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ABSTRACT 

In Part I of this thesis the Stark broadening parameters 

for a number of isolated HeI lines are'caldulated using the 

G.B.K.O. theory. 	The widths and shifts calculated from these 

parameters are compared with experiment assuming that the quasi- 

static approximation is valid for the ions. 	For the widths, 

these parameters are shown to be an improvement over those avail-

able previously;, this improvement is attributed to the use of 

more accurate broadening functions. 	For the shifts the theory 

is less accurate and the results of the comparisons suggests 

that for electron densities < 1016cm-3 the motions of the ions 

must be taken into account whereas at higher electron densities 

the transition from the quadratic to the linear Stark effect 

appears to be important. 	Finally, Stark broadening parameters 

for 16 isolated lines are presented. 

In Part II the possibility of using a Z-pinch discharge 

as a spectroscopic light source for the study of the Stark broad- 

ening of spectral lines at electron densities of 	10
16

cm
-3 

is investigated. 	This investigation is carried out by measuring, 

at various electron densities, the Stark broadening of three 

HeI lines (one of which contains a forbidden component) and one 

Hell line. 
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It is found that although such a device contains radial 

gradients, profiles which are in good agreement with theory can 

be obtained, in certain circumstances, without regard to spatial 

resolution. 	In general, however, spatial resolution is required 

if the device is to be operated over a wide range of conditions. 

During this investigation it was found that lines with forbidden 

components are particularly sensitive to the effects of radial 

gradients. 

In the final Chapter of this thesis a method is given 

of extending the line-to-continuum ratio method of•measuring the 

electron temperature of a helium plasma.to  helium plasmas with 

more than one donization stage present. 
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CHAPTER I  

AN OUTLINE OF THE MATERIAL TO BE 
PRESETTED IN THIS THESIS  

Part I of this thesis, comprising Chapters II to VI 

inclusive, is concerned vdth a theoretical investigation-of 

the Stark broadening of isolated helium lines in plasma. 

In Chapter II broadening mechanisms in plasmas are 

discussed briefly. 	Following this general discussion Chapter 

III is concerned with Stark broadening only. 	Here the various 

Stark broadening mechanisms, and the quasi-static and impact 

theories of the broadening of spectral lines are discussed. 

Attention is then paid to the types of lines to which the 

modern Stark broadening theory has been applied and the methods 

of characterising their profiles are described. 

Having thus prepared the background the experimental and 

theoretical aspects of the Stark broadening of helium lines 

are reviewed in Chapter IV and at the end of this Chapter the 

theoretical and experimental investigations which are to be 

undertaken in this thesis are described. 

Chapter V contains a review of the G.B.K.O. theory of 

the Stark broadening of isolated lines and recent improvements 

to this theory are discussed. 
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In Chapter VI the author's calculations of the Stark 

broadening parameters of isolated HeI lines are described and 

the results of these calculations are compared with those of 

other workers and with experiment. 	The results and conclusions 

drawn from these investigations are discussed in detail. 	In 

the final part of the chapter tables are given of the Stark 

broadening parameters for 16 isolated HeI lines, calculated for 

various electron densities and temperatures. 

Chapters VII-XIII inclusive comprise Part II of this 

thesis. 	The work that is described in this part is concerned 

with the possibility of using a Z-pinch discharge for the gener-

ation of high temperature low density helium plasma suitable 

for the investigation of the Stark broadening of Her and Hell 

lines. 	The investigation is carried out by measuring the 

profiles of three HeI lines and one HeII line at various electron' 

densities and temperatures and comparing the results with theory. 

In the first part of Chapter VII the conventional methods 

of generating helium plasma suitable for Stark broadening 

measurements, are compared. 	Previous investigations of the 

Stark broadening of spectral lines which have been made using 

a Z-pinch discharge are then discussed. 	The remainder of the 

Chapter is devoted to a description of the Z-pinch discharge 

which is used in this investigation. 
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To help in the understanding of the diagnostic measure-

ments which were carried out on the discharge the equilibrium 

of helium plasmas is discussed in Chapter VIII. 

In Chapter IX the methods of measuring the electron 

temperature and density of the plasma are described, with particular 

attention being paid to the electron density measurements. 

The method of measuring the line profiles is discussed 

in Chapter X and the results of these measurements are discussed 

in Chapter XI. ' 

On the basis of the results given in Chapter XI the 

radial distributions of the electron density and total intensity 

of one of the HeI lines were measured. 	The measurement pro-

cedures and the results are presented in Chapter XII together 

with the results of calculations on the effects of radial gradients 

on the profile of one of the HeI lines. 

Chapter XIII contains a summary of the results obtained 

in Part II and the conclusion which can be drawn from these 

results. 

In the final chapter of the thesis a method is described 

of extending the 'line to continuum ratio' method of measuring 

electron temperatures in helium plasmas to helium plasmas which 

have more than one ionization stage present. 
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CHAPTER II 

LINE BROADENING' MECHANISMS IN PLASMAS  

2.1. 	Introduction  

The spectral lines emitted by atoms or ions immersed in 

a plasma may be broadened by a number of physical mechanisms..  

These mechanisms may be divided in to two classes:- 

a) Mechanisms which broaden the spectral lines 

emitted by an atom, as observed in its rest 

frame. 

b) Mechanisms which act on the emitted radiation. 

In this chapter the broadening mechanisms which contribute 

to these two classes will be briefly summarised. 



W (2.1) .ce  4a 

X2./  
21rc 
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The following broadening mechanisms contribute to class A) 

2.2. 	Natural Broadening 

Because the life-times of atomic states are finite 

they must, .from the uncertainty principle, have a finite width. 

For a line with upper state a and lower state f3 natural 

broadening results in an un-shifted Lorentzian (dispersion) 

profile with a half-width w given by: 

where the A's are the spontaneous transition probabilities 

and the summation is over all spontaneoUs transitions origin-

ating from the upper and lower states of the line. 

The natural line width, for lines in the visible, is 

-4 ° 
typically-10 A and is negligible in most laboratory plasmas. 

No shift is produced by this mechanism. 
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2.3. 	Pressure Broadening 

Pressure broadening may be defined as the effects 

produced on the shapes, and positions, of spectral lines 

emitted by an atom or ion which is interacting with its surr- 

ounding particles. 	As the name suggests, the characteristic 

feature which distinguishes pressure broadening mechanisms 

from the other broadening mechanisms in class a) is their 

density dependence. 

In line broadening theory the surrounding particles 

are usually called the perturbers and pressure broadening 

mechanisms can be classified according to the type of per- 

turbers interacting with the radiating system. 	Since the 

temperatures required to produce an appreciable degree of 

ionisation in a plasma are usually also sufficiently high to 

dissociate any molecules which may be present, the perturber 

interactions which are of interest in plasmas are those between 

neutral'atoms, ions, and electrons. 	The pressure broadening 

mechanisms in a plasma are:- 

2.3.1. Van der Waals Broadening (perturbers :- neutral particles) 

Van der Waals broadening is produced by the interaction 

of an emitting atom or ion with neutral perturbers. 	This 

broadening mechanism produces a Lorentzian profile with a 



half widthw , and shift d, given by Griem (1) to be: 

2/5 
X2 / 	71 	R

2  
a  w - 	.t 971- 	) 	• v3/5. N 

16m3E2  
(2.2) 
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d = - 2/3w 

where X is the wavelength of the line, N is the density of 

neutral perturbers, R2-a  is the matrix element of the square 

of the co-ordinate vector of the radiating electron in state a, 

v is the velocity of the perturbers and E the excitation 

energy of the first excited state. 

Because of the short range nature of the radiating 

system-neutral perturber interaction, broadening by this mech-

anism is only likely to be significant when the neutral particle 

densities are several orders of magnitude greater than those 

of the charged species, Wiese (2). 	Hence Van der Waals broad-

ening is only likely to be important in weakly ionized plasmas. 

2.3.2. Resonance Broadening (perturbers: same as radiating 
system)._ 

When a neutral emitter interacts with other neutral 

atoms of the same kind, then lines which have one state in 

common with an allowed transition to the ground state will be 

resonance broadened. 	The profile produced by this mechanism 
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is an unshifted Lorentzian with a half-width w given by: 

X
2 
( g1 1 2. 	e2f  

c 	
g2 	2 me 

) • N (2.3) 

where X is the wavelength of a line with absorption oscillator 

strength f and whose upper and lower states have statistical 

weights of gi  and g2  respectively. 	N is the neutral particle 

density. 

For the same reasons as those given in (2.3.1.) reson-

ance broadening is only likely to be important in weakly 

ionized plasmas. 

2.3.3. Stark Broadening (perturbers: charged particles) 

Because of the long range nature of the Coulomb inter-

action, Stark broadening is usually the most important pressure 

broadening mechanism in laboratory plasmas (this is true even 

in plasmas of a low degree of ionization). 	As the work to 

be described in this thesis is mainly concerned with Stark 

broadening, this broadening mechanism will be considered in 

some detail in the following chapter. 
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2.4. 	Zeeman Broadening  

If a plasma contains a magnetic field then the lines 

emitted by the plasma may be broadened_ by the Zeeman splitting 

of the atomic states. 	The half-width w produced by such a 

splitting is estimated - to be (see (1)): 

	

wc::::10
-9. 

X
2
.B 	angstroms 

where A is the wavelength of the line in angstrom units and the 

magnetic field B is in kilogauss. 

The broadening mechanisms in class b) are: 

2.5. 	Doppler Broadening  

The random motion of the emitting atoms or ions gives 

rise to Doppler broadening. 	If the atoms or ions have a 

Maxwellian velocity distribution then the emitted profile is 

Gaussian with a half width w given by: 

I 

	

W = 2 ( 	 
2kT 1n2 2  

) • 
2 

where M is the mass of the atom or ion and T is the atom or.  

ion temperature. 	A shift of the profile will also result if 

the plasma is moving in the direction of the line sight. 	The 

magnitude of the shift a is given by: 

d. 
	 (2.5) 

where 	v is the plasma velocity 

(2.4) 
Mc 
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2.6. 	Radiative Transfer 

Besides the broadening mechanisms discussed above a spect- 

ral line can also be broadened, or more correctly distorted,. 

by the processes which occur as the line radiation passes 

through the plasma. 	The equation of radiative transfer for 

a medium which can absorb and emit radiation is: 

ev(x)dx kv(x)Ip(x)dx (2.6) 

Here I (x) is the intensity of radiation with frequency v' 

incident at a point x in the plasma. 	dIv(x) is the change 

in I (x) over a distance dx measured along the direction of 

Iv(x). 	ev(x) is the emission coefficient of the plasma and 

includes both spontaneous emission and scattering. 	k (x) is 

the absorption coefficient, including stimulated emission 

(negative absorption). 	In a collision dominated plasma the 

scattering of radiation is usually negligible (except, possibly, 

for resonance lines) because electron collisions ensure that 

the absorption of a photon is unlikely to be followed by its 

re-emission. 	For a homogeneous plasma, assuming that scatt- 

ering and continuous emission are negligible, the emission 

coefficient in the vicinity of a spectral line is given by: 

= fly 
71-r A21 N 2 1-1(  v)  (2.7) 
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where A
21 
 is the transition probability for the line, N

2 
is 

the population density of the upper state of the line, and 

L(v) is the emission profile of the line. 	The absorption 

coefficient in the vicinity of a line, including stimulated 

emission is given by: 

ire  
=- kv 	 me ,f12 N1 ( 1 - i;g1  FT N2  )1i i(v) 

1 

where it has again been assumed that the plasma is 

(2.8);  

homogeneous. 

In (2.8) f
12 

is the absorption oscillator strength for the 

line, N2,g2  and N1,g1  are the population densities and stat-

istical weights of the upper and lower states of the line res-

pectively, and Lt (v) is the absorption profile of the line. 

In a collision dominated plasma the profiles L'(1,) and L(v). 

are equal and are determined by one or more of the broadening 

mechanisms outlined in (2.2. - 2.5.). 

It is the presence of the self absorption term in (2.6) 

which destroys the proportionality between the profile of a 

line emitted by an individual atom or ion in the plasma and 

the profile (of the same line) which emerges from the plasma. 

*To assess the importance of self absorption it is 

usual to calculate the optical depth at the line centre, ro. 

For a homogeneous plasma T
o 
is given by: 



r = k S 
0 	vo 

(2.9) 
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g
1 

'11  

N 
 7o 	rIn

2 

c • f12•111*(1 -  2 	
vo)'S 	(2.10) 

where vo is the frequency of the line centre and S is the 

geometrical depth of the plasma. 	Absorption of the line will 

be negligible if r
o 
satisfies:-  

<< 1 

Alternatively, the absorption will be large if ro  satisfies:: 

To >> 1 

For small, but non-negligible, optical depths the over-

all shape of the profile is not greatly affected, Burgess (3). 

However, because the absorption is largest near the peak of 

the line the height of the profile is reduced and the apparent 

half width increased. Roberts (22) shows that provided ro  is 

less than 0.4 the half width of a Lorentzian profile is increased 

by less than 10%. 

When 	is large the profile which emerges from the 

pladma besides being broadened by absorption may bear little 



25 

resemblance to that emitted by an atom or ion. 	Only on the 

line wings, where the absorption is small, will the shape be 

determined solely by the broadening mechanisms (2.2 - 2.5). 

2.7. 	Instrumental Broadening 

Although this chapter is concerned with broadening 

mechanisms which may occur within the plasma, it is fitting 

to consider at this point the broadening introduced by the 

instrument which is used to observe the line profile. 	For 

obvious reasons this broadening mechanism is referred to as 

instrumental broadening. 

Instrumental broadening is caused by the finite reso-

lution of the instrument used to make the profile observations. 

If T( X ) is the true profile emitted by the plasma, A( X ) is 

the instrument profile then the measured profile is related to 

these by the convolution integral: 

)('m 

 

Aq. M( X ) = 	_ T(x) 	X - x) dx 	(2.11) 
J 

2.8. 	Superposition of Broadening Mechanisms  

When more than one broadening mechanism is responsible 

for the profile of a line, then providing the mechanisms are 

statistically independent, the resulting profile can be obtained 

by calculating the profiles corresponding to each mechanism. 
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separately and then using the convolution integral (2.11) to 

obtain the total profile. 	For a discussion of the case where 

the broadening mechanisms are not statistically independent 

see Griem (1) and the references therein. 	It should be noted 

that the broadening resulting from self absorption can only 

be calculated by solving the equation of radiative transfer 

(2.6) for the plasma. 
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CHAPTER III' 

THE THEORY OF THE STARK BROADENING OF  

SPECTRAL LINES IN A PLASMA 

3.1. 	Introduction  

This chapter contains a brief review of the basic 

principles underlying the various theoretical treatments of 

Stark broadening. 	For a more detailed discussion of the 

theory of Stark broadening the reader is referred to the work 

of Baranger (4), Griem (1) and Burgess (5). 

3.2, 	Classification of Stark Broadening Mechanisms  

The interaction V between a charged perturber and 

an emitter is usually well represented by the first term in 

the multipole expansion of the interaction (Baranger (4)) i.e. 

by: 

V 	-d . E 

where d is the dipole moment of the emitter and E is the 

electric field produced by the perturber at the centre of 

the emitter. 	If the emitter is an ion the zeroth order 

term should also be included in (3.1). 	There are basically 
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two mechanisms by which the interaction (3.1) can broaden a 

spectral line. 	They are: 

3.2.1. Direct Perturbation of the Energy Levels 

When an atom is immersed in an electric field its 

energy levels are split into their Stark components (see 

Foster (6)). 	The positions of the Stark components depend 

on the electric field strength and the Stark coefficients for 

the levels which are calculated using time independent pertur- 

bation theory. 	In a plasma the electric field acting on an 

emitter depends on the Tositions of the perturbers. 	If the 

motions of the perturbers can be neglected the broadening 

results from averaging the positions of the Stark components 

over all values of the electric field produced by the different 

perturber configurations. 	Alternatively, if the positions 

of the perturbers, and hende the electric field, is changing 

rapidly then the shifts of the Stark components which occur 

during the time the system is radiating produce phase shifts 

in the emitted radiation. 	These phase shifts produce a broad-

ening and shifts of the line (see 3.5.2).  

The essential feature of this broadening mechanism is 

that the perturbations do not change the state of the radi- 

ating system. 	Perturbations which produce no Change of state 

are said to be adiabatic. 
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3.2.2. Perturbation induced Transitions 

In some circumstances the perturbations of the radi-

ating system by the charged particles may induce the radiating 

electron to undergo a transition to a neighbouring state and 

thereby terminate the radiation. 	Since the life time of the 

level is effectively reduced, by the uncertainty principle, 

the level will be broadened. 	In contrast to the mechanism 

discussed in(3.2.1.)this broadening mechanism cannot be des-

cribed in terms of the Stark coefficients and the electric field. 

Here the rate of change of the electric field is the important 

factor. 

Perturbations which produce a change of state are 

said to be non-adiabatic. 

3.3. 	Conditions for Adiabaticity  

The condition for adiabaticity can be derived as 

follows; if the radiating electron is perturbed by a collision 

for a time tc' the duration of a collision (see 3.4), then 

the uncertainty in the energy of the radiating electron AE 

is given by t/te. 	Now if AE is much less than the energy 

separation Ed.ci: between the state cL which the radiating electron.  

occupies, and the neighbouring state L' to which the electron 

may make an induced transition, then the perturbation will be 
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adiabatic since the probability df the electron changing its 

state will be small. 	Hence the condition for an adiabatic 

perturbation is given by: 

tc 	> 	a,. 	 (3.2) 

If the converse of this inequality holds, then during the 

perturbation it will not be possible to determine which of 

the states the electron occupies and the probability for a 

transition will be large. 	Hence the condition for a non- 

adiabatic perturbation is: 

tc 	-15./E ce ot, 	 (3.3) 

Evaluation of the condition (3.3) for ion and electron per-

turbers (see (5)) shows that in general ions give rise to adiabatic 

perturbations, whereas electrons can, and often do, give rise 

to non-adiabatic perturbations. 	This is because of the large 

ratio of electron to ion velocities. 

