1974), by setting n = n: {where n* denotes 
< 

the lower of the two effective principal quantum numbers). 

As discussed also in Chapter 6, this neglect of structure of 

the actual ion involved signifies a major difference between 

the form suggested by Griem (1974) (eqs. 3.61, 3.62) and the 

form presented in this investigation. For a transition: 

2s-+ (2 + l:.n*)p 

and 3s -+ (3 + l:,n *) p 

in an ion of Z = 3, the following plot (fig. 3.5) of tbreshold 
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Fig. 3.5: Plot of threshold Gaunt factor vs. change in 
•effective principal quantum number 

Z = 3 

2 s➔( 2 + A n) p 

0.40 

0.32 

0.24 

0.16 

Q08-+------~-------t-----+-------i------:r1 I 

0.0 0.4 0.8 .6. nt 1 1. 2 
~n,,.~ 
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Gaunt fact~r versus change in effective principal quantum 

number ( .6.n * = n* - n* ) is obtained using eqs. 3.39 and 3.41. 
.P.,> P,< 

(Here n* 
P,> 

and n* 
P,< 

denote the effective principal quantum 

number of the level with larger and smaller orbital angular 

momentum respectively.) 

For example, the transition 3s 3 P 1 -+ 3p 3 S1 in OIII is 

in fact a transition of (2.37)s-+ (2.37 + 0.23)p in terms of 

effective principal quantum number, and the resultant gth has 

been indicated on fig. 3.5. 

It would thus appear as though the classification of 

transitions into categories ,6.n = O and ,6.n / 0 (Griem: 1974; 

Younger: 1979) is an oversimplification of the complexity of 

the ion radiator, of the same nature as the reduction of the 

fine structure details in the oscillator strengths to a 

functic:'.ln of or bita l angular momenta and principal quantum 

number only. 

in Chapte r 2. 

This point has been discussed already in detail 

From the graph (fig. 3.5) it becomes clear that the 

suggeste d calculation of the threshold effective Gaunt factor 

(Hey and Breger: 1980b, c) is valid only for non-zero level 

separations; for cases where Ni* vanishes, the gth factor is 

not valid: This was found in the discussion of the analytical 

b E";haviour of g where a minimum .6.E was established in the 

paragraph following fig. 3.3. For a radiator with dege nerate 

bound s t.a tes, such as a hydrogenic ion, reductions of the 

complexity of the radiator structur e is justified, and the 

s emi-empirical the ory by Griem (1974) is applicable. 

In orde r to compare the energy de pende nce of the suggested 
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Gaunt factor with previously established behaviour, the graph 

in fig. 3.6 was obtained for a NV transition 2s-+ 2p, as well 

as 2s-+ 3p in fig. 3.7. 

The curves plotted are: 

DAVIS 

D&K 

GRIEM n 
< 

GRIEM n* 
< 

H&B 

BLAHA 

- from Davis (1974) using eq. 3.58; 

from Dimi trijevic and Konjevic {1980a) using 

eq. 3. 60: 

using eq. 3.61 with n = 2: 

using eq. 3.61 with n = n* = 1.864; 

- eqs. 3.39 and 3.41 with n* = 1.864, n* = 1.967; 

- single value from Blaha (1969). 

As is appa rent fr_om the graphs, the calculation using a 

method of the s ame form as Davis (1974) can be employed for 

x > 1 only, as it diverges below threshold. For value s of 

x > 2, the sugge sted Gaunt factor eqs. 3.39 (3.41) is 

consiste nt with the tabulated alternatives. Comparing the 

graphs in fig. 3.6 and fig. 3.7 for the 2s .- 3p transition, 

where good agreement is obtained near threshold, it would 

appear as if the classification of transitions into L,n = 0 

and L,n f. 0 leads to an overestimate and an underestimate, 

respectively, of the actual situation of L,n*· never = 0. 

Corre cti on of the formula e of Gri em (1974) by setting n equal 

to the effe ctive principal quantum number introduces a slight 

change in g only. 
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Fig. 3.6: Energy dependence of Gaunt factor: 
.NV 2s-+ 2p transition 
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Fig. 3.7: Energy dependence of Gaunt factor: 
'NV 2s - 3p transition 
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Comparison of the Gaunt factor as predicted by Griem 

(1974) and Hey and Breger (1980) for various ionisation 

stages for the ideal transition 3s --+ 4p shows a similar 

dec r ease with increasing Z (fig. 3.8). Introducing the 

quantum defect into this comparison, the values by Griem 

would be lowered (see fig. 3.7) and the resultant increase in 

6n* would lead to an increase in the plotted g values by eqs. 

3.39 (3.41) thus leading to an even better correlation. 

It should, however, be noted that comparisons of the 

above nature are not strictly valid, as a fundamental 

diffe rence in the approach to inclusion of the radiator 

structure complexities makes the derived g (eqs. 3.39 (3.41)) 

incompatible with the other values quoted above. Furthermore, 

the application of the above Gaunt factor is made after 

integra tion over a Maxwe llian velocity distribution, thus 

introducing a further incompatibility between the various 

Gaunt factors used in the literature. Care needs to be taken 

also in the compatibility of the definition of the effective 

Gaunt f actor - the expressions derived in this chapte r do not 

include any estimates of strong collision contributions. 

These higher orde r terms are include d in a separate term to 

the line width (see Chapter 1, eq. 1.42; also Chapter 4.1). 

A meaningful comparison is thus limited to the calculated 

line widths only, which forms the topic of Cha pter 5 (se e 

also He y and Bre ger : 198Gb, c). 
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Fig. 3. 8: Ionisation stage dependence of threshold Gaunt 
·factor: 3s -+ 4p transition 
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CHAPTER 4 

FURTHER CONTRIBUTIONS TO THE BROADENING 

4.1 THE STRONG COLLISION TERM 

As already pointed out in Chapter 1, this term needs to 

incorporate the higher orders of both the Dyson series and 

the multipole expansion of the interaction potential, which 

are not negligible, but still well separated in time within 

the impact approximation. This contribution is usually 

estimated using the Lorentz-Weisskopf formulation (Weisskopf: 

1933; Griem, Kolb and Shen: 1959; Griem: 1964, 1974): 

where Psis the strong collision cut-off for the impact 

parameter of the colliding electron. Since the quantum 

mechanical cross-section equals twice the classical cross­

section in the classical limit (Merzbacher: 1961), the above 

estimate would become for a quantum mechanical calculation: 

which is consistent with the result obtained by Baranger 

(1958a). In order to preserve consistency, the impact 

(4 .1) 

(4. 2) 

parameter Ps has to be chosen as the lower limit used for the 

calculation of the weak inela stic cross-sections (Lewis: 1961). 

'1.'hereby it is hope d that the resultant matching of the "weak 11 
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and "strong," regimes would reduce any inaccuracies in the 

exact definition of the border between the two. The parameter 

Ps has thus to be consistent with the parameter Pmin 

discussed in Chapter 3. To do this, one needs to note that 

the parameter Ps, as it appears in the expression 4.1, is 

really a rectilinear path impact parameter and needs to be 

corrected for hyperbolic orbits {Hey: 1979). 

expression 3.30 is again employed: 

2 

.fstr = fc 
2 2 

+ Q 

To do this, 

Hence the strong collision term for a particular transition 

betwe en Ii> and Ii' > becomes: 

From Cha pter 3, the minimum impact parame ter for weak 

collisions was: 

2. 2. 2 .r/2. fmin = f1 + j\ + 

(3. 30) 

(4. 3) 

(-m"J [ 1 
m V 2. 

2. 

] (4.4) 
+ d-~- [ 1 + 

2 {Z -1 J ] - (Z-1) EH 

= + l L 

2EH di.'i. '12. m vz. 

for d.,. 2 > 
l. l. 

for smaller d., . 2 one has: 
). ). 

m V 2 

+ d-~· [ 
l, l 2EH + 

2(Z - 1) J] 
( 4. 5) 
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In eq. 4.5, the unitarity condition was excluded fr om the 

minimum impact parameter since the relationships (eqs. 3. 30, 

3.31) used became questionable on physical grounds. For this 

reason, eq. 4.3 should not be employed in a regime where eq. 

4.5 becomes valid, but a different estimate using eqs. 4.2 

and 4.5 could be obtained. 

However, the strong collision term should n ow be made 

representative for all possible types of transitions 

I i> -+ I i '> that can occur. By the impact approximation 

(Baranger: 1958a, b, c) only one transition Ii>-+- Ii ' > will 

be strong at a particular time. Since these collision-

induced transitions are here assumed to be independent, an 

average over all perturbing levels i' needs to be taken. 

It is sufficient to consider expression 4.4 only, since this 

is the correct form for most perturbing levels under 

consideration, and amounts to the validity of: 

(4. 6) 

The overbar indicates the following average over n perturbing 

levels: 

d.;. 1 [ d-7• = l l n l l 

i' 

- (4.7) 

1 [ dvt. d·,· = l l 
n i' 

• (4.8) 

With this definition of an average over the set of 

perturbing l evels employed, the strong collision term becomes 
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In eq. 4.5, the unitarity condition was excluded from the 

minimum impact parameter since the relationships (eqs. 3 . 30, 

3.31) used became questionable on physical grounds. For this 

reason, eq. 4.3 should not be employed in a regime where eq. 

4.5 becomes valid, but a different estimate using eqs . 4.2 

and 4.5 could be obtained. 

However, the strong collision term should now be made 

representative for all possible types of transitions 

Ii>--+- Ii'> that can occur. By the impact approximation 

(Baranger: 1958a, b, c) only one transition ji>- Ii'> will 

be strong at a particular time. Since these collision-

induced transition~ are here assumed to be independent, an 

average over all perturbing levels i' needs to be taken. 

It is sufficient to consider expression 4.4 only, since this 

is the correct form for most perturbing levels under 

consideration, and amounts to the validity of: 

(4. 6) 

The overbar indicates the following average over n perturbing 

levels: 

d-7• 
1 L d-~-:: 

I l 
fl 

l l 

i' 

- (4.7) 

1 [ d·,· = di.'t l l n i' 

• {4.8) 

With this definition of an average over the set of 

perturbing levels employed, the strong collision term becomes 



95 

(in units of angular frequency): 

Ws:: 2 -rr Nev + 2( Z - 1 ) d-, · + d · ;. [1 + l l I.. L 

In addition, the average over the Maxwellian electron 

velocity distribution needs to be obtained. 

standard results: 

<~> ( 2 m J ''2. 
:: 

V TT kT 

<v) = ( 2 m )'12 2 k T 
TT kT m 

( v2) 

3kT 
= 

m 

one obtains in wavelength units: 

Using the 

(4. 9) 

(4 .10) 

(4.11) 

where the constants have been grouped to make comparison with 

the remaining expression of the width (see eq. 1.42) possible. 

The total strong contribution to the line width should 

now be obtained by adding the above expression for both the 

uppe~ and lower transition levels. So far, however, no 

allm·1ance has been made for resultant (elastic) interference 

terms between the upper and lower states in the dipole 

approximation. Based on the discussion on p. 97 of Griem 

(1974), the lower state strong contributions and the elastic 

interference term have been treated as cancelling, reducing 
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the strong ~ontributions to an upper state term of the above 

form {eq. 4.11) only. The good agreement between 

experimental data and calculated line widths (see Chapter 5) 

employing this rather crude incorporation of the negative 

interference term seems to verify this choice, but further 

work in developing a formally more correct inclusion of the 

strong contributions to the line width is required {Hey and 

Breger: 1980b, c). 

4. 2 VERIFICATION OF S = 1 IN THE UNITARITY CONDITION 

Having obtained the above method of inclusion of any 

strong collision contribution to the broadening, the validity 

of the assumption of ~ = 1 in the unitarity condition can be 

discussed. The unitarity condition amounted to limiting the 

weak collision term to impact parameters such that {eq. 3.31): 

{4 .12) 

where only positive values of p3 2 were regarded as physically 

meaningful. 

collisions: 

From Seaton {1958, 1962a, b) one has for weak 

00 

Oj_, l = J P,•d n 2 n: ~ d r 
0 

where P.,. is the probability of a collision-induced 
1 1 

transition ji> -➔ \i' > for particular P· 'l'his definition 

of a collision cross-section has been employed throughout. 

However, including the possibility of strong collisions, one 

(4.13) 



97 

has a minimum p below which weak coupling is not applicable, 

since the failure of the perturbation theory (Born 

approximation) leads to an overestimate of the collision 

cross-section (Seate~: 1962b; Griem: 1968). This requires 

the modified form for the estimation of collision cross­

sections (Seaton: 1962b): 

00 

0-l'l = 0-s + I P-,,i{ ~) 2 TI ~ d f 

frnin 

where collisions below p . are regarded as strong. In min 

Seaton (1962b), the value of p . is determined by the min 

condition: 

1 

2 

(4 .14) 

(4 .15) 

In the formulation of the effective Gaunt factor, Griem (1968) 

and Saha l -Br echot (1969b) employ the restriction: 

[ R,. 
I L 

(4 .16) 
•I 
L 

in contrast to eq. 4.15. 

This procedure is different from the developme nt used in 

this investiga tion, where a single transition is unitarised, 

which can b e justified on the following grounds. 

Cons ide r several weak collisions i - i' occurring at one 

particular time togethe r with 9ne strong collision, which is 

the impact a pproximation (Baranger: 1958a, b, c; see Chapter 

1) . Since for "we ak II collisions trie t r a nsition probabilities 

l 
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must remain small (this was the requirement for the first 

order perturbation methods employed in Chapter 1), it is only 

the strong collisions which need to be restricted by the form 

of eq. 4.16. Since, however, only one strong collision 

occurs at one time, unitarisation of a single transition 

remains sufficient. 

It has, however, been suggested (Griem: 1980, private 

communication) that a treatment of the present theory to 

higher order in the Dyson series would lead to an expression 

for the P.,. which involves intermediate states i". In 
1 1 

such an expression, one would no longer be able to unitarise, 

as done here, for an individual process Ii>-+ Ii'>, but only 

for the sum over all such collision-induced transitions. 

This circumstance would probably prevent the derivation of a 

g, as here, which is continuous in energy (see Clw.pter 3. 3) . 

In order to decide on .the applicability of the unitarity 

condition, the maximum value of the transition probability 

needs thus to be examined in more detail. 

The transition probability evaluated in the impact 

parameter approx imation b e comes (Seaton: 1962b; Griem: 1968): 

4( mv )2. I 12. 2. - -- ( i'J r IL) sin c<;2 
3 n (Z -1 ) -

where a = scattering angle as defined in fig. 3.1. 

Replacing the above matr ix element by quantities as defined ­

earlier (eqs. 1.18, 1.19, 2.27, 3.26, 3.6), one obtains: 

R,. = 
I L 

4 [ m V ]2. 2 2 
3 a d·,· 

3 n(Z-1) 0 ll 

1 
E2 

(4.17) 

(4 .18) 
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, 
where the maximum value is now obtained from: 

(4.19} 

and: 

[ 
2. + ~v_1 + 2 l Z -1) ] (Z -1 ( 2 E K .] 

R --- - 2 {4.20} 
r 2 E d-,. m v 

H L L 

in the regime of a non-trivial unitarity condition: 

(4. 21} 

Introducing the parameter X = Av 2 -

1 m v2 
-2-- one obtains: 

EH 

'1 4 d,,. 
L L 

2 l 2 
1 + dvd ~ + Av ) + 2(Z-1)di.'t 

(4.22) 

Suppose (P., .) ~~ is required~ This is satisfied for all 
i 1 max 

velocities such that: 

1 
2. d,,. 

l l 

and thus definitely for all velocities such that: 

A v 2 
) ( A = 

rn 

2L-1 

(4.23) 

(4.24} 

From eq. 4.21, the unitarity condition is non-trivial only for 

values such that: 
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and criterion 4.23 is thus automatically satisfied for all 

d.,. such that: 
1 1 

{Z-1} 
2 

• 2 2. 

f3 dn 

C Using this last condition to define a critical valued.,. , 
1 l. 

(4.25) 

(4. 26) 

one has conditions (P., .) 
1. 1. max ~ and criterion 4.25 satisfied 

for all d.,. such that: 
l l 

C 
d-,. = t L 

To summarise: the effective Gaunt factor including the 

unitarity condition will yield (P., .) less than a maximum 
1 1 max . 

value imposed (-y) for all velocities exceeding a critical 

value Av 2 (= X ) . 
C C 

Since this effective Gaunt factor is 

(4.27) 

applied for a range of velocities which depend upon the dipole 

matrix d., . , there will be a critical d'?, . below which the 
l. 1 l J. 

velocity automatically exceeds Av 2 • 
C 

Substitution of values 

m for the example of Z = 3 yields table 4.1 (A= 2E:). 
H 

In the example of an 0III calculation of line widths, it 

was found that d. ,. never exceeds 1.69 in the program. 
1. 1. 

Typical values were about 1.6 and 0.5. 

(P., .) was less than 0.8 for~= 1. 
1. 1 max 

This implies that 
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(Pi ' i ) max < 1 requires Av 2 > (4-~ 2 ) true for all C d.,.<d.,. 
l. l. l. l. 

' 

~ = 1 Av 2 > 3 d., . < 2 .1 
l. l. 

~ = 2 all velocities all d., . 
l. l. 

(P.,.) <0.5 requires Av2 > {8-~2 ) true for all C d.,.<d.,. 
1. 1. max l. l. l. l. 

~ = 1 Av 2 > 7 d., . < 1.2 
l. l. 

~ = 2 Av 2 >4 d., . < 1.4 
l. l. 

~ = 2.828 all velocities all d., . 
l. l. 

Table 4.1: Effect of S on transition probability 

In order to test the dependence of the line width 

calculation on the parameter ~, four OIII lines were 

calculated for~= 1 and~= 2. The results are presented 

in table 4.2. The classification method II refers to the 

type of below threshold Gaunt factor employed (see Chapter 

3.4 and Chapter 5; Hey and Breger: 1980b). 

Putting ~ = 2 thus decreased the weak inelastic width 

(WIN) by about 5% of the total line width. The strong 

contribution is seen to increase drastically to contribute 

about half of the calculated line width. General agreement 

with rnea.sured line width deteriorates. The large change in 

the strong contribution arises due to the direct dependence 

on ~2 : 

VTT 

'J. 

( E.- ) 1
[ -[ kT]l ti . -- 1. 2 Na - 1 + 2(Z-·1)d.,. + d,,. B + - j 

\Co k T / I ' ' l ' EH 

(compare with eq. 4.11). 

(4.28) 
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. I 

method II 

f3 = 1 f3 = 2 

2p ( 2 P 0 ) 3s - 3p 3p~ - 3D2 

w 
__!!l 0. 94 0.76 w e -· 

WIN/we 23% 22% 

ws/we 38% 50% 

2p ( 2 P 0 ) 3s - 3p 3p ~ _ 3p 2 

w 
__!!l 1.10 0.93 
w e 

WIN/We 26% 20% 

W /W s e 33% 45% 

2p ( 2 P 0 ) 3p - 3d 3D 2 - 3 p g 

w 
m 1.02 0.84 -w e 

WIN/we 31% 25% 

ws/we 36% 47% 

2p ( 2 P 0 ) 3p - 3d 3 p 3 D o 
2 - 3 

w m 0 . 84 o. 70 w e 

WI N/We 32% 26% 

w /w s e 34% 46% 

'I'ab l e 4. 2 : Eff~c t <.2.Ll2 on line wi dths 
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From the foregoing discussion of the effectiveness of~ 

in the example of OIII, the following conclusion can be made: 

the unitarisation of the transition probabilities is achieved 

by setting the factor~= 1, and an even safer margin can be 

obtained by putting~= 2. With the present evaluation of 

the strong collision term, strong contributions to the line 

widths are overestimated using~= 2 in the unitarity 

condition, as this would lead to the major part of the line 

width to be due to strong collisions instead of an estimated 

30% (Baranger: 1962). Given the small dependence of the 

weak inelastic contribution on the application of~ f 1 as 

well as the predominance of the other cut-off impact 

parameters over the unitarity condition in most practical 

calculations, it thus suffices to use ~ = 1 consistently in 

both the estimates of weak and strong contributions. As 

already pointed out, this consistency in demarcation of the 

weak and strong regimes (Lewis: 1961) is hoped to reduce the 

error made by overestimating the one in favour of the other. 

As has been shown already in table 4.2, the present 

demarcation can be justified on grounds of the excellent 

agreement obtained for comparisons with experimental data 

(Hey and Breger: 1980a, b, c; see also Chapter 5). 

4.3 THE ION PERTURBER CONTRIBUTION 

This additional contribution to the line width due to 

the perturbation of the radiator ion by surrounding ions in 

the plasma can be regarded as small compared with the 

dominating electron impact broa dening (Griem: 1964, 1974). 
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Usually, va1ues of the order of a few percent (Griem: 1962a; 

Pla tisa et al.: 1977; Hey: 1977c) up to the rather large 

value (12%) obtained by Fleurier et al. (1977). Unlike for 

the electron perturbers, second order di.pole and quadrupole 

interactions have to be considered in either the quasi-static 

or impact approximation (Griem: 1974; Sahal-Brechot: 1969b). 

Furthermore, at large densities, the importance of ion-ion 

correlations and Debye shielding by electrons are found to be 

significant. However, since this mechanism of line 

broadening is far less significant than the previously 

discussed mechanisms of electron broadening, crude estimates 

of ion broadening suffice (Griem: 1974) for the ions 

considered in this investigation. 

For the quadrupole interactions, the problem of 

characterising collisions as either quasi-static or within the 

impact approximation regime is much simplified by the fact 

that both types of calculations yield very similar results 

(Griem: 1974, pp. 95, 98). Adopting Griem's (1974, p. 98) 

estimate of this quadrupole contribution, one obtains in units 

of angular frequency (F1mM): 

q, w. :=. 

' 

Assumption of the condition of quasi-neutrality, i.e.: 

(4.29) 

N e = [ Np Zr < 4 • 3o > 
~ 

allows the reduction of eq. 4.29 for all types of ion 
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perturbers . by summation, thus yielding in wavelength units: 

(4.31) 

where the superscript q denotes the quadrupole nature of this 

estimate. 

For second order dipole collisions, simple addition of a 

broadening contribution as for the quadrupole terms is not 

possible, since the quadratic Stark broadening depends on the 

magnetic quantum number "to the extent of being zero on the 

average over corresponding orientations" (Griem: 1974, p. 96). 

Furthermore, the classification of these collisions as quasi­

static or within the impact regime does not yield similar 

results - a choice of either has thus to be made. Defining 

the quasi-static approx i mation as the inverse of the impact 

approximation (eq. 1.3) and thus: 

\./t ) 1 

one obta ins, according to Griem (1974), the following 

c r iterion for validity of the quasi-static regime: 

kT 

E H 
< 

where the typical impact parameter h a s been taken as the 

~ average interparticle distance N 3 , the electron and ion p 

temperature as equal , and thus the kinetic energy of both 

equivale nt to about 3_.,..2 k T. Evaluating this criterion for 

(4.32) 

(4.33) 



106 

typical plasma parameters under consideration (Hey and Breger: 

1980a, b, c) shows that the quasi-static condition is marginally 

satisfied for ion perturbers, and not at all for proton 

perturbers. This is of little consequence for the estimation 

of the quadrupole contribution, as these are very similar in 

either approximation, but for the second order dipole 

approximation this leads to difficulties. Adopting, however, 

the procedure used by Griem (1974), . one can regard these 

quadratic contributions as much smaller than the quadrupole 

contributions. Since it is found that: 

the electron broadening completely predominates and the 

evaluation of Wiq by U1e present method (Griem: 1974) is a 

v a lid estimation of the ion contributions to the spectral 

line width for isolated lines. 

4.4 THE DISEN1~NGLEMENT PARAMETER 

In all of the foregoing development of the line 

broadening calculation, the impact approximation was assumed 

valid for electron perturbers. As discussed in Chapter 1, 

this vital approximation is equivalent to assuming strong 

collisions occurring between the electrons and t11e radiator 

ion as separated in time, thus leading to disentanglement of 

the Dyson series (Baranger : 1958a, b, c). As discussed by 

Baranger, this formal statement of the impact approximation 

is equivalent to the formulation of the impact approximation as: 
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w 't << 1 

It remains thus to be shown how well this disentanglement of 

strong collisions in time is really satisfied in the 

calculations performed. Estimating a collision time as: 

V 

one thus has the requirement that: 

1 (v' strong ' < V 

The mean rate at which close collisions occur is given by: 

00 

R' = I N,f(v)n: 
'2. 

~1 .... in V dv 
0 

where f(v) is the Maxwellian velocity distribution: 

f(v) · ( mv
2

) 
exp - 2°kT 

The me an collision time for strong collisions is: 

0 

2 ~rnin 

V 
f ( v) dv 

and the impact approxima tion can thus be stated as: 

1 
R' 

(4. 34) 

(4.35} 

(4. 36) 

(4.37) 

(4.38) 

(4.39) 

(4. 40) 
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Collecting eqs. 4.37, 4.38, 4.39, this statement of 

disentanglement becomes: 

Defining the parameter: 

z = 
mv 2 

2kT 

criterion 4.41 can be written as: 

O!) 00 

8 Ne J ~"''" exp ( -z) dz J ~,:;n z exp (-z )dz << 1 

where the LHS is defined as a "disentanglement parameter". 

From the discussion in Chapter 3, Pmin has two forms: 

1. 

[ 1 
!r2mv 

2 l 
'2. n 2(Z-1)] (Z--1} EH_] 

~min + d-\ (1 + + --· /,I 2 m2.v 2 l L 

EK d.,. 2 mv L L 

and for: 

2. 7. 

d.,. - (Z--1) EH < 0 L L 

\ mv 2 

'2 
t) 2. [ 

1/, 2 

2 (Zd~:l ]] ~min + ci\ [ 
2mv 

-· ., 1 + 
m2 v·· L l Eu . 

L L 

( 4. 42) 

(4.43) 

(4. 44) 

(4 .45) 

(4. 46) 

Rewriting eqs. 4.44, 4.4b in terms of the parameter z as 

defined by eq. 4.42, one obtains: 



and: 

2 b 
fmin ::t a + - -

z 

2. 

f min = a + 
e 

z 

respectively, where: 

1 l a = a d-,· o ~ L 

C 
e = b -

C 

22 

109 

and zd is defined by eq. 4.45 

2. 
(Z -1) EH 

Evaluation of the disentanglement parameter (eq. 4.43) thus 

requires the integrals: 

00 ZJ 

Jr~," j (a 
e 

exp (- z) dz = + 
z 

oO 

'1 

) 2 exp ( - z ) dz 

0 0 

J (a + 
b ( 1/2 

+ - - 2 } exp ( - z ) dz 
z z 

z. d. 

and: 

(4.47) 

( 4. 48} 

(4.49) 

( 4. 50) 



00 
110 

2d. 

Js=f" z exp(-z)dz = I ( a z + e ) exp ( - z) dz 
0 0 00 

+ Ji az + b - : ) exp( -z)dz 

Zd. 

= a2. [ d-~- -1• ~ [ 1 + 2 (Z-1 )d·,-]] 
0 LI kT . LL 

00 

,. EH 2. 1 l. EH 2 J 1 
+ ao kT dvi exp(-zd.) - (Z-1) a0,-1 2 - exp(-z)dz 

\J,T) 2 (4. s1) 
Zd 

Evaluation of eqs. 4.50 and 4.51 is, however, not readily 

possible by analytical means, and evaluation of the 

' disentanglement parameter needs to be done by numerical means 

for particular line width calculations (see Chapter 5). It 

was found by crude estimation of the above integrals as ':vell 

as by application to particular ions that the disentanglement 

parameter is usually of the order of 10- 5 and thus well 

satisfied. 

In the high temperature limit, however, the following 

simplifications occur: 

b, c and e-+- O 

and criterion 4.43 collapses to: 

Regarding a 0 3 d., . 3 as the atomic dimension of the radiator, 
l. l. 

(4. 52) 

only a very small amount of perturbers is allowed within this 
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radiator volume for the disentanglement to remain valid. It 

thus confirms the description of the impact approximation as 

a low density or high velocity approximation by Baranger 

(1958a, p. 482). 

4.5 THE COLLISION TIME PARAMETER 

In Chapter 1 the impact approximation was enforced by 

considering a regime for which (Baranger: 1958a, b, c): 

W 'T (< 1 

Having checked how well this criterion ensures disentanglement 

between strong collisions, it is of interest to know how well 

an average collision which occurs in the line width calculation 

obeys this criterion. 

collision times with: 

V 

In particular, the calculation allows 

to be included. 

be given by: 

The average of such collision times would 

V 
f(v)dv (4.53) 

0 

where f(v) is the Ma;...""\vellian velocity distribution (eq. 4.38). 

Employing again parameter: 

z = 

l 
m V 

2kT 
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one obtains-: 

{ 4. 54) 

For comparison with the line width in wavelength units, it is 

convenient to obtain T in units of cm- 1 and thus: max 
00 

T Y()QX -- 8 TI ( m )''2 C '2 r f mClX exp ( - z ) dz 
2 n kT >-. . 

Now, from Chapter 3.1: 

f l'Y\Q.)( = 

nv 
~E-,. L L 

where¢ is the solution of: 

2. 
2 (Z-1)e .6.E 

3 ti mv 

0 

or, in terms of parameter~= 

f l'YlO.X = ( 2k T)"2. 2. 
-- ¢ 1/Z 
m 

= 0 

Substitution thus yields with A, 6E in (inverse) 

wavelength units: 

Lmo.x = 
4 

{rr 
0 

Evaluation of this quantity by numerical methods for 

particular line width calculations (see Chapter 5) yields 

(4.55) 

(~. 56) 

(4.57) 

(4.58) 

• (4.59) 
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and the impact approximation is thus well satisfied. 

( 4. 60) 
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CHAPTER 5 

COMPARISON WITH EXPERIMENTS 

5.1 SnII - RADIATOR STRUCTURE COMPLEXITIES AND STARK WIDTHS 

This ion has been chosen for further investigation as it 

shows similar deviations from an ideal LS coupling model for 

a sipgly ionised ion as SiII, for which several problems 

arose in the calculation of the required oscillator strengths 

owing to considerable configuration interaction (Hey: 1977c; 

Hey and Bre ger: 198Oa). From recent experiments (Wujek and 

Musie lok: 1976; Miller et al.: 1979) it is apparent that 

configuration interaction gives rise to several strong lines 

from "forbidde n two-electron" transitions in the observed 

spectrum. Application of the semi-empirical calculations of 

Gr iem (1968) to some measured line widths were found to lead 

to satisfactory results for the widths of th,ose lines allowed 

by LS-coupl i ng, whereas no theoretical estimates could be 

advanced for the two-electron transitions (Miller et al . : 

197 9) . 

In the latter investigation, the following lines were 

ide ntified: 

Ss Sp 2 2Ds/ 4f 2p0 :\ = 3352.O R 5/ 2 2 

5s Sp2 2D3/. 4f 2p 0 :\ = 3283.l R 
2 3/2 

5s 5p2 4 p 5/. - 6p 2p0 :\ = 4816.3 R 
2 3/2 

indicating the perturbation of the 5s Sp2 configuration by 
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some other member of the energy spectrum. Examination o f 

the quantum defect 6 = n - n* (Condon and Shortley: 1935) of 

the .level structure (Moore: 1958) tabulated in table 5.1 

shows an extremely regular structure (and thus n o appreciable 

configuration interaction), with the exception of the 5d 2 D 

term, which is considerably shifted upwards by an amount of 

about 3000 cm- 1 due to interaction with the neighbouring 

config. D. config. 6 config. 6 con fig. D. config. D. 

4f 2p0 0.091 

Sp 2p0 3.048 I Sd 20 1. 91s I Sf 2p0 0.110 

6s 25 3.320 Gp 2p0 2.908 6d 20 2.020 6f 2p0 0.1091 6g 2G 0.022 

7s 25 3.281 7p 2p0 2.881 7d 20 2.020 7g 2G 0.023 

8s 2s 3.269 . Sp 2p0 2.872 8d 20 2.018 8g 2G 0.023 

9s 25 3.263 9p 2p0 2.861 9d 20 2.016 9g ~G 0.023 

lOs 25 3.260 lOd 20 2.013 log 2G 0.023 , 

11s "S 3.257 llg 2G I 
0.023 l 

Table 5.1: Quantum defects in SnII structure 

5p 2 2 D term (see also Chapter 2). The regularity of the 

remaining structure is apparent from the following general 

trends in the quantum defects as listed in table 5.1: 

6,(np 2p0) = 
6,(nd 2D) -

6,(nf 2p0) = 

6,(ng 2G) = 

2.88 

2.02 

0.11 

0.023 

- 0.01 (n-7) (n > 6) 

(n > 5) 

(n > 4) 

(n > 5) 

Except for the 5d 2 D term, pure LS coupling is thus 

expected to be applicable. This is further substantiated if 
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one considers the spin-orbit splitting for one-electron atoms 

(Condon and Shortley: 1935, p. 123): 

6.Eso oc 
1 

n3 l (l+1)(2 l + 1} 
( l -/:. 0} 

For a many-electron atom with a single electron in the outer 

orbital, a relation of this type may be expected (Sobel'man: 

1972, p. 166), provided the principal quantum number n above 

is replaced by the effective principal quantum number n* fer 

the particular term. The proportionality factor is expected 

to be a constant within a particular series. 

proportionality constant: 

¼3 -S 
= 6E 50 n l ( l + 1 ){2l + 1) x 1 O 

Tabulating the 

for the np 2 P 0 series and nd 2 D series (table 5.2) indicates 

again the general applicability of LS coupling except for the 

perturbed 5d 2 D term, thus confirming the configuration 

config. Cso config. Cso 

Sp 2p0 1.9 I 5d 2D 5.6, 

6p 2p0 1.6 6d 2D 2.1 

7p 2pO 1.5 7d 2D 2 .o 

8p 2p0 1.5 8d 2D 2.0 

9d 2D 1.9 

lOd 2D 1.8 

Table 5.2: Spin orbit splitting factor for the p 2 P 0 and 
d 2 n series 
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interaction hypothesis. 

The necessary corrections thus applicable to the line 

broadening calculation for the inclusion of the 5d 2 D and 

5p 2 2 D terms into the LS coupling calculations have been 

discussed in Chapter 2.4. One defines: 

to correspond to the tabulate d energy levels (Moore: 1958) and 

introduces the correction factor la ij 1 2 into the calculation 

of the atomic oscillator strengths. Since measured 

transition probabilities for such affected transitions are 

available (Miller et al.: 1979), it was hoped that the 

correction factors la ijj 2 would be obtainable from: 

where the subscripts m and c denote measured and calculated 

quantities respe ctively. Table 5.3 lists the results 

obtaine d f rom such a comparison . 

Repre sentation of the data in table 5.3 graphically 

(fig. 5.1) shows that the large spread of possible laijl 2 , 

due to large experimental errors, makes a definite assignment 

of value for l a ij 12 impossible. 

Rather than de c i ding on the values for l a ij j 2 from the 

me asured transition probabilitie s, several "mix tures" between 
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J - J' I a:i; I 2 reference 

la:11! 2 from 5d 2D-+ 4f 2p0 

5_,. 
2 - 1/, 2 0.53 + 0.19 (1) 

O.48 + 0.14 (2) 

5/2 - 5/2 0.98 + 0.49 (2) - -

2.74 + 0.98 (1) -
¾ - 72 0.57 + 0. 23 (1) -

0.72 + O.18 (2) -

!cc2il 2 from 5s 5p2 2D - 4f 2p0 

5-'2 - 51'2 0.49 + 0.20 (2) -
O.8O + 0.16 (3) -

o/2 - 72 0. 24 + 0.09 (1) -
0. 35 + 0.07 (3) -

jcc2il 2 from 5s 5p2 2D - 6p 2p0 

5_,,, - 72 o. 70 + 0. 26 (2) 2 -
31'2 - J./, 2 0.19 + 0.08 (2) -

References (1) _ Wujek and Weniger (1977) 

(2) __ Miller et al. (1979) 

(3) _ Wujek and Musielak (1976) 

Table 5.3: Couplino constants calculated from transition 
probabilities 

~(p2 ) and ~(d) have been employed in the line broadening 

calculations, and it was hoped that comparison between measured 

and calculated widths would reveal the appropriate amount of 

mixing. This case of SnII is thus an example of how line 

broadening calculations could possibly be used to shed more 
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t---t--:--+--1 --1-1 ---+-I ---+-l---+-l--+--•-ti--:--
0· 1 0·2 0·3 0·4 0·5 0·6 0·7 0·8 0·9 

• 
I cx 21 l2 

Fig. 5.1: Spread in coupling constants 

light on structural details of complex atoms, as suggested 

by Hey (1978). Indeed, the results obtained strongly 

indicate a 50% mixing of the r'(d) and 't(p 2 ) wavefunctions and 

thus values of la11 l 2 = la22 !2 = 0.5 (see table 5.4 and fig. 

5. 2) . 

A further complication that needs to be incorporated in 

the correct calculation of atomic oscillation strengths is 

the correction for equivalent electrons, when considering 

collision-induced transitions of the type: 

5s Sp2 ➔ 5s Sp n'l' 
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Applying the procedure outlined in Chapter 2.2 leads to the 

following relation for the oscillator strength (Sobel'rnan: 

1972): 

f(5s5p2 ➔ 5s5p n'd) = 2f(Sp ➔ n'd) 

and: 

f(5s5p2. 4 5s5pn"s} = 2f(5p ➔ n's) 

For transitions to the ground configuration one obtains from 

eq. 2.22: 

f(5s5p 2 ➔ Ss25p) =[ 4 l"+ 3 - 2 ] f(Sp ➔ Ss) 
2 l + 1 

= f(Sp ➔ 5s) 

Attention needs to be drawn now to the fact that a 

slightly different method for the calculation of line ·widths 

to eq. 1.42, with oscillator strengths given by eq. 2.8 and 

averaged Gaunt factors from eqs. 3.39and3.41, was employed 

here. The exact details of this les.s refined method are 

contained in Part B, method M'I'Dl, and have been published 

(Hey and Breger: 1980a; see also Appendix I). At the time, 

the application of a general threshold Gaunt factor of O. 2 

and an effective Gaunt factor gsn without curvature correction, 

1 -- 3 
evaluated at mean kine tic energy 2 rnv 2 = 2 k T, was found to 

be adequate for the calculations for this ion. Eq. 1.42 is 
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thus calculated using: 

< Q (i.i.') > +, (Q{ fJ') >l. · ) 
L +W (5.1 

2 Ji + 1 f, 2 Jf + 1 . s 

where: 

and: 

2. 

n * . 2. 

{Sn"'+ 1 - 3l(l+1)) 
= 2Z 2 

(see eq. 3·42) 

The strong collision term used is calculated analogously to 

the contribution derived in Chapter 4.1 with no corrections 

for hyperbolic curvature of the perturber orbit applied (see 

eq. 4.11), namely: 

and: 

2. 
d," = l l 

{Griem:1974) 

In order to incorporate the equivalent electron correction 

(5 ., 2) 

(5. 3) 

(5. 4) 

{5. 5) 

( 5. 6) 
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derived above for transitions to the ground state correctly 

in expression 5.2, one needs to sum eq. 2.27 to obtain: 

N 
2 l + 1 

1 [ l + 1 L ( Sp )'2. =-N-- R, + 
• • 3 2 l + 1 n' nd 

N l [( sp) 1 l ( ss) 2
] Rn's + --- Rsp 

2l+1 n',ts 2l+1 

::- N <spj-=;\ Sp) 1 [ r2 

3 ao 

(N-1)l (R!;t] 
2 l + 1 

2 [ r 2 

=- (sp[-2 I sp) 3 ao 

Evaluation of the negative term inside the brackets reveals 

that an error of less than 10% is made by neglecting this 

term and thus sufficient correction for equivalent electrons 

is made by multiplying eq. 5.2 by 2, considering the 

uncertainties in the individual matrix elements involved. 

Application of this formalism by Hey (1979, private 

communication) to the measurements performed by Miller et al. 

(1979) as well as two additional multiplet members of 

5s 2 6s 2 S - 5s 2 6p 2 P 0 and Ss 5p2 2 D - 5s 2 4f 2 F 0 leads to 

the results tabulated in table 5.4. The calculations were 

performed at llooo°K and a normalised electron density of 

The effect of the experimental uncertainty in 

temperature has been investigated and is plotted for the 

6s 2 Sk - 6p 2 Pr line in fig. 5.2. The widths (FWHM) are all 
2 2 

given in units of~ and t.he unshifted wavelengths are given 
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Table 5.4: Comparison between measured and calculated 
widths: SnII 

Key: w 
m 

measured FWHM 

w calculated FWHM e 

T) percentage purity of interacting configurations 

w s 
w per unit strong collision contribution 

e 

w. 

' 
l. 

w 
per unit ion perturber contribution (neglected) 

e 

we 
w 

per unit agreement 
m 

11 = 50% 
' wed{) w (~) 

Transition Array Deslgnation Un shifted A Wm(~) 
e . w w wi 

(Air) ~00% Tl = 50% e s 
w w we m e 

5s 2 6s - 5s 2 6p 2s 
11'2 - 2po 

1/i 6843.49 4.2 ± 1.7 6.21 4 . 44 1.06 0.23 0.005 

2 2po 6453.41 4 . 32 s½ - - 3 . 38 - o. 22 0.007 
'l2 

5s 2 6p - 5s 2 6d 2po 
3/2 - 2 

Ds/2 
5561. 37 5.1 :I: o. 7 6 . 11 5.41 1.06 o. 34 0.023 

2po 2 5332.48 5.3 0.7 6.66 5.58 1.05 ½ - D1/2 
± 0.30 0.021 

5s 2 Sd - 5s 2 4f 
2 2FO 

D'l2 - 7/2 5799.39 4.2 ± 1.2 4.95 4 . 32 1.03 0.43 0 . 026 

2 2FO 5589.29 3.8 1.0 5.02 1.12 D3✓2 - 5/2 
± 4.27 0.40 0.026 

' I 

5s 2 Gp - 5s 2 7s 
2 0 2 

p½ - s½ 6 761. 4 2 5.5 ± 1.5 8.86 7.13 1.30 0.29 0.013 

' 
5s 2 6p - 5s 2 7d 2po 2 

3/2 - Ds/2 
3575.27 3.0 ± 1.0 5.64 5 . 36 1.79 o. 35 0.05G 

5s Sp 2 
5z 

2 
H 2 2Fo 3283.32 2.3 0.8 1.19 1.21 0.53 0.49 0 . 056 - D3/2 - ± 5/2 

2 2 Q 

D'l2 - F/2 3352.20 2.5 ± 0.8 1. 25 1.2G 0 , 50 0.49 0,055 

2 2FO 3351.53 1.25 1.26 0.49 0.055 D1/z - 3/i - -
5s Sp2 5s 2 6p • 1po 4618.22 1.6 1.97 l.48 0.93 0.32 - p 5/. - :I: o.s 0,055 

•2 ½ 
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for air (C . . de Witt Coleman et al.: 1960). The parameter T1 

denotes the degree of configuration mixing employed: 

~ = 100 la11 l2 = 100 ja22 l2 , thus showing the effect of no 

configuration mixing (pure configurations) and an extreme of 

50% mixing, for which best agreement is obtained between 

measured and calculated line widths (see also fig. 5.2). 

The percentage strong contribution to the line width (W /W) . s e 

is given and is found to vary from about 20% up to ~50% for 

one multiplet. The estimated ion broadening (percentage 

w./w) tabulated has been calculated using the quadrupole 
i e 

estimate (eq. 4.32) and has been neglected in the total line 

width W . 
e Since this neglect causes an error less than 10% 

(at most 5.6%), this procedure of assuming dominant electron 

impact broade ning is well satisfied. 

General agreement between calculated and measured line 

wi dths is good: for some multiplets it is even within 10% 

which is well within the estimated experimental uncertainties 

obtained by Miller et al. (1979) of over 12%. The worst 

agree me nt obtained must be seen in the context of the 

associated e xperimental uncertainties (table 5.5): 

w 
transition array unshifted ).. (~) e exp. 

w uncertainty m 

5s 2 6p - 5s 2 7s 6761.42 1.30 27% 
5s 2 6p - 5s 2 7d 3575.27 1.79 33% 
5s 5p2 - 5s 2 4f 3283. 32 0.53 35% 

3352.20 o. 50 32% 

Table 5.5: Experime nta l uncerta inti e s and agre eme nt. of theory 
with e x per i ment 
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Fig. 5.2: Effect of configuration interaction 

TRANSITION: 6s 2S~ - 6p 2 P~ 

6.5 

6. 

7 = 100% 

5.5 

5.0 

i 4. 
We 

3.5 

3.0 

2. 

2.0 

-+-----1----J~----11-----·-t ---1------~ 
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( X 103 °K) T ~ 
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Apart from ~he criticism that the method employed neglects 

curvature corrections and does not question the constant 

threshold Gaunt factor assumed equal to 0.2 (van Regemorter: 

1962), no reasons for the drastic deterioration of the method 

employed for the last mentioned multiplets can be forwarded. 

Since the above criticism concerns the use of the 

effective Gaunt factor in particular, this investigation of 

lines of SnII can still be seen as significant with regard to 

the effects observed for the inclusion of radiator structure 

details. 

As is seen in fig. 5.2, configuration interaction 

introduces a major change in predicted line widths (even 

greater than temperature variation effects of ~20%), and the 

importance of this phenomenon needs to be reckoned with in 

line width calculation models. The sensitivity of the line 

widt11 to this interaction depends clearly on the type of 

transition encountered. For transitions in which t11e lower 

level is perturbed, the sensitivity is less than for lines 

where the upper level is perturbed, since the latter form a 

greater contribution to the line width (compare, for example, 

the lines A= 6844 Rand 5561 R). 

Anot11er well illustrated effect is the variation within 

multiplets. The same trends between measured and calculated 

values is found throughout table 5.4. Given the good 

agreernent for the A = 6844 J?. line, the proposed A = 6453 R . 

line width can be considered as an accurate prediction. The 

large difference for the two members. of the multiplet can be 

traced to (a) a different and larger set of perturbing levels 
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for 6p 2 P~, . and (b) drastic differences in L:,E.,. for the same 
'2 1 1 

perturbing level Ii'>. It is found that, despite (a), 

condition (b) is of overriding importance for the 5d 2 D 
3/2 

perturber. This point can be aptly described by fig. 5.3, 

where the resultant contributions to the line width 11ave been 

largely affected by this LE-,. difference in the Gaunt factor 
1 1 

gsn as well as the difference in applicable 6-j symbols. 