3.4. 	Characteristic Times in Line Broadening Phenomena  

3.4.1. Emitter 

A Fourier analysis of the profile of aline shows 
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that if Liw is the frequency separation from the line centre 

then the time scales which are of interest in the formation 

of this part of the profile are of the order 1/Ziw. 

3.4.2. Perturber 

The characteristic time for a collision, the so-called 

'collision time' t
c is defined by: 

t c 
	P/v 	 (3.4) 

where p is the impact parameter and v the velocity of the perturber. 

Because of the large differences in the velocities of the ions 

and electrons in a plasma the collision times for these particles 

satisfy tc(ions) 
	

tc(electrons). 

3.5. 	The quasi-Static and Imiact Regime  

The large difference in the collision times of ions 

and electrons in a plasma allows the broadening to be divided 

into two mathematically separate regimes. 	They are: 

3.5.1. Quasi-Static Regime (tc  » 1/0 w) 

In the Quasi-Static regime the duration of the collision 

is much longer than the times of interest in the formation 
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of the line, i.e. 

t 	>> 1/A w 	 (3.5) 

and therefore the perturber motions can be neglected during 

the radiation processes. 	Since the adiabatic condition 

(3.2) will also be valid, the broadening takes place through 

the mechanism described in (3.2.1).  • Because of their long 

collision times this approximation is usually valid for the 

treatment of the ion broadening. 	However, on the line wings 

(Au) large) the quasistatic approximation should also be valid 

for the electrons. 	It should be noted that this approximation 

will break down near the line centre (Aco 	0). 

An outline of the method of calculating the broadening 

in this approximation has already been given in sufficient 

detail in (3.2.1)  and will not, 'therefore, be discussed further. 

3.5.2. The Impact Regime (tc  << 1/aw 

In the impact regime the collison time is short com-

pared with the times of interest in the formation of the line, 

i.e. 

tc 	1/A co 
	 (3.6) 
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This condition is the inverse of that required for the validity 

of the quasistatic approximation. 	Since (3.6) will be best 

satisfied whenAto -0, the impact regime will be most appro-

priate for the treatment of those parts of the profile close' 

to the line centre. 

Lorentz (see (7)) was the first to consider the impact 

regime in the treatment of line broadening phenomena. 	In 

order to calculate the profile of a pressure broadened line, 

Lorentz made the following assumptions: 

a) The emitters and perturbers could be represented 

by classical oscillators and hard spheres respectively. 

b) The collision time t
c 
was much less than the time 

between collision 1/0
c
, where G,

c
is the collision 

frequency. 

c) Each collision interrupted the oscillator completely- 

Lorentz Fourier analysed the radiation emitted by the 
) 

randomly interrupted oscillators and obtained the following 

result for the line profile, I(Aw): 

1 (3.7) 
1 4. (.._a

c)

2 

w 

This profile has since become known as the Lorentz profile 

and arises whenever the broadening takes place in the impact 
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regime. 	It is to be noted that'this theory does not predict 

a shift of the line. 	From (3.7) the ,12-- - 2  width of the profile 

is w
c
, the collision frequency. 

The result obtained by Lorentz illustrates the following 

point. 	In deriving the profile it was assumed that t c . 

However, We was found to be equal to the i - z  width of. the 

line, so that the condition that the duration of the collision 

be much less than mean time between collisions, i.e. the coll-

isions are separated in time, corresponds to the condition (3.6) 

for the impact regime. 

Although the LOrentz impact theory can in certain cir-

cumstances predict the correct form of the profile the theory 

has the following defects; 

a) The interaction mechanism is not specified, nor 

for that matter is the perturbation. 

b) The radiation emitted during a perturbation is 

neglected. 

c) Contrary to experimental evidence, the theory does 

not predict a shift. 

In the so-called 'phase shift model' of Stark broaden- 

ing, Weisskopf (see (.7)) it is assumed that the collisions 

are separated in time, and that these collisions cause 
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phase shifts in the emitted radiation rather than interrupt 

the radiation completely. 	Thus the perturbations are assumed 

to be adiabatic and therefore the broadening takes place through 

mechanism (3.2.1). 	The form of the interaction is specified 

and the perturber motions are characterized by their impact 

parameters and velocities. 	In calculating the phase shifts 

Weisskopf assumes that only collisions resulting in phase shifts 

greater than unity are effective in broadening the line. 

These collisions. are caused by perturbers with impact parameters 

less than p1.4  the Weisskopf radius- This cut-off on the impact 

parameter is made necessary by the fact that Weisskopf's exp--

resssion for the width diverges at large impact parameters.. 

The resulting profile is an unshifted Lorentzian with a half-

width w given by: 

w 	= N f vf (y) r p2cv)dv 
	(13_8 

where N is the perturber density, v is the perturber velocity 

and f(v) the velocity distribution function. 	The linear dep- 

endence on density arises from the assumption that the collisions 

are separated in time. 

Lindholm (see (7)) in his 'adiabatic impact theory' 

also made the same initial assumptions as Weisskopf. 	However, 
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by using a procedure similar to the impact approximation in 

modern line broadening theory (see below), he is able to .  

avoid the upper cut-off on the impact parameter. 	Hence all  

phase shifts were considered. 	The resulting profile is a 

shifted Lorentzian with a :21- 	width w and shift d given by: 

w 	=_ N f[1 - cos 0 C p , v  ).] d v 	(3.9) 

d = Nf[sin 0 (.p ,v)]dv 	 (.3.10) 

where N is the perturber density, 0(p ,v) is the phase shift 

produced by a single perturber with impact parameter p and 

velocity v, and 
i 

 dv is given by: 

fdu = fvf(v)dvf 2 r p dp 

Equations (3.9 ) and (3.10) show that the width arises mainly 

from collisions producing phase shifts of- r and the shift 
toktch 

Prot _ collisions produce phase shifts of - 7r/2. 	The absence 

of a shift in the Weisskopf theory therefore results from the 

neglect of collisions which produce small phase shifts. 

Lindholm also calculates the shift to width ratio and 

shows that it is a constant dependent only on the interaction 

between the emitter and perturber. 	For lines exhibiting the 
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quadratic Stark effect the shift to width has a value of N/3 . 

Although an improvement on previous calculations, 

the adiabatic impact theory of Lindholm has two major limita- 

tions. 	Firstly, the model obviously does not take into account 

non-adiabatic effects due to electron collisions. 	Secondly, 

the Model assumes that the collisions are separated in time. 

In a plasma this assumption is invalid because the long range 

nature of the Coulomb interaction results in many simultaneous 

perturbations of'an emitter. 

Both these difficulties are resolved by the formulation 

of the so-called'Modern"line broadening theory by Baranger (8), 

and Kolb and Griem (9). 	The basis of this theory is the impact 

approximation. 

3.5.3. The Impact Approximation  

The impact approximation assumes that a time interval 

At (essentially an observation time) can be found such that 

the following conditions are satisfied: 

a-) The distribution of perturbers around the emitter 

at the beginning and end of the interval Z.t are 

statistically independent. 

b) At is so short that the wave functions of the 

emitter remain substantially unaltered. 
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For condition a) to be satisfied At must be longer 

than the electron correlation time, i.e. 

At > Vcor 	 (3.11). 

where co is the electron plasma frequency. 	Condition b) 

will be satisfied if the collisions are weak (i.e. collisions 

which have only a 	small effect on the emitter wave function) 

or alternatively, if A t is much less than time between strong 

collisions (i.e. collisions which have a large effect on the 

emitter wave functions). 	If, at the worst, the line width 

results entirely from strong collisions, which terminate the 

emission completely, then the Lorentz impact theory (3.5.2)  shows 

that-the 	width w is equal to the collision frequency. 

Hence the interval between strong collisions is - 1/w and con.- 

dition b)will be satisfied provided:: 

At < 1/w (w is in angular frequency units) 	(.3..12) 

From (3.11) and (3.12) the validity condition for the impact 

approximation is: 

w <<ca 
	 (3.13) 
p 
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The condition (3.13) can be identified with that for impact 

regime (3.6). 	Since co 	vt/ pp  where vt is the thermal 

velocity of the perturbers and fib is the Debye radius, (3.13) 

can be re-written as: 

PD 
7
t 	w 
— << 1 (3.14) 

But plo  is the largest impact parameter for a perturber 

(because of shielding for p > PD  (see 3.6)) so that the left hand 

side (3.15)corresponds to the maximum duration for a collision. 

Consequently when the impact approximation is valid: 

t cK 1/14 

It should be noted that (3.13) can be over-:restricted since 

the perturbers which cause most of the broadening are not nec-

essarily those with p 

As seen above, the weak collision assumption is of 

central importance in the impact approximation. 	A collision 

will be weak, in the sense discussed above, when:.  

Vt 
	 (3.15) 
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where the interaction V is given by (3.1), t
c is the duration 

of a collision, and h is Plancks constant. 	The dipole moment 

in (3.1) can be estimated by ea
on
2, where n is the principal 

ouantum number of the upper state of the line, and the electric 

field due to a perturber by e/p 
2
, tc  is given by (3.4). 

Hence, the condition (3.15) for a weak collision becomes:_ 

eta n2 
o 

 

0.2 n2 (3.16) 

Thus it is seen that the weak collision assumption is best 

satisfied for distant high velocity perturbers. 

When the impact approximation is valid, i.e. the coll-

isions are weak, the cumulative effects of many collisions 

are required to disturb the emitter appreciably. 	Because 

these collisions are weak their effect on the emitter can be 

calculated using a time dependent perturbation theory in which 

only the first non-vanishing term in the perturbation expan- 

sion need be retained. 	It is then found that the effects 

of many simultaneous perturbations are scalarly additive. 

Thus, the cumulative effect of N perturbers interacting with 

the emitter for time At can be found by calculating the 

average effect of a single perturber in time At and then mul- 

tiplying by N. 	If, during the time At a strong collision 
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occurs then condition b) will not be satisfied. 	However, 

as seen above, when the impact approximation is valid, strong 

collisions are rare events. 	Thus when a strong collision 

occurs the weak collisions which are occurring at the same time 

can be ignored and only one perturber, the strong one, need 

be considered. 	Providing the weak collisions give the dominant 

contribution to the width then it is sufficient to estimate 

the strong collision contribution by assuming that these coll- 

isions completely interupt the emitter. 	The additional width 

can then be calculated from a Lorentz-Weisskopf type.  theory, 

i.e.  Eqn (3.8). 

It is found that when the perturbation calculation, 

for the effect on the emitter of the interaction with a single 

perturber, is evaluated the result can be expressed in terms 

of the so-called S matrix (see Baranger (loc. cit.)). 	This  

matrix contains all the information concerning the phase 

(adiabatic effects), and amplitude changes (non-adiabatic effects) 

of the wave functions produced by the weak collisions. 	In 

order to evaluate S a further approximation is usually made. 

3.5.4. The Classical Path Approximation 

Although the S-matrix can be evaluated using quantum 

mechanics, it is usual to make the 'classical path approximation'. 
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This approximation assumes that: 

a) The perturbers can be treated as classical part-

icles moving along well-defined trajectories. 

b) The motion of a perturber remains undisturbed 

even when it interacts non-adiabatically with 

the emitter. 

Condition a) will be valid if the perturber can be treated 

as a wave packet whose extent is negligible in comparison 

with its impact parameter, over the entire duration of the 

collision. 	Baranger (loc. cit.) shows that this is satisfied 

when the parameter satisfies: 

(3.17) 

where X is the de Broglie wave length of the perturber. 

Essentially (3.17) says that the angular momentum of the per- 

turber, about the emitter must be large. 	Condition b ) will 

be valid when the energy E E transfered from the perturber 

to the emitter (an inelastic collision), or received by the 

perturber from the emitter (a super-elastic collision) is 

small compared with the incident energy E of the perturber. 

Thus the perturber can influence the emitter but the latter 

is assumed not to influence the perturber. 
	This assumption 
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is usually referred to as the 'no back reaction' condition. 

If the energy E is identified with the mean thermal energy 

of the perturbers kT where T is the temperature of the plasma 

then the 'no back reaction' condition will be satisfied when:: 

kT >> L E 
	

(3.18) 

Most non-adiabatic collisions lead to excitation, rather than 

de-excitation, of the radiating electron because cross-sections 

are usually much larger for the former process (Griem (1)). 

Hence LlE corresponds to the energy separation between the 

state the radiating electron initially occupies and the next 

higher state. 

It will be noted that when the condition (3.16), for 

a collision to be weak, is multipliedthroUghout hy.f,the mass 

of the perturber it is seen that the condition also corresponds 

to the angular momentum of the perturber being large. 	Conse- 

quently, when the impact approximation is valid the validity 

condition (3.17) for the classical path approximation will 

also be satisfied. 	Conversely, strong collisions arise from 

perturbers with small angular momenta, for which the classical 

path approximation cannot be used. 	The effects produced by 

strong collisions.mustbe calculated quantum mechanically. 
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These calculations would be extremely difficult because the 

Born approximation, which is applicable when the energy of 

the perturber is large in comparison with interaction energy, 

cannot be used. 	However, as stated previously, providing 

the weak collisions dominate the broadening a simple estimate 

of the strong collision contribution does not_seriouly affect 

the final result. 

3.6. 	Debye Shielding and Ion-Ion Correlations  

In the preceeding discussion it is assumed that the 

charged perturbers move independently of each other. 	However, 

because of the long range of the Coulomb interaction this 

assumption cannot be valid and interactions (or correlations) 

of the perturbers must be considered. 	The manner in which 

these interactions influence the ion and electron broadening 

are as follows:- 

3.6.1. Ion Broadening 

The interaction of an ion with its surrounding particles 

reduces the ion field strength and hence the amount of ion 

broadening. 	This reduction in field strength is caused by 

two effects. 	The first effect is Debye shielding whereby the 

1) 
cloud of electrons, which on average surrounds and moves with 

anion, screens the field of the ion. 	The second effect is 

1) The term "cloud" is a statistical rather than physical concept since 
by charge neutrality the total number of electrons in the cloud can not 
exceed unity (in the case of a singly ionized plasma). 
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the repulsive interaction between the ions, usually referred- to 

as 'ion-ion correlations', this effect corresponds to the 

screening of an ionic field by ions. 

3.6.2. Electron Broadening 

For the electron impact broadening the times of interest 

in the formation of the line (see 3.4.1)  are usually so short 

that the ions are unable to move appreciably in these times. 

The ions, therefore, play no active part in the screening and 

simply act as a neutralizing background. 	The screening of a 

field due to an electron arises from the interactions with the 

surrounding electrons. 	In the study of line broadening phen-

omena it is usual to use the Debye approximation to calculate 

the electron shielding; however, see (5.3.5).  The Debye 

    

approximation assumes, firstly, that the rapidly fluctuating 

potential, V(r) and charge density, in the vicinity of an 

electron, can be replaced by time averaged and smoothed values. 

Secondly, the electrostatic energies of the electrons are 

small compared with their thermal energies. 	In this approx-

imation the potential .V(r) due to an electron is given by: 

V(r) e — • exp 	) r 
D 

(-3.19) 

Assuming only electron shielding the Debye radius f
'I) 

is 



given by: 
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eD 
kT 	2  

L 4 r e21T 
e 

(3.20) 

Eqn (3.19) shows that for r > pD  where r is the distance from 

the perturber, the potential, and hence the interaction, 

decreases rapidly. 	Thus when calculating the electron broaden- 

ing of a spectral line, using a formalism which does not contain 

implicitly the effects of Debye shielding, care must be taken 

to exclude perturbers whose distance p from the emitter satis-

fies p>pD otherwise the width and shift may be overestimated, 

or even diverge. 

If E or!  is the energy separation between the levels ct 

and or! then Debye shielding will be important when: 

Ea , LJ > a 
P 

(3.21) 

where w is the electron plasma frequency, and h Plancks 

constant. 	This result can be understood by considering the 

condition (3.3) for a perturbation induced transition, i.e. 

/0/v < fi/Ecice  . 	Assuming that the important perturbers 

are those with the thermal velocity vt then the maximum impact 

parameter a perturber can have and still induce a transition 

is given by: 
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(3.22) v t 	 Erice 

Now if /
Max 

?..; pp then according to the above discussion the 

perturbers with impact parameters satisfying /°D <p 	p max 

are unlikely to produce transitions because the strength of 

their interaction is reduced by shielding. 	Hence, Debye 

shielding effects must be taken into account when fmax -?; PD 

or from (3.22) when: 

V . 	• 
121)  Ecla

t 

v 
t Using 	

P
, (3.23) reduces to: 

(3.23) 

E 	 C4ccoe 	 (3.24) 
dd 

where coecce  is the frequency separation of the levels m and oe . 

Debye shielding will, therefore, be important when the plasma 

frequency is greater than the frequency separation between the 

levels e and oe 	Conversely, Debye shielding will be neg-

ligible when the plasma frequency is much less than frequenCy 

separation between the levels& and of: . 
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3.7.. 	The Classification of Lines and the Characterisation 
of their Profiles 

In the line broadening literature the terms isolated 

lines, hydrogenic (or overlapping lines), and lines containing 

forbidden components often arise. 	These terms will now be 

defined and the factors which determine their profile will be 

briefly summarised. 	For simplicity it is assumed that only 

the upper level of the line is significantly broadened. 

3.7.1. Isolated Lines 

A line is described as isolated when its 	width w 

satisfies the condition:. 

w << coma, 	 (3.25) 

where tJoLce  is the unperturbed separation between the upper 

level of the line oc and the nearest perturbing level of . 

Assuming that the upper level of the line has an orbital angular 

momentum quantum numbers , the perturbing levels, for an 

isolated line, are determined by the parity selection rule 

= ± 1 and, for L-S coupling, AS = 0. 

If the line width in (3.25) is replaced by the splitting 

of the magnetic sublevels that would be produced by an electric 

field, then the condition for a line to be isolated is the same 



49 

as that for a line to be subject to the quadratic Stark effect. 

Hence, in a plasma, the splitting of the magnetic sub-levels of 

an isolated line, produced by the ion microfield, will be deter- 

mined by the quadratic Stark effect. 	The broadening produced 

by this splitting is usually negligible in comparison with that 

produced by, electron impacts. 	Since impact broadening 

produces a Lorentz profile (see 3.5.2.), the profile of an iso-

lated line will be essentially Lorentzian with additional 

broadening, and some asymmetries, introduced by the overall 

shift of the magnetic sublevels in the ion microfield. 	In the 

absence of Debye shielding effects the width and shift of an 

isolated line are directly proportional to the electron density. 

The Characterisation of the Profile of an Isolated Line  

The Profile.  of an isolated line is characterised by 

the following Stark broadening parameters; 

w = electron impact i-i width (in wavelength units) 

d = electron impact shift 	( If 	ti 	u.  ); 

a = ion broadening parameter 

R = Debye Shielding parameter for the ion microfield 

a = a parameter which determines whether or not the 

ion broadening can be treated by the quasistatic 

approximation 

These parameters are defined in Chapter V. 	If the quasistatic 
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approximation is valid for the ions ( a > 1) the profile of the 

line (in wavelength units) I(7 ) can be obtained from the so-

called reduced profile j 2(x, a) using: 

I(X) =—/ 
1 JR(x, a) 	 (3.26).  

where 

)1/4 - Ao 	- d x 
w 

Here .Xo 
is the unperturbed wavelength of the line. 	If only 

half widths and shifts are required they can be calculated from: 

wT 
	. 	1.75 a (1 - 0.75.R)]w 

	
(3.27) 

dT 
	= 	2.0 a (1 - 0.75.R)] w 	• (3.28) 

where wT and dT 
are the total 1-1 width and shift respectively 

resulting from the electron and ion broadening. 	These equations 

are valid when a < 0.5 and R < 0.8. 

For the cases where the quasistatic approximation is 

not valid, i.e. when a <1 the reduced profiles j(x, a , a ), 

which are obtained using the adiabatic impact theory for the 

ions, should be used. 	Again, if only 1-1 widths and shifts 

are required they can be obtained from: 

wT = (1 1.36 	a8/9  0-1/3)w (3.29) 

dT = (d/w 2.36 a"  a-1/3)w (3.30) 
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In this regime the line profile, resulting from the electron 

and ion broadening, is Lorentzian. 

The reduced profiles jR(x, a ) and j(x,cx, a) are tab-

ulated in (1) together with the line broadening parameters. 

However, more accurate values of the line broadening parameters 

than those given in (1) are tabulated in (6.10). 

3.7.2. Hydrogenic (or Overlapping) Lines 

If the upper level of a line is degenerate with respect 

to the orbital angular momentum quantum number 	the line is 

said to be hydrogenic. 	The Stark splitting of the magnetic 

sublevels of a hydrogenic line, produced by the ion microfield, 

are governed by the linear Stark effect. 	In contrast to 

isolated lines, the Stark splitting is the major factor in det- 

ermining the overall shape of the profile. 	However, the 

detailed shape of the profile depends also on the electron 

impact broadening of the Stark components and since this broad-

ening is .of the same order as the Stark splitting the Stark 

components overlap (hence the name 'overlapping lines'). 

Another, and fundamental, difference between the broadening of 

an isolated and hydrogenic line is concerned with the perturbing 
A 

levels. 	In the case of an isolated line the line radiation 

which arises from the perturbing levels falls in the region of 

the spectrum different to that of the line. 	For a hydrogenic 

line the perturbing levels and the levels which form the 
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upper state of the line are one and the same, i.e. the 

magnetic sublevels of the upper state split by the ion micro- 

field. 	Consequently thelines originating from the perturbing 

levels also form the observed line. 	A perturbation induced 

transition, therefore, not only affects the radiation arising 

from thein4.tial state but also that from the state into which 

the radiating eledtron is transfered. 	Hence the radiation 

from the two states will be correlated, and because of this, 

the electron impact broadening of a magnetic sublevel no longer 

produces a Lorentzian profile, but instead contains an asymmetry, 

The half width of a hydrogenic line is proportional to N3. 

This is because the Stark splitting of the line is - proportional to 

the ion field strength, which is in turn proportional to Ne  

The Characterisation of the Profile of a Hydrogenic Line  

The profile of a hydrogenic line (in wavelength units) 

can be obtained from the so-called reduced profile S( a) by 

using: ' 

1(AX) = s( a )./F0 	 (3.31) 

Here a = LO‘/F
o 

and is not to be confused with ion broadening 

parameters for an isolated line. LO‘ is the wavelength separ-

ation from the position of the unperturbed line, and Fo  is the 

Holtzmark normal field strength. 	F
o 
is defined as the electric 
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field strength produced at the origin by an ion at a distance 

corresponding to the mean ion separation, i.e., 

,2 
F
o 	

r Ne/3 j e (3.32) 

Note that (3.32) is only valid for a singly ionized plasma. 

Tabulations of the reduced profiles S( a) for a number 

of H and Hell lines are given in (1). 

When only half widths are required they can be obtained 

from the relationship: 

2 
-1 3  

[Ne C(Ne ,TILI 	A°  (3.33) 

where w is the half width of the line and C(N e 1 eT) is coefficient 

that is only a weak function of the electron density and temperature 

These coefficients are also tabulated in (1). 

3.7.3. Lines Containing Forbidden Components 

Lines containing forbidden components arise when: 

w 	 oc 
	 (3.31+) 

where w and wow,. have already been defined in (3.7.1.). 	The 



54 

reasons for the appearance of the forbidden components may best 

be understood by considering the effect of increasing the 

electron density has on a line which may be Considered to be 

isolated at low electron densities.. 	Wien the electron density 

has increased to a value where the line width satisfies (3.34) 

the quadratic Stark effect, applicable to isolated lines', under- 

goes a transition to the linear effect. 	This transition is conn-

ected with the mixing of the wavefunctions of the levels 04 and o.' 

by the ion field. 	A further result of the mixing is the break- 

down of the parity selection a = ± 1, and hence the appearance 

of forbidden components, corresponding to Ai = 0 or - 2, 

at the expense of the intensity of the allowed component. 

The intensity of the forbidden component depends strongly on 

the degree of mixing, i.e. on the ion field strength which in 

turn depends on the electron density. 

As the electron density is further increased the line, 

now comprising the allowed and forbidden components, will 

become hydrogenic. 

The Characterisation of the Profiles of Lines with Forbidden  
Components  

Because of the complex behaviour of lines containing 

forbidden components their profile must be calculated for each 

plasma condition, since scaling laws cannot be applied. 	Such 

calculations have only recently become available (see (11Yand (12))- 
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CHAPTER IV  

A REVIEW OF PREVIOUS INVESTIGATIONS  

OF THE STARK BROADENING OF HELIUM LINES  

4.1. 	Introduction  

Next to hydrogen lines, the lines emitted by neutral 

and ionized helium are the most suitable choice for experiments 

designed to test the predictions of the modern line broaden- 

ing theory. 	This is because atomic matrix elements can be 

calculated with good accuracy (,--5%) for helium and unperturbed 

energy levels are well known. 	The spectrum of neutral helium 

is also of considerable interest because it shows good examples 

of the types of line to which the modern line broadening theory 

has been applied, i.e. isolated lines, hydrogenic (or over-

lapping) lines, and lines which are neither isolated nor hydro-

genic such as lines containing forbidden components. 

Besides being a useful test of the modern line broad-

ening theory the Stark broadening of helium lines has a practical 

application in the diagnosis of laboratory plasmas. 	Such  

lines are especially useful in the study of plasmas at temper-

atures Where hydrogen would be fully ionized, or at high densities 

where hydrogen lines are so wide that they might interfere with 

other lines under investigation. 	An accurate knowledge of the 
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Stark profile of the HeI resonance line is required in the 

method of determining its oscillator strength from the sat- 

urated emission profile, (Lincke (21)). 	Recently, the Stark 

profiles of Hel lines which contain forbidden components, 

have become important in connection with the so called 'plasma 

satellites' (see Baranger and Mozer (40)) which may be excited 

on each side of a forbidden line when strong non-thermal 

oscillations exist in a plasma. 

Outside the laboratory, the Stark broadening of helium lines 

is of astrophysical interest; notably in the study .of the 

surface gravities of B-type stars. 
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4.2. 	Previous Investigations of the Stark Broadening of  
Helium Lines  

The modern line broadening theory, developed indep-

endently by Baranger (8) and Kolb and Griem (9) was first applied 

to the Stark broadening of helium lines by Griem and Shen (13) 

who considered the lines of Hell with wavelengths 4686 A0  and 

3203 A°. 	As these lines are hydrogenic the method of calcu- 

lating the profiles was a direct extension of that used for 

hydrogen lines such as H (14); .except that the straight line 

paths of the perturbing electrons were replaced by hyperbolic 

lines to account for the Coulomb interaction between the ion 

and the individual perturbers. 	The accuracy of these calcu- 

lations, which were made for a range of densities and temperatures, 

was expected to be ,,,10%. 

The preceding calculations were followed by those of 

Griem, Baranger, Kolb and Oertel (10) (usually referred to as 

the G.B.K.O. theory) who applied the theory to the Stark broad- 

ening of isolated neutral helium lines. 	Stark broadening par-

ameters for 24 lines were calculated and the accuracy of the 

calculations was expected to be 	20%. 

G.B.K.O. compared their calqulated half widths with 

the measurements of Wulff (15) which had been made a number of 

years before the introduction of the modern theory. 	Wulff 

used a pulsed arc and time integrated photographic recording 
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to obtain the profiles of a large number of neutral helium 

lines. 	The electron density in the arc was determined from 

the volume of the discharge, the initial pressure and the 

degree of ionization. 	Relative line intensities were used 

to determine the electrOn temperature. 	G.B.K.O. found that 

the electron densities, obtained from the measured half widths 

using their calculated parameters, only deviated by - 10% from 

the mean value of 2.5 x 1016cm-3.. 	This electron density is 

20% below that quoted by Wulff: 
	

The shifts were then calcu-

lated using the new electron density and were found to agree 

with the measured shifts to within the experimental accuracy. 

G.B.K.O. also analysed the measured half widths using the 

adiabatic theory of Lindholm (see(7)). 	The densities obtained 

using the adiabatic theory deviated by up to a factor of 1.5 

from their mean value. 	Also the measured shift to. width ratios 

were much less than the value of1/3 predicted by the adiabatic 

theory... 

Using the electron density above, G.B.K.O. also calculated 

the complete profiles of one isolated line (the HeI4-713 ° 

line) and one line with a forbidden component (the HeI 3965A°  

line). 	The resulting profiles were compared with those 

measured by Wulff and good agreement was found. 
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The first experimental attemnts to verify the line 

broadening calculations for HeI and Hell lines were made by 

Berg et al (16) using a T-tube. 	Electron densities were 

measured from absolute continuous intensities and electron 

temperatures from line to continuum ratios, or from relative 

line intensities. 	Typical electron densities were 

-.1.4 -x 1017cm-3 
and the temperatures were between 2 x 10

4 
 °K 

and 4.9 x 10
4 °

K depending on the line under investigation. 

Shot-to-shot scanning was used to obtain the profiles. 	The 

measured and theoretical half widths, for both HeI and HeII 

lines, agreed to within 10%. 	However,. the measured shifts 

were found to be systematically smaller than the calculated 

values. 	The poor agreement for the shifts was thought to be 

due either to Vnhomogeneities in the plasma, the neglect of 

electron correlations (Debye shielding) in the calcUlation of 

the shifts, or that for some of the lines the transition from 

the quadratic to the linear Stark effect occurs at lower ion 

field strengths than expected. 

For one of the Hell lines measured by Berg et al, the 

Hell 4686A°  line, a blue shift of -.1A°  was found. 	At the 

time this shift was attributed to the so called 'plasma pol- 

arization shift'. 	However, a number of objections were raised 

to this interpretation, e.g. Burgess and Cooper (17), and 
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later measurements by Berg (18) failed to reproduce the earlier 

results. 	Instead, two SiIII lines were found on the blue 

wing of the line. 	Besides this result, Berg also measured 

the profile.of the HeII 4686A°  line for densities ranging 

from 1017  - 	x 1017  cm-3 4 	. 	Good agreement was found for the 

complete profile. 

In the measurements of isolated lines discussed so far 

no attempt was made to cover a range 'of densities. 	Measure- 

ments of the half widths of isolated lines, over a range of den-

sities were made by Botticher et al (19) using a.stationary arc. 

Profiles were recorded photographically and electron densities 

and temperatures were obtained from absolute continuous meas- 

urements and relative line intensities respectively. 	Half 

widths and shifts were measured for densities ranging from 

3 x 1015  - 3 x 1016 cm
-3
. 	However, in a later publication 

(20) it is mentioned that for electron densities greater than 

1016 cm-3 the measured half widths were systematically under-

estimated owing to an error in the photographic procedure. 

For densities less than 10
16 

cm-3  the measured half widths 

were generally in agreement with theory and also showed the 

expected linear dependence on density. 	The shifts are more 

interesting since they should not have been affected by the 

error in the photographic procedure. 	At low densities the 
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measured shifts were generally in good agreement with theory 

and most of the lines showed a linear increase with density. 

However, at higher densities significant departures from lin-

earity occurred, the measured shifts being less than the 

theoretical values. 	These departures increased with density: 

Although nO explanation was given by the original workers, 

this behaviour is consistent with the expected effects of 

Debye shielding (see 1,1). 

An investigation of the asymptotic wing formula for isola-

ted lines given by G.B.K.O. (see 5.2.1)  and the asymmetries of 

these lines has been made by Roder and Stampa (20). 	Measure- 

ments were made at 3 different densities 3.8 x 1015, 7.2 x 10 
15 

and 1.7 x 1016  cm-3  using procedures similar to Botticher et 

al ( 19), 	except the profiles were recorded photoelectrically. 

From these measurementstwo parameters were deduced. 	Firstly, 

from the measured slope of the wings the exponent n in the 

asymptotic wing formula, Icci1X-11  was obtained. 	Here I is 

the wing intensity and.  SX the wavelength separation from the 

line centre. 	For the wing opposite that to which the line 

is shifted the value of n is 2 and for the other wing n grad-. 

ually approaches the value 7/4. 	Secondly, the ion broadening 

parameter a can be obtained by measuring the asymmetry of the 

profiles. 	Measurements of n were made for a total of 11 lines 
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and a for 7 lines. 	The overall agreement was good except 

for a discrepancy of a factor of-.2 in the value a for the 

HeI line at 4713A°. 

Lincke (21) re-evaluated the measurements of the half 

widths of isolated HeI lines made by Berg et al (1664-cit, 

using the line broadening parameters calculated by Griem (1). 

He assumed that ion broadening could be treated by the quasi- 

static approximation. 	The results showed that the theoretical 

half widths were too_ large by typically ,--10%, but in some 

cases by as much as 16%. 	Measurements made by Lincke con- 

firmed these results. 	Lincke thought that these discrepances 

probably resulted mainly from the neglect of the time dependence 

of the ion field which tends to over-estimate the width and 

possibly also from the neglect of Debye shielding in the cal-

culations of the Stark broadening parameters. 

Griem (1) also appliedtile G.B.K.O. theory to the Stark 

broadening of the isolated lines of singly charged ions. 

Measurements of the half widths of these lines (see Roberts (22)) 

revealed large discrepancies, up to a factor of 10, in the 

half widths. 	In an effort to explain these results, the G.B.K..0. 

theory was examined in some detail; notably by Oertel (23) 

and Roberts (22). 	Oertel's work led to a number of improve-

ments of the theory as applied to the isolated lines of neutral_ 
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atoms. 	He found that the functions a(z) and b(z) (see (10)) 

used by G.B.K.O., to calculate the Stark broadening parameters, 

were numerically inaccurate. 	Oertel derives corrected 

functions and used them to calculate the Stark broadening 

parameters for the HeI 5876A°  including Debye shielding. 

Later, Oertel (24) extended this work by including also the 

lower state broadening and the next higher term in the multipole 

exapnsion of the interaction, i.e. the quadrupole term. 	These 

calculations were performed for the four HeI lines at 5876A°, 

3889A°, 4713A°  and 5016A°. 	Although Oertel did not make a 

detailed comparison with the experimental widths available 

in the literature, he did note that the generally smaller widths 

predicted by his calculations were in better agreement with 

the experiments of Lincke than were those of Griem. 

Profiles of lines with forbidden components have been 

measured by Wulff (15) and Sadjian et al (25). 	These measure- 

ments were made at a single density. 	Measurements of the 

half widths of such lines, over a range of densities, have 

been made by Botticher et al CLoc.citO, and Hermel and Seliger 

(26). 	However, theoretical profiles and half widths with 

which to compare the above measurements were not available. 