~400 60 2po 
I 3/"-

72300 

72200 C" =Above-threshold 
con f-ri bution to line 

72100 width 

72000 _ 

71900 

71800 

71700 

71600 

71500 6 pip:_ 

711+00 Cn= Sd 2 0¾. ~ 

Fig. 5.3: Variations in contributions within mult'iplets 
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The effect of the different angular factors: 

L L' 
(2 L + 1 ){2 J' + 1 } 

J' J 

is to vary the contributions by a factor of ~15, thus 
• /3 

attributing a variation of ~3 to the argument x = ✓ 2 kT/ t-,Ei, i 

used in the evaluation of gsn· This latter important effect 

was pointed out by Hey (1978) and confirmed experimentally by 

Behringer and Thoma (1978) for the case of AII. 

5.2 STARK WIDTHS OF ISOLATED OXYGEN ION LINES 

As already discussed in the Introduction, the variation 

of Stark widths for homologous ions is to be investigated 

using the various ions tabulated in table 0.1. Oxygen ions 

of ionisation stages z = 2,3 are members of this table as 

examples of the structure (ground level): 

ns2 np2 3p 

(OII) 

(OIII) 

Despite the astrophysical importance of Stark broadening 

parameters for spectral lines from such low ionisation stage 

ions as OII and OIII (Griem: 1974; Mihalas: 1970), the only 

experimental data tabulated by Konjevic and Wiese (1976) are from 

a low pressure pulsed a rc source experiment by Pla tisa e~ al. 

(1975) which has rema ined the only reliable reference for Stark 

broadening data. Semi-classical calculations by Griem (1974) 
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were perfo:r.:med, and very satisfactory agreement was obtained 

for the 0II lines measured: 

w 
Wm (SC} 

e 
= 0·89 + 0·03 

An earlier study by Hey and Bryan (1977), using a slightly 

modified form of Griem's semi-empirical method (1968), yielded 

less satisfactory agreement for thirteen lines from thirteen 

m~ltiplets of 0II: 

= 1·30 + 0·06 

For 0III even worse agreement was obtained: 

w 
__!D (H B) 
We 

= 1 ·89 ± 0·10 

particularly since the estimated experimental errors lay 

within ~ + 16%. It was concluded that the underestimate 

resulted from an underestimate in the threshold Gaunt factor 

of 0.2, already suspected from earlier investigations by 

Bla ha (1969) and Davis (1974), and improved gth values were 

suggested to improve the above results, namely: 

= 

= 

0.26 

0. 38 

for 0II 

for 0III 

In a recent study by Dimitrijevi6 and Konjevi6 (1980a) 

calculations based on Gr iem' s semi-empirical and semi-
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classical formulae (Griem: 1968 and Griem: 1974, eq. 526, 

respectively) were performed for OIII to yield for the f our 

lines from two multiplets: 

w semi-classical (Griem: 1974) ___!D (SC) -:: 0·74 + 0·04 
We 

'w 
_fl! (SEM) = 1 ·05 + 0·05 modified semi-empirical 
We 

Wm 
1 ·02 0·08 -- ( S CM) = + modified semi-classical 

We 

Applying the method of calculation used for SnII to 

these two ions again proved unsatisfactory owing to the rather 

large dependence of this approach (M'I'Dl program - see section 

5.1 and Part B) on the knowledge of the threshold effective 

Gaunt factor, as already mentioned in the previous 

investigation of SnII. Quite contrary to the case of SnII, 

the structural effects for oxygen ions at the temperature of 

~2 eV are of lesser importance owing to the fact that on the 

whole L,E > kT. This places the line broadening calculations 

into the threshold regime of the Gaunt factors,where the 

theory applied is particularly stringently tested and a 

constancy in line width is observed. For example, applying 

gsn as in MTDl as for SnII results in the consistent use of 

below-threshold contributions and vanishing of above-threshold 

contributions (see eq. 5.2). 

It was thus necessary to obtain a more rigorous form of 

the effective Gaunt factor taking curvature into account and 

being continuous below and above threshold, thus giving rise 
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to the deve_lopments as presented in detail in Chapter 3. 

A quantum defect analysis of the two oxygen ions revealed 

no configuration interaction sufficient to warrant such an 

inclusion in the calculations, despite the occurrence of these 

in both ions (Condon and Shortley: 1935; Sobel'man: 1972),as 

well as a tendency towards LK coupling in the case of excited 

terms based on f orbital configurations. This can be 

justified by the observation made above that structural 

effects are minimised by the summation over small, near­

threshold contributions, as indicated also by the constancy 

of line widths within multiplets. A problem that was 

encountered in OII and OIII were missing terms in the energy 

level tables by Moore (1971) which were found to be of 

importance due to the low completeness parameter 6S,/S . (see 
l. l. 

Chapter 2.4) obtained. The terms for OII were located using 

simple quantum defect estimates and have been listed in table 

5.21: 

(3p) 4p 25 0 
1 244335 cm- 1 

2 

4p 4sg 247223 cm- 1 

2 

4p 4pg , 1 245876 crn- 1 

2 2 

4p 4p~ 245920 crn- 1 

2 

( lD) 4p 2p0 266039 cm- 1 

Table 5.21: Es timated term ene rgies of OII 

In the case of OIII, the terms ( 2 P 0 ) 4f 3 D, 3 F, 3 G were 

determined using spectral line listings by Kelly and Palumbo 
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(1973). For these levels, LK coupling is more appropriate 

(Warner: 1968d) and simplified values were obta ined by 

averaging of such an LK coupling scheme, justified by the 

large [:E. ,. as compared with the K fine structure. The 
l. l. 

results are presented in table 5.22: 

4f 3Gs 381403 cm- 1 

3G4 381365 cm- 1 

3G 3 381177 cm- 1 

4f 3p4 380685 cm- 1 

3p 3 380642 crn- 1 

3p 
2 380622 cm- 1 

4f 3D3 381457 cm- 1 

3D 
2 381545 crn- 1 

3D 
1 381623 cm- 1 

Tab le 5.22: Estimated term energies of 0III 

Using thus the results from Chapters 1, 2 and 3 

-- f½ :tE;;-2 with g evaluated for various estimates of x ,_u __ yields 

the following (table 5.23) results for 0II at the electron 

tempe rature of 25900 °K (MTD2 - see Part B). As is apparent 

from this calculation for estimates of the average kinetic 

ene rgy of the e lectron perturbers using the root-mean-square, 

ave rage and mos t probable electron velocities respectively, 

the Gaunt factor and thus line width is very sensitive to the 

choic e of 11 average" made over the Maxwellian distribution. 

Fur t hermore, t h e procedure sugges t e d by Griem (1968) of 

ext r a polation of gas a constant below threshold as employe d 

in table 5.23 l eads to s e tting almost all g == gth (5 out ·of 18 
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line width We cR> calculated 

for 1 -2 m v 2 averaged as 
transition array designation >-.<R> 

,1 k T 1:_ k T kT 2 7T 

2p2 (3p) 3s - 3p 4p 
s.,,2 - 4D 

1/2 
4649.l 0.374 0.352 0.348 

4p 
1,,2 - 4p 

3,,2 
4317.1 0.320 0.301 0.299 

4p 
. 1,,,2 - 4s 

3_.,2 
3712.8 0.255 0.239* 0.231 

Table 5.23: Effect of type of velocity average on line widths 

collision cross-sections for the result marked with an 

asterisk) for the 

for estimation of 

average velocity 

1 < 2 mv 2 > - kT. 

estimate and all g = gth 

For OIII, all effective 

Gaunt factors were estimated by g = gth for the three 

approaches used above, thus indicating that a better form of 

ave r aging procedure needs to be applied for the Gaunt factors. 

As a result of the above failure of the assumption that 

g is a slowly varying function of electron energy, a rigorous 

averaging by integration of the Gaunt factor over a 

Maxwellian distribution was introduced as outlined in Chapter 

3.4. The line widths are thus calculated using eq. 1.42 

with eq. 2.8 and averages of eqs. 3.39 (3.41) given by eqs. 

3.56 (3.57), a method which has been denoted as MTD2A. 

De tails of this combination of the above-mentioned equations 

into one line width program are described in Part B (M11D2A) 

and also in the paper by Hey and Breger (1980b) given in 

Appendix II. 

Results of the application of this refined version of 
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the line width calculation for 0II and 0III are presented in 

tables 5.24 and 5.25 respectively. Because of the P.egligible 

variation within multiplets, as discussed above, one 

representative line has been chosen for each multiplet. 

Calculations were performed at a normalised electron density 

Ne= 1017 cm- 3 and an electron temperature of 25900 °K. The 

two values tabulated for each line correspond to the type of 

below-threshold extrapolation chosen (see Chapter 3.5). 

Method I corresponds to the use of eqs. 3.39 and 3.41 of the 

effective Gaunt factor for all energies (including below 

threshold) for which g ~ 0. Method II has been chosen in 

analogy to Griem (1968) and employs a constant g = gth for 

below-threshold energies. Furthermore, the percentage strong 

contributions (Chapter 4.1), percentage inelastic and elastic 

contributions (Chapter 3.5) as well as the neglected ion 

quadrupole broadening (Chapter 4.3) are given. X denotes 

the completeness of choice of perturbing levels (see 6S./S. 
l l. 

in Chapter 2.5) obtained. For comparison, the calculated 

line widths are tabulated (tables 5.26, 5.27) with theoretical 

values for 0II lines obtained by Jones, Benett and Griem (JBG) 

(1971) as well as the previous results obtained by Hey and 

Bryan (1977) for 0II and 0III lines. 

In table 5.28, some of the threshold values obtained for 

0III using eq. 3.39 (3.41) have been tabulated. It should 

be noted that these values do not contain "strong" contributions 

to the Gaunt factor, which are treated separately. 
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Table 5. 24: Comparison between measured and calculated 
widths: OII 

I Transi tic,n Array 

2p2 (JP) 3s - 3p 

2p2 ( JP) 3s - 3p 

'-P 2 (l?l 3s - 3p 

2p2 ( 3P) 3s - 3p 

2p2 ( 3P) 3s - 3p 

2p2 ( 3P) 3p - 3d 

2p2 ( 3P) 3.p - 3d 

2p2 ( 3P) 3p - 4s 

! 
2p2 ( 1 D) 3s - 3p 

I 

I 

i 2p2 ( 1D) 3s - 3p 

2p2 (ID) 3s - 3p 

2p2 ( 1D) 3p - 3d 

2p2 ( 1D) 3p - 3d 

w 
m 

ws 
w e 

w. _in 
we 

wel 

we 

w. ion 
we 

measured FWHM 

calculated FWHM using method I 
method II 

percentage strong collision contribu tion 

percentage inelastic collision contribution 

percentage elastic collision contribution 

# 

percentage ion perturber collision 
contribution (neglected) 

completeness of upper/lower perturbing 
level set in percent 

per unit agreement 

0 0 

I I ! I :s ( %) I ~:-~(%) l 
We l (%\ Unshifted ). (~) Designation w (A) w (A) 

m I e ·we J (Air) e I e . 

I i 
I 

I •p - •Do 0. 28 5 36.2 i 41.1 22 . 7 
4649.1 0. 229 I 

I 5/2 7/2 o. 366 ! 2fl.2 I 31.9 39.9 
I 

I 

i 
; 

o. 242 I 34.5 41.9 I 2J.6 •p - •po 4317.1 0.219 

! 26.6 
I 

lh 3/z 0.314 32 . 3 41.l 

•p - • ~o 0.189 
I 

32. 3 i 44 . 2 

I 
23.5 

3712.8 o . 204 '°½ 0 .242 I 40.6 ½ ! 25.l 34 . 3 

I i I I 
I 

2p - 2Do 4414.9 0.267 
0 . 283 • 35.4 

I 
42 . 3 

I 

22 . 2 

! ¥2 5/2 0.360 27.8 I 33.3 38.9 
' i 

I 
2 2p0 3973.3 0.227 

o.233 33.5 43.7 22.8 
P3/2 - 26.2 34.3 39 . 5 3/2 0.297 ; 

! 
I 

25 0 _ 2p 3377.2 0.229 
0.211 23.6 57.8 I 10.6 

l/2 l/2 0.261 19 . l 46.7 34.2 

I 

"Do - • ! 0.235 
0.299 27.6 53.4 18.9 

71z F½ 4092.9 
0.371 22. 3 43.2 34.5 

•Do - .. 3138.4 o. 339 
0.322 21.6 68.4 10.l 

51z p 31z 0. 349 19.9 63. 2 16.8 

I 2D - 2FO 0.280 34.5 42.2 23 . 3 
3/2 5/z I 

4596.2 o.246 
o. 362 26.7 32.6 40.6 

I 

2 0.257 34.5 

I 

42 . 5 23.0 
D½ - 2Do 4347.4 0.219 

3/2 0.330 26.8 33.1 40.l 

2 2PO 3912.0 0.225 I 
0.217 34. 7 42.1 23.2 

DS/2 - 3/2 
I 

0.278 27 .o 32.8 40 . 2 
I 

•po - " I o. 315 23.9 56.5 19.5 
3/2 p S/2 4153.3 0.256 I o. 391 19.3 45.5 35.2 

I 

2 0 2 o. 334 26. 7 54.6 10.7 
F5/z - G½ 4185.5 0.200 0.411 21.7 44.4 34.0 i 

wi r,n (·) i 
-w-" I 

C ' 

I l. 2 

I 1. 0 

I I 

I 1.5 
! ! ; 1.2 

i 

I 2 . l I 
I I 1.7 I 

I I 

I I 
I 

1.5 
! : 1.2 
I 

I 
2.0 i 
1.6 I 
5.9 
4 . 8 

4.2 
3.4 

5 . 2 
4.8 

' 

I 

1.3 
1.0 

1.5 
1.2 

1.9 
1.5 

4.3 
3.4 

i 4.1 I 
3.3 

i 

X (%) " ·7 
DJ - i 'II 
e ; 

0 . 80 ; 95 / 
0.63 \ 95 

' 

O.'H i 96/ 
95 o. 7o I 

94/ 1.08 i 
95 I o.&4 ; 

I 94/ 0.94 i 
95 o. 74 \ 

I 

' 
94/ 

95 
0.97 i 
0 . 76 , 

1.09 l 87/ 
96 0.88 ; 

0. 79 : 83/ 
95 o.63 I 

98/ 
95 

1.05 1' 
0 . 97 

95/ 0.88 : 
95 I 0.68 : 

94 I 
I 

0.85 '. 
'95 0.6;; i 

95/ 1.04 ; 
95 0.81 ! 

86/ 0.81 ! 
96 0.65 ! 

I 
85/ 

95 
0.60 I 

~ 



~ 1i 
I-' 
(1) 

Ul . 
I . I Designation 

0 0 0 l w 
win(%' wel (%\ W!on ( %) X ( %) 

w I 
!Transition Array Unshifted A (A) W (A) W (A) I -2.(~) m 

I 
I 

m e I W 0 w· J w ; w 
I e e e e e 

I 

I 
I 

I l 

I 2p( 2 PC) 3s - 3p 3P0 _ . s0 3754.7 0.146 
0.119 49.5 30.6 20.0 o.5 911 I 1. 23 

l 2 0.156 37.9 23.4 38.8 0.4 93 I 0.94 
I 

I I i 
! I I 

90 ,93 I 
I 

2p( 2PO) 3s -3p 
I 

3P0 _ 3P 0.074 43.6 34.3 I 22.1 1.0 I 3047.1 0.108 1.46 
! 2 2 0.098 32.7 25.7 I 41.6 0.7 1.10 

i 

[\.) 

Ul 
CJ) .. 
Pl s 

~ n (D 
I-'· 0 

n, 0, :3 
Ul g; n, 
Hi Ul Ii 
0 .. I-'· 
Ii Ul 

0 
t-3 0 ::l 
n, H 
tr' H tr' 
I-' H (D 
(D 

~ 
2p( 2 P 0 } 3p - 3d 3D _ 3F0 3261.0 0.127 

0.098 45.5 39.2 15.2 1.4 81/ 1. 30 
2 3 I 0.125 35.6 30.7 33.7 1.1 91 1.02 

Ul (D . (D I-' 
[\.) ::l l,J 
.i::,. 0) 

' 

I 
I 

2p( 2Po) 3p - 3d 3P _ 3D0 3715.1 I o.142 
0.l 33 43.3 40.8 

I 
15.9 1.2 83/ 3·.07 

I 

i 
2 3 0.170 33.8 31.9 34.3 0.9 90 0.84 

I ! 

:3 
(D 
Pl 
Ul 
C 
Ii 
(D 
0, 

Pl 
::l 
0, 

() 
n, 
I-' 
() 

C 
I-' 
n, 
rt 
(D 
0, 
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Table 5 .26: Comparison between various calculational 
methods: OII 

Transition Array 

2p2 ( 3P) 3s - 3p 

2p2 ( 3PJ 3s - 3p 

2p2 ( 3PJ 3s - 3p 

2p2 ( 3P) 3s - Jp 

2p2 ( 3P) 3s - 3p 

2p2 ( 3P) Jp - 3d 

2p2 ( 3P) 3p - 3d 

. 2p2 ( 3PJ Jp- 4s 

2p2 ( l 0) 3s - 3p 

2p2 ( 1D) 3s - 3p 

2p2 ( l D) 3s - 3p 

2p2 ( 1D)3p- 3d 

2p2 ( 1D) 3p- 3d 

(I) using method I of extrapolation below 
threshold 

(II) using method II of extrapolation below 
threshold 

JBG Jones, Benett and Griem (1971) 

HB Hey and Bryan (1977) 

Unshi!'ted A (RI 
0 

I 

0 ,:, ! 0 I 
Designation 

We(A) We(l\l We CA) We(A) 

(Air) (I) ! (II) (JBG) I (HB) I I 

! I I ~ - "oo 4649.l 0.285 0.366 0.338 PS/2 1/2 
0.180 I 

I I 

"P 
lh 

- "Po 
'h 

4317.l o.242 0.314 · 0.238 
I 

0.158 I 
' I 

"P½ 
.. 0 

I 
- S 3/2 3712.8 0.189 0.242 - 0.125 I 

I 
2p _ 2 0 0 

4414.9 o.283 0.360 0.291 0 . 193 I '!2 5 /2 

2 2p0 3973. 3 I I p l/2 - 0.233 o.297 0.221 0.165 
l/2 

I 
' 

i I 25 0 _ 2 
pl/2 3377. 2 0.211 0.261 0.196 0.165 

1/z 
T 

"Do - .. 4092.9 0.299 I o.277 0.221 
½ F' 7/z 0.371 

i I 

i I 
"oo - ~p 3138.4 I 0.322 0.349 0.445 0.290 I 

5/2 l/2 i ! 

2D _ 2F'0 4596. 2 0.280 0.362 
I 

- 0.182 
I 3/2 5/2 

2D _ 2 0 0 
434 7. 4 0.257 0.330 - 0.166 I 3/2 l/2 I 

I 

I -I 2D _ 2P0 3912.0 
I 

0.217 0.278 - 0.141 
s;2 3/2 I 

~Po - .. p 4153.3 I 0.315 0.391 o.283 I o.246 
I ljl 5/2 

2F0 - 2c 4185.5 0.334 0.411 
I 

- 0.222 
5/2 7/2 

0 I Wm(l\) 

I 
' 
' 

o.229 

0.219 

I 
0.204 I 

I 

0.2671 

I 
o.227 l 

! 

I 
o.229 I 

I 
! 
I 
i 

o.235 i 
: 

0 . 339 i 
o.246 l 

I 

0.219 1 

o. 225 I 
I 

o.256 

0.200 
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Table 5.27: Comparison between various calculational 
methods: OIII 

Key: (I) - using method I of extrapolation below 
threshold 

(II) - using method II of extrapolation below 
threshold 

(HB) - Hey and Bryan (1977) 

(SC) - Griem (1974) 

' (SEM) I (SCM) - Dimitrijevic and Konjevic (1980a) 

Transition Array Designation 
Unshifted A (R) w (R> w (Ri w (Rl w cRi w cR> w cRi w (R> 

(Air) e e e m e e e 
(I) (II) (HB) (SC) (SEM) (SCM) 

2p( 2P 0)3s - 3p 3~ 0 
• l - 3D2 3754.7 0. l.19 0.156 0.076 0.146 0.187 0.142 0.130 

2p( 2P 0 )3s - 3p 3p~ - 3P2 3047.1 0.074 0.098 0.053 0.108 0.132 0.099 0.092 

2p( 2P 0 ) 3p - 3d 3D2 - 3Fi 3261.0 0.098 0.125 0.064 0.127 0.167 0.110 0.131 

2p( 2 P 0 )3p - 3d 3P2 - 3og 3715.1 0.133 0.170 0.090 0.142 0.229 0.153 0.178 

I 
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Table 5.28: ~nreshold effective Gaunt factors: OIII 

-
CJ 

Transition 

3s - 3p 3s - 4p 4s - 3p 
~ 

' 

ns 3p0 - r.p 3s 0.236 0.402 

- np 3p o. 235· 0.444 0.335 

- np 3D o.238 0.389 0.350 

3p - 3d 3p - 4d 4p - 3d 

np 3p - nd 3p0 0.248 

- nd 3DO 0.250 o. 363 0.335 

np 3D - nd 3D0 o. 252 o. 320 

- nd 3FO 0.253 0.366 o. 328 
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From tables 5.24 and 5.25, the average ratio of measured 

to calculated (FWHM) widths is, for OII: 

'w 
-1D ( I ) 
We 

= 0·91 ± O· 04 (method I) 

'w 
_m ( II) 
We 

= 0·73 :!: 0·04 (method II) 

while, for OIII: 

Wm ( I) 
We 

'w 
_m ( II ) 
We 

= 1 ·27 + 0·08 (method I) 

= 0·98 + 0·06 (method II) 

According to Platisa et al., the experimental accuracy is 

~16%, and it is thus apparent that excellent agreement is 

obtained for OII results by method I, whereas for OIII the 

results by method II are favoured. With the exception of 

the last OII line, the agreement between this theory and 

experiment is thus good and from table 5.26 yields better 

agreement than other theories for 8 of the 13 tabulated lines. 

For OIII, the agreement obtained by method II is 

comparable with that of Dimitrijevic and Konjevic (1980a), as 

their standard deviation is larger. 

Why the two ions should differ with respect to inclusion 

of elastic contributions to the broadening, is not clear, but 

there seems to be a trend according to which the importance 

of elastic contributions increases for higher ionisation 

stages. The vital importance of elastic contributions to 
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the broaden,ing as discussed by Griem (1968) is clearly 

confirmed. However, the simple estimate of Griem (1968) 

appears to lead to an underestimate of the elastic 

contributions. This is apparent on comparing his factor 

[l - exp (,6,E/kT)] with the more detailed calculation performed 

here (c. f. methods MTD2, MTD2A in part B) . 

· comparing the strong contributions to the line width 

with those obtained by Griem (1974), it is clear that a rather 

different demarcation for the regimes of strong and weak 

contributions is employed in the present method. Griem's 

estimates assign a rather larger fraction of the broadening 

to strong collisions, but the . consistency in cut--off of the 

impact parameter seems an important point in favour of the 

method employed here. 

From the rather small contributions of ion perturbers to 

the line width (for OII less than 6%, for OIII less than 2%), 

the neglect of these in the calculation is justified, since 

no accurate means of inclusion of these as an integral part 

of the present calculation is available. 

It can thus be concluded that tl1e present theory has 

been successful in the derivation of: 

(a) an analytical Gaunt factor incorporating curvature 

effects independent of semi-empirical corrections at 

lower energies; 

(b) a model suitable for various ionisation stages even 

higher than Z = 2; 

(c) an explicit allowance of radiator structural effects 
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which predict variations within multiplets correctly; 

and 

(d) a strong collision estimate which assumes the negative 

elastic "interference" terms to cancel the strong 

contributions from the lower transition level fully. 

Accepting the arguments that lead to the formulation of 

the present method (MTD2A) as valid for all ions, this method 

is·: employed for all ions considered in the following sections, 

where in particular the above conclusions (a)-(d) are confirmed. 

5.3 STARK WIDTHS OF ISOLATED SULPHUR ION LINES 

The recent experimental study by Platisa et al. (1979) 

is of interest here as it provides comparison of theoretical 

and measured line widths for ions homologous to the previously 

considered ion OIII and also NIII (see table 0.1 in the 

Introduction). The ground state structure is of the form: 

ns 2 np 2 3 P for SIII 

ns2 np 2pO for SIV 

Furtl1ermore, comparison with several calculated line widths 

is possible. • The semi-empirical method (SE) (Griem:. 1968) 

and semi-classical method (SC) (Griem: 1974, eq. 526) have 

yielded far inferior agreement with experiment than is 

reported for singly-ionised ion spectra. Calculations by 

Platisa et al. (1979) yield for these methods for sixtee n 

lines from eight multiplets of SIII: 
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'w 
_m (SE} = 1 ·67 + 0·05 
'we 

w 
_m (SC) ::. 0·74 + 0·04 
We 

Slightly modified versions of these two methods have been 

used by Dimitrijevi6 and Konjevi6 {1980a) to yield for SIII: 

w 
w: (SEM) = 1 • 16 + 0·12 

w 
w: (SCM) = 0·96 + 0·04 

for eight lines from three multiplets. 

A calculation by Sahal-Brechot {1969b) yields for two 

multiplets (four lines) of SIII, after appropriate wavelength 

scaling and correction for temperature: 

w 
_m (SB) 
We 

~ 0·90 + 0·03 

With this excellent agreement obtained in other calcula t:i.ons , 

this ion offers a particularly stringent comparison of the 

presented method (Hey: 1979) and the other reported models. 

'I'he ionisation energies used for SIII and SIV were taken 

from Kelly and Palumbo (1973) and after correction for the 

appropriate ground state of the next ionisation stage, the 

values used were: 



144 

SIII : E = 281533 cm- 1 
00 

SIV : E = 381541 cm- 1 
00 

Again, problems associated with the absence of term 

energies from the energy tables (Moore: 1971a) were encountered. 

Using a study of lines observed in a SIII spectrum (Dynefors 

and Martinson: 1978), a number of the missing terms could be 

located: 

3d 3p0 E = 122801.9 cm- 1 
4 n* 

3d 3p0 E = 122403.3 cm- 1 3 n* 

4d 3p 0 E = 205811 cm- 1 
2 n* 

In the last case, the remaining nu~bers of the multiplet were 

taken to have the same energy as discusse d by Condon and 

Shortley (1935, p. 200). The following term values were 

obta ine d by simple quantum defect estimates (Condon and 

Shor tle y: 1935) : 

Sp 35 E = 221022 cm- 1 
n* 

Sp 3p E = 220419 cm- 1 
n* 

Sp 3D E = 219184 cm- 1 
n* 

4f 3D E = 218233 cm- 1 
n* 

4f 3p E = 218233 cm- 1 
n* 

4f 3 G E = 218233 cm- 1 
n* 

In the case o f SIV, the l e vel Sp 2 P 3 wa s obtained from the 
2 

study by Dynefors and Ma rtinson (1978) and the remain i ng 
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member of the multiplet was derived by scaling of the spin­

orbit coupling parameter with effective quantum number 

(Condon and Shortley: 1951): 

Sp 

Sp 

2p 

2p 

3; 
2 

l; 
2 

= 

= 

283585.1 cm- 1 

283491.1 cm- 1 

Following the same arguments as for OIII, the configuration 

iQteraction in the term system of SIII was neglected, since 

again the level separations i:-,E.,. were comparable with kT, 
1. 1. 

thus minimising structural effects. That configuration 

interaction is present,can be seen from the term splitting of 

the 3p 3d configuration, for which the ratio: 

( p - F ) 

( F D) 
= 7 ·66 

instead of the theoretical value derived for pure LS coupling 

of 0.55 (Condon and Shortley: 1951). Perturbation by the 

3s 3p 3 configuration is thus indicated. For OIII this 

interaction was less significant - the corresponding value 

for the term splitting of the 2p 3d configuration is 1.30. 

Since SIV is homologous to SnII, the neglect of 

configuration interaction for the former ion needs to be 

justifie d by considering an essential difference betwe en 

these two ions. For SnII, configuration interaction occurs 

between the terms denoted by Sp 2 2 D and 5d 2 D wl1ich correspond 

structurally to the terms 3p 2 2 D and 3d 2 D in SIV. 

Transitions to 6p 2 p 0 and 4p 2 P 0 for SnII and SIV respectively 
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should both be corrected for configuration interaction when 

calculating the corresponding excitation rates. However, 

quantitative differences in importance of configuration 

interaction for the two ions may be illustrated by the 

following ratios, in SIV: 

{ 4 p 2 p O - 3 p 2 20 ) 

( 4p 2P0
• - 3d 2 0 

=- 1 • 943 

as compared with SnII, where: 

( 6 p 2po _ 5 pl 20 

(6p 2P0 Sd 2 □} 
= 44 ·07 

suggesting that this perturbation may be neglected for SIV. 

The importance of such structural differences between ions is 

emphasised further in Chapter 6. 

As discussed in Chapter 2.2, corrections need to be made 

to the oscillator strengths of 3p 3d-+ 3p 2 transitions. The 

correction factor is given (for levels) by eq. 2.20 as: 

Using the same calculational method as for oxygen, the 

results obtained at an electron temperature of T = 28500 °K 

and normalised electron density Ne= 1017 cm·- 3 are presented 

in table 5.31. The symbols and format used in table 5.31 

are the same as for the previous ion (table 5.24). 

In the c a lculate d line widths, ion perturber widths have 

been n e glec ted and from the estimate (eq. 4.32) this 
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Table 5.31: Comparison between measured and calculated 
widths: SIII, SIV 

Key: w 
m 

w. 
in 

wel 

w. 1.on 

measured FWHM 

calculated FWHM 

strong collision contribution 

inelastic collision contribution 

elastic collision contribution 

ion perturber width (neglected) 

completeness of upper/lower set of 
perturbing levels 

Unshifted A (R) 0 
WC(~) 

w win w Wion Transition Array Designation Wl!\(A) s ~ % (Air) w % --- \ - w,. t :I. % 
e w,, w" 

•p~ - •p. 3387.1 0.151 0.134 42.6 42.8 14 .6 1.5 99/ 
0.166 34 .4 34.6 31.0 1.2 58 

io• - Ip 3928.6 0.173 0.187 <o.9 44.3 14.8 1.1 98; 
I • 0.232 33.1 35.8 31.l 0.9 76 

10: - 'Pa 3983.8 0.169 
0.193 41.l 44.3 14.7 1.1 59/ 
0.239 33.3 35.8 30.9 0.9 76 

3p( 2P')4s - 3p 4p 'P! - 'o, 032.7 0.245 0 . 2311 37.7 43.3 19.l 0.l:! 92; 
0.301 29.8 34.2 36.0 0.6 94 

Ip' - •o 4361.5 0.247 0.239 37.2 0.5 19.3 o.s 92/ 
• • 0.303 29.3 34. 3 36.4 o. 7 94 

Ip: - lpl .3832 .0 0.198 0.203 36.l 45 . 8 18 . l l.0 93; 
0.254 28 .9 36.7 34.4 0 . 8 94 

Ip: - Ip. 3899.l 0.192 
·0.211 36.l 45.8 18.l 1.0 09 

0.263 28 .9 36.6 34 . 5 0.8 - I 9~ 

Ip~ - is, 3662.0 0.182 0.186 37.0 4 4. ~ 18.5 1.1 98; 
0.233 29.6 35.5 34. 9 0.9 94 

3p('P 1 )4p - 3p 4d io, - 'F! 2856 .o 0.206 0.192 34. 7 53.5 11.8 3 . 2 89 • 
0.221 30.2 46.5 23.3 2.8 192 

io - ir• 2863.5 0.202 0.199 35.3 53.3 11.4 J.l aa 1 
I • 0.228 30.9 46 .6 22.5 2 .7 91 

•o, - 'F! 2872 .o 0.200 0.188 33.8 53. 9 12.3 3.2 89/ 
0.217 29.2 46 . 7 24 .1 2.8 . 52 

io - io• 2718.9 0.202 0.171 30.l 58.l 11.8 3.7 87/ 
I I 0.196 26.2 50.7 23.l 3 . 2 92 

io - io• 2756.9 0.206 0.184 3t.9 56.9 11.2 3.5 81; 
I I 0.209 28.0 49.9 22.l J.l 91 

Ip - io: 2950.2 0.210 0.213 29 .8 58.8 11.4 3.1 87/ 
I 0.2~4 2Ll 51.5 22.5 2.i 99 

Ip - Jo~ 2964.8 0.212 0.221 30 .7 58.2 ll.l 3.1 S7/ 
• o. 251 26 .9 51.l 22.0 2.7 98 

3s 2 ( 1S)4s - 3s' ◄p •s, - 'P' 3097.5 0.116 0 . 102 51.~ 31.4 17. 2 0.7 97, 

'I• 0.130 40. 3 24.6 35.0 0.5 '96 

-· 

w r.: 
~ 

1.13 
0.91 

0.93 
0. 75 

·-
0. 88 
o. 71 

l.03 
0.81 

I 1.03 
0.82 

C. 90 
o.n 

0 . 91 
0.73 

0.98 
0. 72 

1.07 
0. 93 

!.02 
o. S9 

1.06 
0.92 

l.18 
1.,03 

1.12 
0.99 

0. S9 
0.C6 

0.9 6 
o . 8 , 

-
1.14 
0.8 9 
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Table 5.32: Comparison between various calculated line 
widths: SIII, SIV 

Key: (I) using method I 

(II) using method II 

(SE) Griem (1968) 

(SC) Griem (1974) 

(SB) Sahal-Brechot (1969b) 

.. (SEM) I (SCM) Dirnitrijevic and Konjevic (1980a) 
-r---r---

Ion Transition Arr:.,.y Designation U:ishifted \ (!\) w (l\) w (l\) w 1R> w !A> ,I (l\) w (/() w tlll \J (~) 
(Air) 

C e " e t.' Cl ~ " (1) (II) (SE} (SC) (Sll) (SEM) (SCH) 

S (III) 3p( 2P'i3d- 3p 4p 3 P¥ - 3P1 ?370.4 0.131 0.162 o.oao 0.147 0.149 0.129 0.150 

-
3 Pf - 3Po 3367 .l 0.132 0.163 0.080 0.147 0.151 0.129 O.lljO 

3o! - >p2 3928.6 0.182 0.:1:26 0.114 0.206 0.173 0.178 0.205 

'o~ - 3P1 3983.8 0.188 o.233 0.114 0.206 0.169 0.173 0.205 

3p('P')4s-3p 4p 3pg - '01 4332.7 0.237 0.300 0.165 0.416 0.259 0.245 0.273 0.273 

!pJ - '02 4361.5 0.238 o.302 0.165 0.416 0.263 0.247 0.279 0.273 

!p·~ - 3P1 3832 .0 0.202 0.253 0.135 0.345 0.222 0.196 0.226 0.222 

3PJ - 3P1 3699.l 0.209 0.262 0.135 0.345 0.229 0.192 0.226 0.222 

3Pf - 's1 3662.0 0.165 0.232 0.127 0.325 0.182 0.217 0.212 

3p( 2P')4p- 3p 4d '02 - JFI 2656.0 0.192 0.221 0.112 0.273 o.206 0.130 0.1'30 

>o, - 3Ff 2863.5 0 . 199 0.226 0.112 0.273 0.202 0.130 0.166 

'01 - 'F£ 2872.0 0.188 0 . 217 0.112 o .2 73 0.200 o.uo 0.166 

'01 - 'of 2718 .9 0.171 0.1% 0.106 0.257 0.202 0.12!> 0 . 18 1 

'o, - 'o! 2756.9 0.184 0.20':> 0.106 o.257 0.206 0 .125 0.161 

3P1 - 'of 2950.2 o.213 0 .2~5 0.125 0.304 0.210 o.147 0.211 

1P2 - 'oi 2964.8 0.221 o.2s1 0.1 25 0.304 0.212 0.11·, o. 211 

--·· 

S(lV) 3s 2 ( 1s) 4u-3n 24p 's, 
' 

- 'p~ 3097. 5 

' 
0.102 0. 130 0.071 0.196 o.116 o.145 0.109 

-~ 
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contributi9n is less than 4% and the neglect is thus 

satisfactorily justified. Agreement of calculated and 

measured widths for SIII using Method I of extrapolation below 

threshold is excellent - for twelve of the sixteen lines 

calculated the difference is below 10%, and for the remaining 

four lines it is well below 20%. For SIV, only one comparison 

is possible and an agreement of 14% and less has been achieved 

by both methods I and II. From the results obtained for both 

s ··III and SIV, the agreement between measured and calculated 

widths seems to indicate, as already suspected for the oxygen 

ions, that the extrapolation below threshold lies somewhere 

between method I and II. It appears, however, that using 

the derived expression of g below threshold instead of a 

constant gth yields better results for SIII and still 

satisfactory results £or SIV. 

'I'he present results are compared in table 5.32 with the 

values computed by various other authors as quoted above, and 

agreement between theory and experiment can be summarised as 

follows (table 5.33) for SIII: 

w 
Method Author and reference m 

we 

method I Hey (1979) 1.02 + 0.02 -
method II Hey (1979) 0.85 + 0.02 -
semi-empirical Griem (1968) 1.67 + - 0.05 
semi-classical Griem (1974) 0. 74 + 0.04 -
semi-clas s ical Sahal-Brechot ( 196 9) 0.90 + 0.03 
semi-empirical (Dimi trijevic and 1.16 + 0.12 -
semi-classical (Konjevic (1980) 0.96 + 0.04 -

Table 5.33: comparison of various computational methods for 
SIII line widths 
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The b~st results obtained by other methods are by 

Dimitrijevic and Konjevic (1980) and are marginally less 

accurate than the results obtained by Hey and Breger (1980c). 

However, their modified versions of Griem's semi-classical 

method (1968) fail to show differences between members of 

multiplets and the present results can thus be seen as 

significantly superior, as they provide the correct variations 
. 

within multiplets as well. It should be noted also that 

rather different estimates for the ion broadening have been 

obtained by Sahal-Brechot (1969), which indicates that a more 

careful consideration may be required as to the proper method 

of inclusion of these contributions. 

An important observation made in the calculation of the 

line widths for ox ygen and sulphur ions is that the prefe rence 

of me thod I is highly dependent on the choice of perturbing 

levels. As is apparent from table 5. 31, the best agreement 

us i ng me thod I is obta ine d for fairly complete sets of 

perturbing l evels. The rathe r inferior agreeme nt for SIII 

line s 3d 3 p - 4d 3 p can thus b e attributed to the low 

completene ss of 58% obtaine d for the lower transition levels. 

This may also indicate that selection rules other than those 

for allowe d electric dipole transitions may be more important 

than is us ually suppose d. This point is discussed in further 

de tail fo r t h e case of CIII (Section 5.8) where the quest.ion 

of allowance of spin-flip become s pertinent. 

As for ox ygen, r a ther smaller "strong" collision 

contribution s have b ee n obtained for the present estimate 

tha n those c a lcula ted by Griem (1974) a nd Sahal-Brechot {1969b), 
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Table 5. 34 :. Threshold effective Gaunt factors: SIII 

-g 
'l'ransi tion 

4s - 4p 4s. - Sp 5s - 4p 
~ 

ns 3p - np 3s o. 211 : 0.418 0.297 

- np 3p 0.212 0.417 o. 300 

- np 3D 0.214 0.387 0.310 

4p - 3d 4p - 4d Sp - 4d 

np 35 - nd 3p 0.299 0.218 

np 3p - nd 3p 0.297 0.219 

- nd 3D 0.286 0.220 0.213 

np 3D - nd 3p 0.291 0.222 

- nd 3D 0.280 0.223 0.228 

- nu 3p 0.336 0.221 0.235 
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Table 5. 35 :. Threshold effective Gaunt factors: SIII 

-g 

Transition 
. 

3d - 4£ 4d - 4f 
~ 

'• nd 3p - nf 3D 0.285 

nd 3D - nf 3D 0.276 0.206 

- nf :lp 0.276 0.206 

nd 3p - nf 3D o. 208 

- nf 3p . o. 208 

- nf 3G 0.208 

3p2 - 3d 3p2 - 4s 

np2 3p - nd 3p 0.293 

- nd 3D 0.293 

- ns 3p 0.419 
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but the differences in demarcation as discussed for oxygen 

may be the reason for this difference. 

As far as the proposed ef~ective Gaunt factor model 

(Chapter 3) is concerned, poor agreement with values by Griem 

(1974) is again obtained. In particular, his proposed 

trends regarding 6n = 0 and 6n / 0 transitions have not been 

confirmed. For comparison, a selection of the threshold 

Gaunt factors employed in the SIII calculations are tabulated 

in tables 5.34 and 5.35. 

In conclusion, therefore, the assessment of the present 

theory (Hey: 1979), as made for oxygen, is seen to be accurate. 

5 .4 STARK WIDTHS OF ISOLATED ARGON LINES 

The measurements of AIII and AIV ion lines as part of a 

programme of measurement of Stark widths from multiply ionised 

ions by Platisa ~t al. (1975) is of interest not only because 

it forms part of the list of homologous ions (table 0.1), but 

also because of a reported discrepancy between measured 

temperature effects on line broadening and predicted 

temperature dependence (Hey: 1977b). The experimental data 

at two measured temperatures provide thus an excellent 

opportunity of testing the proposed theory (Hey: 1979, private 

communication) for their temperature behaviour. The importance 

of the temperature dependence of the thermally averaged Gaunt 

factor has been discussed by Dimitrijevic and Konjevic (1978). 

Using the semi-empirical method of Griem (1968), Hey 

(1977b) obtained the following agreement between measured and 

calculated line widths for AIII and AIV: 
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Wm (SE) = 1 ·57 ± 0·08 A III @ 21100°K 
We 

\I 
23 080°K ___!!I (SE) = 1· 16 ± 0·04 A III @ 

We 

\.J m 
{SE) = 1·24 "!:. 0·01 A IV@ 20750°K 

\.le 

\.Im 
(SE) 1·27 :t 0·03 A IV @ 22 200°K = 

\.J e 

Very promising agreement has been reported recently by 

Dimitrijevic and Konjevic (1980a) for their modified forms of 

Griem' s original semi-empirical (1968) and semi--classical 

methods (1974, eq. 526). Including their calculated results 

of Griem's semi-classical method, the following agreement has 

been reported: 

\./ 
w: {SC) = 0·71 :t 0·04 

\.I 
w: (SCM) = 0·99 ± 0·05 

\-Im 
\./e (SEM) = 0·99 ± 0·08 

w 
...JD (SC} 
We 

= 0·59 :t 0·01 

w 
\.Im (SC) 

e 
= 0·60 :t 0·01 

Wm 
-- (SCM) = 
We 

0·92 :t 0·01 

\.Im 
\./e (SCM) = 0·93 ± 0·02 

\.I 
\./: (SEM) == 0· 75 :t 0·01 

~m (SEM) = 
vie 

0·77 ± 0·02 

A III @ 21100 °K 

AII1 @21100°K 

A III @ 21100 °K 

A IV @ 20750 °K 

A IV @ 22 2 00 °K 

A !V @ 20750 °K 

A IV @ 22 200 °K 

A IV @ 20750 °K 

A ! V @ 22 200 °K 
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for four lines from two multiplets for AIV and five lines 

from four multiplets for AIII. 

For the present calculations, the ionisation energy for 

AIII was taken from Kelly and Palumbo (1973) and when corrected 

for the correct ionisation limit the following values were 

obtained: 

( 2 P 0 ) parent 

( 4 S 0 ) parent 

( 2 D0 ) parent 

E = 363575 cm- 1 
00 

E = 328600 cm- 1 
00 

E = 349767 cm- 1 
00 

The problem of important levels missing from the energy 

level tables (Moore: 1971a) was even greater than for the 

previous investigations. Intensive search using the 

bibliographies by Fuhr, Miller and Martin (1978), Hagan (1977) 

and Hagan and Martin (1972) for references suggesting 

measured energy level values proved futile and a quantum 

defect analysis had to be relied on to give the approxima te 

positions of the missing terms, tabulated below (table 5.41). 

For AIV, the corrected ionisation energy (series limit) 

for levels of ( 3 P) parentage is: 

E = 483784 cm- 1 
00 

The publi sh e d data on positions of important energy levels 

were found to b e even more scarce and estimated term positions 

us i ng a qua ntum d e fect analys is are also listed in table 5.41. 

Using these input data, the results of calculations of 
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term energy (cm- 1 ) 

AIII: (2p0) 44f 3D 296900 
(4S0) Sp 5p 261969 
(2D0) Sp 3p 284834 
(2D0) Sp 3D 282086 
(2D0) Sp 3p 282438 
( 200) 3d 3p 2 188517 

(2D0) 3d 3G 186000 

AIV: (3p) Ss 4p 358928 

Sp 430 374000 

3d 4p 220794.4 

4d 4p 348000 

Sd 4p 401000 

3d 4D 224000 

Table 5.41: Estimated term energies of Argon 

the line width (FWHM) at electron density Ne= 10 17 cm- 3 (using 

method MTD2A as for O, S ions) are listed in tables 5. 42 and 

5.43 for the various electron temperatures. The ion 

quadrupole width has again been neglected and since the 

resultant error is estimated to be less than 1% (tables 5.42, 

5.43) this is justified. 

Table 5.44 summarises the various published agreements 

obtained between measured and calculated line widths. 

From tables 5.42 and 5.43 it is clear that the present 

theory does not provide the correct temperature behaviour for 

AIII, which, a s is seen from table 5.44, is not achieved by 

any author. It is furthermore of interest to note that the 



w w. w w. w 
Transition array Designation Wavelength w w s in% el · ---1:. ' % m 

w% -% X % m e w w w w e e e e e 

t-3 
p; 
O' ..... .,. 
(l) 

T = 21100 OK Ne= 10 17 crn- 3 Ul . 
.r:,. 
N 

3 s 2 3 p 3 ( 2 P O) 3d " - 4 p" 3pg - 3P2 3391.8 0.132 0.111 52.0 31. 7 16.3 l.2 96/ 1.19 
' 0.149 38.5 23.5 37.9 0. 9 58 0.89 

3s 2 3p 3 ('+s 0 )4s - 4p ssg - sp3 3285.8 0.145 0.108 47 .1 28.7 24.2 1.1 98/ 1.34 
0.155 32.7 20.0 47.3 0.8 93 0.94 

V 

~~ I-'· 0 
0.,5 
rt ::r p; 

~ ~-
{/) 

3s 2 3p 3 ('+s 0 )4s -4p ssg - sP2 3301.9 0.139 0.109 47.1 28.8 24.2 1.1 98/ 1.28 
0.157 32.7 20.0 47.3 0. 8 93 0.89 

0 

~,::i 
H tJ' 
H l<D . 

3s 2 3p 3 (2D 0 )4s' -4p' 3Df - 3D3 3480.6 0.132 0.128 45.6 32.0 22.4 1.0 100/ 1.03 
0.181 32.3 22.6 45.1 0.7 94 0.73 

£ 
(1) 
(D I-' 
::i U1 

-...J 
;3 

3s 2 3p 3 ( 2 D0 )4s' - 4p' 3D~ _ 3p'+ 3336.1 0.143 0.119 45.9 31.3 22.9 1.0 100/ l.20 
0.168 32.4 22.1 45.6 0. 7 94 0.85 

(l) 
Pl 
en 
C 
Ii 
(D 

T = 23080 °K Ne = 10 17 cm- 3 0., 

Pl 
::i 

3s 2 3p 3 ( "s 0 ) 4s - 4p ss~ - sP3 3285.8 0.103 0.106 45.8 30.3 23.8 1.1 98/ 0. 97 
0.150 32.5 21.5 45.9 0.8 93 0.69 

0., 

n 
p; 
..... 
n 

3s 2 3p 3 (:+S 0 )4s -4p 55g - Sp2 3301.9 0.096 0.101 45.8 30.4 23.8 1.1 98; 0.90 
0.151 32.5 21.6 45.9 0.8 93 0. 64 

C ..... 
p; 
ri" 
(1) 

3s 2 3p 3 (2D 0 )4s'-4p' I 3Di - 3D3 3480.6 0.101 0.126 44.4 33.5 22.l 1.0 100/ 0 .80 
0 .175 32.1 24.2 43.7 0. 7 94 0.58 

0., 

' 

3s 2 3p 3 {2D 0 )4s' -4?' 3D~ _ 3p'+ I 3336.1 0.104 o.117 I 44 .6 32.8 22. G I 1. l Ii' 100 / 0. 89 
I 0.162 I 32.2 23.6 44.210.8 ! 94 0.64 
' I I . i ' 



1-3 
Pl 
O' 
f-' ,. (1) 

Ul . 
~ 
w .. 

w W. w W. w 
Transition array Designation Wavelength w w _§_% in% ~% ~% X % 

m 
m e w w w w w e e e e e 

I 

T = 20750 °K N - 10 17 cm- 3 e -

~~ I-'· 0 
p_, ::l 
~ p, 

~ 0-
[/J 

3s 2 3p 2 ( 3 P)4s-4p 4 P - 4 D0 2809.4 0.061 0.068 59.7 23.7 16.6 0. 6 95 o. 90 ~ h 0.094 43.0 17.1 39.9 0. 4 !94 0.65 

0 

~,::l 
< O' 

(1) 

i 
3s 2 3p 2 ( 3 P) 4s - 4p '+p '+pO 2640.3 0.055 0.061 60.0 22.7 16.7 0. 6 95; 0.90 3.-, - ~ 

2 2 0.0S5 43.7 16.4 39.9 0.5 94 0. 65 

(1) 
(1) I-' 
::l Ul 

co 
::l 
(1) 

T = 22200 OK N = 1017 cm- 3 
e 

Pl 
[/J 

s:: 
Ii . 

3s 2 3p 2 ( 3 P) 4s - 4p "p - "Do 2809.4 0.059 0.066 58.9 24.3 16.8 o:6 95; 0. 89 ' ½ .Z...2 0.091 42.9 17.7 39.4 0 .4 94 0.65 

(1) 
p_, 

PJ 
::l 
p_, 

3s 2 3p 2 ( 3 P)4s - 4p "P 4po 2640.3 0.055 0.060 59.7 23.4 16.9 0.7 95; 0.92 ~ - 5~ 
2 2 0.082 43.6 17.0 39.4 0.5 9,1 0.67 

() 
Pl 
I-' 
() 
s:: 
I-' 
PJ 
rt 
(1) 
p_, 
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author and w w 
method m (Ti) m 

(T2) reference we we 
.. 

AIII T = 21100 OK T = 23080 OK 

method I MTD2A (Hey 1979) 1. 21 + O .05 o.89 + o ·.03 

method II MTD2A (Hey 1979) 0.86 + 0.04 0.64+0.02 

semi-empirical Hey (1977b) 1. 57 + 0 .08 1.16 + O .04 

semi-classical 

] 
Dimitrijevic 0. 71 + 0 .04 -

SEM and Konjevic 0. 99 + 0 .08 -
~ (1980a) SCM 0.99 + 0.05 -

AIV T = 20750 OK T = 22200 OK 

method I MTD2A 0.91+0.01 0.91 + 0.01 

method II MTD2A o.65+0.01 0.66 + 0.01 

semi-empirical Hey (1977b) 1. 24 + 0 .01 1.27 + 0.03 

semi-classical j Dimi trijevic 0.59 + 0.01 0. 60 + 0 .01 

SEM and Konjevic o. 75 + 0.01 0. 77 + 0. 02 

SCM (1980a) 0.92 + 0.01 0.93 + 0.02 

Table 5.44: Comparison of calculational methods for AIII and 
AIV 

often assumed temperature scaling as 1 
✓T is not strictly 

applicable, as is borne out by the consideration of the 

following parameter (Hey: 1977b) at normalised electron density 

which for the two Argon ions becomes: 
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AIII :X.3285.8 R C(l,2) = 0.94 

:X.3301.9 R C(l,2) = 0.72 

:X.3480.6 R C (1, 2) = 0.80 

:X.3336.1 R C(l,2) = 0.72 

AIV :X.2809.4 R C(l,2) = 1.00 

:X.2640.3 R C(l,2) = 1.03 

For AIV, C(l,2) is of the order of unity and indeed good 

agreement has been obtained (for the temperature scaling) by 

all authors. 

If one accepts the previous observation that 

extrapolation below threshold should be accomplished using 

elastic contributions lying between method I and method II 

for AIII, then it appears from table 5.44 that comparable 

agreement with the experiment as obtained by Dimitrijevic and 

Konjevic (1980a) should be obtained as is indeed the case for 

AIV. In order to ascertain the success by Dimitrijevic and 

Konjevic (1980a) in the calculation of the AIII line widths, 

results of their methods (SCM, SEM) at a temperature of 

23080 °Kare required, as the correct scaling cannot be 

deduced from their success for AIV. Their good agreement may 

thus be fortuitous at the temperature of 21100 °K. 

A subsequent investigation of the apparent discrepancies 

in AIII line v-1idths by Konjevic (1980, private communication) 

has revealed that some of the earlier data of Platisa et al. 

(1975) obtained for the lower plasma temperature, are faulty, 

owing to possible experimental problems related to the plasma 

source, but that their higher temperature data may be regarded 

as reliable. '1.1his may be taken as a confirmation of the 
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contention by Hey (1977b). 

On the whole, the AIII and AIV lines seem to confirm 

thus the conclusions made already for the oxygen ions. 

5.5 STARK WIDTHS OF ISOLATED NITROGEN ION LINES 

Apart from providing a means for investigation of 

homologous and multiply ionised ions (table 0.1), the ions 

NIII and NIV exemplify the already encountered difficulty of 

scaling of line widths with temperature and density. A 

recent study by Kallne et al. (1979) raised several 

controversial questions, as inconsistencies with published 

experimental data (Popovic et al.: 1975) and also theoretical 

line widths we re reported. 

Semi-empirical (Griem: 1968) calculations performed by 

He y (1976b; see also He y and Bryan: 1977) of line widths 

from NIII measurements by Popovic et al. (1975) at the 

t emp e rature of ~2 eV and electron density N = 5.5 x 10 1 6 cm- 3 
e 

yie lde d the rather unsatisfactory agreement of: 

w 
___m ( H ) 
We 

:: 1 · 67 + O • 22 

Theore tical line widths have also been published for these 

three line s by Dimitrijevic and Konjevic (1980a) yielding the 

following agreement: 
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w 
Wm { SC) = 0·67 + 0·11 (Griem: 1974, eq. 526) 

e 
w 
w: (SEM) = 0·92 + 0·13 

w 
w: {SCM) = • 0·95 + 0·17 

The subsequent experimental study by Kallne et al. (1979) 

at electron density N = 1.4 x 10 1 8 cm- 3 and electron temperature 
e 

of T = 5 ev reported for NIII: 

\,J 
Wm (SC) 

e 
= 1 ·43 + 0· 22 

and for a single NIV line: 

w 
J ( S C ) -- 5· 2 8 
We 

Furthe r more, the reported experimental line widths, when 

scale d down to the conditions of Popovic et al. (1975) were 

found to exceed the earlier measured widths. Defining (Hey: 

1977b): 

the a bove di sagreeme nt b e tween e xpe riment can be expressed as 

follows: 

N III ).. = 4097· 3 t\ ((1,2)=0·2 

(compare with r--0.76 for AIII (He y: 1977b)). 
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It is . thus of particular interest to examine how the 

present theory (Hey: 1979) copes with this anomaly. 

Recently compiled data on the atomic structure of Nitrogen 

(Moore: 1971b, 1975) minimised the problems of missing term 

values. Nevertheless, the following NIII term values had to 

be estimated from quantum defect analysis: 

(3pO) 4s 2po 

Ss 2po 

E = 370267 cm- 1 

E = 401421 cm- 1 

E = 409669 cm- 1 

E = 410471 cm- 1 

correcting the ionisation energies of NIII and NIV given by 

Moore (197 lb, 197 5) for the appropriate series limit from the 

higher ionisation stage yi~lds: 

NIII 

NIV 

( 1 S) parent 

( 3 P 0 ) parent 

( 2 s) parent 

E = 382703.8 cm- 1 
00 

E = 450049.1 cm- 1 
00 

E = 624866 cm- 1 
00 

In the case of NIII, transitions to the ground state 2p 2 

need to be corrected for equivalent electrons, and using eq. 

2.20 one obtains: 

f ( 2 p 3 s ➔ 2 p,. ) = s;6 f ( 3 s ➔ 2 p ) 

Similarly, for NIV transitions to the state 2s 2 need to be 

included and one obtains as above: 
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) 

As for the previous ions, the method MTD2A was employed 

for calculations, but with the inclusion of estimates .of the 

disentanglement parameter and average collision time obtained 

for typical collisions (see Chapter 4). 

The results obtained for calculations at temperatures of 

2- ev and 5 ev have been tabulated in table 5.51 for a 

normalised electron density of N = 1017 crn- 3 . 
e 

The same 

notation as for the previous tables has been used. The 

additional columns DP and CP refer to the estimates of the 

disentanglement parameter and also the collision time 

parameter W ~. which are both required to be much less than 
e 

unity for validity of the impact approximation. The two 

values quoted in the table refer to estimates for method I 

only and correspond to evaluation for the upper and lower 

transition level respectively. For method II similar values 

have been obtained and these have thus been omitted from the 

table. It should be noted that only the NIII line 

( 1 S) 3s - 3p A = 4097. 3 is common to both experiments. 'I1he 

notation, e.g. 2-06 for 2 x lo- 6 , is employed for these two 

parameters. 

Ion broadening contributions to the line width h a ve b e en 

neglected and since estimates of the quadrupole ion width 

remain below 1% this neglect is sufficiently justified. 

The general agree ment of theoretical line widths with 

expe rime n ta l data a t t he high electron t emp e rature of 5 ev 

(Kallne et al.: 1979) for NIII of: 



>-
w w. w w. w 

Transition array Designation w w ~% in% ~% l. 
X % 

m DP CP 

( R) m e w w w w% w (W T) e e e e e e 
t-3 
ll.J 

NIII T = 2 eV Wm from Popovic et al. (1975) N = 10 17 cm- 3 
e 

tr' 
I-' 

I' (D 

2s 2 ( 1 S) 3s - 3p 25 - 2p0 4097.3 0.174 0.163 41.4 38.3 20.3 0. 6 92; 1.07 8-05 7-04 ½ 1/2 0.212 31.9 29.5 38.6 0. 4 94 0.82 2-06 9-05 

U1 . 
U1 
I-' 
~-

2s 2 ( 1S)3p-3d 2p o 2D 4634.2 0.204 0.218 37.9 46.5 15.6 0.8 82; 0.94 6-05 7-04 ½ - Y2 
0.280 29.6 36. 3 34.1 o. 6 92 0.73 8-05 7-04 

2s 2 ( 1S}3p-3d 2.p0 _ 2D 4640.6 0.209 0.230 40.7 44.4 14.9 0.8 82; 0.91 6-05 7-04 ½ ½ 0.292 32.1 35.O 32.9 0.6 92 o. 72 8-05 7-04 

~~ I-'· 0 
p., ;3 
rt 
::r' ll.J 

~ ~-
{Jl 

0 

2s 2 ( 3 P 0 )3s-3p l+p0 - t+p 3367.3 O.178 0.101 33.O 45.3 21.8 0.9 89/ 1. 76 5-06 2-04 s,1 s-'2 
O.134 24.9 34.2 40.9 0. 7 94 1.33 3-06 9-05 

NIII T = 5 eV Wm from Kallne et al. (1979) N = 10 17 cm- 3 e 

sl::s 
H tr 
H (D 

t 
ZICD H (D I-' 
<: ::s °' U1 

;3 

2s 2 ( 1S)3s-3p 25 2. 0 4097.3 0.54 O.152 3O.O 59.7 10.4 0.6 92; 3.55 1..-.; - p~ 2 2 0.170 26.9 53.5 19.5 0.5 94 3.18 5-06 1-04 

(D 

ll.J 
{Jl 

C 
ti 
(1) 

2s 2 (1s) 3s - 3p 25 - 2p0 4103.3 0.41 0.154 30.6 59.1 10.3 0.6 92; 2.66 1/z 1'2 
0.171 27.5 53.1 19.4 0.5 94 2 .40 5-06 1-04 

0. 

ll.J 
::s 
0. 

2s 2 ( 3P 0}3s-3p 2.p0 _ 2D 4195.7 0.59 0.194 26.6 64.4 9 .0 0. 6 92 3 .04 , 5-06 2-04 
1/2 ½ 0.213 24.1 58.6 17.3 0.5 1100 2.77 9-06 2-04 

() 
ll.J 
I-' 
() 

C 
I-' 

2s 2 ( 3 P 0 ) 3s - 3p 2p0 2.D 4200.0 0.53 0.193 26.1 64.8 9 .o 0. 6 92 2.75 5-06 2-04 
~ - ~ 1100 2 2. 0.213 23.8 58.9 17.4 0.5 2.49 9-06 2-04 

ll.J 
rt 
(D 

0., 

NIV T = 5 eV Wm from Kallne et al. (1979) Ne ie 10 17 cm- 3 

2s (2S)3p-3d lpi - 1D2. 4057.8 0.53 O.1O4 38.l 53.3 8.6 0.4 81; 5.10 
0.118 33.7 47.1 19.2 0 .4 92 4.49 
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Wm 
I ) 3·00 0·20 method I -( = + 

We 
w v./~ (II) = 2·71 + 0·18 method II 

is highly unsatisfactory. This is surprising, as in this 

high temperature regime the major contributions are fr om weak 

inelastic contributions to the line width, for which the 

present theory is expected to hold best. For NIV, the 

agreement is of the same inferior magnitude as obtained by 

the semi-classical method (Griem: 1974, eq. 526): 

\,J 
_Ill (SC) = S 
We 

With the exception of the last NIII line A3367.3 R, agreement 

between calculated and measured values at 2 eV (Popovic et al~: 

1975) is better than 10%. This is a marked improvement on 

thG agreement obtained previously by Hey (1976b; Hey and 

Bryan,: 1977) and is comparable with the results obtained by 

Dimitrijevic and Konjevic (1980a). 

Calculation of the disentanglement condition and the 

collision time restrictions indicate that the impact 

approximation is well satisfied by the present demarcation of 

weak and strong collisions. The high completeness (X) 

obtained excludes the possibility of major contributions to 

the line width by "forbidden" transitions. 

the Doppler widt.h (FWHM): 

Calculations of 



167 

for the NIV line at experimental conditions of 

N = 1.4 x 1018 cm- 3 and T = 5 eV confirm the assertion by e 

Kallne et al. (1979) that this mechanism is negligible 

compared with the Stark broadening process. The complete 

failure by all of the listed methods to predict the NIII and 

NIV line widths correctly at such high temperatures seems to 

indicate the presence of either an experimental error in the 

line width quoted by Kallne et al. (1979), or a temperature 

d~pendence of line widths so far unexplained. To test the 

latter possibility, an investigation of line widths published 

for the homologous ion CIII at the temperature of ~5 eV has 

been included in this chapter, and good agreement between 

theory and experiment (Bogen: 1972) has been obtained. In a 

private communication from Dimitrijevic and Konjevic (1980b), 

strong evidence has been suggested to show that important 

optical depth corrections were ignored in the data analysis 

by Kallne et al. (1979), which consequently invalidates many 

of their published line widths. 

Despite the deterioration of the present theory for the 

NIII A3367.3 line, a still acceptable agreement between theory 

and experiment (Popovic et al.: 1975) by the present method 

is obtained: 

Wm ( I) 
We 

w 
_!!l (II) 
We 

= 1·17 + 0·20 

- 0·90 + 0 ·14-

thus supporting the conclusions already made for the oxygen 

ions for the present theory. 
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5.6 STARK BROADENING FROM ISOLATED ClIII AND FII ION LINES 

FII and ClIII are homologous to AIII and AIV respectively. 

Measurements from a low pressure pulsed arc were obtained by 

Platisa et al.:_ (1977) for both ions in a regime of plasma 

conditions (N = 5. 8 x 1016 cm- 3 , T = 24200 °K) where the 
e -

previously stated anomaly of temperature and density scaling 

does not arise. Experimental line widths of five FII lines 

from three multiplets and of fifteen ClIII lines from seven 

multiplets as well as predicted line widths by a wide range 

of authors are available and the reported agreements have 

been tabulated below: 

w 
Fll: _l!l(Gl 

We 
= 1 ·04 f 0·01 

w 
_rn ( Bl = 0·64 :!: 0·02 
We 

w 
_m (CO} = 1·13 ± 0·05 
We 
w 
_l!) (SE) = 0·80 :!: 0·04 
'we 
w 
_i!! ( H l = 1 • 54 ± 0· 13 
We 

Wm 
Cl Ill:-- (Bl = 1·10 :t 0·03 

'rle 

Wm 
-- (CO) = 1·83 :!: 0·07 
We 

'w 
'w m (SE) = 0·86 :!: 0·02 

C 

w 
_ _Ill { H) = 1·70 ± 0·06 
We 

'rim (S Cl 
l.,.'e 

= 0·74 ± 0·02 

Wm 
-- (SEM) = 1·01 :!: 0·03 
We 

w 
_!!I (SCMi = 1 ·0lt ± 0·04 
We 

2 lines 1 multiplet Jones et.al. (1971) 

5 l. 3 m. Bo ranger (1962) 

5 l. 3 m. (ooper+Oertel (1967, 1969) 

5 l. 3 m. Griem (1968) 

3 \. 3 m. Hey (1977dl 

15 l. 7 m. 

15 l. 7 m. 

15 l. 7 m. 

7 l. 7 m. 

7 l. 7 m. Griem (1974) 

7 L 7 m. 
Dimitrijevic 
+ Konjevic ('1980a) 

7 l. 7 m. 
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For both FII and ClIII, the measured variations within 

multiplets 'are very small, and this can be attributed to the 

fact that 6E is comparable with kT, thus minimising structure 

effects at these plasma conditions. It is thus sufficient 

to calculate line widths for one representative member of 

each multiplet only, as done by Hey (1977d) and Dimitrijevic 

and Konjevic (198Oa). 

Using the atomic data by Kelly and Palumbo (1973), the 

ionisation energies for these ions were: 

FII ( 45 0) parent E = 282058.6 cm- 1 
00 

(2Do) parent E = 316157 cm- 1 
00 

ClIII (3p) parent E = 320408.67 cm- 1 
00 

(1D) parent E = 333266 cm- 1 
00 

Several term energies missing from the energy level 

tables for ClIII (Moore: 1971a) had to be estimated using 

quantum defect analysis, as they were found to contribute 

substantially to the completeness of the perturbing level set. 

The following values were used (in cm- 1): 

( 3p) Sp 48 0 256800 

Sp 4p0 255800 

Sp 4D0 254800 

4f 4D 256800 

( 3p) Ss 2p 245900 

4d 2p 248200 

4p 25 207000 

5p 25 257100 

(lD) 3d 2G 197800 

4d 2G 252600 

Sp 2p, 2D 271500 
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Since the equivalent electron level of ClIII, 3s 2 3p3 4 s0 , 

was found to contribute sufficiently to be incorporated, the 

atomic oscillator strength .for transitions to this level had 

to be corrected using eq. 2.20, thus yielding for ClIII: 

2 3 a ~ o 
3·0 f(nl LSJ ~ 3p 

., 0 

f(3p(P)nlLSJ-43p S:r,) = sl,) 

f(3p1
(

3P)nl LSJ ~ 3p3 2 Pj,) = 1·5 f(nl LSJ 4 3 p 2 P:.•} 

2 3 3 1 
1·5 f(nl LSJ ➔ 3p ,Os,) f(3p ( P)nl LSJ ➔ 3p O"J,) = 

f( 3 p 2 
(' D} n l L S J "-"? 3 p 3 20 r ' ) 1·5 f(nl LSJ "-"? 3p 

'2 
= DJ,) 

2 I 3 2 2 
f(3p ( D) nl LSJ ➔ 3p PJ,} = 0·833f(nl LSJ ➔ 3p PJ,) 

1~e fractional parentage coefficients were obtained from 

Sobel 'man (1972, p .. 105). Similarly, in the case of FII, 

the inclus ion of the equ ivalent electron level 2p 4 required 

the use of: 

= 1- 66 f ( n l LS J -> 2 p 

0 f( n l LS J ➔ 2 p 

t(2p5 {O°)nl LSJ ➔ 2p41 DJ",) = 3·0 f(nl LSJ ➔ 2p 1 D;r,) 

Using the above de t a ils for the a tomic structure, the 

--- results obtaine d for c a lcu l ations (MTD2A) at the plas ma conditi ons 
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of electron density N = 1017 cm- 3 and temperature 
e 

T = 24200 °K, are presented in tables 5.61, 5.62. Ion 

broadening contributions to the line width were neglected and 

the quadrupole ion broadening estimate (eq. 4.32) indicates 

an associated error of about 1%. 

For both ions, the weak collisions remain- within the 

impact approximation as formulated by Baranger (1958b). 

Excellent completeness (X) is obtained for FII and most lines 

of ClIII, where a 59% complete set of perturbers only was 

achieved for the lower level of one transition. 

For FII, the agreement between calculated and measured 

line widths : 

Wm {I) 

We 

w 
_f!' (II) 
\ve 

= 1 · 04 + 0·09 method I 

= 0·77 + 0·06 method II 

is comparab l e for method I with the best agreement obtained 

by Jones et al. (1971) and for method II lies within the 

range of obtained results. Comparing the completeness 

obtained with the result from Platisa et al. 

that similar perturber sets were employed. 

(1977) indicates 

The ion 

contributions obtained here are similar to the ones calculated 

by Platisa et al. (1977) giving the ion broadening parame ter 

a as formulated by Griem (1964). From the comparison of 

results from method I and method II it would appear as if the 

correct e xtr apolation proce dure below thre shold for the 

inclusion of the elastic terms is slightly underestimated by 



t-3 
I PJ 

tr' 
1--' ,. (D 

lJl 

°' 1--' ... 

w w. w wi Wm 
Transition array Designation >.. w w 2- % in% el% X % w% lv 

DP CP 
{ R) m e w w w 

e e e e e 
I 

T == 24200 °K Ne = 101 7 cm- 3 

~~ 1-'·0 
0.,:3 
rt 
::r' PJ 

~ ~-
{/J 

0 

2p 3 3s - 2p 3 {"S 0 ) 3p ssg - sp3 3847.1 0.203 0.168 38.9 35.2 25.8 l. 7 96; 1.21 4-05 5-04 
0.228 28.7 26.0 45.3 1.2 95 0.89 1-06 7-05 

~,;:::$ 
H O' 

(D 

£ 
2p 3 3s - 2p 3 { 2 D0 )3p 3og - aDa 4109.17 0.193 0.192 38.6 35.8 25.7 1.5 96; 1.01 4-05 6-04 

0 .260 28.5 26.4 45.1 1.1 95 0.74 8-07 6-05 

(D 
(D 1--' 
;:::$ -..J 

N 
:3 
(D 

2p 3 3s - 2p 3 (2DO) 3p 1Dg - lp3 4299.17 0.203 0.224 37.7 37.3 25.0 1.4 96; o. 91 4-05 4-04 
0.299 28.2 27.9 44.0 1.1 94 0.68 2-06 1-04 

PJ 
{/J 

C 
ti 
(D 
0., 

PJ 
;:::$ 
0., 

() 

PJ 
1--' 
() 

~ 
1--' 
PJ 
rt 
(D 
0., 



1-3 
n, 
tJ' 
I-' .,. 
(D 

:\ 
w w. w wi w 

Transition array Designation w w _§_% in% _tl % X % 
m DP CP - % 

(W T) (~) rn e w w w w w e e e e e e 

u, 

(j\ 
N ... 

T = 24200 °K N - 10 17 cm- 3 e - , 

3p2 {3 P)3d-4d l+p - l+p0 4018.5 O.191 0.161 46.9 36.7 16.3 1.0 90 • 1.19 3-05 6-04 ~ 5:X 
!59 2 2 0.211 36.O 28.1 35.9 0.8 0.91 9-07 9-05 

~~ t-'· 0 
0.. :3 
rt 
::,' n, 

~ ~-
en 

3p2 ( 3 P)4s-4p r+p 11Do 3602.1 0.183 0.130 42.5 34.7 22.8 1.1 88; 1.41 3-05 7-04 ~2 - ½ 
O.178 31.1 25.4 43.5 0.8 93 1.03 2-06 7-05 

0 
() ::::1 
I-' 
H tJ' 
H (D 

3p 2 ( 3 P) 4s - 4p l+p - l+p0 3283. 41 0.167 0.119 42.5 35.5 22.O 1.3 90; 1.40 3-05 6-04 ½ ½ 0.161 31.4 26.3 42.3 1.0 93 1.04 2-06 6-05 

H r-t 
~ 
(D 
(D I-' 
::::1 ....J 

w 
:3 

3p 2 ( 3 P) 4s - 4p r+p r+so 3191.45 0.166 0.125 41.4 38.3 20.3 1.3 97; 1.33 2-05 7-04 ~ - 31/, 2 2 0.165 31.3 28.9 39.7 1.0 94 1.01 2-06 7-05 

(D 
n, 
Ul 
s:: 
Ii 
(D 

3p 2 ( 3 P) 4s - 4p 2p 2Do 3748.81 0.186 0.179 37.7 43.2 19.2 0. 9 98; 1.04 1-04 7-04 l~ - 3,.-.: 
2 2 0.230 28.9 33.1 38.1 0.7 94 O.8O 2-06 7-05 

0.. 

p., 
::::1 
0.. 

3p 2 ( 1 D) 4s - 4p 2 0 2Fo 3530.03 0.181 0.161 39.2 41.0 19.7 1.0 100; 1.12 3-05 8-04 ~ - ~ 2 2 0.212 29.9 31.2 38.9 o. 7 93 0.85 2-06 8-05 
() 
n, 
I-' 
() 

s:: 
3p 2 ( 1 D) 4s - 4p 2 0 20 0 3392.89 0.147 O.139 38.9 41.5 19.6 1.1 96 I l.O6 3-05 8-04 ~- ½ 

2 2 O.18O 29.7 31.6 38.7 0. 9 93 O.8O 2-06 7-05 

I-' 
n, 
rt 
(D 
p.. 
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method I and should lie in between this method and the 

constant extrapolation at gth suggested by Griem (1968). 

For ClIII, the following agreement has been obtained 

between calculated and measured values: 

w 
_!!l(I) 
We 

w 
_'II (II) 
We 

:: 1 ·22 + 0·06 method I 

- 0·92 + 0·04- method II 

Method I is thus seen to be inferior to previously 

applied calculations, whereas method II yields comparable 

results to the successful predictions by Dimitrijevic and 

Konjevic. The question of a definite choice of extrapolation 

procedures thus remains to be solved. It is furthermore of 

interest to note that the ion broadening estimates made are 

similar to those by Platisa et al. (1977) and the problem 

experienced in achieving completeness of perturbing levels 

for the 1,.4018.5 line was also encountered by Platisa et al. 

(1977), who obtained a similar low value of completeness. 

Similar ratios of measured to calculated widths as for 

ClIII were obtained for OIII, thus leading to the conclusion 

that elastic contributions might be of greater importance for 

higher ionisation stages - this and the remaining conclusions 

made for oxygen are substantiated by the agreement of 

experiment and theory obtained for FII and ClIII. 
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5.7 STARK WIDTHS OF ISOLATED CIII ION LINES 

Comparison of theoretical line widths with measured 

widths is of particular interest for this ion, as CIII is 

isoelectronic to NIV, for which unsatisfactory agreement was 

obtained between theory and experiment (see Ch~pter 5.5). 

Furthermore, measurements of seven CIII lines (Bogen: 1972) 

were performed at the comparatively high plasma temperature 

of 56000 °K, thus placing calculations into a regime where 

the effective Gaunt factor approximation for the calculation 

of collision cross-sections is expected to hold best (Bethe 

approximation) . An additional point of interest is the 

reported discrepancy between theory and experiment for the 

A = 4326 R line reported in the literature (Bogen: 1972; 

Griem: 1974) . It has been suggested by Bogen (1972) that 

this discrepancy could be owing to the neglect of collisions 

causing transitions between the two CIII term systems with 

ionisation limits CIV 2 S and 2 P. This case was also discussed 

by Hey (1977b), who argued that a more plausible explanation 

might be the neglect of "semi-forbidden" collision-induced 

transitions of the type 3p 1 D --+ 3d 3 F ,. 3p 1 D --+ 3d 3 D0 • This 

possibility of spin-flip has already been mentioned in the 

case of SIII (see Chapter 5.3). 

The following agreement between theoretical Stark widths 

and the measurements from a theta pinch experiment (Bogen: 

1972) at electron temperature T = 56000 °K and electron 

density N = 4 x 10 17 cm- 3 has been reported (Bogen: 1972; 
e 

Griem: 1974; Dimitrijevic and Konjevic: 1980a): 
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w 
_m(SE) = 1 ·66 + 0·37 semi-empirical method by 
We Griem (1968) 

w 
---1D ( S E M ) = 1 ·29 + 0 ·17 modified semi-empirical 
We 

method by Dimitrijevic 

and Konj evi_c (1980a) 

w 
w: {SC) = 0·93 + 0·12 semi-classical method by 

Griem (1974, eq. 526) 

w 
w: (SCM) -:: 0·97 + 0· 17 modified semi-classical 

method by Dimitrijevic 

and Konjevic (1980a) 

\.I 
~ ( SCP) :::. 1·32 + 0·22 straight classical path 
We method by Griem (1962) 

The success obtained by the straight classical path method 

has been attributed to the small inherent level splitting 

(6E << kT) occurring in CIII (Griem: 1974). 

Using the energy level tables by Moore (1970) to compile 

the required input data for MTD2A, the ionisation energy was 

corrected for the appropriate series limit to yield: 

E 
00 

2 S parent 

2 P parent E = 450797 cm- 1 
00 

The results thus obtained by the present theory (MTD2A) have 

been listed in table 5.71 using the same notation as for the 

previous sections of this chapter. An estimate of the 
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Pl 
O" 
I-' ,, (D 

T = 56000 °K Ne= 10 17 cm- 3 Ul . 
-.J 
I-' .. 

w W. w wi w 
Transition array Designation X w w 2. % in% ~ % X % 

m DP CP 
- % w (W T) (}{) m e w w w w 

e e e e e e 

2s ( 2S) 3p - 3d 1Pf - 1D2 5695.9 0. 4 75 0.345 17.3 73.4 9.2 0. 7 90; 1.38 2-05 3-04 
0.382 15.6 66.2 18.1 0.6 92 1.24 3-05 3-04 

~~ l-'·0 
0.;:3 
rt 
::r' p., 
(/) Ii 
.. t-J· 

(/) 

2s( 2S)3s-3p 351 - 3p~ 4647.4 0.238 0.247 24.0 67.5 8.5 0.5 90/ 0.96 3-05 4-04 
0.271 21.9 61.6 16.4 0.5 95 0.88 6-06 1-04 

0 

81::, 
H O" 
H (D 

rt 
~ 
(D 

2s(2S}4f - 5g lpg _ lG'+ 4186.9 1.02 1.04 12.5 84.4 3.1 6.7 86 I . 0.98 3-05 6-03 
1.07 12.1 81.9 6 .o 6.5 90 0.95 2-05 9-03 

(D I-' 
::, -.J 

-.J 
;:3 
(D 
p., 

2s (2s) 3d - 4f 1D2 - lpg 2162.9 0.115 0.114 17.2 77.6 5.2 8.0 90; 1.01 2-05 3-03 
0.121 16 .2 73.3 10.4 . 7. 5 90 0.95 2-05 8-04 

Ul 
C 
Ii 
(D 

0. 

2s (2s) 3p - 4d 1 Pi - 1 D2 1531. 8 0.107 0.108 8.7 89.2 2.1 6.6 79; 0.99 3-05 7-03 
0.111 8.6 87.2 4.2 6.4 92 0.96 3-05 2-03 

Pl 
::, 
0. 

(} 
I 

2s( 2P 0 )3s-3p 1 Pf - 1 D2 4325.5 0.525 0.257 21.4 71.3 7.3 0.6 91; 2.04 7-06 2-03 
0.278 19.7 65.9 14.3 0.6 93 1.89 1-05 4-04 

p., 
I-' 
(} 

C 
1--' 
p., 
rt 
(D 

°' 
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neglected ion broadening has been made. Calculations have 

been performed at T = 56000 °Kand N = 1017 cm- 3 . 
e 

Comparing the results obtained in table 5.71 with the 

typical values obtained for the ions dealt with in the previous 

sections, it is immediately apparent that a much smaller 

proportion of the line width is made up by strong contributions 

and elastic collision contributions. This predominance of 

tbe inelastic contributions to the line width is expected, 

because of the much higher electron temperature encountered 

here. This high value of temperature is also responsible 

for the increase d importance of the ion broadening mechanism. 

Agree me nt for the first six isolated lines (thus excluding 

the controversial A = 4325.56 R line) between the present 

theory and experiments is indeed excellent: 

= 1·06 + 0·08 
I . 

= 1·00 + 0·06 

Recalculation of the A = 4325.56 R line width including the 

normally forbidde n energy levels 3d 3 F2 , 3 and 3d 3 Dr , 2 , 3 in 

the s e t of perturbing levels yields the following improvement: 

'w 
-1D(I) 
We 

w 
_!Il (II) 
We 

= 1 ·54 

= 1 ·45 

This 50% improve ment of agreement seems to verify the remark 
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by Hey (1977b) regarding the possibility of spin flip as an 

additional effect of importance in the calculation of Stark 

widths. It should be pointed out, however, that a distorted-

wave calculation by Blaha (1978, private communication) 

yielded collision strengths Q(3p 1 D - 3d 3 D, 3 F) which were 

much smaller than Q(3p 1 D - 3d 1D), suggesting the need for 

an additional mechanism to explain this discrepancy. A 

p r oposal by Griem (1980, private communication) that a 

breakdown of LS coupling for these particular closely 

situated terms might be responsible, would probably also not 

help matte rs much. The inclusion of coupling correction 

factors (He y: 1977b) would clearly increase the "most 

optimistic" ratios Wm/We given above. F'urthermore, then-

and £-values involve d for the outer (bound) electron are 

rather sma ll, thus mi nimising LS coupling deviations (Cowan 

and Andrew: 1965). Further work to explain this discrepancy 

in the line width calculation is thus indicated. 

The ove rall agreement obtained by the present theory is 

seen to lie well within the accuracy achieved by other authors: 

= 1 ·23 + 0· 17 

= 1 • 14 + 0· 16 

and when cons idering the first six isolated lines only, the 

success ach i eved by the present method (MTD2A) r e mains 

uns ur pas s e d. 

It is thus appa r e nt that the conclusions (a - d) made for 
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oxygen (section 5.2) remain valid for the type of electron 

structure exhibited by CIII and NIV, thus substantiating the 

contention made by Dimitrijevic and Konjevic (1980b, private 

communication) regarding the possible error in the 

measurement of the NIV line width by Kallne et al. (1979). 
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CHAPTER 6 

CONCLUSION TRENDS AND REGULARITIES 

As already discussed, the ions investigated in the 

previous chapter can be grouped according to the outer electron 

structure (table 6.1) of their ground term. It has been 

p9inted out repeatedly (Puric et al.: 1974, 1978, 1979a, b, 

1980; Konjevic and Dimitrijevic: 1980) that the Stark width 

parameter exhibits regularities with respect to this ground 

term s true ture . 

ground term ion 

ns 2 15 CIII, NIV 

ns 2 np 2p0 NIII, SIV, SnII 

ns 2 np2 3p OIII, SIII 

ns 2 np3 4 8 0 OII, ClIII, AIV 

ns 2 np4 3p FII, AIII 

Table 6.1: Homoloaous ions 

Tabulation of the agreement obtained between the present 

theory (MTD2A, method I and II) and experimental data 

together with the experimental uncertainties for ions of 

various outer electron structure confirms this behaviour, 

insofar that the calculations yielded satisfactory consistency 

for the various groups of homologous ions (see tables 6.2 to 

6. 5) . The unsatisfactory results obtained for NIV and NIII 

from the high temperature theta pinch experiment by Kallne 
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Table 6.2: Transitions within homologous ions: ground 
term: ns 2 np 2 p 0 

w Error Ion Transition A (R) m 

we . (experiment) 

NIII 2s 2 3s - 2s 2 3p . 4097.3 { l.Q]_ 30% 
0.82 

SIV 3s 2 4s - 3s 2 4p 3097.5 {-1.14 18% 
0.89 

Table 6.3: Transitions within homologous ions: ground 
term: ns 2 np 2 sp 

w Error Ion Transition A (R) m 

we (experiment) 
'---

OIII 2p3s 3p0 - 2p3p 3D 13754.7 {1.23 16% 
0.94 

3p0 - 3p4p SIII 3p4s 3D 14332. 7 {1.03 18% 
0.81 

3p0 - 2p3p 3p 
I 

3047.1 16% OIII 2p3s I 
{1.46 

' I 1.10 I 
SIII 3p4s 3p0 - 3p4p 3p I 3832.0 {0.98 18% 

I 0.78 

3 D - 2p3d 3p0 
I 

{1.30 16% OIII 2p3p I 3261.0 
1.02 

SIII 3p4p 3 D - 3p4d 3p0 2856.0 {1.07 18% 
0.93 

OIII 2p3p 3 P - 2p3d 3DO 3715.1 {1..07 16% 
0.84 

SIII 3p4p 3 P - 3p'1d 31)0 2964.8 { Q.9Ei_ 18% 
0.84 
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Table 6.4: Transitions within homologous ions: ground 
term: ns 2 np 3 4 s 0 

w Error Ion Transition :>-. cR) m 
w (experiment) e 

OII 2p 2 ( 3 P)3s 4p - 3p 4D0 4649.1 {0.80 16% 
0.63 

ClIII 3p 2 ( 3 P)4s 4.p - 4p 4D0 3602.10 {1.41 15% 
1.03 

-

AIV 3p 2 ( 3 P)4s 4p - 4p 4D0 2809.4 {0.90 50% 
., 0.65 

2809.4 {0.89 50% 
0.65 

OII 2p 2 ( 3 P)3s 4p - 3p 4p0 4317.1 {0.91 16% 
o. 70 

ClIII 3p 2 { 3 P)4s 4p - 4p 4p0 3283.4 {1.40 15% 
1.04 

AIV 3p 2 ( 3 P)4s 4p - 4p 4p0 2640.3 { 0.90 50% 
0.65 

2640.3 { 0~92 50% 
0.67 

i 
OII 2p 2 ( 3 P)3s 4p - 3p 450 3712.8 { 1.08 16% 

0.84 

ClIII 3p 2 ( 3 P)4s 4p - 4p 450 3191.5 { 1.33 15% 
1.01 

I 
2p 2 ( 3 P)3s 2 p - 3p 2D0 4414.9 { 0.94 16% OII I 

I 0.74 
I 

ClIII ! 2p 2 ( 3 P)4s 2p - 4p 2Do 3748.8 J1 .04 15% I 

I lo.so 
I 

OII ! 2p 2 ( 1D)3s 2 D - 3p 2F0 '4596. 2 { ~88_ 16% 
0.68 

ClIII 3p 2 ( 1 D)4s 2 D - 4p 2p0 3530.0 {.1-..:_L?.. 15% 
0.85 

----
OII 2p 2 ( 1 D) 3s 2 D - 3p 2DO 4347.4 { Q_;_~_?_ I 16% 

ClIII 3p 2 ( 1 D)4s 2 D - 4p 2DC 3392.9 
o.66 I 

15% {t:~~ I 
-- --

j 
I 
I 
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Table 6.5: Transitions within homologous ions: ground 
term: ns 2 np 4 3 p 

-

>,.CR> 
w Error Ion Transition m 
we (experiment) 

-
FII 2p 3 ( 4 S 0 )3s s so - 3p Sp 3847.10 {1.21 17% 

.. 0.89 

AIII 3p 3 ( 4 S 0 )4s ss'J - 4p Sp 3285.8 {1.34 30% 
0.94 

3285.8 {, 0. 97 
0.69 

3301.9 {1.28 
0.89 ---

3301.9 {0.90 
0.64 

. 

FII 2p 3 e'"D 0 ) 3s 2DO - 3p 3D 4109.2 {.:L_Ql 17% 
o. 74 

AIII 3p3 ( 2DO) 4s 3DO - 4p 3D 3480.6 {1.03 30% 
0.73 

3480.6 {0.80 
o. 58 
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et al.: (1979) are thus an exception to the rule (see the 

excellent agreement for five CIII lines, Chapter 5.7) and the 

contention by Dimitrijevic and Konjevic (1980, private 

communication) regarding the erroneous analysis of the 

experimental data seems thus confirmed. Excluding these 

measurements from the sample of icn lines investigated, the 

results obtained by the present theory have been listed in 

table 6.6 together with the experimental plasma conditions. 

Together with these data, the best theoretical (semi-classical) 

method of calculation available from the literature has been 

presented in each case. From this presentation it is 

apparen t that the modified semi-classical and semi--empirical 

methods of Dimitrijevic and Konjevic {1980a) form the only 

competitive (practical) me ans of predicting reliable Stark 

widths in large numbers apart from the method presented in 

this investigation. It seems clear, therefore, that the 

extension of the impact approximation by the classical path 

method and evaluation of collision cross-sections by the 

effective Gaunt factor method, as discussed in Chapter 1, is 

valid for practical computational purposes for the ionisation 

stages Z = 2 to 4 considered in this thesis. 

Since the modified semi-classical and semi-empirical 

methods are based on the original formulation by Griem (semi­

empirical: 1968; semi-classical: 1974), the two methods, as 

usually employed, fail to predict variations of line widths 

within multiplets (Hey: 1978) and they also exclude radiator 

structure effects such as equivalent electron configurations 

and configuration interaction. The present method, however, 



Ground 
Term 

ns 2 is 

ns 2 np 2p 

ns 2 np 2 3p 

~ 

ns 2 np 3 450 

.. 

ns 2 np 4 3p 

Key_: 
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w 
__ill Number N (cm- 3 ) 

Ion we of ( e 1017 , T(eV) ) Best 
Method Lines 

Method I Method II 

-
CIII 1.06 ±.0.08 1.60 + 0.06 5 (4, 5) MTD2A 

NIII 1.17 ±.0.20 o.s9+0.14 4 (0. 5, 2) SCM. 

SIV 1.14 0.89 l (O. 5, 2. 5) SCM 

SnII 1.10 + 0 .15 10 (1, 1) MTDl 

0III 1.27 ±.0.08 0.98 + 0.06 4 (0. 5, 2) · MTD2A 

SIII 1.02+0.02 0.85 ±.0.02 16 (0. 5, 2.5) MTD2A 

0II 0. 91 + 0 .04 0. 73 ±. 0.04 13 (0. 5, 2) MTD2A 

ClIII 1. 22 ±. 0. 06 0.92 + 0.04 6 (0. 5, 2) SEM 

AIV Q.91+0.01 0.66±.0.0l 4 (0. 5, 2) SCM 

FII 1.04 + 0.09 0. 77 ±. 0.06 3 (Oo 5 I 2) CP 

AIII o.89+o.o3 o .64 ±.o . 02 4 (0. 5, 2) MTD2A 

MTDl, MTD2A - present investigation; 

SCM 

SEM 

CP 

modified semi-classical method by 
Dimitrijevic and Konjevic (1980a); 

- modified semi-empirical method by 
Dimitrijevic and Konjevic (1980a); 

classical path method by Jones et al. 
(1971). 

Underlined result gives W /W ratio closer to unity. m e 

Table 6.6: Comparison between theory and measurement 

takes these details carefully into account (Chapter 2), as 

has been demonstrated in the case of SnII. 

A further important difference between the present method 

and the previous ly derived semi-empirical and semi-classical 

method by Griem (1968, 1974) is the reformulation of the 

effective Gaunt factor approximation. The derived Gaunt 

factor (Chapter 3) bas been found to yield improved theoretical 
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predictions of line widths owing to a better treatment of the 

upper and lower limits of the allowed impact parameter. 

This was seen to lead to several improvements on the previously 

developed Gaunt factor obtained by Griem (1968, 1974): 

(a) the correction for curvature of the electron orbit 

enabled the higher Z regime of ions to be dealt with 

successfully; 

(p) the correct limiting behaviour as well as continuity 

with energy has been ensured (Chapter 3.3); 

(c) rigorous averaging of the g factor over a Maxwellian 

velocity distribution eliminated the need of a Gaunt 

factor varying slowly with respect to energy; 

(d) the artificial threshold value obtained on empirical 

grounds (van Regemorter: 1962) could be dispensed with; 

(e) the approach used lends itself readily to investigation 

of the method of inclusion of elastic cross-sections by 

extrapolation below threshold (Chapter 3.5). 

From table 6.6 it is apparent that the method of 

extrapolation below threshold of the effective Gaunt factor 

forms a critical part in determining the success obtained by 

the line width calculations. Method I and method II 

correspond to two extreme means of extrapolation and both were 

found to yield successful predictions of line widths. Method 

II corresponds to extrapolation of g = gth below threshold 

(Griem: 1968) and is seen to result in many cases in an 
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overestimate of the elastic terms. Conversely, the 

continuous use of the derived Gaunt factor function in both 

the below- and above-threshold regimes of energy is seen to 

lead to an underestimate in some cases where method II of 

extrapolation was employed with greater success. From table 

6.6 it would appear that the importance of the dipole elastic 

terms is related to the number of electrons in the outer 

orbita ls of the ground configuration, since method I seems to 

be more successful for ions of the type ns 2 npi (i ~ 3) and 

method II for ions of the type ns 2 npi (i < 3). However, 

the determination of a single extrapolation procedure has to 

remain unsolved and further work in this respect is clearly 

required. 