The only calculations, using the modern line broadening theory, 

of the complete profile of line with a forbidden components was 

reported in the G.B.K.O. paper and have already been commented on. 
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4.3. 	Proposed Theoretical and Experimental Investigations  

The above review indicates the situation, with regard 

to the theoretical and experimental investigations of the 

Stark broadening of helium lines, at about the time the work 

to be described in this thesis was commenced. 	The following 

points were thought to be of especial interest and form the 

topics to be discussed in this thesis. 

4.3.1. Theoretical Investigation 

Stark broadening parameters for isolated HeI lines which 

have been calculated using the accurate a(z) and b(z) functions, 

and other modifications in the G.B.K.O. theory such as Debye 

shielding etc., were available for oilAt four lines (24). 

Whether or not these parameters are an improvement over the 

original ones of G.B.K.O. (10) and Griem (1), is not yet known 

since a detailed comparison between theory and experiment does 

not appear to have been made. 	The following investigation was 

.therefore undertaken by the present author: 

a) Stark broadening parameters were calculated for a 

number of isolated HeI lines (mainly those for which 

experimental widths and shifts are available) and 

the results compared with the calculations of other 

workers.. 
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b) The widths, shifts and ion broadening parameters 

obtained from the calculations were compared with 

experimental values. 

c) The Stark broadening parameters for 16 isolated HeI 

lines were calculated. 

The above work is described in Chapters V and Vland 

comprise the first part of this thesis. 

4.3.2. Experimental Investigation 

During the period that the theoretical investigation 

mentioned above was in progress the author was engaged in the 

design and construction of a Z-pinch pre-ionization.discharge 

for a theta pinch. Measurements of the properties of the plasma 

generated in the Z-pinch, when operating_in helium, suggested that 

the device might be'suitable for use as a spectroscopic light 

source for the study of the Stark broadening of helium lines. 

With the purpose of investigating this possibility, whilst at 

the same time making a contribution to the knowledge of the 

Stark broadening of helium lines, the experiments to be outlined 

below were proposed. 

As mentioned in the review a number of experimental 

investigations have been made of the Stark broadening of HeIIlines 

and good agreement with theory was found. However, these measurements 
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have been made at electron densities greater than 10
17cm-3 and 

although there is no'reason to believe that the theoretical 

profiles should not be just as accurate at lower electron den-

sities it is important to confirm that this is indeed so. 

It was also mentioned in the review that the measure-

ments of the profiles of lines with a forbidden component have 

been made, at a fixed electron density, by a number of workers 

(see (15 ) and (25 )). 	The variation with electron density 

of the half-width of such a profile has also been reported 

(see (26 ). 'But for astrophysical applications, such as the 

determination of the surface gravities of stars, it is the variation 

of the profile with electron density which is most important. As 

seen in the review no such investigation has been reported. 

In view of the above discussion the following experi-

mental investigations were undertaken: 

• 

a) The measurement of the Stark broadening of HeII 

lines at electron densities of < 1016cm-3 

b) The investigation of the variation with electron 

density of the profile of a line which contains 

a forbidden component. 

These investigations comprising Chapters VIIto III form 

the second part of this thesis. 



67 

CHAPTER V 

THE G.B.K.O. THEORY OF THE STARK BROADENING  

OF ISOLATED HeI LINES  

In this chapter. a review is given of the G.B.K.O. theory 

(1) of the Stark broadening of isolated HeI lines. 	Recent 

improvements to this theory will also be discussed. 

The G.B.K.O. theory contains the following assumptions: 

a) The impact approximation is valid, i.e. weak collisions 

dominate the broadening, and the motions of the perturbers can 

be treated by the classical path approximation. 

b) The model of the atom is that of a single electron moving in 

a central potential. 	Fine structure is neglected. 	Thus the 

theory will predict the same widths for the lines of a multiplet. 

c) Only the first term in the multipole expansion of interaction 

) between emitter and perturber is retained, i.e. 

V(t ) = 	d . E (t ) 	(5.1) 

where d is the dipole moment of the atom and E( t ) is the total 

electric field of tIle perturbers at the centre of the atom. 
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5.1. 	Electron Impact Broadening of Isolated HeI Lines  

As is usual with an impact theory, the profile of 

an isolated line broadened by electron impacts is Lorentzian. 

The profile, normalised to 
i 

 I (w) dw = 1, of a line 

arising from a transition from upper state cl. to lower stateA 

is given by: 

 

w2  + ( w 	walls- d 2 ] 1  

 

Im(w) = (5.2) 

   

where w and d are the electron impact i - i width and shift 

of the line respectively, and waft  is the unperturbed frequency 

of the line. 

In the G.B.K.O. theory w and d, for the level ot, are 

related to the corresponding diagonal matrix element of the 

operator obi: 

+ id = <celcDlot> 
	

(5.3) 

The operator 15 contains all the information concerning the 

effects of weak collisions on the emitter. 15 is related to 

the S matrix for a single electron collision by: 

(5.4) 

. <01101ot>= Nefvf(v). dvf2re at( —01 s 0:4>)AV 
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where ( 
	

)
AV 

corresponds to an average over all 

orientations of a collision. 	The factor (1 — <oliSIct> ) is 

evaluated by means of a perturbation expansion. 	The first  

order term vanishes (as do all the odd order terms for all 

multiples of the multipole expansion, Burgess (34)) when the 

angular average is performed. Of the even order terms only the. 

second is retained. 	This so called second order dipole term 

is given by: 

< oC I ral 	> <MI  i r.0  I a.> f dt 1  f dt2 • 
-00 	-co 

(505) 

exp [ i waa (ti  - t2)] x E1r(t1) Eiv  (ta) 

when 0. I ra.1 ot) 	etc. are components of the radial matrix 

elements connecting the upper state of the line cc to a perturb-

ing level 01' 646..cc  is the angular frequency separation of the 

levels oc. and a'. 	The components E1  (t1) etc. of the electric 

field at times t
1 
and t

2 
due to a perturber as it moves from 

position  r1(t1)   to position r (t
2 
 ) , are obtained from: 

— 

E
1 
 (t) = e r

1  (t)/r3(t) 
	

(5.6) 

where the path of the perturber is given by: 

t 
co 

2 
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r 	+ vt 
-1 

After performing the integrations over time and the average 

over angles, (5.5) reduces to: 

" 	<c(-1  s' c> )Av = 3 

2' 
Il 

2 
mev f  	lin°

ot,  Of- 

(507) 

[A(zace) + iB(zma)] . 

where zo:Li = wrap/v and A(z) is expressed in terms of the 

K
o and K1 

Bessel functions: 

A(z) = z2  [ Ko (IzI) + ei(lzI)] 	' (5.8) 

The function B(z) is related to A(z) by a principle, value integral: 

00 

2zP 	
z2 - z,2 c, 	

A(z).  
B(z) 	-7- 	dz' 

The term R2 , 
2 

in (5.7) stands- for KotIRI ot.'>I where R the 

radius vectors of the atomic electron, is now in atomic units. 

It is worth noting at this point that term matrix element, 

used by G.B.K.O. for <ocIRIoe> is misleading since <c4.1Rfa!› 

is not symmetric in the initial and final state. 	<ocIRIal> 

is in fact related to the standard radial integral for the 
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oscillator strength of the transitionce.-L-ci(see ((6.3)). 

After substituting (5.7) in (5.4), performing the-

integration over the impact parameter, and substituting the 

result in (5.3) the electron%impact weak collision width and 

shift are foubd to be given by: 

2 
/4-7r 	( w + id = — — ) Ne f 

f
v
v) 

3 
dv 

2 

EKetiRic>1 

(5.9) 
[
a(z

min 
 ) 	ib(zmaicil oca. 

where 

	

min 	oc.oCP  . 

	

Z  ace 	 t 
• v 

(5.10) 

and the function a(z) and b(z) which arise from the ta integ-

ration are given by: 

a(z).  
co 

f Acz ')  
z': 

z 

dz , b(z) 
03 

f B(z I)  
z' 

z 
dzi 

Although the p integral in (5.4) is convergent at the upper 

limit (fmax = co ) it diverges.atthe lower limit. 	The divergence 

occurs because at small p the collisions become strong and 

higher order terms in the expansion of the S matrix should be 
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included. 	Instead G.B.K.O. cut-off the p integration at an 
impact pmin  defined by: 

(1 -<oCISI fx>)Av 	1 	 (5.11) 

and from (5.71 

2 

min 

2 	2 
( - 

3 MV E Ihoc IRIa)12[A(zacan)  

(5.12) 

+ iB(zmin  ace 

The reason for this choice of cut-off can be seen by consider—

ing the expression for the S matrix given by Baranger (1i), i.e. 

<al S I a.> = exp ( 	— i (Pa  ) 	(5.13) 

where nix  is a real positive number associated with inelastic 

collisions and (pm  is a real phase shift associated with elastic 

collisions. 	Now suppose the collisions are strong and mainly 

inelastic, so that nm  is large and (pm , 0, then from (5.13) 

<DLISIM> will be N O. 	Alternatively, if the strong collisions 

are mainly elastic so that (pm  is large and nm-,0 then (5.13) 

will oscillate rapidly between t 1 and the mean value be zero. 
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The above cases are obviously limiting. 	In general there is 

no true division betWeen strong inelastic and strong elastic 

collisions. 	Consequently both types of collision will be 

contained in the strong collision term. 	However, it seems 

reasonable to take (5.11) as the condition for a strong collision. 

Expression (5:9) .therefore gives the -- - i width arising 

from weak inelastic collisions and the shift arising from weak 

elastic collisions. 	The weak elastic contribution to the width 

is contained in higher order terms which are not considered by 

G.B.K.O. 	These terms are usually, but not always, smaller 

than the weak inelastic contribution. 

To account for strong collisions, G.B.K.O. assume that 

all collisions with do.(/'min interrupt the emitter completely. 

These collisions do not give rise to a shift because shifts 

are caused by small phase changes (see 3.5.2). 	The contribu-

tion to the z  - 1- width arising from strong collisions is 

therefore estimated by the Lorentz-Weiskopf theory (see 3.5.2),  

i.e. 

ws
2  N

e fvf(v)dvrPmin (v) (5.14) 

As the strong collision cut-off procedure is somewhat 

arbitrary G.B.K.O. try to minimize the uncertainty by choosingpmin 
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such that the expressions for the width and shift reduce to two 

well defined limits; the so called high and low temperature 

limits. 

5.1.1. High Temperature Limit 

With increasing electron temperature, and hence inc-

reasing perturber velocity, the weak collision condition 

will be satisfied for increasingly smaller impact parameters. 

Consequently Amin will tend to zero with increasing temper-

ature. Thus in the high temperature limit the strong collision 

term is negligible and the width and shift are given by:: 

2 
(M) 	Ne 

f  f (v) dv ~KaIRI  ce>, 2 w + id = — 4 r  
oe 

(5.15) 

[in( I zeidl ) 

5.1.2. Low Temperature Limit 

At low electron temperatures, and hence small perturber 

velocities, the adiabatic impact theory of Lindholm (see 3.5.2) 

is valid. 	This theory-is only strictly valid for an S-state 

because in it the influence of the Stark effect on the magnetic 

sub-levels is neglected. 	Also the adiabatic assumption is 

not strictly valid because super elastic collisions can occur 

+ 2 
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even for small perturber velocities. 	However, both these 

effects should be small and G.B.K.O. give the following 

expression for the width and shift in the low temperature 

limit: 

5/3 4/3 
w 	* 	rLR .(1-) 

.3 
w 4- id e 

3 
2/3 	 (5.16) 2 

1<cc 1E1 c01 
<v4->A1T.(1 ±%/3  ) a. 	6)(1.ce 

G.B.K.O. obtain agreement with these two limits by 

choosing different cut-offs for the width and shift. 	The final 

expression for the electron impact width and shift of an 

isolated HeI line is: 

2 

	

i+71- 	13. 
w + id =- Ne 	f(v)dv ry Pmin  (v) + 3v 	

) 
i  

2 	(5.17) 

El<cdR1001 [a(zm,  i, ) + ib (* zotql ci.oc 

where Pminis  defined by: 

2 
Proin = 3 (4)-3/2 (.11.) 2  El<a.Lapi>1 

my 
(5.18) 

+ iB(zmi!1)] 
oL ce 	 a cx. 
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The functions e.(), b(z), A(Z) and B(Z), as calculated by 

G.B.K.O., are given in (1); however, see (5.3.1). 	It should 

be noted that in obtaining (5.17) the integration over p is 

extended to infinity, thus Debye shielding is neglected. 

Equations (5.17) and (5.18) are used by G.B.K.O. to calculate 

the electron impact i - i:width and shift to width ratio for 

24 isolated HeI lineS. 

The matrix elements are calculated by taking an average 

of hydrogenic values, and values obtained using hydrogen-like 

wave functions in which either the charge, or the principal 

quantum number (i.e. the Coulomb approximation (see (1)) are 

adjusted to give measured bound state energies. 

Broadening and shift of both the upper and lower states 

are taken into account by adding the widths and subtracting 

the shifts of upper and lower states. 

In the calculations of HeI line broadening parameters, 

made by Griem (1)., the matrix elements are calculated using 

the Coulomb approximation. 	Debye shielding and lower state 

broadening and shift are neglected. 

5.2. 	Ion Broadening of Isolated HeI Lines  

In the G.B.K.O. theory the ion broadening is treated 

by two approximations: 
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a) The Quasi-Static approximation (valid for small 
ion velocities). 

b) The Adiabatic impact approximation (valid for large 
ion velocities). 

To assess which of these approximations is applicable in 

a given situation G.B.K.O.. introduced a parameter a which they 

defined as the ratio of the characteristic time for an ion perturber 

t
c 
to that of line radiation tr i.e. a =- 

tC  /t r 
From (3.5) and (3.4.1) 

G.B.K.O. assume that /2i  is given by the mean ion separation, v. 

by the mean ion velocity v., and AN6) by the electron impact 

width w (expressed in angular frequency units). Hence: 
1 

[ LorN
e
]--a- 

= (5.19) 
Vi 	3 

Here it is assumed that the plasma is single ionized% 	From 

(3.5.1) the quasi-static approximation is valid where tc  >> tr 

or in terms of the above parameter, when a > 1. 	Conversely, 

the adiabatic impact approximation is valid when 4:r <1. 

However, by comparing the line profiles obtained using 

the quasi-static approximation for the ions with those obtained 

by taking into account the time dependence of the ion field 

(see 5.2.2)  fora -'1, Griem (1) has demonstrated that the quasi-

static approximation gives an adequate representation of the 

profile even when a = 1. 	Hence the quasi-static approximation 

is valid when a > 1. 

Pi_ AG) 
a = v. 

1 1 
2-2 
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5.2.1. Quasistatic Approximation (a > 1), 

In the absence of ion broadening, the electron impact 

profile of a line arising from a transition from an upper 

state at to a lower state 	is given by (5.2). 	To calculate 

the ion,  broadening G.B.K.O. assume that the broadening prod-

uced by the Stark splitting of the magnetic sub-levels is 

negligible compared with electron impact broadening. 	Thus 

the ion broadening is assumed to result entirely from the over all 

Stark shift of the magnetic sub-levels. 	Since an isolated 

line is subject to the quadratic Stark effect (see (3.7.1)), 

the shift Awc,c  of the levelck, produced by an ion field of 

strength F, is given by: 

= a 	Ca F
2 	 (5.20) 

where the shift is measured from the unperturbed position of 

the line Wad  , and Ca  is the quadratic Stark coefficient of 

the level ct , averaged over the magnetic sub-levels of the 

level ot . 	Co. is given by:. 

Cd = -3- (me 
2  

2 E  i<oL 

(., , 
OL 

(5.21) 

Taking the unperturbed position of the line as the origin of' 

the frequency(„), the equation of the line (5.2) in the presence 
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of an ion field F becomes: 

Ia. (4)) = 2  - '1 •[w2  + (co — Cct.  F2  — d)
2 

-1 
(5.22) 

The complete profile is then obtained by averaging the profile.  

(5.22) over the distribution W(F) of the ion field, i.e. 

I ( 	
= 171; 	W(F)dF  

w2 + (ca - ca.F2- d)2  
(5.23) 

Equation (5.23) is simplified by introducing the following 

parameters:: 

F/Fo  

where F
o 
is the Foltzmark normal field strength (see (3.7.2)),  • 

the ion broadening parameter 	which is defined by: 

C F2  = w « 4/3  
et o 

or using (5.21), (5.29):: 

a 
4rNe  1 

2 
2

1(04  1E1 cL>I2 
4 

(:r1) E 	 

	

, 	(A) 

	

a 	a OL 
(5.24) 

3 

 



for x/c4. > 0 1 	3d  

rx2 	4x7/4  

(x , 	= 	12-. 	for x/oc. 4: 0 

(5.26) 

(5.27).  

and: 

(c.) - d)/ w 

The so-called reduced profile is then obtained, i.e. 

8o 

I W( 0 )d/3 (5.25). 

1 + (x
4/32

)2  

G.B.K.O. evaluated i(x141) using for W(F) the Holtzmark.dist-

ribution function (which neglects the effects of Debye shielding 

of the ion field and ion-ion correlations) for various values 

of of. and for - 2 < x ‘. 5. 	For values of x greater than those 

given above G.B.K.O. derive the following asymptotic wing 

formula:: 

These formulae show that as a consequence of the ion broadening 

the profiles will be asymmetric, the asymmetry 	on the wing 
4 

towards which the line is shifted. 	This asymmetry arises 

because there is a finite probability of an ion coming extremely 
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close to the emitter and thereby creating a huge electric 

field. 	Such fields can shift the line a considerable distance 

from its unperturbed position. 