The effective Gaunt factor derived in this investigation 

is found to differ drastically from the simple constant value 

assumed by Puric et al. (1974, 1978, 1979a, b, 1980) in the 

prediction of trends and regularities of Stark widths based 

only on the regularities in the atomic oscillator strength 

(Wiese: 1968, 1969). As already discussed in Chapter 3.6, 

the effective Gaunt factor (expressions 3.39 and 3.41) differs 

significantly in its dependence on the radiator structure. 

Close r investigation of the variables entering into eqs. 3.39 

and 3.41 shows that the threshold Gaunt factor: 

or 
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where n* = effective principal quantum number of the 
,£> 

higher angular momentum state; 

!§1 * = level separation 6E expressed as the 

difference in effective principal quantum 

number; 

p,n = orbital angular momentum of the lower 
< 

z = ionisation stage of radiator; 

,£> = maximum of f,. I f, • I • 
1 1 

One thus obtains for an ion of particular Z undergoing 

collisional excitation from nf,-+ n' ,£' that: 

level; 

This unique behaviour is illustrated by the following graphs 

for an ion of ionisation stage Z (figs. 6.1, 6.2, 6.3). The 

depende nce of the threshold Gaunt factor on the ionisation 

stage is found to be of the approximate form: 

for the ions investigated in Chapter 5. This behaviour is 

apparent when plotting- (gth) versus z- 1 as is shown for the 

example of the transition (3.0)s - (4.0)p in fig. 6.4. 

'rhis unique behaviour makes deductions of simple trends 

for the investigated non-resonance ion lines in an analogous 
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Dependence of threshold Gaunt factor on change 
in effective principal quantum number: 
s-p transitions 
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Dependence of threshold Gaunt factor on change 
in effective principal quantum number: 
p-d transitions 
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in effective principal quantum number: 
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Fig. 6 .4: Plot of threshold Gaunt factor versus 1 
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way to the reported regularities in resonance line widths 

(Puric et al.: 1974, 1978, 1979a, b, 1980) impossible 

(Konjevic and Dimitrijevic: 1980). 

As has been indicated already at the conclusion of 

Chapter 3, comparisons of the derived effective Gaunt factor 

with expressions advanced by other authors are not readily 

viable, owing to the rather different approach taken in 

definition of this quantity. Comparisons are thus better 

r .estricted to the calculated line widths only. 

A further difference in the present formulation of the 

effective Gaunt factor has been the exclusion of strong 

collisions from this term, which are included in the line 

width by the derivation of a separate expression (Chapter 4.1)~ 

The demarcation between "strong" and "weak" collisions 

proposed may not be entirely satisfactory, but errors arising 

therefrom are minimised by the consistency between the 

evaluation of the "weak" and "strong" contributions of the 

line width. Furthermore, it has been assumed that the 

negative elas tic interference terms arising in the formulation 

of the contribution of "strong" collisions cancel the strong 

contributions from the lower transition level exactly. The 

good agreement obtained between calculated and measured line 

widths seems to support this simplification. 

Finally, it has been confirmed that ion broadening 

contributions remain negligible and that electron impact 

broadening is the major broadening mechanism at the plasma 

conditions unde r consideration. Evaluation of typical va lue s 

of collision times u s ed in the line width calculations confirm 
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that the criteria employed in the present theory are 

consistent with the impact approximation as formulated 

originally by Baranger (1958a, b, c). 

It can thus be concluded that the present method of 

calculation of Stark widths is successful in extending the 

semi-classical method of Griem (1974) for singly-ionised 

radiators for ions of higher ionisation stages and greater 

structural complexities. It thus forms an important part in 

the derivation of a reliable and practical method for 

diagnosis of experimental plasma conditions, as discussed in 

t11e Preface. 

Since the present derivation depends on the exclusion of 

higher order terms in the Dyson series, further improvement 

(Griem: 1980, private communication) to the present 

calculation would require the inclusion of these terms. 
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PART B SECTION 1 

IMPLEMENTATION OF COMPUTER CODES 

PROGRAM 1 : MTD 1 

This method of calculation of line widths has been 

~mployed to investigate in particular the effect of 

configuration interaction on the Stark width, and has been 

applied to several isolated SnII lines (Chapter 5.1; see 

also Hey and Breger: 198Oa in Appendix I). 

The full formula for the Stark width (FWHM) has been 

discussed already in Chapter 5.1, and the result obtained is 

(eqs. 5.1 to 5.7): 

where the subscript j denotes the level i or f of the 

transition, j' denotes the perturbing levels. 

collision strength is obtained from: 

The average 

8 n [ nj-z. *2 _ 
= ,:; - 2 ( 5 nj + 1 - 3 l ( l + 1 ) ) g l;h 

3v3 2Z 

1 
+ L (< g (j',j)) - gl;n) 2J 1 

l' j + 

where 
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Collecting all the terms, one obtains for W in R units: 
e 

This expression is evaluated by combining the main program 

M1TI1M with the following sub-programs: 

GBAR (VERSION 1) 

RACAHl 

RACAH2 

COLUMN 

INTERP 

STRONG (VERSION 1) 

RAO (VERSION 1) 

(Bl.l) 
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all of which are listed together with short descriptions and 

explanatory comments in Section 2. The sub-programs RACAHl, 

RACAH2 evaluate the 6-j symbols; the Gaunt factor gsn at the 

root-mean-square velocity is evaluated by GBAR (VERSION 1); 

the sub-programs COLUMN and INTERP interpolate the appropriate 

Bates-Damgaard factor from a table supplied to the program as 

input data; and the strong collision term: 

0·413497 [1 ,i:-4 ] n· kT 
+ _: [ 1 + -] 

Z2. L-1 

is evaluated by STRONG (VERSION 1). 

The main program M'IDlM follows essentially the structure 

depicted in flowchart 1, where both cases of configuration 

mixing of the transition levels i(f) and perturbing levels 

i' (f') have been allowed for (see Chapter 2.4). According 

to this structure, the following input data are therefore 

required by the calculation MTDl (the quantities underlined 

are in integer format (ASCII FORTRAN), the remaining variables 

are in real format, and the corresponding variable names 

occurring in the computer codes are given in brackets): 

YES or NO (detailed or abbreviated printout respectively) 

input of data file BATES. (see Appendix IV) 

filn 
T(T), Ne(D) 

11. (Wl) 
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upper level: 

£(LO) ,L(L) ,L (Ll) ,J(J) ,S(S) ,En*(E) ,E (El), la l2 (WT1), mn 

{CONS) 

(Jl) no. of perturbing levels 

£' (MO) ,L' (M) ,J' (K) ,E' *(F), la' l2 (WT2) n mn 
-
Jl times 

lower level: 

repeat as for upper level. 

The variable CONS is the matrix element of the upper/lower 

level corresponding to the ,t " character and is given by: 

t1 
[ 5 n + 1 

The calculations following the block Bin flowchart 1 are 

depicted in flowchart 2, to make the correspondence between 

the computer codes and eq. Bl.l clear. 

The calculation and output of the variable C2 in the 

program has been done in order to supply information about 

the completeness of the set of perturbing levels included in 

the calculation. Since one has the sum rules: 

{ 
l L 

[ ( 2 l + 1 ) ( 2 L/ + 1 ) 
L' L1 t' 

= 1 

and 

[(2L+1)(2/+1l JL J S }
2 

= 1 
J' 1 J L 1 
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B 
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START 

input of Bates-Damgaard factor tables 
and details of ion 

I 
2X 

input of details of upper/lower level, 
which may have form 

I a:mn 12 (P, character) + 1 - I a:mn J 2 (P," character) 

JlX 

input of perturbing levels (£' character) allowed 
by dipole selection rules to act on£ character 

of upper/lower level. These have a form 
I a:~n I 2 ( .£' character) + [1 - I a:~n 12 ] (P, "' character) 

I calculations I 

strong collision term and ion 
broadening estimate 

STOP 

Flowchart 1: Flow of main program MTDlM 
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Flowchart 2: Structure of 
calculations 

NO-+ n* of upper/lower level 

N2-+ n* of perturbing level 

G .- gsn (see eq. 3.42) 

RR-+ (2£ + 1) > 
R -+ (£ +1)/(2 £ +1) 

< > 

S2 --+ { £ L L 1} 2 
L' £ ' 1 

C2 -+ (2 £> + 1) (2L' + 1) { £, ~, ii}" 
{ £ L L 1} 2 

R -+ ( £<+1) (2L' +1) L' £' l 

I 

output S2, C2 I -

I 

R -+R x 2.25 

S2 { L J S} 2 

-+ J' L' 1 

C2 (2L + 1) (2J' + 1) {~, J i} 2 - L' 

I 

output S2, C2 I 
I 

R -+ R X (2L + 1) (2J' + 1) {~, J i} 2 L' 

R -+ R X qi2 

p -+ R x g I a ' 12;z2 mn 
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the completeness of inclusion of perturbing levels can be 

easily checked by addition of the C2 printed on the resultant 

output sheet. 

As an example, the input data for the calculation of the 

SnII line A= 6844.2 R (6s 2 S1 - 6p 2 PP) at 9000 °K with 50% 
"'2 "'2 

mixing is given below, together with extracts from the 

resultant computer output. 

INPUT 

>@XGT STARi<B. HTD 1 
DO YOU UANT A DETAIL~D PRINTOUT T <YES_ OR NO> 

>YES 
>~ADD BATES. 

2 
6250.9,1.E+17 
14608.4 
1,1,o,o.s,o.s,71494.3,11ao17.,1.o,o. 
3 
2,2,1.5,71405.6,.50 
2,2,1.5,58843 .8,0.50 
o,o,o.s,s6aao .9,1.o 
o,o,o,o.s,o.s,56885.9,11so17.,1.o,o. 
2 
1,1,1.5,72377.3,1.0 
1, 1,0.5,71494.3,1. 



II 

OUTPUT 

2 
14608.400 
625009000 .10000000+018 

• SPECTRAL LINE BROADENING * 

ENERGY LEVEL NUMBER 1 

GRIEMS DIPOLE MOMENT = 

X 

N• UPPER <LOUER) STATE= 

1 2 

S2 • 

1 

9.435136 

10.281456 

3.071667 

.066667 

2 

1 2 • 50000000 1.5000000 

S2 • .083333 
MLTA H* II .002924 
H • 1 
C0tHRIBUTI0N IC 16.782969 

203 

6 

Nt PERTURBIHG LEVEL 

1 0 

C2 

1 .50000000 

C2 
PHI 
l 

~ 
H 1 THRESHOLD 

ABOVE THRESHOLD 
STRONG CONTRIBUTION 

ENERGY LEVEL NUMBER 2 

~ 

2 THRESHOLD 

LMHIDA • 6.8~538-005 

ABOVE THRESHOLD 
STRONG CONTRIBUTION 
FIJHM 
ION lHDTH CO 
STRONG YIDTH <X> 

= 1.957-434 

= J.068743 

= 1.0000{)0 

== 10000000 
Cl • 999188 .. 1 

1:11 9.948331 
:I 16.782969 
C 10.140259 

= 6.624345 
= .000000 
= .000000 
e1 4.76180+000 
s 2.43387-002 . 5 
IC 23.J 
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PROGRAM 2: MTD2 

This calculation makes use of the derived effective 

Gaunt factor expressions (eqs. 3.39, 3.41) to evaluate the 

.weak cross-sections required. Instead of performing an 

integration over the Maxwellian distribution to perform the 

average over the electron velocities, the Gaunt factor is 

evaluated at the root-mean-square velocity. 'rhe full formula 

for the Stark width (FWHM) is thus obtained by collecting 

eqs. 1.42, 2.8, 2.9, 2.10, 3.39, 3.41, 4.11 to yield: 

• ( E )\ 
we 

- I , M l 
= 5·5723 x 10 Ne kT , A 

[[ fu h,, l,(2L+1)(21.'. +1)(2J'..-1Jt, ~, ~'It 
I 

J 

X 

L 

(3 * )'2. nl> ;;: 2 l 2 

X 2 Z (nl> - l>) .ID 

X (g (j',j] >] 

+ 0·413497 [1 + dt,[1 + ~~] + 2(Z-1ld,;,Jl 

where d ? ,. and d. ,. are defined in Chapter 4.1 by eqs. 4.7, 
1 1 1 1 

r 
:1 

{Bl.2) 

4.8 . Furthermore, the following additions are made to the 

line width calculation. 

To ensure completenes s of the perturbing levels, the sum 

of the Coulomb integrals is compared with the hydrogenic sum 

and the p e rcentage differe nce is added to the line widt h, 

making use of an average gth for the upper/lowe r 4,- • .J_. ~.rans l L-lOn 

level. The comple tene s s obtained by express ion 2.41 is also 
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printed in the output. 

An estimate of the inelastic contribution to the line 

width is made by using: 

% inelastic = 6E 
100 exp [ - kT ] . 

An investigation into the gth obtained is facilitated by 

compiling a table of all the gth for the transitions occurring 

in the program. 

The calculation MTD2 is obtained by combining the main 

program MTD2M with the following sub-programs: 

RACAHl 

RACAH2 

BATESD (VERSION 1) 

COLUMN 

INTERP 

RAO (VERSION 2) 

GBAR (VERSION 2) 

GAV 

STRONG (VERSION 2) 

TABLE 

CUBIC 

The sub-program BATESD (VERSION 1) selects the appropriate 

Bates-Da mga ard factor by interpolation using COLUMN and 

INTERP. The radial integral is evaluated in the Coulomb 

approxima tion using the Ba tes-Damgaard method imple ment e d in 



206 

RAO (VERSJ;ON 2). The Gaunt factor (eq. 3.39 and 3.41) is 

calculated using GBAR (VERSION 2) and the cubic (eq. 3.21 

arising in the curvature correction is solved by CUBIC. The 

subroutine GAV calculates the threshold Gaunt factor and 

TABLE tabulates these according to transitions. The strong 

contribution to the line width is calculated using STRONG 

(VERSION 2) . 

Flowchart 1 describes the structure of the main program 

MTD2M, but configuration interaction has not been included in 

the computations. The calculations following block Bin 

flowchart 1 are depicted in flowchart 3, to make the 

correspondence between the computer codes and eq. Bl.2 clear. 

The required input data are summarised below using the 

same notation as for MTDl. 

YES or NO (detailed or abbreviated printout respectively) 

input of data file BATES. (see Appendix IV) 

~ 

T(T}, Ne(D) 

)., (Wl) 

upper level: 

£(LO), L(L), L1(Ll), J(J), S(S), En*(E}, E (El), 1.00, 0.00 

principal quantum no. n(JNl) 

(Jl) no. of perturbing levels 

£'(MO), L' (M), J' (K), E~*(F), 1.00, n' (JN2) 
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Flowchart 3: Structure of 
calculations 

NO - n* of upper/lower level 

N2 - n* of perturbing level 

n<, ln, l>, l<, nl .' nl 
< > < 

RR - (2 l + 1) < 

R - (£<+1)/(2 £<+1) 

S2 -{ £, ~, tt 2 

C 2 -- ( 2 l + 1) ( 2L' + 1) 
> 

{ £ L Ll_ 2 

L' l ' 1 f 
{ £ L LJ. 2 

L' l ' 1 f R - ( l +1) (2L' +1) 
< 

I 
output S2, C2 I 

I 
S2 -{~- J s}2 

L' 1 

C2 (2L + 1) (2J' + 1) { ~- J i} 2 -➔ L' 

I 
output S2, C2 I 

I 
R - R x { 2L + 1) { 2 J' + 1) { ~, i, i} 2 

BDF' - selects qi 

RLL2, DLL - Coulomb radial integrals 
-

G - g (see eq. 3.39, 3.41) 

R - R X RLL2 

P - g X R 
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lower level: 

repeat as for upper level. 

(Note: the configuration mixing parameters have been set to 

1.00 and 0.00 to exclude this effect.) 

Some of the more important variable names in the computer 

codes are as follows: 

n* - NS n.£ - NLG 
< 

> 

,en* - LNS n.£ - NLS 
< < 

..e> - LG qi - BDF 

..e< - LS d.,. - DLL 
]. ]. 

(Rn,£ ·) 2 - RLL2 solution of cubic - PHI n'L' 

As an example, the input data for the calculation of the 

0II line~= 4318.4 R (( 3 P}3p 4 P~ - 3s 4 P 1 ) at 2 ev are 
2 2 

given below. 
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INPUT 

>t!XOT STARHB.MTD2 
DO YOU WANT A DETAILED PRINTOUT? (YES OR NO) 

>YES 
>llADD BATES. 

2 
18005., 1E+17 
23156 . 91 
1,1,1,1.5,1.5,208392.27,283448.,1.0O,O.OO,3 
12 
o,1,o.5,1e5235_36,1.oo,3 
o, 1, 1.5, 185340 .68, 1.00,3 
0 , 1 , 2. 5 , 1 8 54 99. 2, 1 . 0 0 , 3 
0,1,0.5,238626.32,1.00,4 
0, 1 , 1 . 5, 238731 . 54 , 1 . 00, 4 
0,1,2.5,238892.96,1.00,4 
2,1,0.5,232602.57,1.00,3 
2, 1 , 1 . 5, 232536. 06, 1 . 00, 3 
2,1,2.5,232462.83,1.00,3 
2,2,0.5,232711.7,1.00,3 
2,2,1.5,232745.98,1.00,3 
2,2,2.5,232747.51,1.00,J 
o,1,1,o.s,1.s,1s5235_36,2a344a.,1.oo,o.oo,3 
10 
1,0, 1.5,212161.94, 1 .00,3 
1,1,0.S,208346.17,1.00,3 
1,1,1.5,208392.27,1.00,3 
1,1,0.5,245876.,1.00,4 
1 , 1 , 1 . 5 , 2 4 5 8 7 6 • , 1 . 00 , 4 
1,2,0.5,206730.8,1.00,3 
1,2,1.5,206786.34,1. 00,3 
1 , 2, 0. 5, 2457 67. 8, 1 . 00, 4 
1 , 2, 1 . 5, 245816. 29, 1 . 00, 4 
1,0,1.5,247223.,1.00,4 
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PROGRAM 3 : MTD2A 

This method of calculation of line widths has been 

employed with great success to all the ion lines with the 

exception of SnII (see Chapter 5) for which MTDl was used. 

It is based on MTD2, but makes use of an integrated average 

of the effective Gaunt factor, as discussed in Chapter 1 and 

<;hapter 3.-

The full formula for the Stark width (FWHM) is thus 

obtained collecting eqs. 1.42, 2.8, 2.9, 2.10, 3.39, 3.41, 

4.11 to yield, as for MTD2: 

-11 ( EH )',,1 l 
- 5·5723 x 10 Ne - A 

x [[L L ;:(2L+1)(2l.'.+1)(2J'.,.1J{ 1,L, L,}'l{L J 
j•i,s j'>t:f L l 1 J L 

( 3 ~) )'2. j( 2. 2. fl\ 2 • 
x 2 Z ( n L> - l > } .w. 

X (g (j',jl >] 
+ 0·413497 [1 + d;,[1 + ~:1 + 2(Z-1ld,,i]] 

where d?,. and~ are defined in Chapter 4.1 by eqs. 4.7, 
1. 1. 1. 1. 

4.8 . The average effective Gaunt factor is evaluated from 

eqs. 3.56, 3.57: 
00 

< g ( J',P > = J g(zl exp(-z)dz 
0 

00 

for excitation 

(Bl.3) 

I .6E 
== g ( z + k T ) exp ( ~ z ) dz for de-excitation 

0 
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The argume,nt of the integrals . (Gaunt factor g) is given by 

eqs. 3.39 and 3.41. In the case of excitation processes, 

the integration is split up into two parts - above- and 

below-threshold integrals. This allows a direct computation 

of the dipole elastic contributions to the line width and 

thus dispenses with the estimate used in MTD2. 

The introduction of the above integration procedure for 

the evaluation of the effective Gaunt factor average makes 

the crude inclusion of an extra contribution to ensure 

completeness meaningless. The completeness parameter 6S./S. 
]. ]. 

(see eq. 2.41) indicates thus the degree of incompleteness of 

the line width calculation with respect to the set of 

perturbing levels employed. A table of threshold Gaunt 

factors for all transitions occurring in the computation is 

compiled in the same way as in MTD2. These threshold Gaunt 

factors are, however, not immediately relevant to the line 

width calculation, but have been included for comparison with 

computations employing this simplified quantity. 

A further extension to the line width calculation has 

been made, namely the inclusion of the correction of the 

oscillator strengths for equivalent electron configurations 

(see Chapter 2.2). This correction factor was determined to 

be N!GSSLL I and is denoted by WT3 in the computer code. 
1 1 

A further addition to the computation is the evaluation 

of the disentanglement parameter as well as an average 

collision time, which has been discussed in Chapter 4 

(Sections 4 and 5) . 

With the exception of configuration interaction inclusion, 
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flowcharts 1 and 3 depict the overall structure of the main 

program M'ID2AM. '11he line width calculation M'ID2A is obtained 

by combining the main program M'ID2AM with the following 

sub-programs: 

RACAHl 

RACAH2 

BATESD (VERSION 2) 

COLUMN 

INTERP 

RAO (VERSION 2) 

GBARAV 

GTRY 

FINT 

SIMlNI 

GBAV 

CUBIC 

GAV 

GBAR (VERSION 2) 

DISENT 

FINTDA 

FINTDB 

COLTIM 

ROMINS 

FINTC 

STRONG (VERSION 2) 

TABLE 
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As before . in MTDl, MTD2, the sub-programs RACAHl and RACAH2 

evaluate the 6-j symbols. BATESD (VERSION 2) differs from 

BATESD (VERSION 1) insofar as it includes Bates-Damgaard 

factors for f--+- g and g --+-h transitions (see Appendix IV). 

Interpolation between the tabulated Bates-Damgaard factors is 

done by COLUMN, INTERP. RAO (VERSION 2) evaluates the radial 

integral by the Bates-Damgaard method. 

In order to evaluate the Maxwellian average over the 

velocity distribution, sub-programs GBARAV, GTRY, FINT, SIMlNI, 

GBAV and CUBIC are called upon. SIMlNI is the MATH-·PACK 

version of the Simpson 113 Rule for the evaluation of the 

integrals (MATH PACK PROGRAMMERS REF. SPERRY UNIVAC UP-7542 REVll). 

In order to evaluate the threshold Gaunt factors, GAV 

and GBAR (VERSION 2), CUBIC are required, and the results are 

tabulated using TABLE. 

'I'he disentanglement parameter and collision time 

parameter are estimated using DISENT, FINTDA, FINTDB, COLTIM, 

ROMINS, FINTC . 

using SIMlNI. 

'I'he numerical integration is again performed 

Strong collision contributions are evaluated using the 

sub-program STRONG (VERSION 2). 

Flowchart 4 depicts the program flow for the evaluation 

of the Maxwellian average of the effective Gaunt factor. 

'I'he upper limit "infinity" was chosen in the calculations to 

be at 10 4 x threshold velocity (i.e. x = 100). 
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l 

FK = 1 

FK = 2 

214 

l 
de-excitation 

excitation 

1 
enter GBARAV 

< ) 

} 
lines 209-+ 213 
in MTD2AM 

1 
FK = 1 FK 2 

use FINT:K = 1 

T II II 
00 

/ 6 E \ I dz g(z)exp(-z + kT) 

I 
g = GEL+ GIN 

l 

l 
CALL GTRY establishes 

where g(zmin) = 0 

z . 
min 

l 

GEL= 

l 
GIN = 

zth 

J dz g(z)exp(-z) 
\ I 

z . 
min I 

use FINT:K = 2 

II" -~T __ _ 
Joo f_ \ 
_ dz g(z)exp(-z) 

Flowchart 4: Gaunt factor integration 
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'I'he tnput data required for M'ID2A are thus given as 

follows, where the notation is the same as previously: 

YES or NO (detailed or abbreviated printout respectively) 

(MAXIT) , 11 00 11 (ZZZ) (usually 1000, 100. suffices) 

input of data file BATES2. (see Appendix IV) 

~ 

T(T), Ne(D) 

;\(Wl) 

upper level: 

£(LO), L(L), L1 (Ll), J(J), S(S), E *(E), E (El), 1.00, 0.00, n oo 

principal quantum no. n(JNl) 

(Jl) no. of perturbing levels 

(EMIN) energy of level for which disentanglement and 

collision time is to be evaluated 

t' (MO), L' (M), J' (K), E' *(F), 1.00, n' (JN2), NjG8
8L1 j 2 (WT3) 

n 1 1 1 . 

lower level: 

repeat as for upper level. 

For a compilation of some of the more important variable 

names, see method M'ID2. 

As an example, the input data for the calculation of the 

NIV line A = 4058.9 R (3p 1 P 0 - 3d 1 D) at 5 ev are given below. 
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INPUT 

ELAH•DATAC1>.NIVC1 
1 4 
2 40332.3,1E+17 
3 24637.2 
4 2,2,o,2.,o.o,429159_6,624866.,1.oo,o.oo,3 
5 4 
6 130693. 9 
7 1,1,1.,130693.9,1.00,2,1.0 
8 1 , 1 , 1 . , 507027. 9, 1 . 00, 4, 1 . 0 
9 1 , 1 , 1 . , 404522 . 4 , 1 . 00 , 3, 1 . 0 

10 3,3,3.,521862.8,1.OO,4,1.O 
11 1,1,o,1.o,o.o,404522.4,624866.,1.oo,o.oo,4 
12 5 
13 0.9 
14 o,o,o.o,3aaas4.6,1.oo,3,1.o 
15 o,o,o.o,495O57.7,1.OO,4,1.o 
16 2,2,2.O,429159.6,1.OO,3,1.0 
17 2,2,2.O,514647.7,1.OO,4,1.0 
10 o,o,o.o,o.o,1.oo,2,2.00 

>@XOT ST ARl·rn. MTD2A 
DEBUG UNIT -1 

DO YOU WANT A DETAILED PRINTOUT? (YES OR NO> 
>YES 
)1000,100. 

1000 100.00000 
)@ADD BATES2. 
)@ADD DATA.NIVC1 
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PART B SECTION 2 

COMPUTER CODES 

The various main programs and sub-programs are arranged 

in order in which they are discussed in the previous section. 

To summarise, the three programs presented in section 1 

are obtained by combining the various elements as follows: 

MTDl: pp. 218-225 

ELAM*STARKB(1>.MAP1 
1 IN STARKD.MTD1H 
2 IN STARKB .RACAHl,.RACAH2,.STRONO,.RAOt,.COLUMN,.INTERP,.OUR6 
3 LIB SYSS•FTNLIBi. 

MTD2: pp. 226-235 

ELAMtSTARKB<1>.HAP2 
1 IN STARKB .MTD2M 
2 IN STARKB.RACAHl, .RACAH2 , .BAiESDl, .COLUMN,. INTERP, .RACJ2, .0URG2, .GAV 
J IN STARKB.STR0 NG 2,.TABLE ,.CUBIC2 
◄ LIB SYSS*FTH LIB$. 

MTD2A: pp. 235-246 

ELAHtSTARKB (1).MAP2A 
1 IN STA~KD.MTD2A" 
2 IN STARKD.RACAH1 1 .RACAH2,.BATESD2,.COLUHN,.INTERPr ■RAO2,.GBARAV,.GTRY 
3 IN STARKB.GBAV,.CUBIC2,.GAV,.OURG2,.DISENT,.COLTIM,.STRONG2,.TABLE 
~ LIB ASCII *RHA THSTAT. 
5 LIB SYS$tFTNLIB$. 
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ELAH*STARKB<1>.HTD1N 
1 
2 
3 .. 
5 
6 
7 
8 
9 

10 
1 t 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 . 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

C ****U'*******•*i!t*******• 3/8/79 ***•************************************** 
C THIS PROGRAH EV ALUATES THE SPECTRAL LIHE BROADENING CAUSED BY 
C ELECTRON COLLISIONS .CONFIGURATION NIXING AS UELL AS STRONG 
C CONTRIBUTIONS TO THE BROADEN ING ARE IHCLUDED,AND AN ESTIMATE OF 
C THE <NEGLECTED> ION BROADENING IS HADE. 
C THE INPUT REQUIRES BATES DAMGAARD FACTORS FOR THE EVALUATION OF 
C RADIAL INTEGRALS.THEN DETAILS Of THE ATON NEED TO BE 
C SPECIFIED FOR CORRECT OPERATION (FORMAT()): 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

IONIZATION STAGE 
TEMPERATURE <CM-1),DENSITY(CH-3) 
WAVELENGTH <CM-1) 

UPPER LEVEL a 
SMALL L,CAPITAL L,PARENTAGE,J,SPIN,ENERGY,IONIZATION 

ENERGY,WEIGHT,MX.ELT. FOR SECONDARY ANG. 
NOH.CHARACTER 

NO. OF PERTURBING LEVELS 
SMALL L,CAPITAL L,J,ENERGY,l.JEIGHT 

LOUER LEVEL: 
SAME AS FOR UPPER LEVEL. 

C THE CONTRBUTION FROM PERTURBING LEVELS IS SPLIT INTO TWO 
C PARTS,A fJELOU THRESHOLD SUM AND AN ABOVE THRESHOLD CONTRIBUTION OF 
C SPECIFIC PERTU RB ING LEVELS. 
C THE GAUNT FACTOR IS OBTAINED USING OBAR (VERSION 1). 
C ***O**************************:ft:I:*******************~********************* 
C THE FOLLOUING SUBROUTINES ~RE CALLED FROM THIS MAIN PROGRAM: 
6 
C 
C 
C 
C 
C 
C 

GBAR (VERSION 1 ) 
RACAM1 
RACAH2 
COLUMN 
INTERP 
STRONG <VERSION 1) 

C ***************'"*********************************************$******* 
DittEHSIOH JJC3,25>,KK(3,25),LL<J,25J,0(25),PP<20J,QN(2) 
REAL JJ,KK,LL, NO ,N2,J,N1,N3,L2,N2,M3,M4,K,NLG 
INTEGER Z,H,Q 
CHARACTER DETA!L*4 
G=5 
PRINT 901 

901 FORMAHJX,'DO YOU lh~NT (-i DETAILED PRINTOUT 1 <YES OR NO)") 
READ 902,DETAIL 

902 FORMAT<AJ> 
C *** THRESHOLD GAUNT FACTOR 

60=0.2 
C *** READ IN THE BATES DAHGAARD FACTORS FROH FILE BATES. 

DO 500 N=1,3 
DO 501 NN=1,25 
READ 100fJJ<N, NN > 

501 CONTINUE 
500 CONlINUE 
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56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 -
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
()6 
87 
88 
89 
90 
91 
92 
93 
9-4 
95 
96 
97 
98 
99 

too 
101 
102 
103 
104 
105 
106 
107 
100 
109 
110 
111 

DO 600 N=1,3 
DO 601 NN=1,25 
READ 1OO,KK< N,NN) 

601 CONTINUE 
600 CONTINUE 

DO 700 N=1,3 
DO 701 NNi:.:1,25 
READ 1OO,LL(N,NN> 

701 CONTINUE 
700 CONTINUE 
C *** READ IN ION SPECIFICATIONS 

READ 1O0,Z 
READ 100,T,D 
READ 1OO,U1 
f..lRITE<O, 100)Z 
URITE<tl , 100H~1 
URlTE(Q, 1 OOH ,D 

C START OF COHPUTATIONS 
WRITE <a, 103 > 
RP4=O. 
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C *** START OF UPPER/LOWER LEVEL CALCULATION 
DO 3 H=t,2 
Pt=O. 
URITE<O, 102 )H 

C *** READ IN TRANSITION LEVEL,NO. OF PERTU~BING LEVELS 
READ 1OO,LO,L,L1,J,S,E,E1,UT1,C0NS 
READ 100,J1 
IF(Jt.EG.O) GO TO 30 

C ~** START OF PERTURBA TION 
DO 4 I=1,J1 

C *** READ IN PERTURBING LEVEL SPECS. 
READ 100,MO ,M,K,F,~T2 
ZZ=fLOAT<Z) 
NO =SGRT<109737.•ZZ**2/(E1-E)) 
H2=SORTC109737.•ZZ**2/CE1-f)) 
ONCH>=NO 
CALL GBAR (F,E ,X,TfG,GO,ZrNO) 

C *** EV~LUATE ARGUMENTS OF THE RACAH COEFF. OF L-HOMENTA 
lf(MO.LT.LO) GO TO 5 
RR=FLOAT (2*LO+1) 
R=<FLOAT <LO+1))/RR 
L2=FLOAT<LO> 
N1=N2 
HJa:NO 
H2=FLOATCU 
tl3=FL.OAT<H> 
M4=FLOAT <L1 > 
GO TO 6 

5 L2=FLOAT (MO ) 

6 

RR=FLOAT(2:t:LO+1) 
R:.:: (FLOAT< MO+1 ) )/RR 
Nl ""NO 
H3:.:N2 
t12=FLOATCM) 
H3 11 FLOATCL> 
M4 =FLOAT (lll 
CALL RAC~H1(l2,M2rM~,M3,S2) 
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113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
1~2 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
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C *** CHECK COMPLETENESS OF L-SPLITTING 
C2=RR*<FLOAT<2*H+1))*S2 

C ••• LINE STRENGTH COLLECTION 
R=R*C2 
Ht1=1 
If<DETAIL.Etl.3HNO >GO TO 800 
URITE<0,101>NO,N2 
URITE<O, 104) 
URITE(0,100)LO, HO,L,M,NM,L1 
WRITEC0,105)S2,C2 

C *** EVALUATION OF RADIAL INTEGRAL <BATES-DAMGAARD) 
800 H=R*2.25:t<N1**2,*(N1**2-(L2+1.>**2) 
C *** EVALUATE ARGUMENTS OF RACAH COEFF. OF J-MONENTA 

IF(M-L>7,8, 9 
8 IF<K-J)10,11,12 
12 L2=J 

t12=FLOAT<L> 
H3=FLOAT<M) 
M4=S 
GO TO 13 

10 L2=i< 
M2:::FL0AT<M> 
H3=FLOAT<U 
M4=S 
GO TO 13 

9 L2=FLOAT<L> 
t12=J 
M3=1< 
l14=S 
GO TO 13 

7 L2=FLOAT<M> 
H2=K 
M3=J 
M4=S 

13 CALL RACAH1(L2,M2,H4,M3,S2) 
GO TO 14 

11 CALL RACAH2(L,J,S,S2) 
C *** CHECK COMPLE TENESS OF J-SPL ITTING 
14 C2=FLOAT(2*L+1) 

c2~c2• <2. •K+1.>•S2 
IF<DETAIL.EG.3HNO )60 TO 801 
URITE<O, 106 > 
WRITE(0,100>L,H,J,K,MH,S 
WRITE(Q,105)S2,C2 

C *** LINE STRENGTH COLLECTION 
801 R=R•C2 
C *** EXTR t'tPOLATE BATES-DAMGAAR D FACTOR FROM TABLE SUPPLIED 

IF< MO. LT.LO)GO TO 15 
L2=LO 
GO TO 16 

15 L2~MO 
16 X2=N3-N1 

IF<X2.0T.1.>GO TO 33 
X2 =ABS (X2) 
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167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 -
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
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214 
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217 
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219 
220 
221 
222 

19 

17 

21 

18 

22 
20 
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lf(X2.GT.1.3>GO TO 33 
IF(L2.EO.O.)GO TO 17 
IF<L2.E9.1.>GO TO 18 
IF<L2.E0.3.>GO TO 31 
NLG=Nt-1. 
CALL COLUMN<KL,NLG) 
no 19 N=1,25 
O(N >=LL<l<L,N> 
GO TO 20 
NLG=N1 
CALL COLUMN(l<L,NLG> 
DO 21 N=1,25 
O(N) 11 JJ<KL,N) 
GO TO 20 
NLG=N1 
CALL COLUMN(KL,NLG) 
DO 22 N=1,25 
O<N>=KK<KL,N> 
CALL INTERP(N3,N1,0,F4) 
GO TO 32 

33 F4=0. 
GO TO 32 

31 F4=0.6203 
32 OO=SQRT(F4) 

X2=N3 -N1 
C *** LINE STRENGTH COLLECTION 

R=R*F4 
ZZ=FLOAT<Z> 

C *** ABOVE THRESHOLD CONTRIBUTION 
P=WT2*<G-GO) *R/ZZ**2 
P1=P1+P 
IF(DETAIL.EQ.3HNO )GO TO 4 
PRINT 115,X2,00 
URITE<O, 107>H,I 
URITE <O, 108)P 

4 CONTINUE 
C *** THRESHOLD CONTR IBUTION 
30 NO=SORT(109737.*ZZ**2l<E1-E>> 

ONO-l>=NO 
RLOz:FLOAT(LO) 
P2=N0••2* <S.•ND**2+ 1.-3.*RLOt•2-3.*RL0)/2. 
P2=(P2•GO/ZZ•*2 >•WT1+C1.-UT1)*CONS•2.*GO 

C *** STRONG COLLISIONS (VERS ION 1) 
YRITE(0,109)H,P2 
CALL STIWHG( T ,ZZ,P4,NO,LO,H> 
PP(H)=P2+P1+P4 
URITE<G, 112)P1 
URITE<G, 111 >P4 
RP4 .:P4+RP4 

C *** ADD UPP[R Alm I.OUER LEVEL CONTRIBUTIONS AND LINE UIDTH 
3 CONTINUE 

P3=PP(1)+PP(2) 
lJ1 =1 . 0/Yl 

C *** ION WIDTH 
U=O .5576E-1 O*D*P3:t:lJ1 :1<*2:t<SORT ( 109737. IT) 
U ION==4.086fl2E-11 lf:lJ1 **2/Z*:t:2 
~ION=YION*D*(ON(1)*$2-QN (2) **2 )**2 
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223 C ~•• X STRONG 
224 PIE=UIONIU•100. 
225 RP4=RP4/P3*100. 
226 URITE<0,110)U1,U 
227 URITE<0,113>UION,PIE 
228 URITE(G,114)R?~ 
229 100 FORMAT(> 
230 101 FORHAT(///,8X,' N* UPPER (LOUER> STATE• ',F13.6,9X,' N* PERTURB 
231 &ING LEVEL = ',F13.6) 
232 102 fORKAT(///,30X,'ENERG Y LEVEL NUMBER ',11,///) 
233 103 FORl1AT<1H1,/,18X,'*',' SPECTRAL LINE BROADENING ','•',///) 
234 104 FORMAT(/) 
235 105 FORMATC/,9X,'S2',21X,'=',3X,F13.6,10X,'C2'22X,'=',3X,F13.6) 
236 106 FORMAT(/) 
237 107 FORMAT(9Xr'H',22X,'=',13X,I3,10X,'l',23X,'=',13X,I3) 
238 108 FORNAT<9X,'COHTRIBUT ION ',11X,'=',3X,F13.6,///) 
239 109 FORMAT(///,9X,'H',22X,'=',13X,I3,10X,'THRESHOLD',14X,'=',3X,F13. 
240 &6) 
241 - 110 FORMAT( 9X,'LAMBDA', 17X, '=' ,2x, 1PE11.5, 13X, 'FlJHtt", 19X, '=' ,2x, 1PE1 
242 &1.5) 
243 111 FORHAT< 59X, ,.STRONG CONTRIBUTION,.,4X,,.=',F13.6) 
244 112 FOR NAT<59X, 'ABOVE THRESHOLD',8X,,.=,.,F13.6) 
245 113 FORHATC59X,'ION WIDTH (%),.,10X,'=,.,2X,1PE11.5,1X,,.(',OPF4.1,'),.) 
246 114 FORM AT (59X ,'STRONG UIDTH (%),.,7X,'=',3X,F4.1) 
247 115 FORMAT(9X,'DELTA N*',15X,'~',3X,F1J.6,IOX,'PHI',2tX,'=',3X,F13. 
248 16) 
249 STOP 
250 END 

ELl'\M:1,STARKD< 1) .OURG 
1 C **********"'************"'*·~ 3/8/79 *~***=Ml******************* 
2 C ** VERSION 1 ~* 
3 C THIS SUBROUTINE CALCULATES A PROPOSED SEMICLASSICAL FORH 
4 C OF THE GAUNT FACTOR , NOT TAKING THE CURVATURE OF THE ORBIT 
5 C INTO ACCOUNT. 
6 C *** ********* * ****************** • ***,.****** *******'.,** ******"'** 
7 SUBROUT rnE GBARff, E, X, 'i ,G ,GO, Z, NO ) 
8 REAL UO 
9 INTEGER vfz 

10 Y=ABS (F-E> 
11 X=SORH 1 . 5*T /Y> 
12 ZZ=FLOAT <Z> 
13 CP=2.0:t< < 1. 5~T>**1 . 5/ «ZZ-1. ):t:SQRT< 109737. >*Y> 
14 EMIN = 1.5*T/(109737.*<ZZ-1.>••2> 
15 EIHN= < 1. O+ ( N~*'4/ZZ:t<:ti2 >* < 1.0+1. S:H /109737. > ):t:EMIN 
16 EHlttct.O+EMIN 
17 G=(CP••2+1. )/EMIN 
18 G=SQRH 3. )/ C 2 .0*3. 14159) :t<ALOG(G) 
19 IF<G.GE .0.2)GO TO 1 
20 o~so 
21 GO TO 5 
22 1 F4~2.0*NOt-*2/ZZ 
23 PRINT 201,F4 
24 201 FORf':ATU ,9X r -'GiUEMS DIPOLE liOHENT' ,3X, '=' ,3X 5 F13.6) 
25 5 PRINT 202,X 9G 
26 202 FORHA T(/i 9X,'X'~22X, '= ',3X,F13.6,10X,,.G' t23X f'=',3X,F13.6) 
27 RETURN 
28 ENn 
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ELAH*STARKB<1>.RACAH1 
1 C ********************** 3/8/79 ******************"'******,.********* 
2 C THIS SUBROUTINE CALCULATES THE RACAH COEFFICIENT USING AN 
3 C EXPANSION GIVEN BY BRINK FOR THE 6-J SYMBOL: 
4 C 
5 C 
6 C 
7 C 
8 C 
9 C 

10 C 
11 C 
12 C 
13 C 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

1 

2 

3 

I 
[ 

C 
[ 

\ 

A 

K3 

A+1 

C 

UHER£ HJ c C-1,B,B+1 . 