Griem (2?) later obtained improved reduced profiles 

by using ion field strength distribution functions calculated 

by Baranger and Moser (28). 	These functions, which include 

the effects of Debye shielding and ion-ion correlations, depend 

on a parameter R, the ratio of the mean ion separation and the 

Debye radius, i.e. 

= 1+1T N  -3 	lere  

PD 	3 e 	4 2N 
e 

1/6 1/3 1/6( 	J. 
e(9 7T ) 	3 	N

e 	
J7.T

e? 

(5.28) 

The reduced profiles are represented by jp(x,00, and can be 

found in (1). 	For values of x greater than those given in 

the tables in (1) the asymptotic wing formula can still be 

used since the wings of the line are formed by single perturbers 

coming extremely close to the emitter. 	For such perturbers 

shielding and correlation effects are obviously negligible. 

By inspection of the reduced profiles 
R. 

	Griem 

obtained approximate expressions for the i - z  width and shift 

of an isolated line broadened by both ions and electrons. 

These expressions are given in (3.7.1) 
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5.2.2. Adiabatic Impact Theory ( a <4 1) 

At low densities and high temperatures the quasistatic 

approximation may no longer be valid for the ions. 	G.B.K.O. 

treat this regime (a.r.<.< 1) by assuming firstly, that the per-
turbations produced by the ions do not overlap in time, so 

that their interactions are scalarly additive. 	Secondly, at 

the line centre, the perturbations are adiabatic, so that the 

broadening and shift are due to phase shifts in the emitted rad- 

iation. 	They also neglect the splitting of the magnetic sub- 

levels by the ion field. 	For the case a-4:41 G.B.K.O. obtain 

the following results .for the total 1 - width WT  and shift dT  

resulting from electron and ion broadening:. 

w
T = (I + 1.36 0P9  a-1/3)w 

dT 
	+- 2.36 a" Q-1/3)w 

where w and d are the electron impact 4. - I width and shift 

respectively, and oc is the ion broadening parameter. 	In 

this limit the line profile is Lorentzian. ' For the case 0- 4.1 

reduced profiles j(x,ce.,cr) are calculated for various values 

of o. and cs . 	These profiles can be found in (1). 	If x is 

larger than the values given in the tables, the asymptotic 

wing formula (5.26)- and (5.27), can be used. 
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5.3. 	Improvements to the G.B.K.O. Theory  

A number of improvements have been made to the G.B.K.O. 

theory; notably by Oertel (23,24) and Cooper and Oertei (29). 

In essence, most of the improvements correspond to the inclusion 

of higher order effects in the calculation of the electron 

impact broadening. 	The overall structure of the theory remains 

unaltered. 	The improvements are as follows: 

5.3.1. a(z) and •b(z) Functions 

Oertel (23) found numerical inaccuracies in the a(z) 

and b(z) functions used to calculate the Stark broadening par-

ameters for isolated HeI lines by G.B.K.O., and later by Griem 

(1). 	For both functions the errors are positive, and amount 

to 	5% at a(0.1) increasing to ,,, 40% at a(2.0. 	Similarly 

for b(z) the errors are ^-2% at b(0.1) and --, 20%. at b(2.0). 

Thus the errors will be most significant when z is large, i.e. 

low electron temperatures or large coaoti 

Whereas G.B.K.O. obtained a(z) numerically Oertel was 

able to derive the following analytic expression: 

a(z) 	= IzI Ko(1z1 ). K1( lzf). 	(5.29). 

where the Kn 
are modified Bessel functions. 
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5.3.2. 	Multipol_e Expansion 

Oertel (24) and Coopper and Oertel (loc. city, included 

the quadrupole term in the multipole expansion of the interaction 

V(t) i.e. 	the quadrupole 

action including this term 

v(t) 	_ 

term. 

is: 

R.r 

The expression for the 

(R.r)
2 - r2R

2] 

inter- 

(5.30) 
r _ [

e2 

2 
r _ 

+ 3 
2 r  

4 

where R is the radius vector of the atomic electron in atomic 

units, and r the radius vector of the perturber, with the emitter 

as the origin. With this additional term the S matrix for a 

single collision (5.7) becomes: 

(1  -<(g1Sle°-)AVm v22 

2 

 Ram ,[A(zam 	m + iB(z m  , p  
ce 

[A4(z...)  1 
10 

"S"‘.04 
ouy." 

oe' 

(5y1) 

where R2' ace = <01 1P100 and act 

2- 
=- <a I.11

2
icc  A4(z) and B (z) 

are functions which arise from the quadrupole term in C5.30) 'and 

are analogous to the dipole functions A(z) and B(z), the perturbing 

levels ot:' being determined by the quadrupole selection rules 

= 0, ± 2. 	The expression for the width and shift becomes: 



Jiw + id = N
e 	

vf(v).dv 

 

2 
( h ) 

my E Read a 
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3 

 

2 

	

, min . , 	(n, 	1 
[aAz , )fibtz 	) 	) 	(5.32). 

act, 	a cc 	 2 	ocoe L-7- a my 
ce  

24 	, mi 
am 	aozme

n 
 ) ib4 aa"  (zmin)]l 

where a.4(z). and b4(z) are analogous functions to a(z) and b(z) 

and zmin  is identical with that given in (5.1) but with p 

defined by putting (1 - <ocISIct> )-Av= 1 in (5.31). 	The inclu-

sion of the second order quadrupole term therefore, gives 

additional contributions to the weak inelastic width and weak 

elastic shift. 	With regard to the latter there exists some 

confusion in the literature. 	Sahal-Brechot (30) st-ltes that 

the quadrupole term is zero for the shift. 	This would of 

course conflict with the above result. 	However, an examin- 

ation of the equations in (30) shows that the latter author 

is refering to the first order quadrupole which does indeed vanish 

in the impact regime (see 5,1)=. 	The second order quadrupole 

was not considered in her calculation of the shifts. 

5.3.3. Inclusion of the Lower State. Broadening- and Shift 

When the broadening and shift of both the upper and 

lower state are considered G.B.K.O. show that the result (5.4) 

for the upper state only, should be replaced by: 
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w + id 	Nef vf(v)dv f2 ¶ /0 dp (I - <od Sla> < IS1p)Av 	(5.33) 

where S* is the complex conjugate of S, and A refers to the 

lower state,- However, to include the lower state broadening 

and shift in their tabulated Stark broadening parameters. 

G.B.K.O. did not use (5.33) but instead, calculated the width 

and shift of the upper and lower states of the line separately 

using (5.17). 	To obtain the total broadening and shift the 

widths are added and the shifts subtracted. 	This procedure 

overestimates the strong collision contribution to the width 

because Ain  should be defined by: 

(1 - <01.1s1 a.><Als.113> ).Av  — 1 	(3.34) 

rather than by the application of (5.11) separately to the upper 

and lower state. 	If Amin  is calculated from (5.34), and only 

the dipole term is included in the interaction then it is, correct 

to add the widths and subtract shifts of the upper and lower 

states. 

However, if the quadrupole term is present Cooper and 

Oertel (loc. cit.). show that an interference term is present 

in the expression for the width. 	This so called quadrupole 

interference term arises from elastic collisions and is negative 
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It therefore reduces the width. 	The appearance, and the 

nature, of the interference term can be understood by consid- 

ering the expression (5.13) for the S matrix. 	The S matrix for 

the upper state ot. is : 

<04 I Si or..> 	e 	-14,a 	 (3.35) 

• but for weak collisions lx  and 0,, are small so that (5.35) 

can be written as:.  

<al sl oc> = 1 - na  - icap  

Similarly for the lower state 

</31S*1/3 > = 1 -710  +- i 

Hence: 

1 — <ctiSla> 	IS*1/3> 	1-_7) 	— 0/3  ) 

(5.36) 

—404 

When (5.36): is averaged over angles the inelastic interference 

term 	vanishes because the inelastic broadening of the 
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.upper and lower states are statistically independent. 	However, 

the elastic interference term 0,4 013 	will not vanish because, 

during a collision, the same polarizing field will act on the 

upper and lower states. 

given by: 

+.  
A 

d 	AL-  cl i g 

Hence the width and shift will be 

tc6/4 	 (5.36) 

(5.37) 

Incidentally, (5..36) and (5.37) show that, in the absence of 

the interference term, the widths of the upper and lower states 

can be added and the shifts subtracted. 

5.3.4. Back Reaction 

For low temperatures or large perturbing level separ-

ations, the no 'back reaction' condition (3.19), in the classical 

path approximation, will not be satisfied. 	An analogous sit-

uation occurs in the Coulomb excitation -ofnuclei by the impacts 

of charged particles. 	Alder et al (37) who made a theoretical 

study of.Coulomb excitation, found that the effects 
	

the 'back 

reaction' could be approximately taken into account by substit-

-Laing for the perturber velocity v, occurring in the expressions 

for the classical cross-sections, some mean value of the initial 
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and final velocity vi  and vf. 	The cross- sections thus 

obtained were found to be in good agreement with those obtained 

using a full quantum mechanical treatment, even for impact 

energies close to threshold.' This procedure, referred to as 

'symmetrization' has been applied to the G.B.K.O. theory by 

Oertel (loc. cit.), and Cooper and Oertel (loc. cit.) with a 

view to obtaining improved widths for HeI lines at temperatures 

where kT 

The method is to 'symmetrize' the inelastic functions 

A(z) and a(z)'by replacing zaa, with a 'symmetrized' version 

m aw:. which is defined as follows. 

re-written in the form: 

Gov Cazcee 
cL v2 

The expression forz,ais 

(5.38) 

It is then argued that when the classical path approximation 

is valid the angular momentum of a perturber about the emitter 

must be large (see 3.54), and since the change in Q , a , 

in a single inelastic collision can only be Al = ± 1, it can 

be assumed that, and hence fov are constant for the collision. 

Following the symmetrization procedure given by Seaton (32) 

thetermv2 in(5.38)isreplacedby 	v X/2 i.e. f 
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P°  aar  

eta 
('Ar1 	v

2
)/2 

Conservation of energy requires that: 

m ( 2 •;_ 	vf)  

so that finally:.  

   

 

pv., 
OL 

 

(5.39) z act, 	2 	r 	) (Y. - 

The integration over perturber velocities, for terms containing 

a(;cce "sstarteciatvelocitiessatisfying 	":"/m' 
2 	2t110„6.1 

and also A(Zs'a.04, ) = 0 if v.
1  < 
	• m 	

For superelastic 

collisions the integration is started at vi  = 0. 	As the 

functions b(z) and B(z) correspond to elastic terms. they are 

not 	 0. 

.However, the b(z) and B(z). functions are indirectly 

affected by the symmetrization procedure through the dependence 

of zmin on Pmin
which in turn .depends on A(z) (see 5.12). 

The major objection to this procedure is that when k';••-• 

tidacca, only strong collisions can give inelastic effects and 

since these perturbers come close to the emitter their angular 

momentum will be small. 	For low temperatures, i.e. zace  

large Baranger (4  ) gives for /oPilain the following expression::  
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r min 	nk  (2 e d a ) 
	

(5.4o) 

where X is the Broglie wavelength, n is the principal quantum 

number of the level cit. , and e is the energy of the perturber. 

For n = 3 and e tw,a(5.40) gives 	" or /. 6. 	Thus 

the angular momentum is certainly not large. 	However, Seaton 

(32) shows that even when 1= 5 the symmetrized calculations (in 

his case cross-sections)are in good agreement with the full 

quantum mechanical calculations. 	Hence, even for small 1 the 

symmetrized procedure should lead to improved widths for kTe-..ficza,:e 

5.3.5. Debye Shielding 

In the expression (5.9), for the weak collision width 

and shift of an isolated line, the integration over the impact 

parameter p is extended from Pmin  to infinity. 	However,  

because of Debye shielding (see 3.6), the integration should be 

cut-off at an upper impact parameter pp  corresponding to the 

radius of the Debye sphere centred at the emitter. 	For isolated 

lines, the neglect of the Debye shielding can often be justified 

because the integration over p is convergent for /0 < /91) . 

But when.6a , 	to (see 3.6), the neglect of Debye shielding 
cCci. 

will result in the width, and especially the shift, being over-

estimated. 
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To include the effects of Debye shielding G.B.K.O. 

suggested, from empirical arguments, that the electric field 

of a perturber should be shielded. 	However, in order to avoid 

counting Debye shielding effects twice only one of the fields, 

in the expression (5.5) for the second order term of the single 

perturber S matrix, should be shielded. 	The shielded field 

E1S(t) is given in terms of the unshielded field (5.6) by: 

r 1(t)] 
E
is
(t) = E (t). 1 +. 	.exp 

PD 

 

r1 ( t )  

 

(5.41) 

 

PD 

 

     

Rather than evaluate (5.5) with the shielded field (5.41) inc-

luded, two unshielded fields are used by G.B.K.O. but a cut-off 

the so called 'equivalent cut-off' is introducc-d, which 
Pmax 

. is so defined, that an identical result is obtained. 	It is  

shown that p
max is given by: 

Pmax 	
1.123 p p 	 (5.42) 

and is applicable to both the width and shift. 	In deriving 

this result G.B.K.O. make the following assumptions: 

) The splitting Oaa,  is small or v large so that 

the exponential in (5.5) can be neglected (this 

condition is equivalent to z a.0., satisfying zacti < 1 
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b) The maximum and minimum impact parameters satisfy 

Pmax >> Pmin 
	 (5.43) 

When Debye shielding is included the ecpression (5.9). 

for the weak collision width and shift becomes: 

2 

w +. id = L3 
'71 	Ne 	f (v) dv EI~a.,p, 001 2 

(5.44) 

?min 

max 
a(z

min
) - a(zad,) 	ib(z

min 	max
!) - ib(z ()toe 	 dcti 

max 
where zace is defined by: 

z
ma
ofx 
	Oc4oci • Pmax 	

wad.' 8 
= 1.123 	(5-45) 

ocf  

Recalling that: 

z
min cta,  	 Pmin 

then zma
ce
x can be expressed in the form:. 

ol 

max Pmax min 
zact , 	= 	 z aet, 

The total width is obtained by adding the strong collision 
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width (5.14). 	For some collisions, notably those with small 

v condition b) above will not be satisfied and collisions 

with 
Amin > p max may occur in the theory. 	In order to pre-

vent

/ 

 these unphysical collisions contributing to the width 

and shift, Oertel (loc. cit.) and Cooper and Oertel (loc. cit.) 

in their calculations require that p max and le) min  satisfy: 

Pmax = max (. p  , /9 	) 
min 	max 

(5.46) 

?m in 
	min ( p min' Pmax )  

Although giving a method of including Debye shielding, 

G.B.K.O. neglect such effects in the calculation of the Stark 

broadening parameters; as also did Griem (1) when he recalcu- 

lated these parameters. 	The first, and to date the only, 

published line broadening parameters for isolated lines which 

include Debye shielding, using the above prescription are those 

of Oertel for the HeI lines at 3889, 5016, 5876 and 4713 A0. 

However, since the above calculations were published 

Chappel et al (33) have reconsidered the method of including 

Debye shielding. 	Using results taken from plasma kinetic theory 

they conclude that in the limit where the ,tatic Debye potential 

is valid (i.e. low velocities) both electric fields in (5.5) 

should be shielded. 	The equivalent cut-off then occurs at: 
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?max 	0.682 ,D 	 (5.48) 

Using quantum field theory Burgess (64) has recently 

resolved these conflicting results. 	Burgess's work shows 

firstly, that only one of the fields in (5.5) should be shielded. 

Secondly, that in line broadening problems it is never correct 

to use the static Debye potential. 	However, when Burgess red-

uces his expression for the width, which contains only one 

shielded field and the correct frequency dependent Debye potential, 

to the static limit the result is identical with that obtained 

using two shielded fields and a static Debye potential. 	He, 

therefore, concludes that although the conclusions of Chappel 

et al, regarding the Shielding of both fields in the interaction, 

is incorrect their expression for the equivalent cut-off, is 

correct in the static limit. 	Burgess also shows that for the 

shift the G.B.K.O. value of the equivalent cut-off should be 

used. 

5.3.6. Number of Perturbing Levels 

The Stark broadening parameters calculated by G.B.K.O. 

take into account a maximum of five perturbing levels. 

Roberts (22), in a theoretical study of several ArII lines, 

shows that up to ^-13 perturbing levels are required to ensure 

adequate convergence of the width and shift. 	In some instances 



96 

the direction of the shift can be particularly sensitive to the 

number of perturbing levels included in the calculations. 	This 

is because the shift, unlike the width, depends not only on the 

separations between the perturbing levels and the upper state 

of the line, but also on their relative positions. 	For example 

if the two nearest perturbing lie above and below the upper 

state of the line, and are separated equally from it, then the 

shifts produced by the perturbing levels will be equal and 

opposite and hence cancel. 	If another perturbing level is now 

included in the calculation then the shift produced will depend 

on whether this perturbing level lies above or below the upper 

state of the line. 	Consequently, if only a limited number of 

perturbing levels are included then the magnitude and direction 

of the calculated shift could possibly depend on the manner in 

which these levels are chosen. 

5.4. 	Ion Broadening  

The ion broadening parameter oC defined by G.B.K.O. 

(see Eqn (5.24)) takes into account the broadening and shift 

of the upper state of the line only. 	The general expression 

fora. , which takes into account both the broadening and shift 

of the upper and lower states of the line is: 
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a = 
4-Tr Ne 	1 

3w 3 

KoziEloci>1  

L Z-1 	(Oda+ 
2 

_ EKodElool ir  
too, 

/3, 

(5.49) 

where a. and /3 are the.upper and lower states of the line 

respectively. 	It can be seen from (5.49) that depending on 

the signs of the summations, O. and hence the ion broadening 

can either be increased or reduced by the addition of the lower 

state. 	Which of these occurs depends on the level structure 

of the atom, i.e. on whether the important perturbing levels 

lie above or below the state 

The ion broadening parameters calculated by Cooper and 

Oertel (24) are based on (5.49). 
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CHAPTER VI' 

THE CALCULATION AND COMPARISON WITH EXPERIMENT 
OF THE STARK BROADENING PARAMETERS  

OF ISOLATED HeI LINES' 

6.1. 	Introduction  

This chapter is concerned with the author's calculations 

of the Stark broadening parameters of isolated HeI lines and the 

conclusions that can be draitin from a comparison of the results with 

previous calculations and experiments. 	In the final part of this 

chapter the Stark broadening parameters for 16 isolated lines, 

which have been calculated by the author, are given. 

At the time these calculations were carried out the 

improvements to the G.B.K.O. theory, discussed in the preceding 

chapter, had been applied to only four isolated HeI lines, 

Oertel (24). 	The electron impact width and shift to width ratios 

.(the ion broadening parameters were not calculated) of the four 

lines were calculated for a range of electron densities and temp- 

eratures. 	No attempt was made to compare the results with 

experiment. 	Since the publication of Oertei's calculations the 

method of including one of the improvements (Debye shielding) has 

been modified. 

Recently Cooper and Oertel (29) have published the Stark 

broadening parameters (excluding shift to width ratios) of 
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eleven isolated HeI lines. 	With the exception of the 5016 A°  

line the parameters were calculated for a single electron density 

(Ne = 10
16

cm
-3

) only. 	These calculations include all the 

improvements given in (5.3); indeed the details of the discussion 

in (5.3)is based mainly on a pre-print of this paper. 	However, 

although the authors were aware of the recent modifications to 

the method of including Debye Shielding, the procedure used in 

their calculations is the same as that used by Oertel. 	Conse-

quently„ the parameters calculated by Cooper and Oertel should 

be identical with those of Oertel. 	A comparison of the respective 

parameters confirms this conclusion. 	Cooper and Oertel did not 

compare their calculations with experiment. 
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6.2. 	Improvements Included in the Calculations  

A computer programme, written by Roberts, (22) for the 

calculation of the Stark broadening parameters of isolated'ArII 

lines, was used as the basis for the present calculations. 

Essentially, this programme evaluates the expression (5.17) 

given by G.B.K.O, for the width and shift of an isolated line, 

but neglects all of the improvements given in (5.3) except the 

last. 	With regards to the additional improvements, it was 

decided to include in the calculations only those improvements 

which are likely to be important for neutral helium lines; 

and in particular for those lines for which experimental data 

exists. 	The considerations leading to the choice of improve-

ments will now be given. 

Improvement 1) a(z) and b(z) functions; included. 

The improved a(z) and b(z) functions are included in 

the calculations. 	Computational difficulties are also eased 

by this step since a(z) can now be expressed analytically see (5.3.1) 

Improvement 2) Multipole Expansion; Not included 

The work of G.B.K.O. shows that most of the broadening 

of neutral helium lines is caused by distant perturbers. 	It 

follows therefore that since the dipole interaction varies as 

r
-2 

and the quadrupole interaction as r-3 the former will give 



a(zmill ) am 
(6.1) 
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the major contribution. 	At low temperatures, or large cod e  

close collisions are important and the quadrupole interaction 

may become significant. 	However, these collisions must be 

included in the strong collision term: the uncertainty in 

which ( a factor of A,2 ) would outweigh any error resulting 

from the neglect of the quadrupole term. 	There is no strong 

collision term for the shift and here the neglect of the quad- 

rupole interaction may be serious. 	In spite of the possible 

importanceof the quadrupole contribution to the shift for the 

conditions mentioned above, this term was neglected in the 

calculations. 

Improvement 3) Lower State Broadening and Shift; Not included 

To a first approximation the ratio of the widths of the 

upper and lower states of a line is given by (see 5.1). 

a(zma ) 
PA 

where only the nearest perturbing level is considered and the 

integration over the velocity distribution has been neglected, 
• 

as also has the strong collision terms which usually only con- 

tributes A,  20% to the broadening. 	As usual, the upper level of 

the line is denoted by ot , and the nearest perturbing level by 

oe, 	and /3 are the corresponding quantities for the lower 

2 
1E1 ce>1  

.W0 	 j<0 	>12  
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state and the z's are given by: 

	

min 	coda' 	2 	min 
a ) 	

10/5/3' 42 	( 4  ) 

	

z eta, 	 , zpie 
fmin 	rmin r 

It should be noted that if the broadening of the upper and 

lower state- are treated correctly only one value of Pmin results 

(see 5.3.3).  However, to the approximation considered here it 

    

is sufficient to treat them separately. 

The values of /0 min are given approximately by (see 5.1).  

P2  min (d ) KaIRIa'>1 
v 

t  
2  A(z min) 

cl, 
+ iB(zminl 

ccoe 
(6.2) 

The expression for the lower state is similar. 	Usually A(z) 

and B(z) can be estimated by f.1 and 0 respectively. 	If na.  

is the principal quantum number of the level at , KOL IR  ice>1 2  

is of the order na  and therefore (6.2) is given approximately by: 

fmin ct  ) 	
n 
— 

and similarly for the lower level 	Finally, the ratio of 

the width of the upper and lower level is: 

n 	a"(zemccmc:1)-  
min- 

n4 	4 a (z as ) 
(6.3) 
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where z's are now given by: 

z
min 	(44Ate . n 

 4 
z --AO n /3 'gy p  

v2 v2 
(6.4) 

For lines in the visible the neglect of the lower state 

broadening will be most serious for those lines originating from 

the n = 3 levels since the upper state broadening will be rel-

atively small compared with the lines originating from levels 

with n >3. 	Typical values of Wad./ and cof.,0,  for an n = 3 to 

n = 2 transition are N  500 cm
-1 

and^40
4 
 cm

-1 
 respectively and 

hence: 

Zaa!  , 0.1 z 

When inelastic collisions are important zcx., < 1.0, say 	.1 

then from the values of a(z): 

a(zoca, ) N 8 a (z/313,  

If z ace  where larger then a(zfv ) would be even smaller. 

Hence the ratio (6.3) is estimated to be: 

4o wA  
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The neglect of the lower state broadening should, therefore, 

produce errors of g; 3% for lines originating from the n = 3 

levels and considerably less for those from higher levels. 	But 

for the shift, the neglect of the lower level, may lead to 

larger errors. 	The ratio of the upper to the lower state shift 

is given by: 

dd. 	1<cdRieti>1 2  b(z:L11,,I) 

d 
	

1</31a1 /31 >1 2  b(4)-P) 
	(6.5) 

In contrast with a(z), b(z) falls off slowly with increasing z 

For n = 3 to n = 2 transitions: 

10 
/3  

and, errors of 	may be expected. 	But for lines originating 

from levels with n > 3 the error will be ,-.•S 2%. 

Hence, except for possibly the shifts of lines origin-

ating from levels with n = 3, the neglect of the lower state 

broadening and shift should lead to errors of '"‹ 3%.  

Improvement 4) Back Reaction; Not included 

, The effects of the back reaction on the perturber' 

motion can be neglected when (see 5.3.4).  
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kTe
>> Taw , or.«. 

Since all the experimental studies of isolated HeI lines have been 

made using plasmas with electron temperatures in excess of 

40 
10 K see (Ch.IV), and the typical splittings for lines in the 

visible are -4-500 cm-1 the ratio of kie to taxa will be at least 

,,15. 	Thus the symmetrization procedure can be neglected for 

the nearest perturbing level, and since N 8o% of the line width 

is contributed by inelastic collisions to the nearest perturbing 

level, the procedure can be neglected for all the perturbing 

levels when Te 
> 104 °K 

Improvement 5) Debye Shielding; Included 

Debye shielding is important when (see 3.6) 

w~a. 	ca3 p 

Previous calculations of HeI Stark broadening parameters, which 

include Debye shielding Oertel (24), used the equivalent cut-off 

(see5.3.5)'Max 
	

1.12 pp for both the width and shift. 	The 
= 

same cut-off procedure is also used in the recent calculations 

of Cooper and Oertel (29). 	Recent theoretical work by Burgess 

(see5.3.5.) has shown that although the above value is correct 

for the shift, the cut-off for the width should be that equivalent 
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to shielding both electric fields in the expression for the 

width. 	Chappel et al (33) show that in this case the correct 

cut-off is Pmax = 0.682 pp. 	It will be recalled that Burgess 

also concludes that the use of the static Debye potential, on 

which the above cut-offs are based, is never valid for electron 

impact broadening. 	Clearly, more work is required on the fre-

quency dependence of the shielding, but from Burgess's and 

Chappel et al's papers it appears that the best approximation 

is to include Debye shielding using the second of the above 

cut-offs. 

Improvement 6) Number of Perturbing Levels; Included 

As the shifts can be particularly sensitive to the number 

of perturbing levels included in the calculation (see(5.3.6.)) 

this improvement is included in the calculations. 

6.3. 	Modifications to the Stark Broadening Programme  

Since the original version of the Stark broadening 

programme has been described in detail by Roberts (22). only 

the modifications made to this programme by the present author 

will be described. 	The modifications were made in order to 

include the improvements mentioned above. 

The functions A(z). and a(Z) are generated within the 
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programme using expressions (5.8 ) and (5.29 ) respectively. 

Expansions for the modified Bessel functions K
o
( 1 zi ). and K

1
( 1z1 ) 

in the range 0-‘.. z‘co , are taken from (62). 	Previously 

these functions had been obtained by a linear interpolation of 

the values given by Griem (1). 

Originally, the values of the functions B(z). and b(z) 

and also the expressions for their asymptotic expansions were 

taken from the paper by Oertel (23). "This procedure was unsat-

isfactory because for the range z t<,;.5.0 the functions were only 

presented in a graphical form, from which it was difficult to 

obtain accurate values. 	Later, the numerical values of these 

functions given by Cooper and Oertel (29), were used. 	However,  

this modification produced a negligible change in the calculated 

parameters. 	Values of B(z) and b(z), intermediate to thoSe given 

by Cooper and Oertel, were obtained by graphical interpolation, 

and the number of points entered linto the programme was such 

that values of the functions could be obtained with sufficient 

accuracy by a linear interpolation. 

As the programme was already capable of handling a large 

number of perturbing levels, improvement 6) was included 

without the need to modify the programme. 

Neglecting the quadrupole interaction, lower state 

broadening and shift, and the correction for the back reaction 
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but including Debye shielding, the electron impact width and 

shift of an isolated line originating from a level oC is 

given by: 

2 
h 

w + id 	N
eff(v)dv{i

ty
,2 (v) + 

3 	( ) min  

E kodEicol 2  
ce 

a(zamin) ct, a(Z,n).  otol 

	

min 	max 
+ 	zocoe) 	z1 )j  

where:.  

zmin and z
max = 44ccemin. 	 = LJ„,,,cePmax  ()Lai 	 eta' 

with pmin 	p max and 	given by: 

2 
2 

/2min(v) = 1A4 	
( 11  ) 11>IEJ0 2 
my 

(6.7) 
[A(z u:LI) 

Pmax = 0.682 /9D  for the width 

= 1.12 PD 
	for the shift 
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where all the quantities appearing in the expressions have been 

defined in (5.1) With the above choice for p
min designated 

   

'cut-off-1' the expressions for the width and shift reduce 

correctly to the high and low temperature limits (see  5.1.1  &  5.1.2).  

Provision was also made in the programme to include another 

minimum impact parameter cut-off designated 'cut-off 2' defined 

by: 

2 
2 i'min(v) 	-- 

and the factor 	appearing 

are omitted. 	Only the 

this procedure. 	Cut-off 

2 

2- 3 

[A(zfnin,) otot 

in 

2 and 

2  

(6.8) 

in 	(6.6) 

is obtained using 

for both the 

limit 

Kcchi col 

high temperature 

iB(zt4,)]1 

the b(z) functions 

r max 	1.12i0D  

width and shift were used by Oertel when calculating the line 

broadening parameters given in (24). 

The velocity integration was also modified. 	For terms 

corresponding to inelastic transitions, i.e. terms containing 

A(z) and a(z), the integration was started at the threshold 

velocity.voe corresponding to each perturbing level, i.e. 
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These functions were put equal to zero for electron velocities 

below threshold. 	For super elastic collisions the velocity 

integration was started at zero velocity. 	This modification 

had a negligible effect on the calculated parameters. 

The matrix elements occurring in (6.6)., (6.7) and (6.8), 

are calculated from the expressions: 

<ot. IRloc.'>12 	(t + 1),(2? + 3) Q 2  for 	4 + 1 

= 	(2? - 1)0'2 	for 	-e - 1 

where e is the'orbital angular momentum quantum number and a 

is the radial factor (in atomic units), which is defined by: 

o
-2 _ 	1 

 
4t; —1 ifRne(r), • Rn, t, (r)rdr] 

2 

where ?› is the larger of t and t and the Rn{(r) are the 

normalised radial wavefunctions of the jumping electron mult-

iplied by r. a is calculated within the programme using the 

Coulomb approximation (see (1)). 	Energy levels were taken from 

Martin (35). 

Finally the ion broadening parameter oC and the Debye 

Shielding parameter R for the ion field were calculated from 

(5.24), and (5.28) respectively, and the parameter cr was calc-

ulated from (5.19) using for v. the mean relative ion velocity 

(assuming Ti  = Te). 
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6.4. 	Verification of the Accuracy of the Calculated Stark  
Broadening :Parameters  

In order to verify that the neglect of the lower state 

broadening an shift, quadrupole interaction, and the back 

reaction on the perturber does not lead to serious errors 

the programme was used to re-calculate the Stark broadening 

parameters of the four HeI lines that had previously been calcu- 

lated by Oertel (24). 	Oertel's calculations included all the 

modifications given in ( 5.3 ). 	However, he also used for 

/°min.cut-off 2, and 'max  = 1.12 D  for both the width and 

shift. 	The cut-offs p 
in 
 and ,max  in the present programme 

/m 

were, therefore, made temporarily the same as those used by 

Oertel. 

Table (6.1) lists the 	widths and shift to width ratios 

obtained using the programme. 	Oertel's results are shown in 

brackets. 	Values of d. cannot be compared as they do not 

appear to have been calculated by Oertel. 	It can be seen that 

the widths are in excellent agreement over the entire range 

of densities and temperatures. 	The largest discrepancy is 

,--4% for the 4713 A°  line, whereas typical discrepancies are 

and appear to be random in nature. 	At the highest temperature. 

quoted in Table(6.1),the shifts are also in agreement to better 

than 10% but for the lines at 3889 A°  and 5016 A°  the agree-

ment becomes poorer as the electron temperature decreases. 



TABLE (6.1) COMPARISON OF OERTELS PARAMETEHS AND THOSE CALCULATED 
USING THE PROGRAMME DESCRIBED IN SECTION (6.3) 
OERTELS VALUES ARE SHOWN IN BRACKETS 

TRANSITION X(A°) T (°K) 10
15 

10
16 

10
17 

10
18 

23s - 33P 3889 

10,000 

20,000 

40,000 

w(A°) d/w w(A°) d/w w(A°) 	d/w w(A°) 	d/w 

1.08-2 
(1.06-2 
1.14-2 

(1.14-2 
1.14-2 

(1.16-2 

.56 

.77) 

.43 

.52) 

.33 

.36 

1.08-1 
(1.06-1 
1.14-1 

(1.14-1 
1.14-1 

(1.16-1 

.54 

.73) 

.41 

.51) 

.33 

.35) 

1.08 
(1.06 
1.14 

(1.14 
1.14 

(1.16 

.48 

.66) 

.37 

.45) 

.30 

.32) 

10.2 
(10.0 
10.9 

(10.9 
11.1 

(11.3 

.31 

.45) 

.25 

.32) 

.21 

.25) 

218 - 311, 
5016 

10,000 

20,000 

40,000 

3.53-2 
(3.55-2  
3.27-2 
(3.30-2  
2.96-2 
(3.03-2  

-.50 
.45) 
-.40 
-.39) 
-.31 
-.33) 

3.51-1 
(3.54-1 
3.26-1 

(3.29-1 
2.95-1 

(3.02-1 

-.45 
-.38) 
-.36 
-.33) 
-.28 
-.28) 

3.24 
(3.26 
3.06 

(3.09 
2.82 

(2.88 

-.32 
-.26) 
-.26 
-.24) 
-.20 
-.20) 

23.7 
(23.9 
24.5 

(24.9 
23.9 

(24.5 

-.19 
-.12)  
-.15 
-.13)  
-.11 
-.12)  

23P - 33P 5876 

10,000 

20,000 

40,000 

1.65-2 
(1.67-2 
1.70-2 

(1.71-2 
1.70-2 

(1.72-2 

-.35 
-.35) 
-.17 
-.18) 
-.04 
-.06) 

1.65-1 
(1.67-1 
1.70-1 

(1.71-1 
1.70-1 

(1.72-1 

-.34 
-.33) 
-.16 
-.16) 
-.04 
-.05) 

1.65 
(1.67 
1.70 

(1.70 
1.70 

(1.71 

-.29 
-.28) 
-.13 
-.13) 
-.01 
-.02) 

15.7 
(15.7 
16.4 

(16.4 
16.6 

(16.7 

-.13 
-.13)  
-.02 
-.02) 
+.07 
+.06) 

23P - 458 4713 

10,00o 

20,000 

40,000 

3.51-2 
(3.39-2  
4.12-2 

(4.07-2  
4.45-2 

(4.47-2 

1.11 
1.3 	) 
.90 
.96) 
.73 
.76) 

3.51-1 
(3.39-1 
4.12-1 

(4.07-1 
4.45-1 

(4.47-1 

1.07 
1.5 	) 
.88 
.96) 
.71 
.74) 

3.51 
(3.58  
4.12 

(4.06 
4.45 

(4.49 

.97 
1.2 	) 
.82 
.90) 
.67 
.70) 

33.7 
(32.6 
40.2 

(39.7 
48.8 

.63 

.74) 

.61 

.67) 

.54 
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For Te  = 10
4 0

K the discrepancies are ".,30% and 15% for the 

3889 A°  and 5016 A°  lines respectively. 	The present calcula- 

tions predict a smaller shift for the 3889 A°  line but a larger 

one for the 5(.16 A°line. 