1 

0 

\ 
] 
] 

l 
I 

*"'*** ***::{****** ********* ******************** ********** ********* ~* 
SUBROUTINE RACAH1<A,B,C,M3,S2) 
REAL M3 
IF<NJ.EG.B>GO TO 1 
1F(M3.EO.<B-1.0))GO TO 2 
52=(A+B+C+J.>•<A+B+C+2.J•<A+B-C+2.>•<A+D-C+1.0) 
D1~(2.0•A+3.0)t(2.0*A+2.)*(2.*A+1.) 
D1=D1*<2.tB+3.>*<2.*B+2.>*<2.*B+1.> 
S2=S2/D1 
GO TO 3 
S2=U\+B+C+2.O>*<A-B+C+1. ):t: (A+B-C+1. >*<C-MB) 
D1=(2.0•A+3,0>•<2,*A+2.):t:(2.•A+1.>•B•<2.:t:B+2.>•<2.*B+1.) 
S2=S2/D1 
GO TO 3 
S2=<C-A+B>*<C-A+B-1.>*<A-B+C+2.)*(A-B+C+1.) 
Dt~<2.•A+3.)*(2.•A+2.)*(2.•A+1.)*(2.*B-1.)*2.•B*(2.*9+1.> 
S2=S2/D1 
RETURN 
END 

ELAM*STARKB(1).RACAH2 
1 C **********=il***":*t:****** 3/8/79 *******~****:f<****************** 
2 C THIS SUBROUTINE CALCULATES THE R~CAH COEFFICIENT USING AN 
3 C EXPANSION FORMULA GIVEN BY BRINK FOR THE 6-J SYMBOL: 
4 C 
5 C 
6 C 
7 C 
8 C 
9 C 

10 C 
11 C 
12 
13 
14 
15 
16 
17 
18 . 
19 

I 
C 
( 
[ 

\ 

A 

B 

A 

B 

1 

C 

\ 
] 
] 

l 
I 

***'l:*******"'****'"**'~**********l:*******>lc***********'"***~******** 
SUBROUTINE RACAH2 CLL ,J,S,S2) 
REAL J,L 
L==FLOAT<LU 
S2~CL•CL+1.)+J*(J+1.>-S•CS+1.)):t<:t<2 
D1~<2.•L+2.>•<2.•L+1 ■ 1*2.•L•<2.*J+t.>•<J+1.>•J 
S2:.:S2/D1 
RETURN 
END 
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ELAH*STARKB(1).COLUNN 
1 C *********************** 3/8/79 ***************************** 
2 C THIS SUBROUTH!E SELECTS THE RELEVANT CLOLUMN OF BATES DAH-
3 C GAARD FACTORS FROM A TABLE IN MEMORY.THE TYPE OF PROCESS IS 
4 C ESTABLISHED AND DETERMI~ES THE COLUMN NUMBER. 
5 C *****""**•)ltl<lllllr**"*******•~*'''**::i>1::t:**********"****************** 
6 SUBROUTINE COLUMN <K,A) 
7 IFCA.LT.3.5)GO TO 1 
8 IF<~.LT.4.5)GO TO 2 
9 K=3 

10 GO TO 3 
11 1 K=1 
12 GO TO 3 
13 2 K=2 
14 3 RETURN 
15 END 

ELAH*STARKBC1)cINTERP 
1 C ******•l:******"*~****** 7 /8/79 *************'~**********t"-* 
2 C THIS SUBROUTINE INTERPOLATES BETUEEN THE VARIOUS VALUES 
3 C READ IN FRON A TABLE Of BATES DAMGAARD FACTORS. 
~ C t ~ • • * <: *,;: ******** ********** ********~ *************:$!****** ** 
S SU BRO UTI NE 1NTERF (N3,N1,0,f4) 
6 DIMENSION 0(25> 
7 INTEGER V 
8 REAL NN,N1,N3 
9 DO 1 N=2,25 

10 X1=N3-N1 
11 NN=FLOAT(N) 
12 X3=-~.5+0.1t.NN 
13 IFCX1.LT.X3)GO TO 2 
14 1 CONTI iWE 
15 2 VV=NN 
16 V=IFIX<VV) 
17 A=0.5~<0<V+1)-2.*0<V>+O<V-1)) 
18 B=0.5•<0CV+1>-0CV-1))-2.*A*VV 
19 C=O(Vl -A•VV••2-t•VV 
20 X1=(X1+1.5> • 10. 
21 OO=A•<X1>••2+B•<Xt)+C 
22 F4=00**2 
23 RETWU! 
24 END 
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ELAH•STARKB(1).STRONG 
1 C *****"'''*****1°'*********' .. **"' 3/8/79 ** .... ********************** 
2 C •t VE RS ION 1 ** 
3 C THIS SUBROUTINE EVALUATES THE STRONG COLLISION CONTRIBUTION 
4 C IN ELECTRON COLLISION BROADENING. 
5 C ********** *******'~* ******'ll•l:!i: * **"'111,.:fl***• "'********* *******'•*• * 
6 C SUB ROU TINES CALLED: 
7 C RAO (VERSION 1) 

8 C *'"****(:******************************'ll********************** 
9 SU BROUTINE STRONG <T,ZZ, P4,NO ,LO,H) 

10- REAL NO 
11 INTEGER H 
12 P4~1.O+(T/109737.) 
.13 LZ=IFIXCZZ) 
14 CALL RAO<NO,LZ,LO,RMO) 
15 P4=P4*RAAO 
16 P4~ <P4~1.0)*0.413497 
17 xx~FLOAT(H) 
10 P4=P4* (2.0-XX> 
19 RETURN 
20 END 

ELAM•t,STARl{r; ( t) .f<A01 
1 C i!<,i<:{:t:~********t********* 3/8/79 **C:Ul(:>t::(:$**•l:(i:fl******·U********* 
2 C *~ VERS ION 1 ** 
3 C THIS SU BROUTI NE CALCULATES THE DISTANCE DLL IN THE DENOMIN~iOR 
4 C OF THE GBAR FACTOR AS N**4IZ**2. 
5 C ******';'* * ********* ****:r-,4::t::t:t: * ********** ********'* * ***"'*****" **** 
6 SU BROUTINE RAO<H ,Z,L,R> 
7 REAL W 
8 INTEGER Z 
9 R=H**4IZ•*2 

10 RETURN 
11 END 
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ELA"•STARKB(1).HTD2M 
1 C *************************** 21 /8/79 *********************'"******** 
2 C THIS PROGRAH EVALUATES THE SPECTRAL LINE BROADENING CAUSED BY 
3 C ELECTRON PERTURBERS.STRONG CONTRIBUTIONS FOR THE UPPER LEVEL 
4 CARE INCLUDED,AND AN ESTIMATE OF THE ION BROADENING IS MADE.TO 
5 CENSURE COMPLETENESS OF THE PERTURBERS,THE SUM Of THE USED MATRIX 
6 C ELEMENTS IS COMPARED TO THE HYDROGENIC ESTIMATE. 
7 C "***************************************************************'"** 
8 C SUBROUTINES CALLED FROH HAIN PROGRAM: 
9 C 

10 C RACAH1 
11 C RACAH2 
12 C BATESD 
13 C RAO <VERSION 2) 
14 C GBAR (VERSION 2) 
15 C GAV 
16 C STRONG <VERSION 2> 
17 C TABLE 
18 C ************C******************************************************* 
19 DIM EN SION JJ(3,25),KK(3,2S>,LL<3,25),PPC2),0N(2),GT(2) 
20 DIMENSION TGC30),JLS(30),JNLS(30),JNLG(30),JLLS(30>,JLLG(30) 
21 DIMENSION JJLS(30),JJLGC30) 
22 DIMENSION P1IN<2> 
23 REAL JJ ,K•{, LL ,NO ,N2, J ,N1 ,N3 ,L2 ,H2 ,M3 ,M4, K ,NLG,NLS 
24 CHARACTER DETAIL*4 
2~ INTEGER Z,H,G 
26 Q=5 
27 PRINT 901 
28 901 FORMAT<3X, ... DO YOU WANT A DETAILED PRIUTOUT 1 <YES OR NO),.) 
29 READ 902,DETAIL 
30 902 FORMAT(A3) 
31 C *** READ IN THE BATES DANGAARD FACTORS FROM FILE BATES. 
32 DO 500 N=1,3 
33 DO 501 NN=l,25 
34 READ 100,JJ(N,NN) 
35 501 CO NTINUE 
36 500 CONTINUE 
37 DO 600 N=1,3 
38 DO 601 NN=l,25 
39 READ 100,KK<N,NN> 
40 601 CONTINUE 
41 600 CONTI NUE 
42 DO 700 N=1,3 
43 DO 701 NN~1,25 
44 READ 100,LLCN,NN) 
45 701 CONTINUE 
46 700 CONTINUE 
47 C *** READ IN IOH SPECIFICATIONS 
48 READ 100,Z 
49 READ 100,T,D 
50 READ 100,U1 
51 WR1TE<0,100)Z 
52 URITE<0,100)U1 
53 WRITE C0,100)T,D 
54 C *** START Of COMPUTAT!OtlS 
55 WR!TE<G,103) 



56 
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92 
93 
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98 
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109 
110 
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RP4=0. 
C *** START OF UPPER/LOWER LEVEL CALCULATIONS 

DO 3 H=l,2 
STOR=O. 
STOR2=0. 
SUMG=0. 
P1=O. 
PP1=O.O 
P1 INCH)=O.O 
UR ITE <G, 102) H 

C *** READ IN TRA NSITION LEVEL,NO. OF PERTURBING LEVELS 
READ 1OO,LO,L,Lt,J,S ,E ,E1,UT1,CONS, JN1 
READ 10O,Jt 
IF(J1.EO.O)GO TO 30 

C *** START OF EACH PERTURBATION 
DO 4 I=1,J1 

C *** READ IN PERTURBING LEVEL 
READ 100,M0,M ,l<,F ,tH2,JN2 
ZZ=FLOAT<Z> 
N0=SGRT(1O9737.*ZZ**2/(E1-E>> 
N2=SQRT (1O9737. •ZZ**2/(E1-F>> 
URITE(O,1Ot)NO,N2 
GN(H) ==NO 

C *** ORDER PRINCIPAL a.NO. AND ANGULAR MOMENTA BY SIZE 
C *** ALL J ***('"*) ARE COLLECTED FOR TABULATION OF THE 
C *** THRESHOLD GAUNT FACTORS AT THE END. 

NS=AMIN1 <NO,N2) 
IF<NO.LT. H2)GO TO 401 
LNS=MO 
GO TO 402 

401 LNS=LO 
402 LG=AMAX1 <LO,M0> 

LS>=AMIN1<LO,MO) 
IF<H.EG.1 >Il=I 
IF<H.EG.2>II=I+JSJ 
IF<LO.GT.MO)GO TO 403 
NLG=N2 
JNLG(Il) =JN2 
NLS=NO . 
JNLS< II )=JN1 
JLLS < II ) =L + 1 
JLLG(II>=M+1 
JJLS( II >=J 
JJLG( II >=K 
00 TO 404 

403 NLG=NO 
JNLG( II ) :::JH 1 
NLS==N2 
JNLS(II)~JN2 
JLLS < II )=M+1 
JLLG< H >=L +1 
JJLS( !I >=K 
JJLG < II )::J 

404 tJRITE:<U~ 121 >NLG,LNS 
WRITE(Op122)L6,LS 
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C *** EVALUATE ARGUMENTS OF RACAH COEFFICIENTS OF THE L-MOHENTA 
IF<HO.LT.L0)GO TO 5 
RR=FLOAT(2:t:LO+1) 

C *** START OF LINE STRENGTH COLLECTION 
R=<FLOAT<LO+1) )/RR 
L2=FLOAHLO) 
N1=N2 
N3=NO 
1'12=FLOAT<U 
M3=FLOAT(M) 
M4=FLOAT<L1) 
GO TO 6 

5 L2=FLOAT(~O) 
RR=FLOAT <2*L0+1) 
R=<FLOAT<MO+1 ))/RR 
Ni=NO 
N3=N2 
M2=FLOAT<M> 
M3=FLOAT<U 
M4=FLO4T<L1) 

6 CALL RACAH1(L2JM2,M4,M3,S2) 
C *** CHECK COMPLETENESS OF L-SPLITTING 

C2=RR*CFLOAT<2*M+1))*S2 
C *~* LIME STRENGTH COLLECTION 

R=R:tcC2 
MM=l 
If <DETAIL.EU .3HNO )GO TO 800 
WRITE<O, 104) 
WRITE (Q, 1 CO >LO, MO ,L,M ,MM, L1 
WRITE(O,1O5)S2,C2 

C *** EVALUATE ARGU MENTS OF RACAH COEFF. OF J-MOMENTA 
800 IF(N-L>7,8,9 
8 IF(K-J)lO,11,12 
12 L2=J 

t12::FLOAT(U 
M3=FL0AT<M) 
M4=S 
GO TO 13 

10 l.2=K 
M2=FL0ATHO 
M3=FLOAT<L> 
M4=S 
GD TO 13 

9 L2=FLOAT(l.) 

7 

13 

11 

M2=J 
M3=K 
H4:::S 
GO TO 13 
L2=FLOATCM) 
M2=1< 
M3=J 
M4=9 
CALL RACAH1(l2,H2 ,M4,H3 rS2) 
GO TO 14 
CALL RACr~H2(L ,J,S, S2) 
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C *** CHECK COMPLETENESS OF J-SPLITTING 
14 C2=FLOAT<2•Lt1) 

C2=C2•(2.*K+1.)*S2 
IF<DETAIL.EG.3HNO >GO TO 801 
WRITE W, 106 > 
WRITE<0,1OO)L,N,J,K,MH,S 
WRITE(Q,1O5)S2,C2 

C *** LINE STRENGTH COLLECTION 
801 R=R$C2 

X2=N3-N1 
DE=ABS(F-E) 
CALL BATESD CJJrKK,LL, NLG ,NLS,LS,BDF> 
CALL RAO(NLG, LNS,LG,Z, BDF ,RLL2,DLL) 

C *** STORE SUM OF DIPOLE MOMENTS FOR AVERAGE 
STOR=STOR+DLL 
STOR2=STOR2+DLL:1<:tc2 
WRITE(U,1O9)RLL2,BDF 

C *** CALCULATE GAUNT FACTOR 
CALL GBAR (Z,nE,T,DLL,PHI,G) 
URITE(G,116)DLL,PHI 

C :M:* LINE STRENGTH COLLECTION 
R=R*RLL2 
P=lJT2*(G)*R 

C *** INELASTIC CONTRIBUTION 
IF ( F-E > 1 5 , 15, 16 

16 PIN=P•EXP (-DE/T) 
P1IN(H> =P11NCH)+PIN 

C *** HYDROGENIC MATRIX ELEMENT 
15 RLO=FLOATCLO) 

P2= NQ:11:n:t< ( 5. (I Nfr.tc:t<2+ 1 . -3. *RLO:t:*2-3. *RLO > /2. /Z:t::e:2 
C *** SUK MATRIX ELEMENTS 

PP1==PP1+R 
P1 =P1+P 

C *** THRESHOLD GAUNT FACTOR 
CALL GAV<Z,DE,IILL,GAVT) 
SUKG=SUMG+GAVT 
TG (II> =GAVT 
J LS ( II )=LS+1 
IF(DETAIL.EO.3HNO )GO TO 4 
YRITE<G,123>X2,BDF 
WRITE rn, 107)H, I 
WRITE<O, 108)P 

4 CONTINUE 
30 NO==SORT< 109737. t:ZZ:t<:t:2/(E1-E )) 

UN<H)=NO 
C *** AVERAGE DIPOLE MOMENT 

AVR=STOR/FLOAT(J1) 
AVR2=STOR2/ FLOAT< J1) 
Gl(H)=SUMG/FLOAT(J1) 
SG;;::SUMG+SG 
JSJ=JSJ+J1 
CALL STRONG(Z,T,AVR,AVR2,P4,H> 

C ~•* COMF'LETEMESS AND EXTRA cotnRIBUTION 
PP2:::PP1iP2->!s 1OO. 
P3=(P2-PP1)*GT<H) 
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C *** SUM WEAl<,STROHG AND EXTRA CONTRIBUTIONS 

PP<H>=P1+P4+P3 
URITE(Q, 112)P1 
URITE<O, 111 )P4 
URITE<O, 118)P3 

. l.JRITE<O, 119)P1 IN<H > 
URITE<0,115)P2,PP2 
RP4=P4+RP4 

3 CONTINUE 
C *** ADD UPPER AND LOUER LEVEL CONTRIBUTIONS AND FIND tlIDTH 

P3 =- PP(1)+PP(2) 
U1=1.0/lJ1 
U=0.5576E-10:t:D:t:U1**2*SQRT(109737./T) 
UW=W*P3 

C *** CALCULATE <NEGLECTED> ION WIDTH 
UION=4.08682E-11•U1**2/Z**2 
lHON=WION:c:D:fl<QN< 1 >**2-GN (2) **2>**2 
PIE=UION/lJW:!:100. 

C *** Z STRONG WIDTH 
PRP4=RP4/P3:t< 10O. 
GAVT=SG/JSJ 

C *** Z INELASTIC CONTRIBUTIONS 
P1INP=(P1INC1)+P1IM(2))/P3•100. 
PSUM=P1IN<1)+P1IN(2) 
l~RP4=W*RP4 
lJPSUM=W•PSUM 
lJRITE (Q,110>W1 ,WU 
WRITEC0,114)WRP4 ,PRP4 
UR!TE<G, 113) l..J!ON ,PIE 
WRITECQ,120>WPSUM ,P1INP 
WRITE(0,117)GAVT 

C *** COMP ILE TABLE OF ALL THRESHOLD GAUNT FACTORS IN PROGRAM 
CALL TABLE<TG,JLS,JNLS,JNLG,JLLS,JLLG,JJLS,JJLG,JSJ,Z) 

100 FORMAT<) 
101 FORMATC///,SX,' N* UPPER CLO WER> STATE c ',F13.6,9X,' N* PERTURB 

&ING LEVEL = ',F13.6) 
102 FORMAT(/ //,30X,'ENERGY LEVEL NUMBER ',It,/) 
103 FORliAT(1H1,/,28X,'*', ... SPECTRAL LINE BROADENIHG ... ,,*',///) 
1 04 FOR HA T< I) 
105 FORMAT(/,9X,'S2',21X,'=',3X,F13.6,10X,'C2'22X,'=',3X,F13.6) 
106 FORHAT<I> 
107 FORHAT(9X,'H',22X,'=',13X,I3,10X,'I',23X,'=',13X,I3) 
108 FORMAT(9X,'CONTRIBUTION',11X,'=',3X,F13.6,///) 
109 FORMAT(9X, ... RLL2',19X,'=',3X,F13.6,10X,'BDF',21X,'=',3X,F13.6) 
110 FORHAT(/,9X,'LAMBDA',17X,'=',2X,1PE11.5,13X,'FWHM',20X,'=',2X,1PE1 

& 1.5) 
111 FORMA T(59X,'STRONG CONTRIBUTION',SX ,'=',3X,f13.6) 
112 FORNA1(59X,'TOTAL CONTRIBUTION',5X,'=',3X,F13.6> 
113 FO RMA TC59X,'ION WIDTH (¼)',11X,'=',2X,1 PE11.5,1X,'C',OPF4.1,')') 
114 F ORHA T ( 59 X 7 ' STRONG WIDTH Ct)' ,8X ,'=', 2X, 1 PE11 • 5, 1 X r' ( 'OPF 4. 1 , ').,) 
115 FOR NA TC59X,'CHECK ON COMPLETENESS(%)=',2X,1PE11.5,'('0PF4.1,')') 
116 FORMAT(9X,'DLL',20X,'=',3X,F13.6,10X,-'PHI',21X,'= ' ,3X,F13.6) 
117 FORHAT(59X,'AVERAGE THRESHOLD G =',3X,F13.6) 
118 FORMAT(59X,'EXTRA CONTRIBUTION-',5Xt'=/,3X,F13.6) 
119 FD RHA T(59X,'I NELASTIC CONTRIBUTION',2X,-'='3X,F 13.6) 
120 FOR HA T< :59X, -'INELASTIC WIDTH (%) ',5X, ' =' ,2X, lf'E11 .5,' (' ,OF'F4 .1, ')' 

&) 
278 121 FORMAT<9X,'NLG',20X,'=',3X,F13.6,10X,'LNS',21X,'=',13X,l3) 
279 122 FORMAT(9X,'LG'r21X,'=',13X,I3~10X,-'LS',22X,'=',13X 7 13) 
280 123 FORHAT(9X,'DELTA N:t<', 15X,'=' ,3X,F13.6, 10X,'BDF'. ,21X,'=' ,3XpF13.6) 
281 STOP 
282 END 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
:51 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

C **'.,******* ********** :ti:+::f::f::+::t:,.,.,,ti• 2 t /8/79 *******'i:** :M:>ti:M:~******.,_ 
C ** VERSION 1 ** 
C THIS SUBROUTINE DETERMINES THE APPROPRIATE BATES DAMGAARD FACTOR 
C FRON THE TABLES GIVEN BY FILE BATES. 
C ***** ********* ********'!<* *'~*'t:***'~* ******:j:,f:***********,.,.,******** ** 
C SUBROUTINES CALLED: 
C COLUMN 
C INTERP 
C ******** ********** ********** *******'i::t:* ******************* ******** 

SUB ROUTINE BATESDCJJ,KK,LL,NLG,NLS,LS,BDF) 
DIME NSION JJ(3,25J,KKC3,25J,LLC3,25),O(25> 
REAL JJ,KK,LL,NLS, NLG,NL 
X2=NLS-NLG 

IFCX2.GT.1 .)GO TO 33 
X2=ABSCX2 > 
IF<X2.GT.1.3)60 TO 33 
IF(LS.EO.0.)GO TO 17 
IF<LS.EG.1.)G0 TO 18 
IF<LS .E0.3. )GO TO 31 
NL=NLG-1. 
CALL COLUMN <KL,NL) 
DO 19 N=1,25 

19 0 <N) :::LL< l{L, N) 
GO TO 20 

17 NLG=NLG 
CALL COLUMN<KL ,NLG) 
DO 21 N=l,25 

21 O(N)=JJ<KL,N> 
60 TO 20 

18 NLG=NLG 
CALL COLUMtHKL,NLG) 
DO 22 N=1,25 

22 O(N)=KKCKL,N> 
20 CALL INTERP (NLS,NLG,O,F4 ) 

GO TO 32 
33 f 4=0. 

GO TO 32 
31 F4=0w6203 
32 BDF=SORT(F4) 

RETURN 
END 

ELAM*STARKB( 1) .RA02 
1 C ****:!<**************~ 23/11/79 **************************** 
2 C ** VERSION 2 ** 
3 C THIS PROGRliM EVALUATES THE RADIAL INTEGRAL AS WELL AS THE 
4 C DIPOLE MOMENT OPERATOR IN THE COULOttB APPRGXIHATION. 
5 C ****•i•~'t**'~****'i<***** 'f,:;c:1i:1<:t::t:***e*******'~***********:f<:f:****** 
6 SUBROUTHlE RAO<NLG,LNS,LG,Z,DDF ,H,D) 
7 REAL NLG 
8 INTEGER Z 
9 R=<NLG**2-FLOAT (L G ) :i!:{12):t:2. 25* (NLG/Z)t*2*DDF**2 

10 D=R •FLOAT(LG) / FL0AT<2*LNS+1) /3. 
11 n~soRT (D> 
12 RETURN 
1J END 
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ELAM:t<STARKB(1).OURG2 
1 C *********************** 21/8/79 **************************** 
2 C ** VERSION 2 ** 
3 C THIS SUBROUTINE CALCULATES THE EFFECTIVE GAUNT FACTOR TAKING 
4 C THE CURVATURE OF THE CLASSICAL HYPERBOLIC ORBIT INTO ACCOUNT. 
5 C THE UPPER LIMIT OF THE IMPACT PARAMETER AS GIVEN BY THE 
6 C MINIMUM OF THE REGUIRED ELECTRON ENERGY AND THE LOWER LIMIT 
7 C IS DETERMINED IN ACCORDANCE "TO THE LIMIT OF STRONG COLLISIONS. 
8 C ************************************************************** 
9 C SUBROUTINES CALLED: 

10 C CUBIC 
11 C *****************,..*************************'"******************* 
12 SUBROUTINE GBAR<Z,DE,T,R,PHI,G> 
13 INTEGER Z 
14 X=SORT<1.5*T/DE) 
15 Y=SGRT<1O9737./DE) 
16 zz~FLOAT (Z) 
17 CALL CUBIC<ZZ,X,Y,PHI> 
18 CP;(ZZ-1.0):t:Y/(2.0*X**3) 
19 6=1.O+PHI•*4/CP**2 
20 TT=<<ZZ-1.)*Y/Xl**2 
21 TEST=1*R*l2-TT 
22 IFCTEST.LT.O.O)GO TO 2 
23 DEN=1.+R**2*<1.O+(X/Yl**2+2.•<ZZ-1.)/R)-TT 
24 60 TO 3 
25 2 DEN=1.+R*t2*CCX/Y)**2+2.O*<ZZ-1.)/RJ 
26 3 DEN=1.0+DEN* (X/Y)**2/(ZZ-1.)**2 
27 F=SORT(3)/3.14159 
28 G=F/2.O:t<ALOG (G/DEN) 
29 IF<G.GT.O.O)GO TO 1 
30 G=O .O 
31 1 PRINT 101,X,G 
32 101 FORMAT (I, 9X, ''X"', 22X,'=" ,3X, F13.6, lOX, .,G., ,23X, "=., ,3X ,F13. 6) 

33 RETURN 
34 END 

ELAM*STARKD(1).GAV 
1 C *************t*********** 27 /8/79 ****************f:***'t:******* 
2 C THIS SU f!R 0UTWE CALCULATES THE EFFECTIVE GAUNT FACTOR OF THE 
3 C PARTICULAR LI NE OBSERVED. 
4 C *******'I<****************************************************** 
5 C SUBROUTINES CALLEO : 
6 C GD ~R <VERSION 2) 
7 C **************'';:************************************************ 
8 SUBROUTINE GAV CZ,DE,RLL, GA ) 
9 INTEGER Z 

10 T=DE/1.5 
11 CALL GBAR(Z,DE,T,RLL,PHI,GA> 
12 RETURN 
13 END 
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ELAH*STARKB(1).STRONG2 
1 C **********'+;*:t-:t:*************** 21 /8/79 *****'.,************************ 
2 C ** VERSIO N 2 ** 
3 C THIS STRONG COLLISION TERM MA~(ES USE OF CURVATURE CORRECTIONS AND 
4 C THE AVERAGED RADIAL INTEGRAL COMPUTED. 
5 C *********************'''********************************************** 
6 SUBROUTINE STRONG(Z,T,AVR,AVR2,P4,H> 
7 INTEGER Z,H 
8 - P4=(1.O+T/109737.)*AVR2 
9 P4=2.0=HZ···1 ):f:AIJR+P4+1. 

10 XX=FLOAT(H l 
11 P4=P4:t:(2.0-XX):t:0.413497 
12 RETURN 
13 END 

ELAM:t:STARHB(i).TAOLE 
1 C :t::t***************•::t:=¼=** 1 ~/9/79 ******'i'******"************** 
2 C A TABLE Of THE PROCESSES IN THIS LINE WIDTH CALCULATION IS 
3 C PRHHED UITH THE RELEVANT THRESHOLD GAUNT FACTOR OF EACH. 
4 C ***~*****~**'f:********************************************** 
5 SUBROUTINE TABLE(TG,LS,NLS,tlLG,CLS,CLG,JLS,JLG,JSJ,Z> 
6 D rnrns ION rn< 50) ,LS (50), NLS (50 ) ,NI.G( 50 i ,CLS (50 > ,CLG (so) 
7 DIHE HSION JLS<50),JLG(50) 
8 CHARACTER A1 :t:1, A2:f:1 ,A3:f:1, A4*1 
V INTEGER Z,CLS,CLG 

10 PRINT 100,Z 
11 100 FORMAT(1Hi ,II,2ox,·rnNISATI0N STAGE , ,12,//) 
12 PRINT 101 
13 101 FORHAT<9X,'N L CL J ',10X,'N L CL J ',lOX,'O EFF.',/,10('* 
14 '*****'),/) 
15 DO 1 K=1,JSJ 
16 CALL TRANSL<LS<K>,AI) 
17 CALL Tri:ANSL< CLS < l·O , A2) 
1 8 LG=LS <10 + 1 
19 CALL TRANSL{LG,A3) 
20 CALI_ TRANSLCCLG(K),A4) 
21 PRINT 102,NLS(tO ,Al ,A2,JLS(IO ,NLG<IO ,A3,A4,JLG(IO, TGCIO 
22 102 FORMATC9X,2<11,2X,A1,2X,A2,2X,I2,10X),F5.3) 
23 1 CONTI NUE 
24 RETURN 
25 
26 
27 
28 
29 
30 
31 
32 
33 

SUBROUTINE TRANSL< I ,A) 
CHARACTER A:t-1 
IF( I.EQ.1 )A=1HS 
lF( I.Ell. 2)A=1 HP 
IF<I. E:Q.3>A=1HfJ 
IF (I. El~. 4 > A= 1Hf 
IF< I . EQ . 5 ) A= HIG 
RETURN 
END 
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ELAH*STARKB(1).CUBIC2 
1 C ******************* 14/9/79 **************************'"**• 
2 C THIS S,llBR0UTINE SOLVES THE CUBIC ARISING IN THE GBAR 
3 C CALCULATION USING AN EXACT METHOD AND NOT AN ITERATION. 
4 C ********************************************************""" 
5 SUBROUTINE CUBIC<Z,X,YtPHI> 
6 CP=<Z-1.>•YICX:t:•3•2.> 
7 SCP=CP**2 
8 TCP=1 .J27. 
9 If(SCP-TCP)t,2,2 

10 1 T=(TCP/SCP>-1. 
11 T=SGRT<T> 
12 T=ATAN<T> 
13 T=T/3. 
14 PHI:;2./SQRT<3. ):t:COS<T> 
15 GO TO 3 
16 2 T=SQRT(SCP-TCP> 
17 T1=CP+T 
18 T2=CP-T 
19 PH I= T 1 **0 . 33333+ T 2 :f::t:O. 33333 
20 3 RETURN 
21 END 

ELAM*STi:'iRl<B < 1 ) • CUB IC1 
1 C *****************''**** 3/8/79 *****************"***************'"* 
2 C THIS SUBROUTINE SOLVES THE CUBIC ARISING DUE TO THE CURVATURE 
3 C EFFECT FOR ITS POSITIVE ROOTS BY MEANS OF A HILL-CLIMBING METHOD. 
,t C * * * * * ** * t * * * *? * * ******* ****************** *********:!: ********** :-:,,1-** 
5 SUBROUTINE CUBICCZtX,Y,F~I> 
6 PHI=O.O 
7 ASSIGN 10 TO J 
8 ASSIGN 1 TOK 
9 6 CUB=PHI••3-PHI-<Z-1.):t:Y/X:t.:+:J 

10 IF(CUB.EQ.O.O>GO TO S 
11 IF<CUB.GT.O.OlGO TO K,(1,3,4,5) 
12 GO TO J,(10,11,12,13) 
13 10 PHI=PHI+0.1 
14 60 TO 6 
15 1 PHI=PHI-O.1+o.O1 
16 ASSIGN 11 TO J 
17 ASSIGN 3 TOK 
18 GO TO 6 
19 11 PHI=PHI +O .01 
20 GO TO 6 
21 3 PHI~PH!- O.01+O.OO1 
22 ASSIGN 12 TO J 
23 ASSIGN 4 TO K 
24 GO TO 6 
25 12 PHI=PHI+0.001 
26 60 TO 6 
27 ~ PHI=PHI-0.001+0.0001 
28 ASSIGN 13 TO J 
29 ASSIGN 5 TOK 
30 GO TO 6 
31 13 PHI=PMI+O.OOO1 
32 GO TO 6 
33 5 RETURN 
34 END 
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ELAM:1cSTARKB< 1 > .MTD2~M 
1 C *****lit**********~***'"***** 21 /8/79 *************,t&:f&***********"*** 
2 C THIS PROG RAH EVALUATES THE SPECTRAL LINE BROADENING CAUSED BY 
3 C ELECTRON PERTURBERS.STRON6 CONTRIBUTIONS FOR THE UPPER LEVEL 
4 CARE INCLUDED,AND AN ESTIMATE OF THE <NEGLECTED) ION BROADENING IS 
5 C HADE. TO ESTIMATE COMPLETENESS OF THE F'ERTURBERS, THE SUM OF THE 
6 C USED RADIAL INTEGRALS IS COMPARED TO THE HYDROGENIC ESTIMATE. 
7 C THE GAUNT FACTOR IS CALCULATED USHW A RIGOROUS AVERAGING OVER THE 
8 C NAXUELLIAN VELOCITY DISTRIBUTION.TO DO THIS AN ADDITIONAL INPUT IS 
9 C REQUIRED AFTER ENTERING THE 'DETAIL',NAMELY THE NAXIMUH NO.OF ITER-

10 C RATIONS AND THE UPPER LIMIT OF INTEGRATION: 
11 C 
12 C HAXIT,ZZZ 
13 - C 
14 C THE FINAL WIDTH IS NOT CORRECTED FOR COMPLETENESS. 
15 C "******************************************************************* 
16 C LIST OF SUBROUTINES CALLED FROM MAIN PROGRAM: 
17 C RACAH1 
18 C RACAH2 
1~ C BATESD<VERSION 2) 
20 C RAO <VERSION 2) 
21 C GB A RAV 
22 C DI SENT 
23 C GAV 
24 C STRONG <VERSION 2) 
25 C TABLE 
2 6 C ** *********~ ****>O:.:f:*!(•* * **:!<"'°**'f!*** ****!:***** *************'"'***** ******** 
27 DI MEHSIOH JJ(3,25>,KK<3,25>,LL<3,25),PP(2),GN(2J,GT(2) 
28 DIHEHSION MH(3,25),MNN<3,25) 
29 DIMENSION TG(50) ,.JLS(50) ,JNLS (50) ,JNLG(50) ,JLLS (50) ,JLLG(5O) 
30 DIMENSION JJLS< 50 ),JJLG(50> 
31 DIMENSION SPEL(2) 
32 COM MON/AA/Z,DE,T, DLL,PHI,G,GIN,GEL,FK,MAX IT,AAA,ZZZ 
33 REAL JJ,KK,LL,NO, U2, J,N1,N3tl2,M2,M3 1 M4,K,NLG,NLS 
34 REAL MM,MNN 
35 CHARACTER DETAIL:1<4 
36 INTEGER Z,H,Q 
37 Q=5 
38 PRINT 901 
39 901 FORMAT<3X,'DO YOU YANT A DETAILED PRINTOUT 'i' <YES OR NO),.> 
40 READ 902,DETAIL 
41 C *** READ IN INTEGRATION OETAILS 
42 READ 100,NAXIT,ZZZ 
43 PRINT 100,MAXIT,ZZZ 
44 902 FORMAT<A3) 
45 C *** READ IN TH£ BATES DAMGAARD FACTORS FROM FILE BATES2. 
46 DO 500 N=l,3 
47 DO 501 NN=l,25 
48 READ 100,JJ(N,NN> 
49 501 CONTI NUE 
50 500 CONTINUE 
51 DO 600 N=1,3 
52 DO 601 NN=1,25 
53 RE AD 100,KK(N,NN> 
54 601 CONTINUE 
55 600 CONTINUE 
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56 DO 700 N=1,3 
57 DO 701 NN=1,25 
58 READ 100,LL<N,NN) 
59 701 CONTINUE 
60 700 CONTINUE 
61 DO 8000 N=1,3 
62 DO 8001 NN=l,25 
63 READ 100,IH1(N,NN> 
64 8001 CONTINUE 
65 8000 CONTINUE 
66 DO 9000 N=1,3 
67 DO 9001 NN=1,25 
68 READ 100,MNN (N,NN> 
69 9001 CONTI NUE 
70 9000 CONTINUE 
71 C *** READ IN ION SPECIFICATIONS 
72 READ 100rZ 
73 READ 100,T,D 
74 READ 100,W1 
75 URITE<G,100)2 
76 WRITE<0,100)W1 
77 URITE<0,100)T,D 
78 C *** START OF COMPUTATIONS 
79 URITE(0,103) 
80 RP4=0. 
81 C *** START OF UPPER/LOWER LEVEL CALCULATION 
82 DO 3 H=1,2 
83 STOR=O. 
84 STOR2=0. 
85 SUMG=O. 
86 P1=0. 
07 PP1 =0.0 
08 SPEL<">=O.O 
09 WRITE<G,102)H 
90 C **'" READ IN TRANSITION LEVEL ,NO. OF PERTURBING LEVELS 
91 READ 100,LO,L,L1,J,S,E,E1,WT1,CONS ,JN1 
92 READ 100,J1 
93 READ 100,EHIN 
94 IF(J1.EO.O)GO TO 30 
95 C •*~ START OF EACH PERTURBATION 
96 DO 4 l 3 1,J1 
97 C *** READ IN PERTURBING LEVEL 
~8 READ 100,HO,M,k,F,UT2,JN2 ,WT3 
99 ZZ=F LOAT(Z) 

100 NO=SQRT(109737.*ZZ**2/(E1-E)) 
101 N2=SGRTC109737.*ZZ**2/CE1-F)) 
102 WRITE<0,101) NO ,N2 
103 ONCH>=NO 
104 C *** ORDER PRINCIPAL O.NO. AttD ANGULAR MOM. BY SIZE 
105 C ••• ALL J***<**> ARE COLLECTED FOR TA BULATION OF THE 
106 C *•* THRESHOLD GAUNT FACTOR AT THE END. 
107 NS=AMIN1(NO,N2) 
108 IF< NO .LT. N2 )GO TO 401 
109 LNS=MO 
110 GO TO 402 
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LNS=LO 111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 

401 
402 LG=Al1 AX1CLO,MO) 

LS=AMIN1 <LO, MO ) 
IF<H.E0.1 )II :::: l 
IF<H.E0.2>II=I+JSJ 
IF(LO.GT. MO )GO TO 403 
NLG=N2 

403 

JNLG<II>=JN2 
NLS=NO 
JNLS(Il)=JN1 
JLLS( II >=L+1 

• JLLG( II >=M+1 
JJLSC II >=J 
JJLG< II> =I< 
GO TO 404 
NLG=NO 
JNLG < II >=Jt~ 1 

128 NLS=M2 
129 JNLS<II>=JN2 
130 JLLS<II>=M+1 
131 JLLG CI I> =L+1 
i32 JJLS<II)=K 
133 JJLG <II>=J 
134 404 WRITE <G,121> NLG ~LNS 
135 WRITECQ,122 )LG,LS 
136 C u,._ EVALUATE ARGUMENTS OF RACAH COEFF ICIENTS S2CL2,M2,M4,M3; 1,0) 
137 C •t~ OF THE L- MOMENTA 
138 IF( MO .LT . LO>GO TO 5 
139 RR=FLOAT<2:t:L0+1 ) 
140 C ti** START OF LINE STRENGTH COLLECTION 
141 R=<FLOAT<L0+1 ))/RR 
142 L2=FLOAT(LO> 
143 N1=M2 
144 N3=NO 
145 H2=FLOAT<L> 
146 M3=FLOAT( M} 
147 H4=FLOAT(L1) 
148 00 TO 6 
149 5 L2=FLOAT< MO } 
150 RR =FLOAT(2*L0+1) 
151 R=<FLOAT<MO·t-1 > )/RR 
152 Nt=NO 
153 N3=N2 
15~ M2=FLOAT(M) 
155 NJ=FLOAT<L> 
156 M4=FLOAT(L1> 
157 6 CALL RACAH1(L2,H2,M4,M3,S2) 
158 Ct•~ CHECK CO MPLETENESS OF L-SPLI TT ING 
159 C2=RR• <FLOAT(2*M+ 1)) *S2 
160 C *** UNE STRENGTH COLLECTION 
161 R~RtC2 
162 HHM=1 
163 IF<DETAIL.E0.3HNO )GO TO 800 
164 WRITE CGf104> 
165 WRITE C0,1 00 )LOfMO ,L,H ,HMM, L1 
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WRITE<G,105)52,C2 166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 -
179 
180 
181 
182 
183 
184 
185 

C *** EVALUATE ARGUNENTS OF RACAH C0EFF. 

186 
187 
188 

800 IF(M-L>7,8,9 
8 IF<K-J)l0,11,12 
12 L2=J 

10 

9 

7 

H2=FLOAT<U 
MJ:cFLOAT <tO 
M4=S 
GO TO 13 
L2=~{ 
M2=FL OAT< H > 
M3=FLOAT(l) 
M4=S 
GO TO 13 
L2=FL0AT<L> 
M2=J 
f13=K 
H4=S 
GO TO 13 
L2=FLOAT<M> 
M2=K 
H3=J 
H4=S 

189 13 CALL RACAH1(l2,M2,N4,M3,S2) 
190 GO TO 14 
191 11 CALL RACAH2<Lr,J,S,S2) 
192 C *** CHECK COMPLETENESS OF J-SPLITTI ~G 
193 14 C2 =FLOAT(2*L+1 ) 
194 C2=C2*(2. •K+1. )tS2 
195 IF<DETAIL.EG.3HNO )GO TO 801 
196 URITE<0,106) 
197 WRITE<G,100)L,M,J,K,HMM,S 
198 WRITE(O,1O5J S2,C2 
199 C *** LI NE STRENGTH COLLECTION 
200 801 R=R•C2 
201 X2=N3-N1 
202 DE=ABS(F-E> 

OF J-MOHENTA 

203 CALL BATESD(JJ,KK,LL,MM,MNN ,NLGiNLS,LS,DDF) 
20-1 CALL RAO<NLG,LNS, LG,Z,BDF ,RLL2,DLU 
205 C *** STORE SUH OF DIPOLE MOMENTS FOR AlJERAGE 
206 ST0R=STOR+DLL 
207 STOR2=STOR2+DLL:f::t:2 
208 WRITE ( Q, 109 >RLL2, BDF 
209 C *** EXCITATION OR DE-EXCITATION 1 
210 IFCF-E)17,17,18 
211 17 FK==1 .O 
212 GO TO 19 
213 18 FK=2.0 
214 19 CALL GBARAV 
215 WRITE(G,116)DLL,PHI 
216 C *** FOR WORST CASE CALL DISENTANGLEMENT TEST 
217 IF(F-EHIN)51,5O,51 
218 50 CALL DlSENT CD,Wl> 
219 51 CONTINUE 
220 C *** LINE STRENGTH COLLECTION 
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221 R=R•RLL2*UT3 
222 P=WT2*<G> *R 
223 C *** ELASTIC CONTRIBUTION AND% 
224 IF(F-E>15,15,16 
225 16 PEL=P*GEL/G 
226 SPEL(H)=SPEL <H>+PEL 
227 C *** HYDROGENIC MATRIX ELEMENT 
228 15 RLO=FLOAT< LO> _ 
229 P2=N0**2*( 5. :t:NO:t::1:2+1.-3.*RL0**2-3.*RL0)/2./Z:t:*2 
230 C *** SUH HATRIX ELEMEN TS 
231 PP1=PP1+R 
232 P1=P1+P 
233 C *** THRESHOLD GAUNT FACTOR 
234 CALL GAV(Z, DE,DLL,GAVT) 
235 SUMG=SUKG+GAVT 
236 TG<II>=GAVT 
237 JLS(ll)=LS+ l 
238 lf(DETAIL.EG.3HNO )GO TO 4 
239 WRITE(0,123)X2,BDF 
240 YRITE(Q,107)H,I 
241 URITE<G,108)P 
242 4 CONTINUE 
243 30 N0=SORT< 109737 -*ZZ:f::to2/(E1-E» 
244 ONCH)=NO 
245 C *** AVERAGE DIPOLE MOMENT 
246 AVR=STOR/FLOATCJ1) 
247 AVR2=STOR2/FLOAT<J1) 
248 GTCH)=SU MG/ FLOAT CJ1) 
249 SG=SUMG+SG 
250 JSJ=JSJ+J1 
251 CALL STRO NG <ZrT ,AVR,AVR2,P4,H) 
252 C **t COMPLETENESS AND <NEGLECTEJ)) EXTRA COHTRIBUTION 
253 PP2=PP1/P2:t:100. 
254 P3=<P2-PP1) *GT <H> 
255 C *** ADD YEAK AND STRONG 
256 PP<H>=P1+P4 
257 URITE<0,112> P1 
253 URITE(Q,111)P4 
259 URITEC0,118>P3 
260 YRITECG,119)5PEL (H) 
261 WRITEC0,115>P2,PP2 
262 RP4=P4+RP4 
263 3 CONTINUE 
264 C *** ADD UPPER AND LOWER LEVEL CONTRIBUTIONS AND COMPUTE 
265 C *** LINE WIDTH 
266 P3=PP <t H PP (2) 
267 w1~1.01w1 
268 w~o.5576E-10•D•W1**2*SORT(109737./T) 
269 lJl...l=lHP3 
270 C *** ION WIDTH AND% 
271 WION=4.08682E-11*Y1**2/Z~42 
272 WION~WION:t:D* <ON < 1) **2-QN (2) "*2 ) :1,,1,2 

273 PIE~WION/ WW* 100 . 
274 C *** 7. STRONG,AVERAGE 0-THr ESIHJLD,% ELASTIC AND STRONG lJilHH 
275 PR P4 ~RP4/P3•100. 
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277 
278 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 
289 
290 
291 
292 
293 
294 
295 
296 
297 
298 
299 
300 
301 
302 
303 
304 
305 
306 
307 
308 
309 
3t0 
311 
312 
313 
314 
315 
316 
317 
318 
319 
320 
321 
322 
323 
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GAVT=SG/JSJ 
PELP=(SPEL<1>+SPEL (2))/P3•100. 
PSUM=SPEL(1)+SPEL<2> 
YRP4:=l.J:t=RP4 
UPSUM=W*PSUM 

C *** % INELASTIC AND INEL. WIDTH 
PINL=100 .-PELP-PRP4 
UINL=P INL/10-0.*Uw 
t.JRITE <O, 110 )lJl, WlJ 
URITE<0,114> WRP4,PRP4 
lJRITE<G, 113)lJI0NpPIE 
URITEC0, 120) WPSUH,PELP 
WRITE((} f 124)UINL, PXNL 
~ITF.<0,117)GAVT 

C *** COMPILE: TABLE OF ALL THRESHOLD GAUNT FACTORS IN PROGRAM 
CALL TA BLE (TG,JLSyJNLS,JNLG ,JLLS,JLLG,JJLS,JJLG,JSJ,Z) 

100 FORHAT() 
101 

102 
103 
104 
105 
106 
107 
108 
109 
110 

111 
112 
113 
114 
1 t 5 
116 
117 
118 
119 
120 

FORMAT <l//,BX, ... N:t: UPPER <LmJER ) STATE= ',F13.6,9X, ... N* PERTURB 
&ING LEVE L = ., 9 F13.6) 
FORMAT(///,JOX,'ENERGY LEVEL NUMBER ',11,/) 
FORMAT(1H1,l,28X,'*' ,' SPECTRAL LINE BROADENING ... , ... *',///) 
FOR MAT(!) 
FORMAT(/,9X,'S2',21X, ... =',3X,F1J.6,10X,'C2'22X,'=.,,3X,F13.6) 
FOR HA T< I) 
FORMAT (9X, ... H ... ,22X, ... = ... ,13X,I3,10X, ... I',23X,'=.,,13X,I3) 
FO RMAT C9X,'CONT RIBUTION ',11X,'=.,,3X,F13.6,///) 
FORMAT<9X,'RLL2',19X,'=',3X,F13.6,10X,'BDF',21X,'=.,,3X,F13.6) 
FOR HAT (I, 9X, 'LAHBDA,. , 17X, ' =' ,2x, 1 PE 11.5, 13X , 'FUHtV ,2ox, '= ... ,2X; 1Pt 1 

11 . 5 > 
FORMAT (59X , -'STRONG CONTRIBUTION' ,SX, '=" ,3X,F13 .6) 
FO RHAT<59X, .,TOTAL CONTRIBUTION' ,SX, '::i' ,3X,F13.6) 
FO RHAT (59X ,'ION WIDTH <I> ' ,11X , ... =",2X,1PE11.5,1X,'C',OPF4.1,,.)') 
FORMAT (59X,'STRONG WIDTH (%)' ,8X, '=',2X,1PE11.5,1X,'('OPF4.1,")') 
FORMATC59X,'CHECK ON COMPLETENESS(%)=',2X,1PE11.5,'('0PF4.1,').,) 
FDRMAT<9X,'DLL',20X,'=',3X,F13.6,10X,'PHI',21X,'=',3X,F13.6) 
FO RMAT (59X ,'AVERAGE THRESHOLD G =',3X,F13.6) 
FO RHAT C59X, 'EXTRA CONTRIBUTION',SX,'= ... ,3X,F13.6) 
FORMAT<59X, .,ELASTIC CONTRIBUTION·' ,4X, ' ='3X rF 13 .6) 
FOR HAT(59X,'ELASTIC YIDTH <Z>',7X,'=',2X,1 PE11.5,' (',OPF4.1,')' 

&) 
121 FORHAT(9X,'NLG ... ,20X, ... = ... ,3X,F13 .6,10X, ... LNS.,,21X,'z',13X,l3) 
122 FO RHAT (9X, ... LG',21X , '=',13X,I3, 10X,'LS',22X,'= ',13X,I3) 
123 FORHAT(9X,'DELTA Nt',15X,'=',3X,F13.6,10X,'BDF',21X,'=',3X,F13.6) 
124 FORMAT(59X,'INELASTIC WIDTH <Z>',5X,'=',2X,1PE11.5,' (',OPF4.1,')' 

&) 

STOP 
DEBUG SUBTRACE 
END 
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ELAN*STARKB<1).BATESD2 
1 C ********'l<******'"********:t::ti:tt*:"* 21 /8/79 ****'"***"**************"'** 
2 C *$ VERSION 2 ** 
3 C THIS SUBFWUTINE DETERMINES THE APPROPRIATE BATES DAMGAARD FACTOR 
4 C FRON THE TABLES GIVEN BY FILE BATES2. 
5 C ***'"**'"******"'**********************'"*:fl************,tut.,********"""** 
6 C SUBROUTINES CALLED: 
7 C COLUMN 
8 C , IN'TERP 
9 C ***:t::fo**** ********** ********** ********'U **"******:t::t::!l>Mi~'f:* ******* 

10 SUBROUTINE BATESD<JJ ,l<K, LL ,MM,NN ,NLG,NLS ,LS ,BDF) 
11 D Il1ENS ION JJ(3, 25) ,1<1<(3, 25) sLL<3 ,25 > ,0(25 > 
J2 DIMENSION MH(3,25), NN C3,25) 
13 REAL JJ,l<K,LL,NM,HN, NLS,NLG,NL 
14 X2=NLS-MLG 
15 IF<X2.GT.1.>GO TO 1 
16 X2=ABS<X2) 
17 IF<X2.GT.1.3)6O TO 1 
18 IF<LS.EO.O.)GO TO 2 
19 IFCLS.EQ.1.)60 TO 3 
20 IFCLS.EQ.3.)GO TO 4 
21 IF(LS.E0.4.)GO TO 6 
22 NL=NLG·-1. 
23 CALL COLUMN<KL,NL) 
24 DO 19 N=1,25 
25 19 
26 
27 2 
28 
29 
30 2·1 
31 
32 3 
33 
34 
35 22 
36 20 
37 
38 1 
39 
40 4 
41 
42 
43 5 
4~ 
45 6 
46 
47 
48 7 
49 
~o 32 
51 
52 

O<N> =LLrnL,N> 
GO TO 20 
NLG=NLG 
CALL COLUMNCKL,NLG> 
DO 21 N=1,25 
0 CN) =JJ<KL ,N) 
60 TO 20 
NLG=NLG 
CALL COLUMNWL,NLG) 
DO 22 N=1,25 
O<N)=W{(HL,N> 
CALL INTERP<NLS,NLG ,0,F4 > 
GO TO 32 
F4=0. 
GO TO 32 
NL:NLG-2. 
CALL COLUMN<l<L, NU 
DO 5 N=1r25 
O(N)=Mff <Kl,N) 
GO TO 20 
NL::NLG-3. 
CALL COLUMN <KL,NL) 
DO 7 N=1,25 
O,N) ::;NN(i<l,H) 
60 TO 20 
BDf=SORT<F4) 
RETURN 
END 
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ELAH:t.STARKB<1>.GBARAV 
1 C **:"**:ft*****"'"************* 12/12/79 ***********'"*************'" 
2 C THIS ELEHENT CONTAINS ALL THE BITS AND PIECES REQUIRED TO USE 
3 C THE HATHPfiCK VERSION OF THE SIMPSONS 1/3 METHOD TO EVALUATE THE 
~ C KAXWELL AVERAGE OF THE GBAR AS FORMULATED IN OURG<VERSION 2). 

5 C *******************************'l"f:f<;t;,jc:f:***********************'"* 
6 C SUBROUTINES CALLED 1 

7 C GTRY 
8 C FINT ( FUNCTION 
9 C SIH1NI CMATHPACK FUNCTION> 

10 C ***************************************t-***'"****************** 
1 t 
12 
13 
14 
15 
16 
17 
10 
19 
20 
21 
22 

( 

SUBROUTI NE GBARAV 
COMMON/AA/Z,DE,T,DLL,PHI,G,GIN,GEL,FK,MAXIT,AAA,ZZZ 
EXTERNAL FINT 
DIMENSION AC2) 
INTEGER Z 
LOGICAL REL 
REL =. TRUE. 
IF<FK.EQ.1.0)GO TO 
CALL GTRY 
AC1)=AAA 
A(2)=DE/T 
E=0.0001 

23 GEL=S IM1 NI ( FINT, A ,E ,REL, HAXIT ,Fl{, $~555) 
24 PRINT 101,FK,GEL 
25 101 FORHAT(9X,'FK',21X,'=',3X,F1J.6,10X,'GEL',21X 1 '=',3X,F13.6) 
26 GO TO 8 
27 1 6EL=O.O 
28 8 A(1)=DE/T 
29 A(2)=ZZZ*DE/T 
30 E=0.0001 
31 Gltt=SIM1NI(FINT,A,E,REL,MAXIT,FK,S555) 
32 PRINT 103,FK,GIN 
33 103 FORMAT C9X,'FK ' ,21X,'=',3X,F13.6f10X,'GIN',21X,'=',3X,F13.6) 
34 6=GEL+GIN 
35 PRINT 104,G 
36 104 FORMAT <59X,'G',23X,'=',3XrF13.6) 
37 RETURN 
38 555 PRIHT 102 ,MAXIT 
39 102 FORHAT<3X,'*~~WARNIHG•** MAXIT =',2X,I5,2X,'IS NOT SUFFICIENT') 
40 RETURN 
41 END 
42 
43 
4-i 
45 
46 
47 
48 
~9 
50 
51 
52 
53 
54 
55 
56 
51 
58 
59 

C *******************~~*******************************••******* 
C 
C 
C 
C 
C 

INTEGRAND REQUIRED BY THE GAUNT FACTOR INTEGRAL. 

SUBROUTINES CALLED : 
GBAV 

*****(,**'lo******* *********t:********* ********f:* **+:******. **:il*** 
FUNCTION FINT <ZZ, FK> 
CCiMMON/AAIZ,DE,T.DLL,PHI,G,Gitl;GEL,FFK,HAXIT,AAA,ZZZ 
INTEGER Z 
Xi::SQRTCZZ*T/DE> 
C~1L.L GMV < X > 
l<::c:IFlX<FK+0.1 > 
GO TO ( 1 , 2 > r K 

1 FINT~G•EXPC-ZZ)*EXP(DE/T) 
RETIJF<N 

2 FINT=G*EXP(-ZZ) 
RETUl~N 
END 
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ELAN=t<STARKB( 1) .GTRY 
1 C **************************** 26/S/80 :tt:t********:l<**'.,*****>Mc******** 
2 C THIS SUBROUTINE ESTABLISHES UHERE THE GAUNT FACTOR TURNS ZERO 
3 C AND . THUS OBTAINS THE LOUER LIMIT FOR MAXWELLIAN INTEGRATION. 
4 C ****************************************************************** 
S C SUBROUTINES CALLED: 
6 C GBAV 
7 C • ********** ********** ********'•*************'"****** ******"'*** ****** 
8 SUBROUTINE GTRY 
9 COHNON/AA/Z,DE,T,DLL,PHI,G,GIN,GEL,FKK,HAXIT,AAA,ZZZ 

10 IMTEGER Z 
11 DO 1 J=l,20 
12 ZZ=<0.05:t:J):t:*2*DE/T 
13 X=SGRT<ZZtT/DE> 
14 CALL GBAVCX) 
15 IF(G.GT.0.0)GO TO 2 
1~ 1 CONTINUE 
17 2 AAA=ZZ 
18 RETURN 
19 · END 

ELAM*STARKB(1).GBAV 
1 C *****************•·~***** 12/12/79 **************************** 
2 C THI S SUBROUTINE IS USED FOR MAXWELL AVERAGING. 
3 C TH IS SUBRO UTI NE CALCULATES THE EFFECTIVE GAUNT FACTOR TAKING 
4 C THE CU RVATURE OF THE CLASSICAL HYPERBOLIC ORBIT INTO (.\CCOUNT . 
5 C THE UPPER LI MIT OF THE IMPACT PARAME'TER AS GIVEN BY THE 
6 C HIIHHUli OF THE REQUIRED ELECTRON ENERGY AND THE LOWER LIMIT 
7 C IS DETERHINE D IN ACCORDANCE TO THE LIMIT OF STRONG COLLISIONS. 
8 C **t*"'*********"***************************************''"'"'::t::f::1::1::t• 
9 C SUBROUTINES CALLED: 

10 C CUBIC 
11 C *****************************************'"**********~********* 
12 SUB RO UTI NE GBA V<X> 
13 COMMON/AA/Z, DE ,T,R, PHI,G,GIN ,GEL,FK, MAXI T,AAA 
14 INTEGER Z 
15 IF<X.GE.1.0)GO TO 55 
16 x~1.o 
17 55 CONTINUE 
18 Y=SGRT(109737./DE) 
1~ ZZ=FLOAT<Z> 
20 CALL CUBICC ZZ,X, Y,f'HI) 
21 CP=(ZZ-1.0> •Y/ (2.0:t:X:t:•3 > 
22 G=1.0+PHI:t:*4/CP••2 
23 TT=C<ZZ-1.) :i:YIX> ••2 
24 TEST~1.•R•:t:2-TT 
25 IF<TEST.LT.O.O> GO TO 2 
26 DEN=1.+R**2*(1.0+(X/Y):f::t:2+2.*<ZZ-1.)/R)-TT 
27 GO TO 3 
28 2 DEN=l.+R$*2:+: ((X/Y) t:t:2+2 .0*CZZ-1.)/R) 
29 3 DEN=1.0+DEN• <XIY) *$ 2/CZZ-1.>••2 
30 F=SORT(3)/3.14159 
31 G=F/2.0*ALOG(G/DEN) 
32 IF(S.GT.O.O>GO TO 1 
33 6=0.0 
34 1 COUTINUE 
35 101 FORMAT <I ,9X, ,.. X,.., 22X, ,..:::·' ,3X,F13.6, i OX, ,..G., ,23X, ,.. :.:., ,3X,F13 .6) 
36 RETURN 
37 END 
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ELAH*STARKB(1).DISENT 
1 C ******''-'****'~********* 26/5/80 '~********************************** 
2 C THIS SU BROU TINE lESTS "THE VALIDITY OF THE BARANGER FOl~MULATION 
3 C OF THE DISENTANGLEMENT OF "THE STRONG COLLISIONS IN TIME. IT ALSO 
4 C FACILITATES THE COMPARI SON OF lHE AVERAGE COLLISION TIME WITH THE 
5 C FINAL ANSUER OBTAINED FOR THE LINE WIDTH. 
6 C **************************************************"'************** 
7 C SUBROUTINES CALLED: 
8 C GTRY 
9 C SIM1NI (HATHPACK FUNCTION) 

10 C FINTDA <FUNCTION) 
tt C FINTDB CFUNClION) 
12 C COLTIM 
13 C ***********************(:*****:f<:t-::t::t::t::tr:ti:t::f::t<********'t:***************** 
14 SUDROUTINE DISENT <D,W1) 
15 COMMON/AA/Z,DE,T,DLL,PHI,G,GIN,GEL,FK,MAXIT,AAA,ZZZ 
16 EXTERNAL FINlDA 
17 . EXTERNAL FINTDB 
18 DIMENSION A<2> 
19 LOGICAL REL 
20 INTEGER Z 
21 REL=.TRUE. 
22 C *'*'* ESTt-iBUSH LOWER AND UPPER LIMITS OF INTEGRATION 
23 IFCFK.EG.2.)G0 TO 1 
24 GCORCT=G 
25 CALL GTRY 
26 G=GCORCT 
27 A(1) =AAA 
28 GO TO 2 
29 1 A<1)=DE/T 
30 2 A< 2>~ZZZ*DE/T 
31 E~0.001 
32 C *** EVALUATE INTEGRALS 
33 DISPA=SIM1NI<FI NTDA ,A,E,REL,MAXIT,FK, t555 ) 
34 DIS PB=S IM1NICFINTDB,A,E,REL,MAXIT,FK,9555 ) 
35 DISP=B .O•D*DISPA*DISPB 
36 CALL COLTIMCA,W1) 
37 PRI NT 101,DISP 
38 101 FORMA TC59X,'DISENTANGLEHENT',9X,'=',3X,1PE11.5) 
39 RETU RN 
40 555 PHINT 102 
41 102 FORMATC3X,'*** WARNING ***MAXIT IS NOl' SUFFICIENT IN DISENT.') 
42 RETURN 
43 END 
44 C *****ti***************************** ***'t<**"**t *********:i: ********** **** 
45 C FUNCTION FOR FIRST INTEGRATION OF ROMINIMUM. 
46 C *•**t**********************~t*****************M~****************** 
~7 C SUBROUTINE CALLED : 
48 C ROMINS 
49 C **************************************************************t**** 
50 
51 
52 
53 
54 
55 
56 

FUNCTIO~ FINTDA(ZZ,FK> 
CO MMON/AA/Z,DE,T,DLL,PHI,G 1 GIN,6El,FKKrMAXIT,AAA,ZZZ 
INTEGER Z 
CALL ROMINS<ZZ,ROMINJ 
FINTDA=RON IN:t:EXP (-ZZ) 
RETUF<N 
END 
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66 
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79 
80 
81 
82 
83 
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C ******* * ********** *:!<******** ********** *********i :~***'.,***** ********* 
C FUNCTION FOR SECO ND INTEGRATION OF ROHINIMU~ SQUARED. 
C ******* **************************'"************",.******'l<****~*''"•***'f< 
C SUBROUTI NE CALLED: 
C ROMINS 
C **** ********** ********'., *********** ********** ****"**** *********t: **** 

FU NCTI ON FI NTDB <ZZ,FK) 
C.OMMON/AA/Z ,DE, T ,DLL,PHI ,G,GIN,GEL ,FKl<fMAXIT ,AAA,ZZZ 
INTE GER Z 
CALL ROMINS(ZZ,ROMIN) 
FINTDB=ROMIN**2:t:EXP <-ZZ ),:,zz 
RETURN 
END 

C ***** "'********* ****'~***** ********** *'1':f<:{::i:* **** :!:********* **'ll*****fJ*'~* 
C THIS SUBROUTINE CALCULATES ROMIN!MUM OF l'ME INCOMING ELECTHOH 
C PERTU RBER ALLOWED FOR YEAK COLLISIONS. 
C ***~************************************************************:t-:i::t: 

SUBROUTINE R0HINSCZZ,ROMIN) 
COMM0N/AA/Z,DE, T,DLL,PHI,G,GIN,GEL,FK,MAXIT,AAA,ZZZ 
IIHEGER Z 
DLL2 =DLL**2 
ZD=<Z-1)**2*1O9737./DLL2/T 
CA=DLL2:t:(0.529172 )**2*1E-16 
CB=1O9737. *CA/DLL2/T 
CB=CB:t: <1.+DLL2+2.:i: (Z-1>• DLL ) 
CC=<Z-1)*1O9737 ./T 
CC=CC:t:*2:t:CA/DLLi 
CE=CB-CC/ZD 
IFC ZZ. LT.ZDlGO TO 20 
ROMIN=SGRT <CA+CB/Z7.-CC/(ZZ**2 )) 
RETURN 

20 ROMIN=SORT(CA+CE/ZZ> 
RETURN 
END 
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ELAH:t:STARKB ( 1) .COL Til'I 
1 C ****:f::f<:tt:t::t::U********•**** 26/45/80 **********'"************ 
2 C THIS SUBROUTINE CALCULATES THE AVERAGE COLLISION TIME 
3 C TO HAKE COMPARISON YITH THE LINE UIDTH POSSIBLE. 
4 C * * * * * :t: * * ******* * ********* ***********"*********'"'ii******** 
5 C SUBROUTI NES CALLED: 
6 C FINTC <FU NCTION ) 
7 C S!M1NI (MATHPACK FUNCTlON) 
8 C *********************************'t-************;;c********* 
9 SUBROUTINE COLTIM<A,W1> 

10 COHHON/AA/Z,DE,T,DLL,PHI,G,OIN,GEL,FK,HAXIT,AAA,ZZZ 
11 EXTERNAL F!NTC 
12 DIMENSION A<2> 
13 LOGICAL REL 
14 INTEGER Z 
~15 REL=. TRUE. 
16 ZR~FLOATCZ) 
t 7 COLT=4 . 482346:H E-16/DE 
18 E=0.001 
19 CINT=SIM1NICFINTC,A,E,REL,MAXIT,FK,$5S5> 
20 COLT=COLT:t:CINT*Ul:t-:t:2 
21 PRINT 101,COLT 
22 101 FORMAT(59X,'COLLISION TINE',10X,'=',3X•1PE11.5) 
23 RETURN 
24 555 PRINT 102 
25 102 FORMAT<3X,'*** WARNING*** MAXI T NOT SUFFICIENT IN COLTIM.') 
26 RETURN 
27 END 
28 C *****~tC*********•*********8*********$*********t*****~t************• 
29 C INTEGRAND OF COLLISION TIME INTEGRAL 
30 C *$:*********11<*****************************"*************"************ 
31 C SUBROUTINES CALLED: 
32 C CUBIC 
33 C *****''::f::i::f:* t:t::t:******************************************************* 
34 FU NCTION FINTC<ZZ,FK> 
35 COMMON/AA/Z ,DE, T ,DLL,PHI ,G ,GIN,GELrFl<K,MAXIi ,AAA~ZZZ 
36 INTEGER Z 
37 ZR=FLOAT<Z > 
38 X=SQRT CZZ:1<T/ DE> 
39 Y=SGRT (109737./DE ) 
40 CALL CUBIC <Z R,X,Y,PH!) 
41 FINTC=SORT CZZ >*PH I**2*EXPC-ZZ) 
~2 RETURtt 
43 END 
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STARK BROADENING OF ISOLATED LINES 
EMITTED BY SINGLY-IONIZED TIN 

Joi-IN D. HEY and PETER BREGER 

l:kparlment of Physics, University of Care Town. Rondcbo~ch 7700, Cape, South Africa 

(Received 8 August 1979) 

Ab~trart- Calcul:llions have been performed 011 the electron impact broacknir.g of isolated lines from 
singly-ionized tin frum a rnol plasm,;. Thc~e have been compareJ with results of measureuwnts recently 
pcrfornwd by Miller, R,> ig. and Bengtson on a plasm~ proul!Ct'd by a conventional ,h::ick tube, and 
satisfact::,ry overnil ~grccna:nt has been obt:,io~d. Our meth,>J is simibr in proceJur,' to that of the 
semi-empirical approxim:Hie1n of Griem, but we l:;ke into acccur,I !he details of the radiator structure, 
including configuntion interac tion for two of tht' terms. We pr0;>ose a r.cw expression frc,m which the 
relevant cJc.:tive Gaunt factcrs for singly-charged ion~ can be rakubtcd for incident energies 3bove 
th rcsli0id. In some ca,e~. a signific~nt variation of line wiuth within multiplets is noted. Some <lifficulties 
have been experienced with transit ions to stales in\·olving equivalent ckclrons. 

INTRODUCTION 

The practical importance of the Stark broadening mechauism for the purposes of plasma 
diagnostics i:; we!! knov.1n, and considerable success has been achieved with the calct1lation of 
reliable S!ark-broadening param..:ters for overlapping lines from the simpler (one- and two­
electron) a!oms anJ ions, ap;;licable over a wide range of plasma conditions. i-1 At the same 
time, theoretical pr~dictions for the spectrnl line widths from the narrower isolated ion lines 
have been tested in a number of experiments,.s-7 from which generally very favourabk 
conclusions have been drav:n regarding the accuracy of the available computational tec!i­
niqu.:s,1•9•10 p::i,ticu!arly for lir.es from singly-ionized ~pecies. while the situation nppe:i.rs for less 
certain for the spectra of muitiply-io11ized radiawrs.6•7•1i.i: For theoretical reasons,i thc~e lines 
from multiply-ionized ~pecies should form the subject of a separate study, to which the present 
authors hope to return in the future. 

In this paper, we arc concerned with a singly-ionized species (tin). and now refer more 
specifically to some results obtained recent ly, where comparison between experiment and 
establishrd theory has yielded notable discrepancies and led to a number of interesting 
conclusions. 

Firstly, discrepancies have been traced to the neglect, in calculations based upon the original 
theory of brn:~Jening by ekctron impact, tJ- 15 of competing mechanisms. One such d'foct 
important at r.igh d;;nsitics is the interference between lint: ar.d continuum (p::rturber} radia­
tion, 1.11; which produces an :,sfmmetry in the line wings and measurablcn.t~ deviation,; frcm the 
Lorentzian impact-broide ncd pror'ile . Since the percentage asym metry is itself independent of 
ekctron dcnsiiy for given .1w, the overall effect is enhanced oy in-:reasing N,.1.16 

Second, and of primary importance for present purpo <;cs. are discrepanc ies due to ovcrsim­
plificatiN1s, not wa,rar.tcd in some cases, of the electronic structure of the rad i:itor. For 
example, LS coupiing is convcntional!y 19•10•14 •15 used to de~cribe the (internal) radiator '>l ~1ks : 

while the summation rule-; for line strengths:• ... ;3 may elin1inate some errors in individual 
inel a-; tic cross section:. resulting :rom failure to allow for the bre:,kdown of LS coupling, some 
residual errors may remain which affect the caku!:ited line width in a systematic way. A nut ablc 
case in point concern-; line:, \vhich :.Jriv: from ~t;,ti?s of hi::h orl~ital angubr m0mcnturn in 
ionized nitrogen, 1,vh..: n:: ilrl incorrec t choice of co upling ,chcme for the Je '.~cription d the bo:.rnJ 
electrons yield-; systenut;(; error,; in the line wil!ths, V.'hich m:1y very \'.!ell be <lemonslrak<l in 
the fulurc by a suic:ibly de, ii ncd experiment.='0 -1 

However, even withiti the LS coupiirig sche me, one has the problem of accounting 
satisfactorily for interactio n-; occurrin0 bctwt:cn different (bou nd) ckctronic config11ration.,;9 ·~; 

which arc m,mife,tcd in the pcrw1b,i<1 :i of ind ividual mt'mkr-: oi Rydbcrr ~e rics from their 
relative po~,itiuns pn:dickJ O il lh<.: ba:,i,, of \ impk qu;:ntum dd..:ct an,ily~i~. ,,,.,:.~~-' 7 Situ.itions 

31 I 
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may therefore arise for compkx atomic structure~ in which the upper (lower) level of the line in 
question is situakd very close (/~\E,·d <,; kT) to one or more perturbing levels. The correspond­
ing inelastic collision-induced transitions would then predominate;: in the line-broaJcning 
process. If in addition this applies only to certain members of the multiplet in que~tion (i.e. in 
other cases, the perturbing levels remain wdl separated), !lien appreciable v;1riati0ns of line 
width may be produced within certain Stark-broadened multiplets under suitable plasma 
conditions. Although this possibility is implied by the original formulatio,~ of the imp:ict 
approximation, n-t5 it was first pointed out explicitly only rather rccentli8 as a consequence of 
established theory, and the effect has been clearly demonstrated by some mezisurements by 
Behringer and Thoma~9 on an ionized argon plasma. 

While very satisfactory agreement has been obtained between recent caiculations2N.:!9 and 
the measured Ar(lI) line widths,29 the same cannot be said of ionized silicon, which has also 
been the subject of recent study in this tfrld.30-33 This ion, whose spectrum is of considerable 
interest from the point of view of both laboratory and stellar plasma studies, has a term 
structure which exhibits considerable configuration interaction (notably between the terms 
denoted by 3s 3p 2 2 D and 3s 23d 2 D). While there is clearly a need to allow for configuration 
interaction in the calculation of oscillator strengths for this ion,34 the (apr::irently) paradoxical 
situation has arisen that worse agreement has been obtained between the most recent 
measurements31 •33 and calculations31 - 33 which allempt to allow for the mixing of pure-configura­
tion, LS coupled wave functions, than with classical-path calculationst.9 which ignore such 
mixing effects. This situation is not well understood, and an investigation of the Stark­
broadened spectrum of an ion with similar structure to that of Si(]T) would therefore be of great 
interest. 

Such an ion is Sn(II), for which experimental data on the Stark-broadening parameters have 
become available recently.35 For this ion. the major configuration interaction occurs bet•..i,•een 
the terms denoted by 5s5p 2 2D and 5s15d 2D, giving rise to a number of fairly strong lines from 
"forbidden (t wo-electron)" transitions in the <;pectrum.35 •36 Simple semi-empirical 15 e<;timate:; of 
some of the line widths have already been made,35 which provide encouragement for a more 
detailed theoretical study. 

Our aim in the present paper is to make use of a more refined ve::sion2d.25.J2 of the 
semi-empirical impact approximation due to Griem,1 5 in order :o make a dctaiied comparison 
with the recent mea-;uremcnts, and to elucidate ii possible the structure of the ion through a 
study of the Stark-broadening of the spectrum. Thereby, it is ho~cd that su-:h a study wi!l assist 
in improving our understanding of the Stark-broadening process in similar ions. ~ 

OUTLINE OF THEORY 

Since most of the aspects of the theory invo!ved in this work appe:ir in a number of earlier 
papers, 15•24.25.~x.J2 v:e shall confine the present discussion to a synopsis of the salient features. 
The lines of interes t. corresponding to transitions /i)-> If) between states of definite parity. are 
broadened primarily by electron impact, while the contribution to the broade:.ing from 
quasi-static ion perturbers is small , entering in second -order dipole and /irst-ord1.:r quadn;pok 
lerms. 1 Neglecting the broadening by ions, one obt:~ins an express ion for the width ( W,;1) oi the 
resulting Lorcntzi:rn line profile in terms of the cross sections for the collision-indt?-:c>J 
transitions /i) -• /i'), If) -• /f') from the upper .!nd lower states !l) perturbing levels. 13 Wht:n these 
cross sections are written in terms of the corre~,ionding collision strengths (f2). the line wiJth 
may be re-expressed (in wavelength units) as 

(l) 

(full width at half maximum= FWHM). Herc t;,; denotes the s!atisti~al weight of level i, £ 11 the 
ionization e1)ergy oi hydrogen, a the fii1c-structure constant, and other symbols have their u, ual 
meaning. 

The ;:hove C(!llation is derived from the ori,~inal expression of Rarangcr 13 by simplifying the 
elastic contribui ions to the broade11ing. This is done by retaini11g only the di pule cLt sti.c tcrrn -.; 
which inYo!vc the presence of other stales. and by allowing for these through exlrapoi::!ion of 
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the inelastic cross sections below threshold. This procedure, due to Griem, 1~ greatly facilitates 
the calcu!ation of the spectral line widths; its justification lies in a quantum mechanical 
consideration of the scattering process.·".JR 

We now make a further simplification, viz. that of retaining only the direct collision (i .e. 
non-exchange) terms which contribute to Eq. (I). and of tre:-iting these as collisions inducing 
(allowed) inclasti-: dipole transitions in the rnJiato~. In that case. each O{i, i') nwy be written in 
terms of the corresponding atomic line strength S(J, J') and effective Gaun('9 foctor g as 

n( .. ,) _ 8~ _( .. ,)S(J, J') 
I, I -- 3,/lg I, I 2 2 • . ao e 

(2) 

It may be pointed out here that each factor in Eq. (2) is entirely symmetrical in the labels (i, i'), 
and that the expression therefore holds whether the perturbing level i' lies below or 3.bovc i in • 
energy. With the assumption that the LS coupling scheme is appropriate for the description of 
the radiator states, the line strcr.gth S(J, J ') may be written 

1 -S(] ]') / , 1 {/ /' 1 }2 {L L' l}2 ' RnT, 
(2J + l) ao~e 2 == A2L + 1)(2L + 1)(21 + 1) L' L L, J' J S ( n1 )-. 

(3) 

In this expression, it is assumed that a single bound electron (situated outside the shells or 
subshclls which contain the rest) p::irticipates in the transition. We therefore ignore for the 
moment possible complications aris ing in connection with configuration mixing (see below). The 
designations /(/') refer to the orbital angular momentum of the outer electron. / > being the 
greater of these; L(L') denotes the tot ;i.l orbital angular momentum, L 1 being that of the core 
electrons. and ](]') denotes the total angular momentum of the state li)(li')). The squ3.re of the 
radial integral (R~/') is here evaluated in the Coulomb approximi!t ion,40 which for re:i.sons given 
below is of sufficient accuracy for the calculation of most of the major individual contributions 
to the line widths. 

The procedure which we have chosen to adopt for the calculation of g is quasi-classical in 
nature, along the lines proposed by Griem. 1.1 5 Its justification lies in the success of the 
classical-path approximation a, applied to both neutral and singly-ionized radiators.1.14•15•4= In 
terms of the eccentricity (E) of the incoming eiec!ron trajectory, 

• - V3] Err..u g ==-- n-. 
1T f:min 

(4) 

The necessity for making upper and lower cutoffs to 1:. is explained in Refs. I, 15, 41-43, in 
which a number of approaches to this problem 3.re sugger;ted. 

We proceed from the basic expression for e in terms of ir,1r,act pQrameter (p) and incident 
(asymptotic) electron speed ( v ): 

with "m•~ obtained by choosing, as on p. 270 of Ref. I, 

Consistency with the strong co!li~ien contribution to the line width (sec the folk1wing section) 
re-quires one to choose the f"''" whic h com:sponds to the Pmin in Eq. (7). In terms of the mean 
thermal energy of the electron pcrturhers, w.:: therefore obtai n 

(5) 
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for the collision-induced transition /i(11/))-> /i'(n'/')), where 111 is the effective principal quantum 
number of level i, anJ Z (here equal to 2) the ionization stage of the radiator. The (:wa:1ged) 
Coulomb parameter (t~/r 1 is dekrmined from the level separation t.E.•; = E;• -· E; by 

(6) 

always assuming that the level separation exceeds the plasmon energy fu<Jp for the above 
relation to be valid. 1 

The threshold value of the Gaunt factor, .~ih (here chosen equal to 0.2 as in Refs. I, 15) is 
adopied as appropriate wherever the latter value exceeds the calculated value from Eq. (5). 

The importance of summing in Eq. (!) over a complete set of perturbing levc!s (within the 
al!owcd electric-dipole scheme) has been discussed in the literature.6:,. • 4 In our ca:,c, rnrnp!ele· 
ness has been ensured by noting that in the present :ipproximation, individual contributions to 
the line width are of two kinds. The total thresho!J contribution [see Eq. (2)], which includes 
contributions from all distant (ju£;,;! 2 kT) perturbing levels and the small contribution to t!v~ 
width from continuum states, is determined by the reduced matrix element 

Each nearby perturbing level contributes in addition to the width a value determined by 

81r [-( .• ,) _ J l S(), J') 
3m g I, I -: gth 2./ + l aoY· 

The advantage of such a separation of contributions is clear, since oniy those r2.diat integrals 
arc specifically evaluated for which the simple hydrogcnic estimates are rather close to those 
obtained by the stand:ird Coulomb arproximation (i.e. d = n n. The latter approximation 1s 
thus only employed in cases where reasonably high accuracy may be expected . .w 

ADDITIONAL CO NTRIBUTIONS TO BROADENING 

Consistent with the introduction above of a lower cutoff for the ecce11tricity (impact 
par:i meter) in the qu asi-classical expression for g, would be the addition of an extra tern1 to the 
broadening to account for strong (disruptive and higher multipole) collisions: On examining rhe 
v<1riou s expressions fur 

(7) 

where P min is the lower cutoff to the impact parameters for monopole-dipole terms in the 
ciassic al path approxim:i tion) as proposed by Griem er al. '·14•15 •41 -4 ' we h::ivt concluded that. 
although strong coll isions are of some importance for lines such :1s those under consideration, 
no completely s1tisfoctory expressions aist in the litera ture for present purp0ses. The 
difficulties inherent in the problem become apparent when one refers to pp . ·16-81 and pp. 
270-271 of Rd. I. 

We have found th at the apparent tendency i;, to overestimate the strong coil is inn cnn­
tribution to the widths in que-;tion whe n simply adding indcrendent contribution-; in the form oi 
Eq. (7) above for both the up pc~ and lower states of the lim~. with no account of ncptive 
("it1k:fcrcncc") contribt:tion~ that arc ckarly importrnt, e.g. for !iydrogrnic ion, [-,cc Eqs. 
(II I) :111.J (1 28) and a rtn:ark on p. 79 of Rd. I]. 

In the .ibsencc of rl:1u~ibl~ cs rirnat..-::-. for the negative contribu!i,111 to the upper-lo wer \ia!e 
intcrkrencc term, we propo·sc to account only for st1ong upper-stale con!r:bution'>, and t.o 
ir.norc th e: lower stale of the line fnr lhc~e purposes. 

Th e. re arc three b:1:,ic requirement s for f.'m;,, in rnonopole- dip,1!c inll'; ;;c ti on..,: it \ hn::lu 
exceed the de Broglie w;1vclcnt!th of th.: electron pertu rhcr (p 1) ; the cle.clror: pcr tur b~r sliou!J 
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remain outside the orbit of the bound electron (p2): it should be large enough to preserve 
unitarity in the scattering process and to justify trunca!ion of the multipole scril~s in the 
interaction (pJ). 1 With the corresponding substitutions for the various cutoffs without curvature 
correction (see below): 

(a is the fine-structure constant), one c:m summarily account for the strong collision (mainly 
higher multipolc) contribution by writing 

from which the thermal average of Eq. (7), converted to wavelength units, yields (FWHM) 

(8) 

It remains to verify that the contribution lo the broadening from ion perturbcrs is indeed 
small, as already indicated in the previous section. Here again ;1 number of different estimates can 
be made, depending upon the degree of validity of the quasi-static or imp::ict app::-oximations for 
ion- ion interactions as discussed by Sahal-Brechot. 10•31 •44 For quadrupole interacrions. the 
quasi-static and impact approximations yield very similar results which in wavelength units may be 
estimated by CFWH.M)' 

11 ,_q = 2aA 2ac2 ~ 1.., z ( ~2 _ *2)2 
n, Z2 L., np ~p n, n f , 

p 

(9) 

where NP and Zre are the perturber concentration and charge, respectively. The condition of 
quasi-neutral ity in tht.: plasma enables one to substitute above 

(10) 

The second-order dipo!e (quadraric) contribution to the line width is, however, appreciz,b ly 
different when calculated in the impact and qua~i-static approximations.' In the latter cas•: , the 
contribution to the broz!dening is usually insignificant compared with that produced by electron 
perturbers; in the former case the calculation is more involved than for th~ quadrupole case 
(see pp. 275-277 of Ref. 1). Provided th:: t the ions may indeed be treated within or near to the 
regirr.e of validity of the quasi-static approximation, we may consider that 

provides a sufficient guarantee that the electron bro<'ldening completely predominates. 
For the electron pt' rturbers. the validity of the impact approximation over the major pNtion 

of the measurable profile is guaranteed by' 

and, with Pnm = (ftv/l~E;·;/) as above. the criterion for the isolated line approximation therefore 
ensures the validity of the impac t approximat ion rroviJcd th:it incl,istic collisions predominate 
in the broadening : grc;i ter care might be n:quireJ for plasmas whose temperature is so low that 
inelastic processes :ire unimportant. 

For the validity of the qu:.i~i -static approximation for ion perturbcrs throughout the (elec­
tron-broadened) profile, Gricm.1 obLtins a relation cq11ivalcnt to 

(l I) 



I 
I 
I 

252 

316 J. n. J-IF.Y and P. DREGF.R 

assuming equal ion and electron temperatures. where NI' and mp are the perlurher concen­
tratiol'I and mass. respectively. For proton p~rt~1rbcrs. one finds that the above inequality is not 
properly fulfilled under the plasma conditions relevant to thi~ investigation. This indicates that 
niilhcr of the conventional approximations is valid for ion perturbers throughout the line 
profile. 3 '-44 We shall assume, however, in view of the remarks preceding Eq. (9), that the 
smallness of W;q relative lo W, is a sufrtcient guarantee of the predominance of electron impact 
broadening throughout the line core. 

RADIATOR STRUCTURE 

Earlier investiga!io.1s by one of us have· shown that in certain cases careful attention should 
be paid to the details of the radiator structure when calculating the Stark widths.24•25 •2~·29 Certain 
features of the level structure of ionized tin should therefore be noted. 

Most of the terms of interest arc derived from configurations with a single electron added to 
a I S parent. The question of the possible breakdown of LS coupling22-~ 5 therefore docs no! 
arise in the present case. Furthermore, the structurc35·J5 of these terms is extremely reg1il ar with 
a single exception, indicating the general abse nce of upprcciable configuration interaction. The 
quantum defects fl.==- n - n * for the various Rydberg series may be accurate ly listed as follows: 

6.(np 2P 0) = 2.88-0.0l(n -7), (n > 6); 
6.(nd 2D) ==- 2.02, (n > 5); 
6.(n/2 F°) ==- 0.11, (11 > 4); 
6.(ng 2G) = 0.023, (11 > 5). 

One missing term (5g 2G) in the tabt•lations of Moore45 could therefore be reliably locatr~d, in 
confirmation of a more recent listing of terms.46 

In one case (5d 2 D), the quantu m defect (1.918) deviates significantly from that of the 
remaini ng members of it s series, ind icating substantial perturbation (producing an upwad shiit 
of some 30..}0 cm~1 on the term diagram) as a result of inte ract ion with the tam designated :1s 
5s5p 2 2 D. One therefore expects the corresponding unperturbed (pure config uration) wa·✓e 

functions to be app reciably mixed; this is confirmed by the existence of foiriy strong "two­
electron" tn~nsitions, som.:: of which have been studies by Miller et al. 35 The mixed wave 
functions corresponding to these two terms designated as 5d 2,') and 5p 2 2 D may then be wrirten 
as 

(12) 

(D) 

Originally, it was hoped that the values of the coefrtcients a could be deduced from a 
comparison between calculated and measured35 probabilities for tr~msi tions to the se states. fn 
this endeavour we were, however. only partially successful, owing to the rather !arge estimated 
unccrtainties35 for certain key A-values, and the omission of certain other transitions of thi s 
type which could confirm such an assignment. The indications are, however, that a value for 
la 11 /2 "' /a~l of between 0.5 and 0.75 sli ()uld be fairl y reliable. 

In the calculation of the line strcnp!h, for transitions involving these states and others ·with 
parentage 1 S, the value obta ined from Eq. (3) above shoulJ therefore be multiplied by /a1 i/2 or 
/a2il2 as appropriate. 

A final complication in connection with the wave function s in Eqs. ( 12) and ( 13) \hould be 
mentioned; this was not appreciated in the: corresponding case for Si(! [), as treated in Rd. ~2 . 
and its omission is prob:1bly in part re ~ponsible for the systemat icall y 'imall value for the line 
widths of the fir st mu!lipld in that pap•:r. In tlic calculation of line width:-. for tr,!nsition ~ from 
states which niay be represented by Eqs. ( II) or (13), one has to rnn,iJ(;r !he su.mm,ition over 
collisi0n-i nduccd tr;insit ions of the type 

5s5p 2 --) 5s5pn'l', 
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where /' = 2 or 0. In the former case, one has from Sobel'rnan21 the rclntion for the oscillator 
strengths 

/(5 5 2 5 5 •'d _!L£;--£;j N/-,. n'1'2 
s.p ➔• s p,, )- 3 EH (2/ + l)(R~,) 

=2/(Sp ➔ n'd) (14) 

with N = 2, I== I. In the latter case, with n' > 5, one finds similarly 

/(5s5p 2 ➔ 5s5pn's) = 2f(5p ➔ n's). (15) 

The case of transitions to the ground term is more involved. Analogously to the treatment on p. 
318 of Ref. 21, one obtains 

(16) 

from which it readily follows that 

(17) 

Simple estimates show that, this single term [Eq. (17)] . is probably only a minor contribution 
(~10%) to the total sum of the type • 

where the primes are inserted as a reminder that the single-electron radial integrals should be 
calculated properly for a 5p or 5s electron moving in a potential which generates the series of 
eigen-en~rgies with limit terminating on the excited terms 5s Sp ' P0 of Sn(III) rat lier than the 
ground term 5s 2 1 S. 

Consisten t with the relatively crude Coulombic or hydrogenic estimates of radi::tl integrals 
used in this paper, it is probably sz,tisfactory to emir the ias t term in Eq . (ig) and rn mu![iply the 
convention:!lly used formula for the ,ed1.;ccd mat;ix cltrn.:nt1920 

(19) 

by N = 2 when dealing with the situation of equivalent electrons. In a rough way. one could s:iy 
that the summ::it!on procedu re probab ly reduces the inaccuracy ir.berent in the result s for 
individual transi tions of this type, and that this correction factor N °= 2 therefore represents a 
reasonable estimate for the procedure used here. 

RESULTS AND DISCUSSION 

We have applied the theory outlined in the previous sections to the measurements per­
formed on isolated lines of ionized tin by Miller et al.'5 Results of the present ca!cubtion'> for 
electron dcm:i ty N, = 1017 cm-3 and temperatmc l l.000°K arc prc,entcd in Table 1; in addition 
to the measured lines (width i-\-;,,). we have in::lud,~d an extra mcmba 0f CitCh of the mul ti pl ets 
5s 26s 2 S- 5s~6p 2 p 0 and 5s5p 22 D - 5s 2•V z F° for interes t. All widtl:s given in the tab le arc 
FWHM, the un..,h iftcd wavelengths being given for air. 47 

The parameter TJ =.= WO/a11/Z = JOO/ad~ in Eqs. ( 12) ,t nd (13) dci!otes the degree to which the 
interacting conf:gurations are treated as pure. Best agreement between the measured widths and 
cakulatcd widihs from electron imp:KI hrnadening is oht:ined for a 50% 111ixt11re pf confi1:ura­
tions, which is the ~:ime as th:it chosen 111 Ref. 32 for a similar study of isolateJ lines from 
ionized silicon. In some cas,:s (notably where confit:uration n;ixing a/Teets only lowcr-~;tate 
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Table I. Comparison b<.'lwccn m~asured (W.,) an,! calcubtcd (IV,) widths (FWHM) l,f isobtcd lines from lhc 
indicated trans:tion~. for t'kclroP. density N, = 10 11 cm-J and !cmp,•1 .i t11re T = I t,t){)O' K. The mca, urcm,:nh were 
performed b~· Miller. Rvig. anJ Bengtson. n The 1•aramctcr T/ Jrn,itc:s paccnta~c rur ity of two intcr,1,·1ing 
confit:uratiuns (sec tcx1i. The l:tst tilm: column,. for 50"/c, runlii;11ra1ion mixture, gi\c rc,p~ctively the r:ltio llf 
cakulatcd to measured wid1h. th:: irac1ional rnntrihution from ,1rnn~ rnl!isinn,. and an c,tima1c l,i the impl'rtancc 

Transl tion ~.rray 

Ss' 6s - 5s 1 6p 

5s' ·6p - 5s 2 6d 

5s 1 5d - 5s 2 4f 

Ss 5p' - ss' H 

of the neglected contribution to the broadcninf! from ion pcrturbcrs. 

l'Csi9nation Unsht !t:~-:J A 
(lllr) 

11-';q _ 20~~ 

1 P~ - 2 0"l.t 

J 
o,~ - 2 l-' ~./2 

201/i: - 2F:/2 

J • J 

p '-1 - Sill 

·01/2 - 2F:~ 

' ' . o'l2 - F'.,, 

' D~ - ·~· .. 1/2 

6£43,49 

64 53. 41 

5561.37 

5332.48 

5799.39 

5589.29 

67 6 1 .42 

3~"15.27 

3783.32 

3352.20 

33 51. 53 

4(;18.22 

4, 2 

5.1 

5.3 

4. 2 

3.8 

5.5 

3.0 

2.3 

2 . 5 

1.6 

t 1.7 6 . 21 

- 4 .32 

' o. 7 6.11 

! o. i 6.66 

! 1.2 4.95 

·, 1.0 5.02 

! 1.5 8.~G 

! 1.0 5 . 64 

• 0 .8 1.19 

• O. B l. 25 

- 1.25 

1 0.5 1.97 

We(R) 

;;-;;-~oi 

4. 4 4 

3 .38 

5.41 

5 . 58 

4.32 

4.27 

7. J 3 

5 . 36 

l. 21 

1.26 

1. 26 

1.4 8 

l.03 C,.43 0.02 ,; I 
1.,2 o.40~0.02ul . I 

1. 30 0. 29 -;~~;~7 
1.79 o.35 o.o~~J 

0 .53 0.49 0.056 

0.50 0.49 0 .05 5 

- 0.49 0.055 

o.93 o.32 o .oss 

contributions to the broadening which in turn are minor corr.ponGnts of the total width), 
sensitivity to ;7 is small: in other cases, pnrticubrly A 6844 A, the calculakd width ( W,.) shows a 
significant dependence uron 17. This case is illustrated in Fig. I, in which th e calculated wid'.h is 
plotted against temriera:ure for the two values of 17 reievant to the Table. The measured result 
is also shown, with corresponding error bars.1~.46 for both width aP.d estimated reliabiiity oi the 
temperature measurement. It can be seen that iP.clusion of configu ration intc;action h,::, in tl:i~; 
case a far more significant effect on the line width than \votdd a correction of even ~ 20S'(, to the 
estimated plasma temperature. 

The strong collision contribution ( H-', ) to the width [see Eq. Ci)] is given as a frac tion of th •~ 
total electron impact Width ( W,). We note that this exceds 20% in all cases anJ may evrn 
appro:1ch 50% for one multirlet. The ion contribution ii.,; has been estimat~d from Eq. (9) . and 
we sec that the effect of ion pt>rturbers on the width wouid be io produce nt most an increase of 
~iOC/4. 

Apart from three lines, the agreemen t between calculation and me::isurement is very 
satisfactory, and for some multiplets excellent (within 10%}, well within the estimated error 
limits given in Ref. 35. In view of the success of the prese nt method in predictinr corr•:ctly the 
width of the line A 6844 A. we may safely assume that the other tabu lated member (A 6453 .-\) of 
the multiplet 5s 26s ~ S ·- 5s 26p 2 P0 h;1s been correctly c2!cubted as well. h that case, a ~ub­
strntial variation of line width within this multiplet i-, predicted, which couid also iorm tiv~ 
subject of a future experimental study to test an effect di scussed rec,.:ntly.=8 ·::9 

Other than a general criticism of the present method, applicable to di of the line:; Uiltkr 
considerat ion, we c:rnnot provide at thi s s:agc specific re:isons for the sig nifican! disc:--: r:1n~·y 
between calculation and measurement for the multiplet 5s5p 2 ~ D--5s~4/ 21~. It is interesti ng to 
note that a similar discrepancy was obtained in Ref. 32 for the 3s 3p 2 2 D ·- 3s=4p 2 P0 mul tiplet \_)f 

Si(II). 
Probably the mo:;t se rious shortcornings of the present theory can be trnced to two foctors: 

the reliability of th -; formula for g in Eq. (5) and the cstimntcd strong collision Cl1n1ributio11. 
With regard to the first of these, a n,1tabh.: omis~ion in our formula is t\ correctionJ 1 4~ t() the 
upper im p:tc! parJmctcr cuinff for the eff cc t of curvature of the pcrturba trajectory: such a 
correction, it should be no!cd. ha~ alw hccn omitted in the corresponding c,. tim:1!cs in Fq. (52(,) 

<'f Ref. l. This COITl'Ction j-.; m1)St ic1r:1rc:m! fvr pcr!urbrr ci.crgics in the vicinity of tiir1.:,htild; for 
higher energies it c:111 be ,hown to tend rapidly to unit y. Jt:; inclt;sion would prcb:1hly obvi:1 :C 
the need for introducing a cutoff to the argument of the logarithm in Eq. (5} cnrrcsp1111ding to 
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Fig. I. Cakulattd width of A 68-14 A line as a fun,:tion of temperature. for N, = 1017 cm-J. The paramelt:r 11 
indica tes assumed purit;' of lh~ interart ing contigur:llions. The measured poi:ll with associated error bars is 

taken from Ref. 35. 
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the value of g,h, which must then be spt.?cified separately. Our chosen value g,1i = 0.20 seems to 
be suitable for most cases considered here, but may perhaps be a significant underestimate ior 
the multiplet under discussion. 