Numerical errors cannot account for the discrepancies 

in the shifts in view of the excellent agreement for the widths, 

and hence the discrepancies must arise from one or more of the 

additional improvements to *the G.B.K.O. theory that are included 

in Oertel's calculations. 	It is worthwhile considering which 

of these is the most important. 

The symmetrization procedure, used by Oertel to correct 

for the back reaction on the perturber, would have a negligible 

effect on the shift for the following reasons. Firstly, for 

the reasons given in (5.3.4),  the functions (B(z) and b(z) are 

Secondly, the procedure can only affect the 

shift through its effect on R I  and hence zmin • But as 
min 

both B(z) and b(z) are slowly varying functions this effect will 

be negligible. 	Finally, the condition kT>touefor the neglect 

of the back reaction is well fulfilled for both lines. 	The 

discrepancies in the shifts must, therefore, result from the 

neglect in the present calculations of either the lower state 

interaction, or the quadrupole interaction, or both. 

not symmetrized. 
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An examination of the results for the 3889 A° (2s
3
S — 

2p3P) and 5016 A°  (2s
1 
 S - 1p1P) and the HeI energy level diagram, 

Fig. 6.1 shows that the inclusion of the lower state interaction 

would also not explain the discrepancies. 	This follows from 

the fact that if the lower state shift were to be included, 

the total shift of 3889 A°  line will be less than that predicted 

by the single state calculation and that of the 5016 A°  line 

increased. 	In both cases the reverse of this behaviour is 

observed (see Table (6.1)). 

Consideration of the quadrupole interaction shows that 

the shift of the upper state of both lines arises mainly from 

the interaction with levels with n'). 4; there is no interaction 

with the n = 3 levels and only a weak interaction with n = 2, 

= 1 level. 	In the case of 3889 A°  line this shift will rein-

force the red shift produced by the dipole. interaction with 

3d3D level. 	But for the 5016 A°  line, the quadrupole shift 

will reduce the dipole shift, since the latter is to the blue. 

Hence, Oertel's calculations which include both the dipole and 

quadrupole interactions, when compared with calculations which 

include only the dipole interaction, would be expected to predict 

a larger'shift to the red for the 3889 A line and a smaller 

shift to the blue for the 5016 A°  line. 	This is in agreement 

with the observed discrepancies. 	It would appear that the 

neglect in the present calculations, of the quadrupole term in 
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the mnitipoleexpansion of the interaction is the cause of the 

discrepancies in the shifts predicted by the two sets of calcu-

lations. 

Further support for the above explanation is obtained 

from the temperature dependence of the discrepancies, since the 

argument in (6.2) shows that the quadrupole contribution to the 

shift may become increasingly important with decreasing electron 

temperature. 	It is interesting to note that possible importance 

of the quadrupole contribution to the electron impact shift.  of 

certain isolated lines has not been previously emphasised*  

Oertel did not publish the ion broadening parameters 

for the lines shown in Table C 6.1 ) but they have been calcu—

lated recently by Cooper and Oertel (29), for Ne  ..10
16
cm
-3 

taking into account both the upper and lower states. 	These 

values together with those obtained from -the present calculations 

are given in Table (6.2) and the agreement is seen to be excellent. 

Conclusion 

It has been shown that, for the widths, the approxima-

tions made in the author's calculations result in negligible 

errors for the widths and ion broadening; at least for electron 

temperatures satisfying 10
4 
 °K -‘ Te‘. 4 x 10!l-  °K. 	But for the 

electron impact shifts the neglect of the quadrupole interaction 

can, for certain lines, i.e. the 3889 A° and 5016 A°, give rise 
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to errors as large as 30%. at Te = 10
4 0

K, However, since 

most of the experimental observations of isolated HeI lines 

have been made at T 
e^'  
>- 2 x 10 0K, Table (6.1) shows that the 

error for the 5016 A°  line should be ti  10% and that for the 

3889 A°  line"-,  20%. 

TABLE (6.2) 

Comparison of the calculated ion broadening parameters for  

N  = 1016cm
-3  

e 
 

X(A°) T (°K) 
e 

10
4  

2 x Z04 
 

4.x 10
4  

3889 0.072 (0.073) 0.069 (0.069) 0.069 (0.067) 

5016 0.163 (0.161) 0.172 	(0.169) 0.293 (0.309) 

5876 0.062 (0.063) 0.061 	(_0.062) 0.061 	(0.062), 

4713 0.112 	(0.116) .0.099 	(0.101) 0.094 (0.094) 

*- Cooper and Oertel's values are shown in brackets. 

6.5. 	The Effect on the Width of Shielding both Fields  
in the Interaction  

In the calculations discussed so far Debye shielding is 

included by shielding only one field in the interaction (5.5). 

More recent treatments of this effect (see (5.3.5)) have shown 

that, to a first approximation both fields in the interaction skov.ka 
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be shielded (this statement is not strictly accurate; see 221,2 

for further,discussion) when calculating the width but only 

one field when calculating the shift. 	As stated previously 

(see 6..t.2) this modification was included in the programme by 

putting/0.682 PD and  emax = 1.123 /OD  when calculating.  
max =- 

the width and shift respectively. 

The effect of this modification'on the widths of the 

lines given in Table (6.1) can be seen by examining Table (6.3) 

where the widths corresponding to the one and two shielded field 

cases have been tabulated for electron densities of 10
16  ,1017  and 

1a
:18

cm
-3 

and an electron temperature of 2 x 10
4 a 

 K. 

TABLE (6.3)  

Effect on Electron Impact 4.4 Width of Shielding both Fields in the  
Interaction, for N

e 
 1016 1017, and 10"

18cm-5  and Te 	x-  104 °R: 

. 
xce)  Ne,...... 	1016em-3 Ne= 1017cm-3  

. 

Ne=-1018cm 3  

w 
1 

w2   w w1 
 

w
2 w1  

w
2 

3889 0,114 0.114 1.14 1.14 10.9 10..1 

5016 0.326 0.322 3.06 2.85 24.5 	' 20.9 

5876 0.170 0.170 1.70 1,69 16.4 15.2 

4713 0,412 0.412 4,12 4.12 40.2 37.1 

Key: w1 Electron impact 34 width in angstroms for one field 
shielded in the interaction 

w
2 
	ft 

	
ff 
	

If 
	

for both fields 
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As expected, the effect of shielding both fields in the 

interaction is to reduce the width, below that predicted by the 

single shielded field calculations. 	Because the nearest neigh- 

bour splitting load! 	for the lines shown in Table (6.3) 

smallest for the 5016 A°  line, this line shows the largest reduc- 

tion in width, 1.e.,-794 and ,..15% at Ne  =:10
17 

and 10
18 

 cm 	res- 

pectively. 	Debye shielding is relatively less important for 

the remaining lines and consequently the reduction in the widths 

is negligible at Ne  = 1017cm-3  and •-•-• 105 at Ne = 1018cm-3, 

Table (6.3) also shows that if Debye shielding had been 

neglected, then the electron impact width of the 5016 A°  line, 

for Ne = 10
17 and 1018cm-3, would have been overestimated by -13% 

and 36% respectively"- the latter result is not really meaningful 

because at Ne 	10
18
cm
-3 

the 	width of the 5016 A° line is 

comparable with the splitting between the upper state of the line 

and the nearest perturbing level and consequently the isolated 

line approximation will no longer be valid (see also (6.10)). 

In the case of the remaining lines the neglect of Debye shielding 

would have a negligible effect on the width for N = 1017cm-3  
e 

but would cause an overestimate of the width by 10% for 

Ne  = 1018cm-3, 

It is important to note that the reductions in the 

widths resulting from Debye shielding, mentioned above, refer 
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to the electron impact widths only. 	Since the total line width 

results not only from the electron impact broadening but also 

from the ion broadening, for which Debye shielding effects have 

already been taken into account by means of the ion field strength 

distribution function, the reduction in the total width will be 

less than the above values. 

6.6.. 	Gomioarlson of the Calculated Stark Broadening Parameters 
for some Isolated HeI lines  

Collected in Table (6.4) are the line broadening 

parameters for the HeI 3889, 5016 5876 and 4713 A°  lines calc- 

ulated for N
e 	1016cm-3 and T

e .-2 x 10
4 °K by Cooper and 

Oertel (24), Griem (1), G.B.K.O. (10) and the author. 	Table 

(6.5) illustrates the important differences amongst the various 

sets of calculations. 

The parameters given in column (b) of Table (6.4) are 

taken from two separate sets of calculations. 	The widths and 

ion-broadening parameters are taken from the recent paper by 

Cooper and Oertel (29) and the shifts from the shift to widths 

ratios calculated by Oertel (24). 

. In the discussion which follows special attention will 

be given to the calculations of Griem since these are the most 

commonly used in the interpretation of experimentally determined 

widths. 



TABLE (6.4)  

Comparison of the Calculated 6tark Broadening Parameters for  
Four Isolated HeI lines for N16  cm-3 and Te = 2 x 104  OK  

(a) 
	

(b) 
	

(c1 	(d) 
)(A°). 	THIS WORK 

	
C.O. 	GRIEM 	G.B.K.O. 

w 

3889 	d 

a 

0.114 

0.047 

0.069 

0,.115 

0.059 

0.069 

0.128 

0.049 

0.063 

0.123 

0.042 

0.063 

w: 0.322 0.331 0.370 0.352 

5016 	d -0.12 -0.11 -0.10 -0.17 

a -0.17 -0.17 -0.16 -0.16 

w 0.170 0.169 0.186 0.181 

5876 	d -0.027 -0.028 -0.023 -0.024 

a -0.061 -0.062 '-0.058 -0.057 

w 0.412 0.406 0.518 0.490 

4713 	d 0.36 0.39 0.43 0.50 

a 0.10 0.10 0.084 0.095 

Key: a) This work 

b) Widths and ion broadening parameters 
taken from Cooper and Oertel (29) and 
shifts from Oertel (24) 

c) Griem (1). 

d) G.B.K.O. (10) 
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TABLE (6.5)  

Comparcn of the Differences Amongst the Various Calculations  

ITEM 
	

THIS OERTEL COOPER GRIEM G.B.K.O. 
WORK (24) and (1) (10) 

OERTEL 
(29) 

a) Numerically ' 
accurate a(z) and 	- + 
b(z) functions 

b) Quadrupole 
term in multipole 
expansion of the 
interaction 

c) Lower state 	 * 
broadening and 	- 	+ 	+ 	- 	+ 
shift 

d) Debye shielding + 	+ 	+ 

e) p cut-off 
used 

min
(see 6.3 ) 	2 	2 	2 	1 	1 

f) Number of 
perturbing . 	> 5 	> 5 	> 5 	-4. 5 	-4 5 
levels 

** 
g) Matrix elements C.A.  C.A. 	C.A. 	C.A. 	*** 

Key: 	+ = Item included 
- = Item not included 

Included only by calculating widths and shifts 
** 	of upper and lower state separately 

C.A. = Coulomb Approximation 
*** = An average of the matrix elements obtained using 

Coulomb Effective charge and Hartree-Fock 
approximations 
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6.6.1. 	Widths 

At N
e 
= 1016cm-3 Debye shielding has a negligible effect 

on the widths of the lines given in Table (6.4) (the largest 

effect, a 3% reduction in width, occurs for the 5016 A°  line as 

calculated in column (a)), and since Debye shielding is neglected 

entirely in the calculations of Griem and G.B.K.O. the differences 

in the widths must arise from factors other than Debye shielding 

effects. 

Table (6.4) shows that there is excellent agreement 

between this work (column (a)) and that of Cooper and Oertel 

(column (b)). 	When Debye shielding can be neglected this result 

is to be expected since the previous comparison of the widths 

calculated by the author (see (6.4)) (which differ from the widths 

given in column (a) in that only one field, rather than both 

fields, in the interaction is shielded) with those calculated 

by Oertel showed excellent agreement. 

Comparison of the widths calculated by Griem column (c) 

and G.B.K.O., column (d) with those given incolumns (a) and (b) 

shows that the former widths are consistently larger. 	More  

specifically, Griem's widths for the 3889, 5106, 5876 and 4713 A°  

lines are larger by 12, 15, 9 and 26% respectively than the 

widths given in column (a). 	The widths calculated by G.B.K.0 

are in somewhat better agreement with this work (the corresponding 
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differences for the lines are 8, 9, 6 and 19% respectively)but 

are systematically smaller than those calculated by Griem. 

The differences between widths calculated by Griem and 

those calculated in this work probably arise from one, or more, 

of the improvements included in the later calculations. 	These 

improvements correspond to the use of the accurate a(z) and b(z) 

functions, the introduction of Debye shielding, and the use of 

more perturbing levels. 	It is of interest to determine which 

of these improvements is responsible for the differences in the 

widths. 	Debye shielding need not be considered. because this 

effect is negligible for the conditions at which the widths in 

Table (6.4) were calculated (see above). 	The use of more 

perturbing levels can also be eliminated because this modification 

tends to increase the width and, consequently, if Griem had used 

more perturbing levels in his calculations, the widths, and 

hence the differences in the widths predicted by the two sets of 

calculations, would have been even larger. 	Another factor which 

must be considered is that for the / ,0 min cut-off Griem (and 

G.B.K.O.) used 'cut-off' 1 whereas the author used 'cut-off' 2.. 

The latter yields widths which are smaller by typically 3% only 

(see (6.7.1))  and consequently this difference is too small to 

account for the discrepancies. 	It must be concluded that the 

differences in the widths arise from Griem's use of the numerically 

inaccurate a(z) function;-  the b(z) function only affects the 
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shift. 	Support for this conclusion was obtained by recalculating 

the width of the 3889 A°  line using the values of a(z) that had 

been used by Griem and G.B.K.O.. 	The resulting widths, which 

are shown in Table (6.6), are seen to be in excellent agreement. 

The table shows that the above explanation can also account for 

the differences between the widths calculated in this work and 

those of G.B.K.O. Table (6.6). 

TABLE (6.6)  

Comparison of.the 4,4 Widths of the 3889 A°  Line-Calculated 
using the same Values_ of the Function a(z)  

N
e 
= 1016cm-3 ;; Te  =- 2 x 10

4 o K 

CALCULATION w(AcE), 

This work 0,124 

Griem 0.128 

G.B.K.O. Cr..123 

The conclusion, concerning the cause of the differences 

in the widths, appears to be at variance with work of Oertel 

(24). 	Oertel claims that the use of the numerically inaccurate 

a(z) functions only changes the widths by typically 1% to 5%. 

This conclusion is surprising because a comparison of Oertel's 
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results with those of Griem show differences that range from 

12% to 26%. 

The comparisons of the calculated widths which have 

been made here and in (6.4) have been restricted to values of Te 
satisfying 10 zr Te(°K) 4c 4 x 104. 	By comparing the Stark 

• 
broadening parameters calculated in this work, for values of T

e 

outside this range with those calculated by Cooper and Oertel it 

was found that the electron impact width of 3889 A°  line calculated 

here is larger by 11% for Te  = 2500 °K and smaller by 12% for Te  

= 80,000 °K than the corresponding values calculated by Cooper and 

Oertel. 	For the 5876 A° line the corresponding values are 10%- 

and 2% respectively. 	It was found that the discrepancies at 

2e  = 2500°K result mainly from the neglect in this work of the 

correction for the back reaction on the perturber (see (6.2)) 

whereas those at T
e 
=-80,000°K result from the neglect of the lower 

state broadening. 

6.6.2. 	Shifts 

Whereas Debye shielding has a negligible effect on the 

widths of the lines shown in Table (6.4.),, at Ne =-10
16 cm 3, 

the effect on the shift can be significant. 	For example Debye 

shielding reduces the shift of the 5016 A°  line by 	10%. 

Debye shielding effects have been included when calculating the 
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shifts given in columns (a) and (b) but not for those given in 

columns (c) and (d). 	For convenience, shifts rather than shift 

to width ratios are given in Table (6.4). 

Since the shifts given in Columns (a) and (b) are ident- 

ical to the respective calculations given in Table (6.1) for 

N
e 
= 1016cm-3, the reader is referred to (6.4)for the explanation 

of the discrepancies which exist between the shifts given in 

these columns. 

The shifts given in columns (a), (c). and (d) are all 

calculated neglecting the quadrupole term in the multipole 

expansion of the interaction; consequently any discrepancies 

amongst these shifts must be caused by other factors. 	The calc- 

ulations of Griem and G.B.K.O. also neglect Debye shielding effects 

and if it is assumed that other differences in the methods of 

calculation (see Table (6.5)) have a negligible effect on the shifts, 

then these shifts should be larger'than those given in column (a) 

which are calculated taking into account Debye shielding effects. 