On the other h:.i.nd, the chosen value for the lower impact paramekr cutoff is attractive in 
that it is complete ly consistent with the calcubtion of W,. This is not in fact the case with the:: 
propo~;ed formulae in Section IV .6 of Ref. I, as one secs from Eqs. (500), (509) :rnd (526) in tf!,tt 
work. However, the calculation of \V, itself is certainly open to criticism for the followii1g 
reasons: 

(i) lower-slate and upper-lower-state interfere nce contributions have hcen omitted; 
(ii) the values emp!oycJ for p1 and p) can :it bc-;t be ;egan.kJ as crude estimates. 
In view of the many theoretical ditlicultics 1 i11\olvcJ in the calculation of W., it is dear that 

any sii~nifrc int :ind plausible irnprownicnt to the c1rprox im:ite expression (8) uscd here wouid 
require? a detaile d ;1nJ fun,himcnt,tl study of th•: rruhkrn. It ~hlluld be point ed out that a nct ab!c 
omi~sion above is a correction to the p values for curvature of the pcrturbcr orbit. Thi-; 
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correction could lead to either an increase (E: large) or decreasc48 (E"" 1) in " '~ , as one sees from 
Fig. s·or Ref. 1. 

CONCLUSIONS 

On the basis of recent experimental data for the Stark broadening of isolated lines of 
singly-ionized tin,35 we are able to draw !he following conclusions. 

Firstly, the present method, which involves a detailed account of radiator struct11re and lhc 
use of quasi-classical Gaunt factors, appears to yield satisfactory values for the electron impact 
widths of this ion, with the notable exception of one multiplet involving a "forbidden 
(lwo-elec!ron)" transition . Secondly, the effect of ~trong collisio ns is important for the isolated 
ion lines I and, in view of the approximate nature of several of the formulae that have hitherto 
been proposed to account for these contributions to the broadening, further th.:-orctical work on 
this subject is clearly indicaled. 

Thirdly, the importance has been shown of accounting for configuration interac tion 
whenever it plays a significant role in the displacement of terms from their unperturbed 
positions. Some further work is needed, however, in order to clarify the difficulties hitherto 
experienced (in particular for ions suc h as Sn(l l) ::ind Si(II)) in accou nting for the broadening oi 
lines from transitions involvinr configurations with equivalent electrons. 

Acl.:nowledgeme,r/s-The aulhors are indebted to Dr. M. H. Miller for mak ing av~ i!able the result~ in Rd. :;5 prior to 
publicati,,n. The calculations were pt'rfo;med at the Computer Science Centre of th e University of C.1pe Town. We "·ish 10 

thank Prof. H. R. Griem for helpful cornmcnls on the manuscript. 
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ABSTRACT 

Calculations have been performed on the electron 

impact broadening of isolated lines from singly-ionized 

and doubly-ionized oxygen emitted from a plasma of ~lectron 

density 1017 cm-, and temperature about 2 eV. These 

have been compared with results of measurements perforr.\ed 

by Platisa, Popovic and Konjevi6 on a plasma produced 

by a low pressure pulsed arc. Good overall agreement has 

been obtained for both ionization stages, which we 

interpret as strong support for a recently derived 

expression for the effective Gaunt factor in line 

broadening calculations. This in turn indicates the 

L~portant role that the curvature of the perturber 

trajectory plays in the broadening process, and that by 

proper allowance for this effect, classical path calculations 

of the isolated ion line widths can be extended to spectra 

of the multiply-charged ions. Some ambiguity still remains, 

however, as to the proper method of extrapolation of the 

effective Gaunt factors below threshold energies in the 

classical path calculation of the elastic contribution 

to the broadening. The present comparison appears to 

indicate that for the higher ionization stages, extrapolation 

of g as a constant equal. to its threshold value, is 

satisfactory. 
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CALCULATEJ:>___J;TARK . WIDTHS OF_O_lCX_G_EN____ION LI~S 

INTRODUCTION 

Notwithstanding the astrophysical importance 1 of Stark 

broadening parameters for spectral lines from neutral, singly­

and multiply-ionized atoms of the common elements, the amount 

of available experimental information on the spectral line 

widths for the oxygen ion lines continues to be rather 

scarce.2,3 The comprehensive experimental study by Platila 

et al. 4 therefore remains of great interest. In this paper, 

the average ratio of measured widths (Wm) to the corresponding 

values (We) calculated by the classical-path approximation, 1 , 5 

was found to be: 

w 
..1!l 
we 

0.89 ± 0.03 

for thirteen lines from seven multiplets of O(II), while no 

theoretical values were available at the time for the O(III) 

line widths. Subsequently, Hey and Bryan 6 undertook a 

comparison between the measured widths and the corresponding 

values obtained from the semi-empirical approximation derived 

by Griem 7 (with slight modifications). For the O(II) lines, 

rather poorer agreement was obtained than with the previously 

published theoretical widths 1 • 5 : 

w 
..1!l 
w e 

1.30 ±. 0.06 

rv 
U1 
I.O 



for thirteen lines from thirteen multiplets. For O(III), 

w 
2! 
we 

1.89 ± 0.10 

for four lines from fo'.lr multiplets. Estimated experimental 

errcrs 4 for the lines lay within~ ±16%. 

Possible reasons for these discrepancies were examined,e 

and it was concluded that the most plausible explanation lay 

in the consistent underestimation of the threshold values of 

t.ie effective G,unt factor g used in these calculations, 8 - 8 

particularly for O(III). Similar disagreements with the 

older threshold value 7 • 8 g = 0.20 had already been reported 

in the literature. 0 ,1° Indeed, although the initial impression 

gained from the first systematic comparisons between theory 

and experiment for the semi-empirical method was rather good7 

(typical agreement within a factor~ 1.5 and in many cases 

much better1• 7), the semi-empiri~al procedure has been found 

to deteriorate markedly in accuracy when applied to m'.lltiply-

charged ion lines.11,12 \'thile such comparisons can still be 

useful for indicating trends in ion excitation cross sections, 

12 , 1 3 there can be no doubt that the predictive ability of 

the theory as originally formulated by Griem7 is rather less 

than was originally expected, 14 • 15 in spite of the rather 

impressive success of this model which is still reported for 

certain singly-charged ions. 

In t,')e recent past, attention has been devoted to this 

problem mainly from the viewpoint of J.mproving ·t."J-ie treatment 

of radiate:.- structure (i.e. attempting to take a more careful 

3 

account of the eigenstates of ' the bound electrons than in 

several classical-path calculations applied to the isolated 

lines 1 • 5• 16 ). ' In certain cases like lines ofN(II) 17 and 

Ar(II) 18 this refinement19 • 20 of the theory has led to better 

agreement with experiment and has explained unusual features 

18 • 21 of the broadening, while in other cases likeSi(IIJ 22 • 21 

and Sn(II) H significant discrepancies remain u~explained. 25 • 215 

As long as such significant uncertainties 12 still exist in 

the g-values, it is clear that the additional improvement 

that may be derived fro~ these modifications to the original 

theory, 7 is severely limited. 

In his monograph, Griem1 has proposed formulae for the 

effective Gaunt factors, applicable to the multiply-charged 

ions. He distinguishes between cases for which the principal 

quantum number changes and those where it remains the same in 
ts.) 

the collisional excitation process (see pp. 272-274 of Ref. l). ~ 

While there are already clear indications 1 • 27 that these 

represent an improvement upon the expression in Ref. 7, at 

least for ionization stage Z > 2, the new expressions contain 

a number of unsatisfactory features in common with the old 

form\llct. 7 'l'he most notable of these is the prescription of 

a fixed threshold value of g for the ion in question, which 

is imposed on separate grounds such as experimental evidence 

o:.- quantum mechanical calculations.1, 7 ,2 9 

are: 

Examples of these 

gth = 0.2 

gth = 0.9-1.1 z 

(Refs. 1, 8, for NI. I 0) 

(Ref. l, for NI.= O and Z ~ 2) 
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gth 0.26 + 0.09 (Z-2) (Ref. 12, for Z .., 2, 3). 

Such a prescribed value can at best be viewed as a rough 

interpolation between t;-ie various values actually applicable 

to the many different types of transitions (s-p, p-d, etc.) 

taking place within the ion. T'ne success of this procedure 

in fact rests upon the s moothing out of the individual 

variations in t11e summation over the complete s et of perturbing 

levels. 

The need for such an independent prescription of gth must 

therefore be seen as an indication that the quasi-classical 

model whereby t11e g-values are calculated,l, 7 is defective to 

some extent. Difficulties with the quasi-classical model 

arise for values of the (incident) perturber ene rgy comparable 

to the threshold energy, and are manifested when the argument 

of a logarithm turns negative. 7 This is particularly serious, 

since nany of the experimental data (notably for z > 2) apply 

to plasma conditions where the broadening arises primarily by 

elastic collisions, i.e. where reliable g values are mainly 

required for electron energies in the range in which the quasi­

classical formula is least accurate. 

Although in a format sense, t.J-ie principle of extrapolation 

as introduced by Griem7 (whereby elastic contributions to the 

broadening are derived by extrapolation of the inelastic cross 

sections below threshold) has been justified on quantum 

mechanical grounds, 29 - 32 the actual procedure for accurate 

computa tion over the various resonances below threshold is far 

from straight-forNard theoretically, or for that matter even 

unique.33-37 With these difficulties in mind, the initial 

5 

success achieved by a simple model such as t.~at of Griem7 is 

remarkable indeed: according to the data available at the 

time, no significant deterioration in agreement with his model 

was detected as the relative importance of the elastic 

contributions to the broadening increased. 

~~e problems to which we have alluded in the previous 

paragraphs (in particular the threshold values of g), are 

closely related to the manner in which the initial choice of 

minimum and maximum impact parameters in the classical-path 

calculation, is corrected to allow for the effect of curvature 

of the perturber trajectory.38,39 In the revised formulae on 

pp. 272-274 of Ref. 1, no such correction factors were 

incorporated (hence the need to introduce an interpolated gth), 

while in Ref. 7 their incorporation was not sufficient to 

guarantee that the expression for g remained analytical for 

all perturber energies ;hove threshold. 

Subsequently to the completion of the work reported in 

Ref. 26, a new derivation of g was undertaken 40 in an 

endeavour to overcome the difficulties outlined above. The 

success of the new formula in predicting the widths of the 

Stark-broadened lines of ionized oxygen, is the subject of 

the present paper. The ingredients of the new formula are 

discussed in the follo•,ting sections; its most notable feature 

is the manner in which a suitable choice of impact parameter 

cut-offs, together with proper allowance for curvature effects, 

has ensured the analytical behaviour of the function for all 

perturber energies above threshold. 

!\.) 

°' I-' 
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FORMUI,ATION OF 'l'HEORY 

For the isolated ion lines of interest, t.~e predoreinant 

contribution to the broadening is derived from the action of 

t,~e free electron perturbers oper ating in the impact r~gime. 

The contribution to the broadening from quasi-static ion 

perturbers is small, entering in second-order dipole and 

first-or.der quadrupole terms. 1 In this section, broadening 

by ions is therefore neglected. In the impact approximation, 

the Baranger 7 • 29 expression for the full width of the line 

( l i> - If>) at hdf maximum (FWHM) may be written: 

w;f = Ne { v ( r oi • i + r of' f + J I ¢i - ¢f 12dQ)} • (1) 

i';li f'# AV 

Here ¢i and ~fare e lastic scattering amplitudes for the two 

states of the perturbed system, the integral being performed 

over the scattering angles (Q). The average is performed 

over directions and the Maxwellian velocity distribution of 

the electron pe rturb,"!rs . Ignoring for the moment the elastic 

tenns in eqn. (1), and substituting for the cross section 

oi'i in terms of the corresponding collision strengths 

0i' i = 
EH 

2 ~-
11a o 2 w, ½ rr, v i 

one obtains in wavelength units: 

(2) 

·if ... 
e 

~ ( E \¼ 
.f; Ne\k~;{r 

<Q(i,i')> + i: <Q(~f')>} • (3) 

i' W• 
l. f' w,,, ... 

I 
I 
i 
I 
~ 
~ 
~ 
a 
11 r. 
~ 
t, 
R 
~ 
~ 
d 

7 

'l'he average indicated in parentheses denotes: 

00 

<Q(i,i')> = J Q(i,i') exp (-z) dz 

zi'i 

in the case of inelastic collisions, and: 

00 

<Q ( i, i' ) > = J Q ( i, i' ) exp ( -z) dz 
0 

in t,;e case of superelastic collisions, where: 

LIE . , 

(4a) 

(4b) 

z = mv 2 

2kT and z.'. 
l. l. 

l. i · 7<T, with t.Ei. i .. IEi,-Ed-

The elastic contributions to the broadening are now 

simply incorporated by extrapolating the inelastic terms in 

eqn. (3) below threshold, i.e. by replacing z . , . in (4a) by 0. 
l. l. I\J 

For a discussion of this procedure and its quantum mechanical 

justification, the reader i::i referred to Refs. (30) - (37). 

We now make a further simplification, viz. that of 

retaining only the direct collision (i.e. non-exchange) terms 

which contribute to (3), and of treating these as collisions 

inducing (allo.,:ed) inelastic dipole transitions in the 

radiator. In that case, each Q(i,i') may be written in teI'U\3 

of the corresponding atomic line strength S(J,J') and 

effective Gaunt factor gas: 

Q(i,i') = 
s (J,J') 

Jl..zt. g(i,i') a~ e 2 
33/2 

(5) 

°' I\J 

Each factor in (5) is entirely symmetrical in the labels (i, i' )_, 
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and the expression therefore holds whether the perturbing 

level i' lies below or above i in energy. 

THE EFFECTIVE GAUNT FACTOR 

The expression for g given below has been derived 40 by a 

quasi-classical calculation, in several respects following the 

earlier method of Griem1 • 7 • 38 • 39 but with some significant 

modifications to the approach adopted by the latter. The 

argument given on p. 75 of Ref. (1) against the symmetrization 

procedure in line broadening calculations has been accepted, 

and accordingly the entire derivation has been performed in 

terms of parameters relevant to the trajectory of the incoming 

electron. From perturbation theory applied to the classical 

path approximation, 7 one has: 

g ..fJ._ .ln Emax 
Tr Emin 

(6) 

in terms of upper and lower cutoff values for the eccentricity 

of the perturber orbit. The eccentricity may be written in 

terms of impact parameter (p) and incident (asymptotic) 

electron speed (v) as: 

E { l + m2 p2 v-' }~ 
(Z-1) 2 e 4 

(7) 

A. crucial question that now arises is the truncation of p for 

sr.iall and large values. One easily shows that the choice of 

ci.;toff values vitally affects the range of energies over 

9 

which the expression derived for g remains analytical 4°. 

For the upper cutoff, the validity criterion of the impact 

approximation 1 .'7 , 3 e, 39 , 4 i requires that: 

Pmax 
__hL_ 
6Ei, i 

for a rectilinear trajectory. For our purposes, it was 

found to be very important to correct this expression for 

curvature of the perturber trajectory40 • Invoking the 

(8) 

conditions of conservation of energy and angular momentum for 

the unperturbed trajectory, one obtains instead of (8): 

Pmax 
---11Y_ c/)2 
6Ei, i 

where the curvature factor c/) obeys the cubic equation: 

c/)3 - ¢ - 2~~~1,• = 0 

in terms of the parameter: 

n, I,, 
~nl, 

(Z-1) e2 

nv 
l\Ei'i 

mv 2 

This cubic equation has the following explicit solutions: 

ct> • }s cos [½arc cos rJ'IT ~)] 

<ti .. 

( e < 1 ') for c, _ JTiJ 
~ : ' _ __,½ 

[ ~ + J-~2 ---=--211] + [ ~ - J e2 - 211] 

. l) 
( for ~ !.,m 

(9) 

rs.> 
O'I 
w 

(10) 

(11) 

(12) 

(13) 



F'or small p, three conditions must be fulfilled. 

Firstly, p should exceed the (reduced ) de Broglie wavelength 

of t..'1e electron perturber in order to ensure validity of the 

classical pat.., treatment. From the requirement of 

conservation of angular momentum, the curvature correction is 

trivial in this case, and we may put: 

p :'.: P1 
h 

mv 

Secondly, the perturbing electron should remain sufficiently 

far removed from the radiator system in order for the dipole 

approxi:nation as employed here to remain valid. A suitable 

criterion for these purposes is that the perihelion of the 

perturber orbit should be distant enough for the dipole 

moment of the perturber-nucleus always to exceed that of the 

bound (optical) electron-nucleus. In terms of impact 

parameter, this condition may be written 40 : 

P:: P2 

1 
( 11._ \ n·m v2 

,mv/ di'i. l_E_ + 
H 

2~1 
di 'i j 

½ 

(14) 

(15) · 

It is probably always sufficient for these purposes to employ 

the square of t.'1e dipole moment of the atomic system averaged 

over angular momentum states, i.e.: 

di'i 
[ 1 .2... ,½ 
3 2£~1 Ri'i j (16) 

i~ terr.$ of t.~e square of the radial integral (Ri'i). 

Lastly, tlie condition of unitarity (flux conservation) 

should also be f ul f illed. For rectilinear trajectories, the 

condition: 

p ~ P3 (!,) di'i (17) 

can be reduced with further simplification to the (unnecessarily 

stringent - see below) condition given on p.271 of Ref. (1). It 

may be argued that in the general (hyperbolic) case, one should 

replace p 2 • in the square of the Weisskopf rad i us (employed in 
min 

the "strong collision" term 111 ,u-~ 3 ) by~ 0 : 

(Z-1) 2 e~ 
P2 + ---
min m2v~ 

(see below) when calculating the contribution to the broadening 

from strong (p < pmin) collisions. In that case one writes: 

p > P3 
r(tr\ 2 d 2 _ ( Z-1) 2 e ~ 1 ~ 
l'fivJ i'i m2v~ J (18) 

provided that the expressi~n in parentheses remains positive. 

Thus a plausible justification may be prov~ded for the corres­

ponding eqn. (194) of Ref. (1). 

I\) 

°' ~ 

All three of the conditions may conveniently be incorporated 

into the single cutoff 

p > p • ,. [p 2 + p 2 + p 2 ]% 
- min 1 2 l 

(19) . 

For perturber energies such that 

~mv 2 < (Z - 1) 2 El!/ t 
di'i 

(20) 

p! should be equated to zero in eqn. (18), since negative values 

of this quantity are meaningless~'. 

With: 
ry 

~ J-~:i~2

i 
Y. y ~ = j6Ei~ 

the calculation of g may thus be conveniently pararr.eterized 
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by t,,e following two expressions: 

g ..[J_ £n [-- x 2 

= 2TT 1 + (Z-1) 2y2 

1 + 4xe 4 
(Z-1) 2 y2 cf> 

r 1 + d ? , . ( 1 + ~~ + 1.~) 
l i l. Y2 d . ,. -

{Z-l~yi] 
X J 

l. l. ' 

g 

4x 6 4 
1 + (Z-1) 2 y 2 cf> ] 

.f.1. J,n [ 2 r· ( x 2 2 (Z-1) )] 2TT x 1 + d?, · -:! + d 1 + (Z-1) 2y2 l l. l. y i. i 

where t.~e second expression replaces the first in the low 

energy region: 

x2 {Z-1) 2y2/d2 . 
< i I l 

and¢ obeys the relation: 

~s _ ¢ - {Z-l)y/ = ,, xs 0 

As regards the general validity of the formula for g 

{21) 

(22) 

(23) 

{24) 

given above, it may be pointed out here that in the high-energy 

limit, our expression is identical with the (corrected) form 

of the quantum mechanical Bethe approximation as given by 

Sea ton.i s An important aspect of this work was to ensure 

that the formula for g remains analytical for all x ~ l, 

thereby enabling extrapolation to be made into the range of 

below-threshold energies where necessary. With analyticity 

as one of tile criteria for the validity of eqns. (21) and (22), • 

it could easily be s11cwn 40 that the three cut-offs employed 

I 

13 

in Prnin are better choices than the simpler forms given on 

pp. 79, 270 and 271 of Ref. {1). A useful inequality for 

these purposes, di'i ~ y, follows directly from the 

observation that44 : 

di'i 
1 

y2 
1 ( J,> ) l\Ei'i 
3 2£+1 Ri'i ~ = fi'i (25) 

n*2 
which in fact shows why the simpler 1 di'i ~ -z- leads to 

breakdown of the corresponding expressions in Ref. (1) (when 

not supplemented as on pp. 272, 273 by artificial threshold 

values), since the cutoffs imposed should naturally be relaxed 

for those transitions \i>-li'> which are intrinsically less 

probable. 

In summary, it could be rigorously shown40 that 

expres sions (21) and (22) remain well behaved for all x and y, 
~ 

with t,E.,. larger than ~200 cm- 1 in the case of singly-charged u,°' 
l. l. 

radiators. A direct numerical check on the computer extended 

the range to level separations as small as ~150 cm- 1 • For 

Z>2, a breakdown of the above formulae can be regarded as 

highly unlikely. 

ADDITIONAL CONTRIBUTIONS TO BROADENING 

consistent with the introduction in the previous section 

of a lower cutoff for the eccentricity {impact parameter) in 

the quasi-classical expression for g, would be the addition 

of an extra term to the broadening to account for strong 

{disrup~ive and higher multipole) collisions. 1 'l'he expression 
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conventionally adopt ed for the Lorentz-Weisskopf term1 , 7 ,1e, 

38,39,42,43: 

ws { 2 1 
2TT Ne v Pmin f AV 

(where the average is carried out over both the · electron 

velocity distribution and the relevant minimum impact 

paramete rs for t hose collision-induced .transitions ii>-li'> 

which contribute to the line width), is in fact strictly 

(26) 

ap~licable to rectilinear perturber trajectories only. 

is needed for present purposes, is the appropriate 

What 

generalizati on for hyperbolic paths. This is readily 

ac11ieve d by the introduction of the semi-major ax is 

a =-= (Z~; &e 2 of the hyperbola, and the new expression fo1· W5 

becomes 4°: 

ws { f (Z-1) 2e4ll 
21rNe vLP!in + m2v4 J JAV (27) 

On substituting from above and performing the double average, 

one obtains (FWHM, in wavelength units): 

ws 

~ 
2 ( E ) r 

= ~a)..2 a5Ne \k~ ll+2(Z-l)di'i + (1+r)c1'f.i] 
H . 

. (28) 

In view of the difficulties associated with the 

calculation of the nega tive contribution to the upper-lower 

state interference term from strong collisions, 1 we have 

adopted i n a l l cases the simplifying assumption that the~e 

"strong" interference terms :Eully cance l the strong 

15 

contribution from the lower-state terms alone. 26 Hence in 

eqn. (28) we ignore all but those collision~induced transitions 

associated with the upper state of the line. '!'his useful 

simplificati o:1 we shall regard as justified for the ions in 

question by the agreement between theory and measurement. 

It remains to verify that the contribution to the 

b roadening from ion perturbers is indeed small, as already 

indicated above. Here again a number of different estimates 

can be made, depending upon the degree of validity of the 

quasi-static or impact approximations for ion-ion interactions 

as discussed by Sa;-ial-Brechot. 22, 37, 4 s For quadrupole 

interact.ions, the quasi-static and impact approximations 

yield very similar results which in wavelength units may be 

estimated by (FWHM) 1 : 

w'!-
i 

2 a2 
Ll_~; Np Z r,ntr 2 

p l. 
n*2\ 2 

f / 

where N and Z e are the perturber concentration and charge p p 

respectively. '!'he condition of quasi-neutrality in the 

plasma enables one to substitute above: 

Ne ~ N Z 
p p p 

t\J 
(j\ 

(29) O'I 

(30) 

The second-order dipole (quadratic) contribution to the 

line width is, however, appreciably different when calculated 

in the impact and quasi-static approximations. 1 In the 

latter case, the contribution to the broadening is usually 

insignificant compared with that produced by electron 
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pertur~ers; in the former case the calculation is more 

involved tnan for the quadrupole case (see .pp. 275-277 of 

Ref. (1)). Provided that the ions may indeed be treated 

within or near to the regime of validity of the quasi-static 

approximation, we may consider that 

w't_ « we 

provides a sufficient guarantee that the electron broadening 

completely predominates. 

For the electron perturbers, the validity of the impact 

approximation over the major portion of the measurable profile 

is guaranteed by 

v/ 
p 

» ! w 
2 e 

and with omax - "f6E~~ - I as above, the criterion for the isolated 
i i 

line approximation therefore ensures the validity of the impact 

approximation provided that inelastic collisions predominate in 

the broadening. (Greater care might be required for plasmas 

whose temperature is so low that inelastic processes are 

uni:nportant.) 

For the validity of the quasi-static approximation for 

ion perturbers throughout the (electron-broadened) profile, 

Grien 1 obtains a relation equivalent to 

kT 311 2 (~)~ 
E <-;r- m 

H 

n*~ 
i 

z2 

Ne a~ 
--;v;-

p 
( 31) 

ass\lming equal ion and electron temperatures, where Np and mp 

are the perturber concentration and mass, respectively. For 

I 

I 
! 
l 
0 
R 
f 
rl 
ij 
/, 
[ 
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proton perturbers, one finds that the above inequality is not 

properly fulfilled under the plasma conditions relevant to 

this investigation. This indicates that neither of the con-

ventional approximations is valid for ion perturbers throughout 

the line profile. 22 ' 37 We shall assume, however, in view of 

the remarks preceding eq. (29) above that the smallness of Wf 

relative to We is a sufficient guarantee of the predominance 

of electron impact broadening throughout the line core. 

Lastly, it should be mentioned that perturber correlations 

(Debye shielding) play an insignificant role in the line 

broadening. This is because llEi, i » 1Twp (the plasnon energy) 

in all cases under consideration, justifying the approximation 

of isolated lines broadened by impact of unshielded 

perturbers- 1 • 6 • 20 •~ 1 

RADIATOR STRUCTURE 

Two aspects of atomic structure which could complicate 

this type of calculation, have been noted for the ions in 

question. 1 9,20,2s,26 Configuration interaction has long been 

known''~,• 5 to occur to some extent in both O(II) and O(III), 

both of which also show a tendency towards LK coupling in the 

case of excited terms corresponding to motion of the outer 

electron in an f orbita1.•~,• 7 In the present calculation, 

both of these radiator effects have been ignored. The 

justification21 for this considerable simplification in the 

present case lies in the fact that for all perturbing levels 

i' within the allowed electric-dipole scheme, the energy gap 

I\.) 

°' -..J 
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6Ei'i = jE1 , -Eil is larger than kT (usually far larger). 

Therefore in the summation over perturbing levels, the relevant 

Gaunt factors remain typically ne.:1r their threshold ve.J.ue, and 

the sum rules for the atomic -line strengths tend to minimize 

the importance of such structural effects. This is borne out 

by the pr.:1ctical constancy of the measured line widths w1thin 

multiplets." A rather different state of affairs could, 

however, be expected if the s ame lines were observed in the 

high-temperature regime. 18 , 21 

A corollary to the discussion in the previous paragraph, 

is ci1at the calculated Ga unt factors are here subjected to a 

particularly stringent test, since n~~erical values are required 

for perturber energies largely in a domain (near threshold) 

where the present theory might be supposed to be least accurate. 

It was encouraging, however, to note that in earlier studies 6 , 7 

no significant dependence of agreement between measurement and 

calc~lation upon kT/ could be found. This important 
6Ei'i 

question is discussed rnore fully in the following section. 

We have therefore assumed that the simple LS coupling 

scherr~ is appropriate for the description of the rad i ator states. 

The line strength S(J,J') in eqn. (5) may accordingly be written 

as 

[ !l !l' 1 }2 1 S(J,J') - • 1 "L+l) {2L'+l) {2J'+l) L' .,. L 2J+I a2oZ ...... > \.... l "-' l 

o-

X {L L' 
J' J ~r ( n't'\2 

Rn !l } 

In all cases considered here, a single electron (situated 

outside ~e shel~s or subshells which contain the rest) 

(32) 

~ 
~ 

I 
~ 

' ij 
ri 
H 
~ 
I 
~ 

~ ,, 
~ 
~ 

~ 
~ 
~ 

~ 
lj 
k 
~ 
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participates i n the transition: The designations .9..(!l'l refer 

to the orbital angular momentum of the outer electron, .9..> 

being the greater of these; L{L') denotes the total orbital 

angular momentum, L 1 being that of the core electrons, and 

J(J') denotes the total angular momentum of the state Ii> (Ii'>). 

( n' .9..') The square of the radial integral Rn .9., is ~ere evaluated in 

the Coulomb approxi.mation, which should be of sufficient accuracy 

for the calculation of most of the major individual contributions 

to the width, particularly since transitions involving equivalent 

electrons are not considered :l.n this study.~ 9 • 50 

RESUL'£S 

The theory described in the previous sections has been 

applied to the measurements performed on isolated lines of 
' ~ 

singly- and doubly-ionized oxygen by Platisa et al, 6 referred 
(\..) 

°' 00 

to an electron density Ne= 10 17 cm- 3 and temperature T = 25900°K. 

(The actual value of Ne= (5.2 ± 0.4) x l0 16 cm- 3 .) The results 

are presented in Tables I-IV. In view of the close agreement 

between the various measured widths for lines from the same 

multiplet,' we have selected one representative line in each 

case where a choice exists. In Tables I and II, after each 

representative trans ition are listed in order: two values of 

the electron impact width (We) calculated by the present theory 

applied in two ways (see below); the fractional contribution 

to the line width from strong collisions (''1s;we) expressed as 

a percentage; the fractional contribution to the line width 

from the inelastic part of the we<\lc (i.e. non-strong) 
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interactions (Win ) 
\ lwe expressed as a percentage; the fractional 

contribution fro;n the elastic par'.: of tl,e weak interactions 

(1, ) \ el/we expressed as a percentage. These three percentages 

should thus in all cases add up to unity. 

The next col1.L11n gives an estimate of the importance of 

the neglected contribution to the broadening from ian perturbers 

( W ·; \ l • • 1 l • f '29) i wp 1 a. so in percen~, as c&~cu atea rom eqn . , . 
-1 

Next 

we give the completeness parameter (X ) reduced t-:> percent, which 

indicates the degree of completeness of the subset of perturbing 

levels actually employed in the calculation. [In Refs. (1) and 

~s (2), Xis denoted by . /s.] This parameter is calculated (also 

in the Coulorrb approximation~ 9 • 50 ) fro;n the reduced matrix 

elements~~,~s 

X 
l 

2,T+l 
l, I 

r 
< i ' 11 a~ i ! 1 > I 2 

(Rnlr 

(33) 

where Rni is given in terms of the effective principal quantum 

number (n*) and orbital angular momentu.~ (t) of the radiating 

electron (co-:>rdinate r) by 51 

(Rntr 
*2 2 1 
~ flsn* + l - 3t{t+l)J 
2z 2 

(34) 

for an ion of charge (Z-1). The first value of X in each row 

applies to the perturbing levels for the upper state, the second 

to perturbing levels for the lower state. 

In the case of O(II), the following terms of some importance 

in the calculation were found to be missing from the tables,- 5 

and thci::::- positions were chosen by simple quantum de!ect 45 

estimates: ( 3 P) 4p 2 5°, 4p 4 5°, 4p 4 P 0 , ( 1 o) 4p 2 p 0 • In the 
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case of O(III), the terms ( 2 P 0 )4f 3 D, 3F, 3 G which strictly 

speaking should not be classified by LS coupling, were deter­

mined from the spectral lines listed in Ref. (47), with the 

simplification of averaging over the structure related to 

the more appropriate JK coupling scheme.~ 8 [This approxi-

mation is justified by the small energy diffe~ences between 

the various K sublevels as compared with uEi'i]. 

The major theoretical difficulty encountered in the 

present calculati ons, was related to the elastic contribution 

to the broadening, which is in theory obtainable by extra­

polation of the Gaunt factors for below-threshold energies. 2 •- 32 

The proper choice of analytical contin~ation of the function 

employed here (eqns. {21) and (22)) into the domain of below­

tbreshold energies is not directly obtainable from our semi-

classical derivation, which does not account explicitly for 

the existence of resonances below threshold. The correct 

analytical continuation clearly depends upon the nature of 

these. resonances (their spacing a·nd size), and would require 

a quantum mechanical study of the problem. 

We therefore chose two simple methods of approaching 

this problem, which are both natural extensions of the present 

theory. In the first, eq~s. (21) and (22) are simply e~ployed 

as they stand for below-threshold energies, the Maxwellian 

average in eqn. (4a) being simply cut off at the value of 

N 

°' \.0 

mv 2 -z = 2kT such that g ~ o, this point being solved for numerically 

{Method 1). In the second method, the threshold value gth 
is employed for all O ~ z, z1 , 1 , the approximation first 

proposed by Griem 7 {Method II). 
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The inelastic contribution to the broadening (win) thus 

consists of the sum of (4a) and (4b) for all inelastic plus 

superelastic collision-induced transitions. The elastic 

contribution is obtained from the sum of all integrals of the 

type 

z i, i 

f S1(i,i') exp{-z)dz 

zmin 

using either Method I or Method II. 

In the past in calculations of this kind the simplifi­

cation has often been adopted of dispensing with the Maxwellian 

averaging, and of employing merely g calculated at the thermal 

average electron energy.6,1,11,12,26,s2 We have found this 

procedure to be inapplicable in the present case , since i n 

eqns. (21) and (22), the values of g do not vary sufficiently 

slo·,.,ly with energy. A simple test of the validity of such 

an approximation is to compare g for the following particle 

speeds: root-mean-square, most probable and mean. An 

appreciable change in g was obtained, and this indicated the 

need for careful averaging to be performed. 

Some of the threshold values of g for 0(III}, obtained 

from the present theory, are listed in Table V. 

contain no contribution from strong collisions. 

These values 

: 
I 
I 
I 
I 

I -

i 
! 
I 

I 
I 
I 
I 
~ 
K 
~ 

I 
~ 
~ 

i 
tl 
~ 
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DISCUSSION 

The average ratio of measured to calculated (FWHM) widths 

in the present study, is for 0{II}: 

Wm 
we 

Wm 
we 

0.91 ± 0 . 04 

0.73 ± 0.04 

while for 0(III}: 

w m 
1.27 ± 0.08 w .. 

e 

w 
m .. 0.98 ± 0.06 w e 

(Method I) 

(Method II) 

(Method I) 

(Method II} 

The present results are compared in Tables III and IV with 

the earlier values for 0(II) obtained by Jones, Benett and 

Griem1 , 5 (here denoted by JBG} and the later values for both 

0(II} and 0{III} published by Hey and Bryan 6 (here denoted 

by HB}. For 0(II}, the results by Method I compare very 

favourably with those from Refs. (1) and (5), while for 0(III) 

the results yielded by Methcd II are in excellent agreement 

~ith the experiment.~ Noting that the experimental accuracy 

is estimated to be - ± 16% in Ref. (4) for each line width, 

it appears that the experiment {with the exception of the last 

0{II) line) i::; in overall good agreement with the present 

theory, and appears to favour the extrapolation procedure by 

N 
-...J 
0 
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P.ethod I for O(II) while showing strong preference for Method 

II in the case of O(III). Why the two ions should differ in 

this respect with regard to the elastic contribution to the 

broadening is not clear, but perhaps this observation indicates 

that while the "correct" extrapolation procedure lies between 

the two approximations, the tendency is towards g ~ gth (for 

enersies O < z < zi'i) for the higher ionization stages. In 

any case, the vital importance of the elastic contribution to 

the broadening as discussed by Griem, 7 is clearly shown in 

Tables I and II. 

As far as the strong collision contribution is concerned, 

it appears from comparison with Ws/we in Refs. (1) and (5) 

that our cutoff separating strong from weak collisions is 

rather different from that of Griem et al. 1 Our strong 

col lision term is far less important than theirs, perhaps in 

part because of a different demarcation of the two regimes. 

However , an important point in favour of the present theory 

is that the lower impact parameter cut-offs (eqns. (14) - (19)) 

are completely consistent with ~1e corresponding expression 

for Ws in eqn. (28). 

~ It appears from the ratios 'm/we that we are entirely 

justified in neglecting the contribution to the broadening 

from ion perturbers, as is also indicated in Table I. 

Furthermore, we have not found evidence for the possible 

importance cf (optically} forbidden, or semi-forbidden, 

collision-induced transitions in accounting in part for earlier 

discrepancies between measurement and calculation for the 

multiply-ionized·species. 6 • 11 , 1 ' In fact, the maj or reason 
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for the great improvement in the present results over those 

in Ref. ( 6) appears to be due mainly to the proper incorpora­

tion of effects associated with curvature of the perturber 

trajectory, as already discussed in Ref. (26). 

There has been a certain amount of speculation in the 

literature 1• 12 on suitable g values for the calculation of 

line widths of multiply charged ions. Accordingly, we have 

listed in Table V the threshold values calculated from the 

present theory applied to O(III), for the given collision­

induced transitions. The dependence on J,J' is small and 

has been ignored . We see that the present values are not 

in accord with the suggested ones in p.273 of Ref. (1). 

The mean value of g = 0.31 ± 0.02 is in fair agreement with 

that proposed in Ref. (12). It is important to note that 

our values apply to dipole interactions only, and do not 

contain contributions from the strong collision term (as in 

Ref. (7)), which is here added separately to the line width 

(eqn. (28)). 

CONCLUSIONS 

r-.J 
....J ..... 

Although a great deal of further investigation is clearly 

required in testing the present model against other experimental 

data, the following conclu.sions may be advanced from the present 

study: 

(i) By suitable incorporation of curvature effects, an 
analytical Gaunt factor has been derivea• 0 which 
does not require semi-empirical correction at lower 
energies. 



(ii) 

(iii) 

(iv) 

2 6 

The presen t model appears t o be suitab l e f or 
dealing wi th i on i zatio n stages Z = 2 and 3, and 
we hope in fu ture to study l arger v alues of z. 
For t hese values o f Z, extrapolation of ij below 
threshold as a constant is an adequate proc edure. 

Ou r model represents an improvement i n the 
proposed formula (526 ) of Ref . (1) , also in t he 
sense that explicit allowance can be made f o r 
radiato r structure effects where necessary , an d 
therefore possible variations within mu l tiplets 
c an be studied. 18 • 21 

The negative " in t e r feren ce " t e rms whi ch c ontr ibute 
to the s trong collision te r m1 appear t o b e adequa tely 
accounted fo r by assumi ng t ha t t hese cance l f ully 
the term correspond i ng to eqn . (28 ) for the l owe r 
state. The good ag r eement s hown i n Table s I and 
Il would not be possible unless t his were a good 
approximation . 

We regard conclusions ( i ) - (i v) as t e ntati ve s o far, 

subject to f u r t he r s tudies of this k i nd. 

; 
~ ; 
~ 
~ 

I 
~ 

l. 

2. 
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Unshifted ~ (R) I (~) I 0 :s ( ,) .w;n(i) ! 1-1,,l ( \ I w;on(i) X (i) I Transition Array Designation w w (A) w; %1 I 
I 

lb e 
(Air) e e . e 

o.2e5 i 3G.2 I 41.l i ~2.7 l l. 2 95/ 
i 

2r,i2 ( 3P) 3s - 3p •p - "no 4649 .l 0 .229 I 
I 

I ! 0.366 28. 2 
I 

31.9 39.9 i l.O 95 '12 '; 2 
' i I 

I 
I 

0.242 
I I I I 2p2 ( 3P) 3s - Jp 

,., •p• 0.219 I 
34. 5 41.9 I 23.6 l.5 96/ - 4317 .1 I 

I · ,h ';, I o. 314 26.6 32.3 I 41.l i 1.2 95 
>--· 

o.204 I I I 

941 I 2p2 ( 3?i 3~ - 3p 'P .. , ... o o.189 32.3 44.2 I 23.5 I 2.1 
1/, - "'½ 3"112.8 

0.242 I 25.l 34. 3 I 40.6 ! 1. 7 95 l I I 

I I 
I 

i I 2p2 ( l P) 3s - 3p >p 'o• 0.283 35.4 42.3 I 22.2 l.5 94/ - 4414. 9 o .267 I 
¥2 '12 I 0. 360 27.8 33.3 38.9 I l.2 95 

I I I 
I 

0.233 

I 
; ' 22,8 2.0 9~, ! 

2p2 ( 31')3s -3p i 2pl!z - 2p0 3973. 3 o.227 
33.5 

L 
~3. 7 i i I 

I 
,,, 0.297 26. 2 34.3 39.5 I 1.6 95 i ! ! 

2p2 ( 3 P) 3p - 3d 250 _ 2p 0.211 

i 
23.6 57.8 I 18.6 I 5.9 

87 / 1' 3377 .2 0.229 I ½ •1, 0 .261 19.l 46.7 34.2 4.8 96 I I 

2p2 ( 3P)3p-3d "oo - • 0.299 j 27.6 53.4 i 18.9 I 4.2 83/ l 
½ F½ 4092.9 0.2 35 

o. 371 I 22.3 43.2 34.5 I 3.4 95 i 
I ! I i i 

I 

I o. 322 I 21.6 
I i i 5.2 93/ 

I 
2p2 ( 3P) 3p -4s "oo - • 3138.4 0.339 I 

68.4 

I 

10.l 
i 

'/2 
p ,;, o. 349 19.9 63.2 !6.8 I 4.8 95 

; 

I 

0.260 34.5 I 42.2 

I 

23.3 i 1.3 95/ 
i 

2p2 l 1 0) )s - 3p 'o - 2 Po 4596 . 2 0.246 I 
•/2 •/2 o. 362 26.7 I 32.& 40.6 

I 
l.0 95 i 

-
i l 2p2 ( I 0) 3s - 3p i 'o,;, , o' 0.257 i 34. 5 ' 42 . 5 23.0 l.5 9 ', i - 4 347 .4 o.219 ! I j ! 195 I 'h I 0.3 30 

I 
26.8 

I 
33.l 40.l l. .. 2 i 

2p2 ( 1 D) 3s - 3p 'o,;. - 'P' 0.217 34.7 I 42 . l 

I 

23.2 ! l.9 95/ ! 3912.o 0.225 
0.278 27.0 I 32.8 40.2 

I 
1.5 95 ,;, 

I ! 

2p2 ( l D) )p - 3d • 0 
•p •h 4153.3 

o. 315 23.9 
I 

S6.5 

I 

19.5 I 4.3 86/ i 
P •h - 0.256 

o.391 I 19.3 45.5 35.2 I 3 . 4 96 I 
I ; 

o.334 ! 26. 7 
I t I ! 

2p2 ( 1 D) )p - 3d •~:;,-'G½ I 54.l'i 
t 

l!L i i 4.1 85; I 4185.5 0.200 0 .411 I 21. 7 i 4 4 .4 34.0 I 3.3 95 I I i 

Ccmr,arison between rueasurcd (W 111) and calculated (We) widths (FWHM) of isolated lines of O(II) from the lr.dlcated transit 

for electron dE:nsity Ne -= 1017 cm-' and t~mperature T • 25900 °K. '!'he measurement..9 have been taken from Ref. (4). Th.1 

dtro1,g (W6), inela9tic (Win) And elastic (Wel) contributions t.o t..l-\e widt..J-i arc listed as percent.~ges. nie irr.port.a:ice of 

~~g!ected contribution t o the broadening fro~ ion ~rturbers is estimated by Wion· The compte~eness para.I!leter is der.o 

t,y X- F·or eo<.;h ca~e, two ::iets of results are given: the first obtained by Method I and the second by Method II (see • 



' l 0 0 0 
ws ("' win("-' W:l (%) Wion (o \ 

X ( %) 
w 

Transition Array Designation Unshifted A (A) W (A) W (A) 
m 

m e w 'a) W 'oj -w- '6) w 
e e e e e 

2p( 2 PO) 3s - 3p 3P0 _ . 3D 0.119 49.5 30.6 20.0 0.5 
I 

91; 1. 23 3754.7 0.146 
I 

l 2 0.156 37.9 23.4 38.8 0.4 I 93 0.94 
I I I 

2 ( 2 0 . 3P0 _ 3P 0.074 43.6 34.3 22.1 1.0 90/ 1.46 p P ) 3s -3p_ 3047.1 0.108 2 2 0.098 32.7 25.7 41.6 0.7 93 1.10 

2p( 2P 0) 3p - 3d 3D _ 3F0 3261.O 0.127 
0.098 45.5 39.2 15.2 1.4 81/ 1.30 

2 3 0.125 35.6 30.7 33.7 1.1 91 1.02 

I 

I 
2p( 2P 0 ) 3p - 3d 

0.133 43.3 40.8 15.9 1.2 83/ 3p _ 3D0 3715.1 O.142 
1.07 

2 3 0.170 33.8 31.9 34.3 0.9 90 0.84 

TABLE II' 

Comparison between measured (W) and calculated (W) widths(FWHM) of isolated lines of O(III) from the indicated transitions, 
m e 

for electron density N = 1017 cm- 3 and temperature T = 25900 °K. The measured values have been obtained from Ref. (4). 
e 

The strong (W), inelastic (W. ) and elastic (W 1) contributions to the width are listed as oercentages. The importance of s in e ~ 

I 

the neglected contribution to the broadening from ion perturbers is estimated by W. . The completeness parameter is denoted 
ion 

by X• . For each case, two sets of results are given: the first obtained by Method I and the second by Method II (see text). 

rv 
-..J 
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I 
Unshifted >. (~) 

I 

0 

i 
0 

I 
0 0 i 0 

Transition Array Designation 
w.,(hl We(A) w.,(11) w.,<11) ! l<m(A 

: (Air) 
I 

(I) (II) (JoG) (ilB) I 
; 

I 
I 

2p2 ( '?i 3s - 3p • .., •12 - "oo ' I 
1;, i t.649.l 0.20s o.366 0.338 I 0.1130 l 0.22, 

i 

2p2 ( 3Pi 3s - 3p • •p• 4317.l o.242 0.314 • 0.238 I 0.158 i o.21' p l/2 - ½ I i 
2p2 :( 3P) 33 - 3p i 'PIiz - •s~/2 3712. 8 0.189 

I 
0.242 -

I 
0.125 I 0.20, 

I . 
! 

I 
i 

2p2 ( 1P) 3s - 3p >p - •o• ~414.9 0.283 I 0.36o 0.291 0.193 
I 

0.26' 
'h S!z I I 

I 

I 

I 

I 
I 

2p2 ( 1P) 3s - 3p 2p >/2 -
2po I 

3973.3 0.233 ! 0.297 0.227 I 0.165 i 0.22· 
1/2 I 

I 

I I 

I 
I 

2p2 ( 1P) 3p - 3d •s• 2 I I - Pih 3377 .2 0.211 0.261 I 0.196 0 . 165 
i 

0.22' 
1/, I I 

I 

I i I I 

2p 2 ( 3P) 3p - 3d "oo - 'F1/, 4092.9 0 .299 0.371 0.277 0.221 i o.ni 
½ i I i 

2?2 ( 1?) 3p -4s •o• •p 3138.4 o.J22 I o. 349 I 0.445 0.290 
! 

0.33! -
i ! •12 '/2 I i 

I i I 
i 

2p2 ( 1D) 3s - 3p 20 - 2F0 4596. 2 0.280 0.362 - 0.102 I o. 241 ,,, 5 /2 I I I 

i j i I ; 

2p 2 ( 1D) 3s - 3p 'o - 2o• 4 34 7. 4 I 0.257 o. 330 ! - 0.166 I o.21~ 
'/2 l /2 I ! I ! I I 

I 
I ; 

2p2 ( 1 D) 3s - 3p 20 - 2PO 3912.0 0.217 0 . 278 - 0.141 I 0.22! 
•;2 ¼ 

I 

! i 

2p2 ( 1 iJ) 3p - 3d •p• 'p I - 4153.3 0.315 0.391 o.283 0.246 I 0.25( 
'ft • ;2 I 

I 

I 2p2 ( 1D) 3p - 3d 2FO - 'c 4185.S I 0.334 0.411 - 0.222 0.20C 
I 

.,. 7/2 I I 
.J 

TABLE III 

Cocparison between the electron impact widths calculated by Methods I and II (see text) for the indicated O(II) line 

with the corresponding values (where given) calculated by Joneo, Benett and Griem (JBG) in Refs. (1), (5) and by Hey 

and Bryan (Hll) in Ref. (6). The measured .idths (Wm) from Ref. (4) are also given. The pla5ma conditions are as 

in Table I and Table II. 



I 

0 0 0 0 0 
Trans i tion Array Designation Unshifted A(A) We (A) we (A) We (A) Wm(A) 

(Air) (I) (II) (HB) 

2 0 3P0 _ 3D 3754.7 0.119 0.156 0.076 0.146 2p( P ) 3s - 3p 
! l 2 

I 

2p ( 2P o) 3s - 3p 3P0 _ 3P 3047.1 0.074 0.098 0.053 0.108 
2 2 

2p( 2P0 ) 3p - 3d 3D _ 3FO 3261.O 0.098 O.125 0.064 0.127 
2 3 

2p( 2 P0 ) 3p - 3d 3P _ 3D0 3715.1 o.133 0.170 0.090 0.142 
2 3 

TABLE IV 

Comparison between the electron impact widths calculated by Methods I and II {see text) for the indicated O(III) 

lines, with the corresponding values calculated by Hey and Bryan {HB) in Ref. (6). 

Ref. (4) are also given. The plasma conditions are as in Table I and Table II. 

The measured widths {W) from m 

N 
--..I 
co 
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-(J 
. · -

Transition 

3s - 3p 3s - 4p 4s - 3p 

ns 3p0 - np 3s 0.236 0.402 

- np 3p 0.235 0.444 0.335 

- np 3D 0.238 0. 389 o. 350 

3p - 3d 3p - 4d 4p - 3d 

np 3P - nd 3p0 0.248 

- nd 3D0 0.250 o. 363 o. 335 

np 3D - nd 3D0 o. 252 o. 320 

- nd 3FO 0. 253 o. 366 0.328 

TABLE V 

Effective Gaunt f ac tors for several collision-induced transitions in 

O(III). The values of gth apply to electron perturbers incident at 

threshold energy. 
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ABSTR}\CT 

Calculations have been performed on the electron impact 

broadening of isolated lines from doubly-ionized and triply­

ionized sulphur emitted from a plasma of electron density 

1017 cm- 3 and temperature 28500 °K. These have been compared 

with results of measurements performed by Platisa , Popovi6, 

Dimitrijevic and Konjevic on a low pressure pulsed arc. Good 

overall agreemen t has been obtained for both ionization stages, 

in confirmation of our earlier conclusions based on a similar 

comparison for O)s.-ygen ion lines. The present calculations 

have been compared wi th calculations based upon two simplified 

models of Griem, and the classical-path approximation of Sahal-

Brechot. Our calculated widths are in better agreement with 

experiment than with values obtained from the f i rst two models; 

for the two multiplets where comparison is possible, good 

agreement is found with the widths obtained by Sahal-Brechot. 

We conclude that the present model whereby the effective Gaunt 

f~ctor is calculated, is capable of predicting reliable values 

for the Stark widths of isolated ion lines. Comparison with 

experiment (for S(III)) indicates that, provided a sufficiently 

complete set of perturbing levels is used in the calculations, 

the present formula for g may also be used for below-threshold 

energies in the determination of the elastic contribution to 

the broadening. For S{IV), an ambiguity remains in this regard, 

owing chiefly to a scarcity of available experiment .. -.1 data. 
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INTRODUCTION 

In a recent study of the Stark broadening of isolated 

lines emitted by singly- and doubly-ionized oxygen 1 , it was 

found that very good agreement on the whole was obtained 

between the calculated line widths and the results of measure­

ments performed on a pulsed arc plasma by Platisa et al. 2 

The comparison was interpreted as support for a recently derived 

cxpression 3 for the effective Gaunt factor in l i ne broadening 

calculations, notably in the range of above-threshold perturber 

energies. For below-threshold energies, relevant for ·the 

calculation of the elastic contributions to the broadening,•-, 

some Rmbiguity remained 1 as to the direct applicability of the 

formula. 3 

In view of the present scarcity of reliable theoretical 
N 
0) 

i...r 
data 7 for comparison with measurements of the widths of isolated 

ion lines from multiply-charged emitters,' our intention is to 

continue the present programme 1 • 3 • 9 aimed at developing a reliable 

semiclassical technique for such computations, of accuracy 

comparable with that o.1; the earlier work on singly-charged ions 

by Jones, Benett and Griem 10111 (JBG), The value of this work 

lies in the increasing importance of the spectra from multiply­

charged ions for the study of dense, hot astrophysical and 

laboratory plasmas. 10 , 12 

The recent measurements performed by Plati~a et al. {, 

of the Stark broadening of isolated lines from doubly- and 
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triply-ionized sulphur are of particular interest for two 

reasons. Firstly, S(III) and 0(III) ions are homologous, 

and therefore trends and regularities occurring in the 

oscillator strengths 1 ~ of the two atomi c systems can be 

expected to play a similar role in the Stark broadening of 

their respective spectra . 1_ 5 , 1 6 Therefore, it would seem 

reasonab le to suppose t hat the good agreemen t reported earlier 

between theory 1 and measurement2 for 0(II I ) should be found 

similarly in the present case. Secondly, comparison between 

t he recent results 13 for S(III) and S(IV) and theoretical 

widths de rived fro~ the semi-empirical 17 (SE) and simplified 

semiclassical 10 (SC ) formulae of Griem (see eqn. (526) of 

Ref.(10)) have yielded agreement far inferior to that generally 

reported for the spectra of the singly-charged i ons 10 , 11 • 

F'or S(III), the ratios of measured (Wm ) to calculated (We) 

electron impact widths (FWHM) were reported as: 15 

Wm 
W (SE) = 1.67 ± 0.05 

e 

w m 
W(SC) = 0.74 ± 0.04 

e 

for sixteen lines from eight multiplets. In contrast, the 

classical-pa th calculations of Sahal-Br~chot 17 (SB) for multi­

plet nos. (4) and (5) are found to yield (after appropriate 

wavelength scaling and correction for temperature) excellent 

agreement with experiment: 

~ 
wCSB) = 0.90 ± 0.03 

e 

- 4 -

for four lines where comparison is possible. (This accuracy ~ 

is indeed comp~rab le with that claimed for the JBG calculations. 11 : 

Now the various difficulties connected with the use of 

the semi-empirical approximation of Griem 17 have been discussed 

in detail by one of us. 7 • 16 , 19 These are (mainly) the lack 

o f reliable threshold values for g and (ofte~) the oversimpli-

f i c~ tion of the radiator structure. While the latter can be 

corrected for by incorporation of the appropriate coupling 

scheme for the bound electrons, 16120 , 21 improvement in the g 

values requires a dif f erent approach to the problem. 1 • 3 •' 

In the later semiclassical model of Griem 10 (see eqn.(526) of 

Ref.(10)), the g values are improved semi-empirically, but the 

structural details of the radiator system are again omitted. 

In this equation, in addition, the effects of curvature of the 

perturbe r trajectory are not properly accounted for; allowance rs.> 

for such effects is vital for the derivation of an analytical ~ 

formula for g. 1 ,! 

(i) 

(ii) 

The aims of the present paper are the following: 

to test the hypothesis regarding similarities in 
the Stark broadening of homologous radiators 15 ; 

to s how t ha t the g f ormula obtained recently 3 is 
reli able for specie~ with charge (Z-1) ~ 2; 

(iii) to e lucidate further the nature of the elastic 
contributions to the broadening, thereby testing 
the applicability of the g formula 3 below threshold. 
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THEORY ---

Our calculations a::e base.d upon the following expresslon11 

obtained from the Baranger~ theory of electron impact broadening: 

wif 
e 

a>.2a2 __ Q 

Iii" 
( E11 )~i Ne,l<T f. _,: <n(i,i') > 

l l.' - + 
(,J. 

,: < n(~,f')> }• (1) 
f' wf 

l. 

The line width ( EWHM) is expressed in wavelength (;\) units in 

terms of perturber concentration (Ne) and temperature (T) as a 

summation ove:::- the various collisional processes (strength n) 

which are responsible for the broadening. The spectral line 

A corresponds to a radiative transition between level i 

(statistical weight wi) and level f (3tatistical weight wf); 

the collisional processes depend upon the location in the term 

scheme for the radiator of the various "perturbing" levels i' 

and f' to which collision-induced transitions from i and f can 

occur. 

The average indicated in parentheses denotes~ 

~ 

< O(i,i') > c J O(i,i') exp(-z) dz 

zi'i 

in the case of inelastic collisions (Ei, - Ei > O), and 

~ 

< n(i,i') > = fo(i,i') exp(-z) dz 

0 

(2) 

(3) 

in the case of superel~stic collisions (E1 , - E1 < O), ~here 

the paramet<?rs z,z1 , 1 are_give;:i. in terms of the ir.cident elec­

tron speed (v) by 

z mv2 

:;:kT 
and zi'i = 6Ei'i 

-n-

I 
I 
! 
I 
l 
~ 
I 
~ ,. 
~ 

~ 
~ , 
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with 6Ei;i jEi, - Eij 

The elaatic contributions to the broadening- are now 

simply incorporated by C?xtrapolating the ir.elasti.c terms in 

eqn.(2) below threshold, 5 ' 6 i.e. by replacing zi'i in eqn.(2) 

by zero. Ti1ere is some ambiguity, 2 2 however, as to the form 

of n applicable in the classical-path calculationsto below­

threshold energies, since this is dependent upon the nature of 

resonances whose properties should be studied quantum mechani-

cally.13 (It is interesting to compare results obta:!.ned by 

the use of two different semiclassical corrections for reso­

nances in Ref.(22)). 

We now go over to a semiclussical formulation in which 

only direct collision (i.e. non-exchange) contributions are 

retain~d, and of these we consider explicitly only the dipole 

ter.ms. In that case, H 

n(i,i'J = ~ g(i,i'} S(J,J') 

33/z a~ e 2 

where g denotes the effective Gaunt factor and S(J,J') the 

atomic line strength. 

(4) 

The derivation' of a quasi-classical expression for g 

has been outlined in Ref.(l). 

energy, the parameters 

X Ji~ 
t>I:;i' i 

y 

In terms of incident perturber 

~ 
n I~ 

enable g for an ion of charge (Z-1) to be written as 

IV 
00 
w 
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g 13 
.. 2rr 

1 + 4x6 ¢'' 
R. [' ( Z-1) 2y2 ] 

n 1 + x 2 [l +d~, (1 + x 2 + '2(Z-l)) - JZ.=.l.1:L2] 
(Z-l) 2y2 i i y2 di, i xz 

g 

l+ 4x& $~ 

/3 [ (Z-1) 2y2 

2' ,n 1 + x [l +d', ("-' +2(,-1))]] 
CZ , ) 2 2 i i 2 d • , , J -,. y y l. J. 

where the latter expression replaces the former in the low 

ene:::-gy region 

x2 < ... 2 2 ( Z-1) Y/,2 

ai'i 

The curvature correction factor$ obeys the cubic equation 

$ 3 - $ - (Z - 1) y/ X 3 = 0 

and di'i is related to the dipole moment of the atomic 

system by 25 

di'i [ 1 1> 2 } 15 
1 22. + 1 Ri' i 

The additional contribution to the broadening from 

strong collisions 10 which are not explicitly accounted for by 

eqns.(4)-(6), is given by (FWHM, in wavelength units) 

, 2 2 , H · - kT . 2 I 2 ( E ,\ r ( \- • 
Ws "" Iii a,, aoNe k-r) Ll + 2(Z-l) di'i + 1 + EH)°i'iJ 

The bar denotes an average over the various collision-induced 

transiti ons Ii>~ Ii' > which contribute to the line width. 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

As discussed in Ref.(l), only the collision-induced transitions 

- 8 -

associated with the upper state of the line are included in W, s 

and this width ,is added to the dipole contribution from eqns. 

(4)-(G)to make up the electron irrpact ·,ddth we. 

The contribution to the broadening from ion perturbers 

should be very small. 10 In order to verify this, the sirnpli-

fied formula 10 applicable to quadrupole inter~ctions has been 

applied to each line. 

length uni ts) 

wq 
i 

2a>- 2 a 2 
0 

z2 

This may be written (FWHM, in wave-

r N z (n*2 _ n*2)2 
p p p • i f 

where N and Z e are the perturber concentration and charge, p p 

respectively. The n1 , nf are effective principal quantum 

(ll) 

numbers for the upper and lcwer levels. The condition of 
~ 
ro 

quasi-neutrality in the plasma enables one to substitute above ~ 

N e I: N Z 
p p p 

Perturber correlations are not explicltly included in 

the present calculation. In all cases, the impact parameter 

cut-offs for perturber trajectories 1 • 1 lie well within the 

Debye radius. (Equi valentl:r, ~E1 , i » iiwp' where wp is the 

electron plasma frequency., ] The use of such cut-offs there-

fore justifies the approximation of isolated lines broadened 

by impact of unshielded perturbers 26 • 

(12) 
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RADIATOR STRUCTURE 

As mentioned above , the ions S(III) and O(.III) (for 

which calculations have recently been performed 1 ) are homolo-

gcus. The present study therefore involves the computation 

cf rather. similar collision-induced transitions to those in 

Ref.(l ) . In the present case, a major difficulty was, how-

ever, the absence of several terms of importance from the 

atomic energy level t ables. 27 The missing levels could be 

supplemented from the paper of Dynefors and Martinson, 28 from 

which we obtained the levels 3d 3 F~ , 3d 3F: and 4d 3 P! of 

S(III). In the latter case, the remaining members of the 

term were taken to have the same energy on the basis of the 

discussion given on pp.200,201 of Ref.(29). The terms Sp 3S, 

SP 3P, Sp 3 D, 4f 3 D, 4f 3F, 4f 3 G of the same ion were located 

by simple quantum defect estimates. 29 In the case of S(IV), 

the level Sp 2 P3/2 was obtained from Ref.(28) and the position 

of the other member of the doublet derived by simple scaling 

of the spin-orbit coupling parameter with effective principal 

quantum n\lll'~er. 29 The values of the respective ionization 

energies were taken from Ref.(30). 

In spite of the incompleteness of the term system as 

listed,i 7 , 28 one can easily see that configur.ati.on interaction 

is present in S(III), as also in O(III). For ex~~ple, in the 

case of the 3p 3d configura.tion, the term splitting occurs in 

the ratio 

(P - F) 
(F - D) 7.66 

- 10 -

• as compared with the theoretic.al value 2 9 derived for pure­

configuration, . LS coupling, of 0.55, indicating appreciable 

perturbation of the 3p 3d 3P0 and 3p 3d 3 D0 terms by the 

corresponding terms in the 3s 3p 3 configuration. (In the case 

of O(III), the corresponding value of the term splitting 

parameter for the 2p 3d configuration is l.3Q.) It should, 

however, be noted that in all cases of interest, bEi'i and 

~Ef'f are appreciable compared with kT. Therefore, the rele-

vant Gaunt factors do not greatly exceed their threshold values, 

and in view of the sum rules that come i_nto play for the line 

strengths, 25 , 29 one can conveniently ignore the possibility 

of mixing of the pure-configuration, LS coupled wave functions 

for both S(III) and S(IV). 

For S(IV), the last statement may seem paradoxical in 

view of the discussion in Ref. (9) of the importa·nce of accountin%._, 
. ro 

for configuration mixing in the case of the ion Sn(II), to V1 

which it has qualitative structural similarities. In the latter 

case, it was necessary to allow for mixing of the wave functions 

corresponding to the terms denoted by 5p 2 2 0 and Sd 2 D in order 

to compute correctly the excitation rate from the 6p 2 P0 levels.• 

The corresponding terms in S(IV) would be those denoted by 

3p 2 2 0, 3d 2 D and 4p 2P 0 • With the term energies represented 

by their designation, 29 the following two parameters show the 

important quantitative difference to be expected from the effects 

of configuration mixing in the two ions: 

4P 2po _ Jpz 2 0 

4p 2 P0 - 3d 2 D 
1.943 [S (IV)] 



and 

6P 2p0 - 5p2 2D 

6p 2 P~ - Sd 2 D 
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44.07 [Sn (II)] 

It is in details of this kind that the expectation of 

trends and regularities on the basis of homologous structure 1 '• 1 ' 

can be mis leading. In the final analys i s, each particular 

atomic system must be -~reated as a unique structure. 

Lastly, it should be pointed out that it was nece2sary 

in certain line s to consider the ground term system explicitly 

among the perturbing levels. Since thi s contains two equiva-

lent active electrons, some modification was r equired of the 

"usual " expression for the line strength applicable to transi-

tions involving a single electron. Prom Sobe l 'man 25 one readily 

derives t he appropriate relation for the corresponding (emission) 

oscillator strength as 

f(3p 3d + 3p 2 ) = i f(3d + 3p) 

! 

I 
~ 

! r 
ij 
• 
' ~ 
i• 

I 
~ 
H 
~ 
~ 
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RESULTS 

In Table I, results of our calculations are presented 

for the electron impact widths of all spectral lines of S(III) 

and S(IV) whose widths have been measured by Platisa et al. 13 

In the calculation of the line strengths occurring in eqn. (4) ., 

the LS coupling scheme has been adopted , and t he·radial inte­

grals occurring in the dipole matrix elements have been calcu­

lated by the Coulomb approximation, 31 • 32 which we expect to 

be sufficiently accurate in all cases except that discussed 

at the end of the previous section. This case yields, how-

ever, only a minor contribution to the line width. 

After each transition are listed in order: the 

measured width (W ,FWHM), two values of the electron impact m 

width (We ) calculated by the present theory applied in two 

ways (see below); the fractional contribution to the line 

tv 
OJ 
v' 

width from strong collisions(Ws/wel expressed as a percentage; 

the fractional contribution to the line width from the inelastic 

part of the weak (i.e. non-strong) interactions (Wi A,) n ,\e 

expresse d as a percentage; the fractional contribution from 

the elastic part of the weak interactions (Wei/we> expressed 

as a percentage. These three percentages should thus ir, all 

cases add up to unity. 

'l'he next column gives an estimate of the importance of 

the neglected contribution to the broadening from ion perturberc 

also in percent, as calculated from eqn.(11)~ Next is given 

the completeness parameter <x) reduced to pe=cent, which 
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indicates the degree of completeness of the subset of perturbing 

leveis actually employee in the calculation. Th:!.s parameter 

is calculated (also in the Coulomb approximation 31 • 32 ) from 

the recuced matrix elements 25 , 2 ' 

r 

1 
X 2.J+l 

:r: I < i' II a- 11 i > l2 

i' 0 

{ R )2 
n t 

(13) 

where Rn t is given in terms of the effective principal quantum 

nur.her (n*) aod orbital angular momentum (t) of the radiating 

electron (coordinate El by 29 

<¾il2 
n*2 

_2Z z 
[5n* 2 + l - 3.9..(t+l)} (14) 

for an ion of charge (Z-1). The first value . of x in each row 

applies to the perturbing levels for the upper state, the second 

to perturbing levels for the lower state. 

As discussed in an earlier paper on oxygen ion lines, 1 

the major problem pertaining to the present model concerns the 

eiastic contribution~ to the broadening, which is in theory 

accounted for by extrapolation of the effective Gaunt factors 

into the range of below-threshold energies. 5 , 6 The proper 

choice of analytical continuation of the g function employed 

here into the domain of below-threshold energies is not directly 

obtainable from our semiclassical derivation. 3 In our previous 

study, 1 two appreciably different methods of extrapolation were 

chosen; however, owing mainly to the limited amount of data 

available, comparison with experimental results did not yield 

an unarrziguous answer. as to the more suitable approximation. 
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In an endeavour to resolve this question, both methods 

have again be~n employed. In the first, eqn. ( 5) or ( 6 l is 

simply employed in the given form fer below-threshold energies, 

the Maxwellian average in eqn.(2) being cut off at the value 

zmin 
mv 2 

2kT 

such that g 

(Method I). 

o, this point being solved for numerically 

In the second method, the threshold value gth 

is employed for all O ~ z ~ zi'i 

(Me thod II) . 

as proposed by Griem 17 

The inelastic contribution to the broadening (Win) 

thus consists of the sum of ( 2 ) anc.l ( 3) for all inelastic 

plus superelastic collision-induced transitions. The elastic 

contribution is obtained from the Ma~Nellian sum of all 

integrals of the type 

zi'i 

J Q(i,i') exp(-z) dz 

zmin 

using either Method I or Kethod II. 

"-' ro 
-.J 

Some of the threshold values of· g for S(III), obtained 

from the present theory, are listed in Table III and Table IV. 

These values contain no contribution from strong collisions. 

It may be of interest to compare them with the corresponding 

threshold values tabulated in Ref.(l) for the homologous ion 

O(III). In the present calculation, it was found that while 

curvature of the perturber trajectory plays an important role, 

the g values are relatively insensitive to the accuracy with 

which interpolation is applied to the tabulated Bates-Damgaard 
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factors 31 , 32 occurring in the radial integrals. Thia tends 

to enhance the accuracy of our tabulated g values. 

DISCUSSION 

The present results for the widths of isolated lines 

from S(III) and S(IV) are compared in Table II with values 

computed 13 by the semi-empirical approximation of Griem 17 and 

the later semi-classical approximation of Griem 10 (Eqn. (526) 

of Ref. (10)). In addition, four electron impact widths cal-

culated by Sahal-Brechot 18 have been included, after appropriate 

correction for the actual plasma conditions applicable to the 

measurements. 'rl1e latter values are found to lie between 

those calculated by Methods I and II, and compare very favourably 

with experiment, except that they are systematically larger than 

the experimental values. This would in itself not be too 

serious, .except for the fact that Sahal-Brechot has calculated 

rather larger contributions to the broadening (by a factor - 2 

or more) from ion perturbers than our simple estimates suggest. 

Some criticism of the semi-empirical 17 and semi-classical 

approximation [Ref.(10), eqn.(529) J has been outlined in earlier 

papers',9. The major points of disagreement concerned the 

omission of details of the radiator structure, and more seriously 

the question of reliability of the g values proposed in these 

works, particularly for ionization stages Z > 3. In the present 

work, our calculated widths showed in general the same trends 

within :nultiplets as the measui:ed values, This provided a 
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useful check that the accuracy claimed for the experimental 

line widths (errors within± 18%) was a safe if conservative 

margin of error. The experimental errors involved in the 

plasma diagnostics, 13 have not been included in our comparison. 

In Table V, the overall comparison is presented between 

the average ratios of measured (Wm) to calculated (We) line 

widths as obtained from the various theoretical approaches. 

Both methods discussed in this paper are strongly favoured 

above the calculated values from Ref. (13). In attempting to 

decide between Method I and Method II, one should note that 

completeness of the set of perturbing levels (x) appears to 

play some role in the choice. For those lines of S(III) 

involving higher values of x, Method I tends to be favoured. 

(In the earlier case of O(III), the amount of data was 

insufficient to enable this choice to be made. 1] 

Since only one line width from the spectrum of S(IV) 

was measured, no firm conclusions can be drawn for this ion 

except to note that our two calculated values again agree 

rather better with experiment than those from Ref.(13). 

As far as the effective Gaunt factors in Tables III 

and IV are concerned, we have again found as in Ref.(l) poor 

agreement with the values proposed on p.273 of Ref,{10). In 

particular, we do not obtain threshold values for 6n = O 

transitions that are systematically appreciably larger than 

the values for 6n * O transitions. 

Lastly, it will be noted that our assessment of the 

I\) 

CD 
co 

percentage contribution to the broadening from strong collisions, 

while similar to that found in Ref.(l), is appreciably smaller 

than that cali::ulated in most 'cases by both Griem10 and Sahal-
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Br~chot. 18 On the one hand, this appears not to be too serf.ous 

since our choice of lower i mpact parameter cut-off is completely 

consistent 3 with the calculation of W . 
s On the other hand, 

this may si~ply be due to a diffe~ent demarcation 1 between the 

wstrong" and "weak" regimes used in these models . It would 

be interesting in the future to examine this question in more 

detail. 

CONCLUSIONS 

The ,conclusions reached from the present study tend to 

confirm in l arge measure the findings in Ref. (1), and provide 

additional insight into the proper treatment of the elastic 

contribut ions to the broadening . Subject to confirmation from 

further investigations in testing the present model against 

other experimental data, we advance the following : 

(i) The analytical Gaunt factor derived earlier 1 by 
s ui t able incorporation of curvature effects, can 

(ii) 

be used for accurate comput at ion of the Stark 
widths of isolated lines emitted by ions up to 
ionization stage Z = 3 with confidence , and tenta­
tively up to Z = 4. 

Where good statistics are available for comparison 
purposes , t he experimental results ind icate a 
prefe rence for calculations in whi ch t he elastic 
contributions to the broadening are determined by 
app lication of t he g formula without modification 
in the re gime of below-threshold energies (Me thod I). 
However, extrapolation of the§ factors below 
t h reshold as a c ons t a nt (Method· II) appears an 
adequate procedure, in the sense that the widths 
obtained are still more accurate t han those predicted 
by the semi-empirical 17 or semi-classical (Ref, (10), 
eqn.(526)) approximations. 

(iii) 

(iv) 

(v) 

! 
I • 
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Explicit allowance for details of the radiator 
struct ure (details of angular momenta of the 
bound electrons and precise energies of indivi­
dual levels ) is a useful procedure, in that the 
confi r mation of measured variations of line 
widths within multiplets lends confidence in both 
the precision of theory and ~he accuracy of 
e xpe riment. 

'I'he negative "interfe rence" terms which contribute 
to t he s trong collision term 1 appear to be adequately 
accounted for by assuming that these c ancel fully 
t he t e r m correspon ding to eqn.(10) for the lower 
state of the line. The good agreement shown in 
Table I would not be possible unless this were a 
good approximation. 

'I'he actual i mportance of t h e contribution to the 
broade ning from ion perturbers is difficult to 
assess from t he present comparison be tween theory 
and expe riment , in t h e sense that of the various 
theories compared in Table IT and Table V, a 
greate r number predict systematically larger 
wi dths on the basis of el e ctron impact broadening 
alone , than were measu r ed i n Re f. (13) . In the 
c a se of t he first ve rsion of the present t heory 
( Method I) , however, an additional contribution 
o f some - 3% from ion perturbers could be suggested 
to acsount for the remaining discrepancies between · 
theory and experiment. While this s eems a reason­
able order of ma gnitude, it c anno t nevertheless be 
proposed with confidence s i nce rather lar1er errors 
cou ld be ascribed to both the experirnent 1 (from 
the line width determination as well as the diag­
nostics) and ce rtain aspects of the theory as 
discussed above . 

N 
a, 
\.0 
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Com!)i\rison ~etwe~n me<lsur~d (Wm) and cnlculnted U·1e:) ,..,iclths (~'HM) of i:.olatcd lines of S (III) and 5 (IV) !:rom the 
inJ!.caced trc.1asitions, fur elcctro1, d~nsity nc • 10 11 cm_, and tcrr:pernture T • 28~00 °x. 'l'ho r:1c111surc !llcn:.s have 
been taken !'Com Ref. 13. The strong (W 5 ), incl?tstic r,:1n> :mcl el.:\stic ~~,:C"l) contri~>utions to th~ ·,.-t.d t:, ·"re !ir.tcd 
as pcrcenta9t;s. 'l'hc import~11icu of the neglect.eel con-t:ribut1on to t he brN,C.ening from io!'l perturhcrs is e ~ ~im.:1.t.eC 
by Wion· The ccmpl~l:ane:.s pn~.- cH:1c tcr is Cl.:nc)ted by X• For c.?ch case, two sets of rcs'Jlts nr<' qivcn: tl-.c first 
obt.u.ned by t-lctho<l I and the !,;ccond by Motl,cd II (::.cc tho tnxt) .. 

A cXi 
--- w w w w Unshlftcd 0 n ! Tran:i.1 tiou Arruy rrosignatio,1 Wm(l,I we (h) 1/'·<'-l inc·) ;1 (\) _.!.on(%) X (t) 

(Air) 
C 

w;. e We 

3p( 2 P')3d - 3p 4p 'P! - 'P, 3370.4 0.149 
0. 131 4 3. 4 41.7 14. a 1.5 99 /53 
0.162 35,0 33.6 31.3 1.2 

•p~ 'F • :lJ87. l 0,151 
0.1)2 4 3. 3 41. 8 H.9 LS 99/58 - 0.163 )4.9 33.7 31.4 1.2 

•o• Jp 3928 .6 0.173 0.182 42.1 42.7 15.2 1.2 
98/66 - 0;226 33.9 34.3 31. 8 0.9 ' • 

'o! - lpl 3983.8 0.169 
0.188 42.3 42.6 15 . l 1.1 99 / 
o.233 34.0 3.; .3 31.6 0.9 - 66 

3p( 2P 1 )4s - 3p 4p 'e: - 'o, 032. 7 0.245 0.237 37.9 42.9 19;2 o.e 92 /94 0.300 29.9 33.9 3G.2 o. 7 

>p• - •o 061.5 0.24'. 0.238 37.4 43.2 19.4 0.8 92/ 
• • 0 . 302 29.< 34.0 36.6 0.7 94 

•p: 'P, 3832 .0 0.198 0.202 35.3 45.5 18.2 1.0 99 /9< - 0.253 29.0 36.4 34.5 0.8 

Ip: - 'P, 3899,1 0.192 0.209 36. 3 45.5 18.2 1.0 99/94 0.262 29.0 36.< 34. 6 0.8 

'P! - >5 I 3662 .o 0.182 0.185 37.2 44.l 18.6 l.l 
98194 0.232 29.7 35.2 35.1 0.9 

3p( 2 P 1 )4p - 3p 4d •o, 'F! 2856.0 D,206 0.192 34.7 53.5 11.8 3.2 69/92 - 0.221 30.2 4 6. 5 23.3 2.6 I 

Wm 
We 

1.14 
0.92 

1.14 
0.93 

0.95 
o. 77 

o.~o 
o. 73 

1.03 
0 . 81:' 

l.04 
o. 82 

0.98 
O. 7C 

0.92 
o. 73 

o.n 
0. 7G 

1.07 
0.93 

I 0.199 35.3 53 .3 11.4 3.1 88/91 1.02 •o - 'r' 2863.5 0 .202 0.228 30.9 46.6 22.5 2.7 I l o.ss I . 
I I 

'o, •1·~ 
0.188 33.& 53.9 12.1 3.2 83 / .,2 

l.06 - 2872 .o 0.200 0.217 29.2 <6.7 24.l 2.8 0.92 
I 
i 

ll. 8 37/92 1. !8 •o 'o' 2718. 9 0.202 0.171 30.l 58.1 3.7 - 0.196 26.2 50.7 23.1 3.2 1.03 I I 

•o •o• 2756.9 0.206 
0.184 31.~ 56.9 ll.2 3.5 87/91 

1.12 - 0.209 28.0 49.9 22.1 3.1 C.9~ • ' 
'P - •o• 2950,2 0.210 

0.213 29.8 ~8.8 11.4 3.1 87199 0.9~ 
I ' 0.2H 26 . 1 51. 5 22.5 2.7 o. 86 

>p. - 'o~ 2964 .8 0.212 0.221 30.7 58.2 11.l 3.1 87, 0.95 
0.251 26 .9 51. 1 22.0 2.7 '99 0. 8~ 

-
3s 2 (JSJ ◄ s - Js, ~p •s~ - 'P' 3097.5 0.116 0.107 51.4 31.4 17 .2 0.7 97 / 96 

l..H 

'I• 0.130 40. 3 24.6 35.0 0.5 o. 6~ 

. 

i 

I 
' I 

i 
I 
I 
I 

i 
i 
I 
I 
I 
I 

-· ·-
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Comparison between the electron impact widths (Th'H~) calculated by Methods I and II (see 
text} for t he ind icated S(III} and S(IV} lines , and the corresponding values from Re f. 13 
calculated by the semi-empirical (SE) and semi-classical (SC ) models of Griem. Also given 
are the .widths calculated by Sahal-Brechot (SB) for certain of these transitions, and t he 
measured widths (Wm) from Ref. 13 , scaled to the same plasma conditions as in Table I. 

~ (J.) ' ' We (1) I • 0 • 
Transi tion Array Designation Unshifted W (A) We (A) We(A) We(A) Km (A) 

(Air) e (I) (II) (SE) ! (SC) (SB) 

3p ( 2 P' ) 3d - 3p 4p 'P! - 'pl 3370.4 0.131 0.162 0.080 0.147 0.149 

'P~ - 'P 
' 

3387.1 0.132 0.163 0.080 0.147 0.151 

•o• - 'P 3928.6 0.182 0.226 0.114 0.206 0.173 I s 2 

'o! - 'Pi 3983.8 0.188 0.233 0.114 0.206 0.169 

3p( 2 P 6 )4s-3p 4p •p: - '01 4332.7 0.237 o. 300 0.165 0.416 0.259 0.245 

•p• -2 'o, 4361.5 0.238 0.302 o.165 0.416 0.263 0.247 

'P' -0 
'P 

l 
3832.0 0.202 0.253 0.135 0.345 0.222 0.198 

'P: - 'Pi 3899.l 0.209 0.262 0.135 0.345 0.229 0.192 

'p' - 's 3662 .o 0.185 0.232 0.127 0.325 I 0.182 
l I 

3p( 2 P 0 )4p - 3p 4d 'o, - ',,. . ' 2856.0 0.192 0.221 0.112 0.27::l 0.206 

'o, - 'F: 2863.5 0.199 0.228 0 . 112 0.273 0.202 

'o - 'F' 2872 .o 0.188 0.217 0.112 0 .2 73 0.200 
I 2 

'o - 'o' 2718.9 0.171 0.196 0.106 0.257 0.202 
l l 

'o - •o• 2756.9 0.184 0.209 0.106 0.257 0.206 

' ' 
'P - •o• 2950.2 

l 2 
0.213 0.245 0.125 0.304 0.210 

'P - •o~ 2964.8 0.221 o. 251 0.12s 0.304 0.212 
2 

3s 2 ( 1SJ 4s - 3s 2 4p 's\ - 2p 1;2 3097.5 0.102 0.130 0.071 0.1% 0.116 
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TABLE III 

Effective Gaunt factors for several collision-induced transi­

tions in S(III), applicable to electron perturbers incident 

at threshold energy. 

-g 
'l'ransi tion 

4s - 4p 4s - Sp 5s - 4p 

ns 3p - np 3s o. 211 0.418 0.297 

- np 3p 0.212 0.417 o. 300 

- np 3D 0.214 0.387 u.310 

4p - 3d 4p - 4d Sp - 4d 

np 3s - nd 3p 0. 299 • 0.218 

np 3p - nd 3p 0.297 o. 219 

- nd 3D 0.286 0.220 0.233 

np 3D - nd 3p 0.291 0.222 

- nd 3D o. 280 0.223 0.228 

- nd 3p 0.336 o. 221 0.235 
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Tl\BLE IV 

Effective Gaunt factors for several collision-induced transi­

tions in S {III), applicable to electron perturbers incident at 

threshold energy. 

-g .. 

Transition 

3d - 4f 4d - 4f 

nd 3p - nf 3D 0.285 

nd 3D - nf 3D 0.276 0~206 

- nf 3p 0.276 o. 206 

nd 3p - nf 3D 0.208 
. 

- nf 3p 0.208 

- nf 3G o. 208 • 

3p2 - 3d 3p2 - 4s 

np2 3p - nd 3p 0.293 

- nd 3D 0.293 

- ns 3p o·. 4 J.9 
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TABLE V 

.. Comparison between the average ratio of measured to calculated 

(FWHM} electron impact widths for S(III} lines and values 

obtained by other authors. The indicated uncertainties are 

standard errors of the mean, and do not implicitly include 

the experimental uncertainties in electron concentration and 

temperature stated in Ref. 13 . 

of all measured widths. 

Method Author 

Method I Hey (1979) 

Method II Hey (1979) 
. 

Semi-Empirical Griem (1968) 

Semi-Classical Griem (1974) 

Semi·-Classical Sahal-Brechot 
(1969) 

This reference is the source 

---. 
Wm ! 

Reference -w e ~- ---

Present 1.03 ± 0.02 

Present 0.86 ± 0.02 

Ref. 13 1.67 ± 0.05 

Ref. 13 0.74 ± 0.04 

Ref. 18 o. 90 ± 0.03 
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APPENDIX IV: Data files BATES. and BATES2. 

File BATES. contains selected values of the Bates­

Damgaard factor for s-p, p-d and d-f transitions. 

For 6n* > 1.3 and 6n* < -1, where one defines: 

the Bates-Damgaard factors are set to zero. 

File BATES2. contains selected values of the Bates­

Damgaard factor for s-p, p-d, d-f, f-g and g-h transitions. 

Again, values for 6n* > 1.3 and !::JJ.* < -1 are regarded as zero. 

~~e values for s-p, p-d and d-f transitions are from 

Griem (1964), and for the f-g and g-h transitions the tables 

by Oertel and Shomo (1968) have been used. 

In the listings below, the values are read sequentially 

from left to right. 



File BATES. 

-
. 40000000- 002 .45000000- 001 .98000000-001 . 16300000 .24100000 .32800000 . 42400000 . 52400000 
. 62400000 .72000000 .80800000 . 88400000 .94300000 , 98300000 1.0000000 .. 99400000 
. 96400000 .91100000 .83700000 . 74700000 .64300000 .53100000 .41500000 . 30000000 
. 19200000 - .15000000- 00i . 28000000 - 001 . 84000000-001 .15400000 . 23500000 . 32700000 . 42500000 
.52700000 . 62900000 . 72500000 . 81300000 .88800000 . 94600000 .98400000 1.0000000 
. 99200000 . 96100000 . 90800000 . 83500000 . 74300000 .64200000 .53100000 . 41700000 
. 30~00000 .19800000 -. 26000000- 001 . 18000000-001 . 77000000-001 . 14800000 .23200000 . 32500000 
.4250000 0 .52 600000 .63100000 . 72800000 .81600000 .89100000 .94800000 . 98500000 
1.0000000 .99200000 . 96000000 .90700000 .83300000 . 74400000 . 64200000 . 53200000 
. 41900000 . 30700000 . 20200000 .18200000 . 24200000 .31100000 .38800000 .47200000 
.55900000 .64800000 .73400000 . 81400000 . 88500000 . 94400000 . 98700000 1.0110000 
1.016000 0 i.0000000 . 96300000 . 90700000 . 83400000 . 74600000 .64600000 . 54000000 
. 43100000 .32 400000 .22200000 . 12900000 .55000000-001 . 11700000 . 19000000 .27300000 
.36400000 .46100000 . 36000000 .65700000 . 75000000 .83300000 .90300000 . 95700000 [\,) 

I,!) 

. 993 0000 0 1. 00 70000 1. 0000000 . 97100000 .92100000 .85200000 . 76700000 .67000000 CX) 

. 56 4000 00 . 45500000 .34600000 . 24200000 .1 4700000 .1 6000000-001 .75000000-001 . 14600000 

. 22900000 . 32100000 . 42000000 .52200000 .62300000 . 72000000 .80800000 . 88400000 

.943 0000 0 .984000 00 1. 0030000 1. 0000000 . 97:500000 .92800000 .86200000 .77900000 • 

.683 0000 0 .57800000 . 46900000 . 36000000 .25500000 . 15800000 . 31300000 . 38900000 

.471 00000 .55700000 .6•1400000 .n100000 . 81300000 .88800000 . s>s200000 1. 0040000 
1.Qt+OOC•OO 1 .o:rnoo oo 1.0530000 1 . 0380000 1.0000000 . 94400000 .87200000 .78600000 
.69100000 . 58800000 . 48300000 .37900000 .27900000 . 18600000 .1 0500000 .11 300000 
. 19000000 .27600000 .37000000 . 46900000 . 56900000 .66800000 . 76100000 . 84500000 
. 91600000 .97200000 1.0100000 t.0280000 1.0240000 1.0000000 . 95500000 . 89200000 
. 81300000 . 72200000 .62100000 . 51500000 . 40900000 . 30500000 . 20900000 . 12200000 
. SiOOOOOO- OOt . 12300000 . 20600000 . 29800000 . 39700000 .50000000 .60300000 . 70300000 
.79400000 . 87400000 .93800000 . 98500000 • 1.01 20000 .1 7000000-001 1.0000000 .96200000 
.90~00000 . 829001)00 .74000QOO . 64100000 .5:3500000 . 42800000 . 32300000 .22400000 
.'13400000 



File BATES2 . 

. 40000000-002 ~45000000-001 .98000000-001 .16300000 .24100000 .32800000 .42400000 .52400000 

.624 00000 • 72000000 . 80800000 .88400000 .94300000 .98300000 1.0000000 .99400000 

.96400000 .91100000 .83700000 .74700000 .64300000 .53100000 .41500000 .30000000 

.1920000 0 -.15000000-001 .28000000-001 .84000000- 001 .15,400000 .23500000 .32700000 .42500000 

. ~2700000 .62900000 • 72500000 .81:300000 .88800000 . 94600000 .98400000 1.0000000 

. 99200000 . 96100000 . ·10 800000 . 83500000 .74-500000 .64200000 .53100000 .41700000 

.3040000 0 . i98◊000 0 -.26000000-001 . 18000000-001 .77000000-001 .14800000 .23200000 .32500000 

. 42500000 .52800000 .6 310()000 .72800000 .8160()000 .89100000 .94800000 .98500000 
1.000000 0 .99200000 .96000000 .90700000 .83300000 .74400000 .64200000 .53200000 
.4 190 000 0 .30700000 .20200000 • i 8200000 .24200000 .31100000 ,38800000 .47200000 
. 5590 0000 .64800000 . 73400000 .81400000 .88500000 . 94400000 .98700000 1.0110000 
LO HOOOO t.0000000 .96300000 .90700000 . 83400000 .74600000 .64600000 .5"1000000 t'-' 

.43100000 .324000 00 .22200000 . ·12900000 .55000000-001 .11700000 .19000000 .2?300000 ~ 
. \0 

.36400000 .46100000 .56000000 .65700000 .75000000 .83300000 .90300000 .95700000 

. 9 '?30000 0 1.0070000 1.0000000 .97100000 .92100000 . 85200000 .76700000 .67000000 
,564 0000 0 ,,i\5500000 .34600000 .2-4200000 .i47OO000 .16000000-001 .75000000-001 .146000(J0 
,22900000 .321000 00 .42000000 .52200000 .62300000 .72001)000 .80800000 .88400000 
.94300000 .98400000 1.0030000 1 .0000000 .97500000 .92800000 .86200000 .77900000 
.6830000() .57800000 .46900000 .36000000 .25500000 .15800000 .31300000 .38900000 
.47100000 .55700000 .64400000 .?3100000 .Bi:300000 .88800000 .95200000 1.0040000 
1.0400000 1.0580000 1.0580000 1.0380000 1 .0000000 .94400000 .87200000 .78600000 
.691 00000 .58 800000 .483 00000 ,37900000 .27900()00 .18600000 .10500000 .11300000 
.19000000 .27600000 .37000000 .46900000 .56900000 .66800000 .76100000 .84500000 
.9 1600000 .972000 00 1.r.1100000 1.028000{) 1.0240000 1.0000000 .95~i00000 .89200000 
.131300000 • 72200.000 .62100000 .51500000 ~40900000 .30500000 .20900000 . 12200000 
.51000000-001 .i23000◊0 .20600000 .29800000 . 39700000 .50000000 .60300000 .?0300000 
.79400000 .87400000 .93800000 e 9850()00() 1.0120000 .17000000- 001 1.0000000 .96200000 



.904000.00 . 82900000 .74000000 .64100000 .53500000 .42800000 .32300000 .22400000 

. 13400000 .43340000 .52050000 .610i0000 .70000000 • .78760000 .87000000 .94440000 
i. 0081000 1.0584000 1.093300() t. 1111000 1. 1107000 1.0917000 1~0545000 1 .. 0000000 
.93000000 . 34690000 .75360000 . 65320000 .54910000 . 44500000 .34420000 .24970000 
.164 10000 . 89700000-001 . 17060000 .25960000 . 35610000 .45750000 .56060000 .66230000 
,75880000 .84680000 . 92270000 . 98360000 1.0270000 1.0510000 1.0546000 1.0373000 
1.0000000 .94 400000 • 87140000 . 78530000 . 68900000 .58620000 .48080000 .37670000 
.2775 0000 .1 8630000 . 10580000 .89000000-001 . 17060000 .26240000 .36190000 ~46620000 
.57150000 .6742 0000 . 770 40000 . 85620000 .92820000 .98330000 1.0192000 1.0342000 
1.0278000 1.0000000 .95210000 .88600000 .80460000 .71120000 .60970000 .50410000 
. 39840000 .29660000 .20220000 .11790000 .54510000 .64000000 . 73450000 .82590000 
.9!170000 .98910000 1. 0555000 1. 1084000 1. 1459000 1.1664000 1.1 688000 1.1527000 
1. t 185000 1.0671000 1.0000000 .91 940000 .82810000 .72890000 .62510000 .52020000 
. 41720000 . 31920000 . 22890000 . 14850000 .79500000-001 .22700000 .32580000 . 43010000 w 
.53690000 .64260000 . 74440000 . 83810000 .92070000 . 98890000 1.0402000 1.0727000 0 

0 
t.08:SOOOO 1.0766.000 1.0479000 1.0000000 . 93480000 .85480000 . 76320000 .66350000 
.~59 40000 . 45460000 .35270000 .25700000 • t 7020000 .94600000-001 .12660000 .21690000 
.3161 0000 . 42120000 .52900 000 . 63560000 .73720000 ' . 83000000 .91040000 .97520000 
i.02170i)O 1.0480000 1.0532000 t.0369000 1.0000000 .94400000 .87120000 . 78470000 
.68800000 .58490000 .47950000 . 37560000 .27670000 .1861 0000 .1 0630000 
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