No such systematic trend is observed. 	The shifts calculated by 

Griem, when compared with those in column (a) are found to be 

larger by 5% and 20% in the.case of 3889 A°  and 7413 A°  lines res- 

pectively. 	The shifts calculated by G.B.K.O. are in even poorer 

agreement with the shifts given in column (a) (and with those given 

in column (c)) the .5016 A°  and 4713 A
o,
are larger by 50% and 40% 
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respectively, and the 3889 A°  lines being smaller by 10%, 

The calculations of Griem and G.B.K.O. contain a number of 

factors which could be responsible for these discrepancies;: 

in particular, the neglect of Debye shielding effects, the use 

of the numerically inaccurate b(z) function and the use of a 

limited number of perturbing levels. 

6.6.3. 	Ion Broadening Parameters 

Of the ion broadening parameters given in Table (6.4), 

only those in column (b) have been calculated taking into account 

the influence of the lower state. 

As expected from the previous comparison of ion broad-

ening parameters (see 6.4), and in circumstances where Debye 

shielding effects have a negligible effect on the electron impact 

widths, the ion broadening parameters given in columns (a) and 

(b) of Table (6.4) are in excelleikt agreement. 

The ion broadening parameters calculated by Griem 

(see column (c)) are systematically smaller than those given in 

columns (a) and (b). 	G.B.K.O.'s results (see column (d)) although 

in slightly better agreement are also systematically smaller.. 

The most likely explanation of these discrepancies is that an 

insufficient number of perturbing levels are used in the calculations 

of Griem and G.B.K.O. 
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6.7. 	Comparison of the Theoretical Widths, Shifts  
and ion Broadening Parameters with Experiment  

A comparison was made between the available experim-

ental widths, shifts and ion broadening parameters for HeI 

lines and the theoretical values based on the present calcu- 

lations, and those of Griem (1). 	The experimental data.was 

taken from the works of Berg et al (16), Lincke (21), Wulff 

(15), Botticher et al (19) and Roda and Stampa (20). 	The 

results of the comparison are as follows: 

6.7.1. Widths 

Table (6.7)shows the experimental half widths (the data 

of Wulff will be considered separately for reasons to be men- 

tioned later) together with the theoretical values. 	The latter • 

are calculated from the line broadening parameters using the 

relationship (3.2.7.) which assumes that the quasistatic app- 

roximation is valid for the ions. 	To assess whether or not 

the use of this approximation is justified, the parameter o 

has also been tabulated. 	In an attempt to decide which of.  

the two Pain cut-offs, given in (6.3), is.the most suitable 

    

both values are used in the comparison. 	Ratios of the exper-

imental to calculated widths are also given and the mean 

value of this ratio and standard deviation, for each of the 

calculations, is given in Table (6.8). 



TABLE(6.7) COMPARISON OF MEASURED AND CALCULATED LINE WIDTHS 
(DATA WITH INDEPENDENT PLFCTRON DENSITY MEASURE TENTS) 

TRANSITION X(A°) N 

(101 :m-i) 
Te  

(103  °R) 
w(A°) wc(1)- wc(2) 	wc(3) 

(ANGSTROMS) 

R(1) R(2) R(3) a' %./wp  

23P - 33P 5876 16.0 49.0  5.5(a) 6.4 6.2 6.7 .86 .89 .82 .7 4.5 
13.0 43.0 4.9(a) 5.0 4.9 5.4 .98 1.0 .91 .7 540 

21S - 31P 5016 17.0 24.0 13.0(a) 13.2 13.0 16.4 .99 1.0 .79 2.2 .84 

9.3 22.8 7.2(b) 7.5 7.4.  9.0 .96 .97 .80 1.8 1.14 

23P - 438 4713 13.0 20.0 14.0(a) 13.3' 13.2 16.0 1.05 1.06 .88 3.8 8.5 

9.3 22.8 9.1(b) 10.0 9.5 11.5 .91 .96 .79 2.9 10.0 

23S - 33P 3889 15.0 26.0 4.5(a) 4.1 4.0 4.4 1.1 1.12 1.02 1.5 4.6 

23S - 43P 3188 15.0 29.0 13.4(a) 12.6 12.4 14.3 1.06 1.08 .94 6.1 2.0 

KEY 
wm MEASURED HALF WIDTHS 

a) Berg et al (16) 

b) Lincke (21) 

w..CALCULATED HALF WIDTHS 

wc(1) = Half widths based on present calculations 
(cut-off 1) 

wc(2) = Half widths based on present calculations 
(cut-off 2) 

wc(3) = Half widths as calculated by Lincke (21) 
using line broadening parameters calculated 
by Griem (1) 

1.7:m(w0(1) etc. 0 



TABLE (6.8)  

Mean value-of 7 of the ratio of experimental to theoretical  
half widths 

(Data with independent electron density measurements) 

CALCULATION 7 

1 0.99 I 0.07 
2 1.01 - 0.07 

3 0.88 t 0.07 

Key: 1 - Present calculations (cut-off 1) 

2 - Present calculations (cut-off 2) 

3 — CalCulation of Grieco (1) 

TABLE (6.10) 

Mean. value of P of the ratio of experimental to theoretical  
half widths  

(Data without independent electron density measurements) 

CUT-OFF Ne(1016cm-5) ii 	. 

1 2.55 1.01 t .06 
2 2.65 0.99 - .07 

Key: Ne = Electron density for which the best 
agreement with the experimental widths 
is obtained using cut-offs 1 and 2 

131 
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The following conclusions can be drawn from the 

comparison. 	They are: 

a) The present calculations are in better agreement with 

experiment than those of Griem. 	In the case of the 

present calculations the ratio of experiment to theory 

(see Table(6.1))is within 1% of unity whereas Griem's 

calculation gives widths which are on average too large 

by ,12%. 	The latter value is in good agreement with 

the -10% empirical correction to widths calculated from 

Griem's line broadening parameters suggested by'Lincke 

(see 4.2Y. 

b) The choice of the emin cut-off does not appear to be 

critical, since the calculations based on cut-offs 1 and 

2 give equally good agreement. 	This result is a conse-

quence of the fact that in helium the broadening is dom-

inated by distant weak inelastic collisions. 

c).  As Debye shielding is important only for the line at 5016 A°  

(see the ratio (0d0404) in Table (6.7) it appears that the 

improved agreement between theory and experiment stems 

from the use of the corrected line broadening functions. 

The increase in the number of perturbing levels over that 

used by Griem would not explain the improvement because 

if Griem had also included this modification the calculated 
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widths would have been larger and thus in even worse 

agreement with experiment..  

d) It was assumed, in calculating the half widths given 

(Table (6.7)) that the ions broadening can be treated by 

the.quasistatic approximation. 	Griem demonstrated theor-

etically (see 5.2) that the quasistatic approximation 

can be used when cri01. 	Examination of the values of 

given in Table (6.7) shows that typically cr,..1. 	Conse- 

quently, the-good agreement between theory and experiment 

confirms Griem's conclusion concerning the condition for 

the validity of the quasistatic approximation, however see (6.7.2) 

It will be recalled (see 4.2) that Lincke's explanation 

of the discrepancies between the measured half widths of iso-

lated HeI lines and the calculations of Griem, was that these 

calculations neglect the time dependence of the ion field i.e. 

the quasistatic approximation is assumed, and also Debye shield- 

ing effects. 	In the light of the above results it appears 

that the discrepancies arise from neither of these approximations 

but rather from Griem's use of the numerically inaccurate 

function. 

Wulff's data was treated in a different manner to that 

used abOve. The reason for this departure is that a previous study 

of this data(see(l.2)) showed that the measured electron density 
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appeared to be too high by ^020%. 	However, as this data was 

obtained under identical conditions the electron density can 

be used as a parameter which may be varied until the best 

agreement between the experimental and th:Joretical half widths 

is obtained. 	Hence, this method tests the internal consistency 

of the theory for a number of lines. 	Wulff's value of the 

electron temperature, 3 x 104 oK, was used throughout the cal- 

culations, which were made using both 	min cut-offs. 	The  

results are shown in Table (6.9). 

Table(6.10)gives the electron density corresponding to 

the best agreement between theory and experiment, and the mean 

value of the ratio of experiment to theory, for the two /
2min 

cut-offs. 

Again the agreement between the theory and experiment 

is excellent (better than 1%). 	However, the density at which 

the best agreement is obtained differs by 	for the two 

different ,amin  cut-offs, cut-off 1 predicting a smaller density 

as expected since the increase in p min, which results from 

the use of this cut-off is only partially offset by a decrease 

in the weak collision term. 	Without an independent density 

estimate it is impossible to decide which cut-off is the most 

appropriate. 	The results suggest that in an experiment designed 

to choose between the two cut-offs the accuracy of the electron 



TABLE (6.9) COMPARISON OF MEASURED AND CALCULATED LINE WIDTHS 
(DATA WITHOUT ThDEPENDENT PLTICTRON DENSITY MEASUREMENTS) • 

CUT-OFF 1 CUT-OFF 2 

TRANSITION X(A°) wm(A°) a) Ne(1) = 2.55 x 1016cm-3  Ne(2) = 2.65 x 1016cm-5  
_ 

u w,taiwp 	. 

wo(1)(A°) R(1) wo(2)(A°) R(2) 

21P - 41s  5048 2.3 2.37 .97 2.38 .97 1.8 11.5 

21s - 31P 5016 0.95 1.01 .94 1.04 .91 0.7 - 	2.4 

23P - 43s 4713 1.45 1.35 1.07 	. 1.35 1.07 1.2 18.4 

23P - 53s 4121 3.1 3.24 .96 3.25 .95 3.5 9.7 

23s - 33P 3889 0.37 0.34 1.09 .34 1.07 0.5 10.7 

KEY 

wM = MEASURED HALF WlD12bib 	w 	= CALCULATED HALF WIDTHS 

wo(1) = Half width based on present calculations 
(cut-off 1) 

wo(2) = Half width based on present calculations 
(cut-off 2) 

R(1) = wm(wo(1) etc. 

Ne(1) = Electron density for which the best agree-
ment with the experimental widths is obtained 
using cut-off 1 etc. 

' 	a) WULFF (15) 
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density measured must be better W. 	However, in view of the 

small difference in the derived electron density, such an 

experiment would appear to be futile. 

Finally, the results also confirm the conclusions 

concerning the significance of the parameter 0- 

6.7.2. Shifts 

A comparision between the experimental and calculated 

shifts is complicated by two factors. 	Firstly, shifts are more 

difficult to measure accurately than widths (this is especially 

true for pulsed light 'sources). 	Secondly, the theoretical 

shifts are usually less accurate than the widths because they 

are much more sensitive to shielding effects than widths, and 

they are also subject to cancellation effects (see 5.3.6).  

In regard to the present calculations the shifts of n = 3 levels 

will be uncertain to some extent because of the neglect of 

lower state shift, and the electron impact quadrupole shift. 

In spite of these limitations it was thought to be of interest 

to make a comparison with experiment. 

The data for the comparison was taken from the works of 

Berg et al (16),.Lincke (21), Wulff (15) and Botticher et al (19): 

Table(6.11)shows the data taken from the first two references 

together with the ratio of experiment to theory. 	Mean values 



TABLE (6.11)COMPARISON OF MEASURED AND CALCULATsp LINE SHIFTS 
(DATA WITH INDEPENDENT ELECTRON DENSITY MEASUREMENTS) 

TRANSITION X(A°) Ne 
T
e 

dm(A°) dc(1) Idc(2) dc(3) R(1) R(2) R(3) a (00,40.0p  

(1°160m-5) (103  °K) (ANGSTROMS) 
• 

23P - 53P 5876 16.0 49.0  +0.7(a) -0.38 -0.45 -0.3 - - - .7 4.5 

13.0 43.0 0.0(a) -0.31 -0.38 -0.3 - - - .7 5.0 

21S - 3/P 5016 17.0 24.0 -4.8(a) -3.3 -3.5 -6.0 1.45 1.37 0.80 2.2 0.84 

9.3 22.8.  -1.7(b) -1.84 -1.9 -2.1 .93 0.90 0.81 1.8 1.14 

OP - 438 4713 13:0 20.0 +6.0N +5.6 +5.7 +7.0 1.07 1.05 0.86 3.8 8.5 

9.3 22.8 +4.3(b) +4.1 +4.0 +4.9 1.02 1.08 0.88 2.9 10.0 

-  238 	53P  3889 15.0 26.0 +1.2(a) +0.87 +0.89 +1.0 1.4 1.3 1.2 1.5 4.6 

23S - 43P 3188 15.0 29.0 +4.1(a) +2.65 +2.8 +3.4 1.5 1.5 1.2 6.1 2.0 

KEY 

d
m 

MEASURED SHIFTS 	d
c 	

= CALCULATED SHIFTS 

a) Berg et al (16) 	dc(1) = Shift based on present calculations 
. 

b) Linoke (21) 	
(cut-off 1) 

 
dc(2) = Shift based on present calculations 

(cut-off 2) 

dc(3) = Shift as calculated by Wiese (2) using 
line broadening parameters calculated 
by Griem (1) 

R(1) = d /d 
o
Mete. 

Dr  
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TABLE (6.1.2 ). 

Mean value T of experimental to theoretical shifts  

(Data with independent electron density measurements) 

CALCULATION R 

1 1.23 I .23 

2 + 1.20 - .23 

3 0.96 I 	.17 

Key: 1 - Present calculations (cut-off 1) 

2 - Present calculations (cut-off 2) 

3 - Calculations of Grieco (1) 

TABLE (6.14 )  

Mean value of R of the ratio of experimental to theoretical shifts  

(Data without independent electron density measurements) 

CUT-OFF Ne(10
16cm-3) Ti 

+ . 	I 2.55 1.37 - .37 
2 2.65 1.32 - 	.36 

Key: N
e 
= Electron density for which best agreement 
with experimental widths is obtained using 
cut-offs 1 and 2 



139 

of this ratio, and the standard deviationr  are shown in Table 

),In cases where the predicted shift is in the wrong dir-

ection to that measured it is meaningless to give the ratio of 

experiment to theory. 	Consequently the data was rejected. 

Such a situation occurs for the measurement of the 5876 A°  line 

made by Berg et al. 	Here, the measured shift is to the red 

whereas the present calculation and those of Griem predict a 

shift to the blue. 	Although the magnitude of measured shift 

may be possibly in error it is unlikely that the direction of 

the shift has been measured incorrectly and therefore the cal- 

culated shift must be suspect. 	Because of the excellent agree- 

ment between the present calculations and those of. Oertel for 

the 5876 A°1ine (see Table 6.1) ), the errors in the electron 

impact shift, arising from the neglect of the quadrupole inter-

action and the lower state, can be assumed to be negligible. 

The calculations also show that at the temperature at which the 

5856 A°  line was measured, the shift of the line results almost 

entirely from the ion broadening (this can be seen from the line 

broadening parameters for the 5876 A°  line given in (6.11)). 

Hence, assuming that the direction of the shift had been meas-

ured correctly, the discrepancy in the calculated shift must 

arise from the treatment of the ion broadening. 

To return to Table(6.11)the good agreement shown for the 

shifts calculated from Griem's parameters would appear to be 
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fortuitous for two reasons. 	Firstly, the b(z) functions used by 

Griem in the calculation of the shifts were numerically 

inaccurate (see 4.2). 	Secondly, Debye shielding was neglected. 

For both values of 4mi  . n the present calculations '  

give shifts which are too small by 	The addition of 

the electron impact quadrupole shift would in some cases improve 

the agreement. 	This can be seen by examining the calculations 

of Oertel, Table (6.1). For.the 4713 A°  and 3889 A°  lines 

Oertel's calculations yield electron impact shifts which are 

larger, at T --2 x 104 K (which approximates to the temperature 

at which the measurements were made), by ",10% and ,,•20% res- 

pectively than the present calculations. 	It should be noted 

that these percentages refer to the increase in the electron 

impact shift, and since the total shift is the algebraic sum of 

the electron impact shift and the shift due to the ion field, the 

actual increase in shift will be less than these values. 	For 

the 5016 A°  line °ex. belts calculations give an electron impact 

shift which is smaller by ,N..8% which would bring Lincke's 

measurement into better agreement but worsen that of Berget als. 

Table (6.I3)shows the shifts measured by Wulff together 

with the calculated shifts, using both/
imin 

 cut-offs, and the 

the ratios of experiment to theory. 	Table (,6.Z4) gives the mean 

value of the ratio of experiment to theory together with the 



TABLE(6.13)COMPARISON OF MEASURED AND CALCULAIM LINE SHIFTS 
(DATA WITHOUT INDEPENDENT RUCTRON DENSITY MEASUREMENTS) 

CUT-OFF 1 

TRANSITION X(A°) dm(A°) a) Ne(1) = 2.55 x 1016cm73  Ne(2) = 2.65 x 10
16on73 a coaoepop  

%N(A°) R(1) dc(2)(A°) R(2) 

21P - 41S 5048 + 2.0 + 1.74 1.15 + 1.80 1.11 1.8 11.5 

21S - 31P 5016 - 0.55 - 0.45 1.16 - 0.52 1.07 0.7 2.1 

23P - 435 4713 1.4 + 1.09 1.28 + 1.11 1.26 1.2 18.4 

23P - 535 4121 2.8 + 2.40 1.17 + 2.48 1.13 3.5 9.7 

23s - 33P 3889 + 0.3 + 0.14 2.10 + 0.15 2.03 0.45 10.7 

KEY 

	

dm = MEASURED SHIFTS 	dc = CALCULAAD SHIFTS 

	

a) WULFF (15) 	dc(1) = Present calculations (cut-off 1) 

dc(2) = Present calculations (cut-off 2) 

R(1) =*dc(1)/dm, etc. 

N.13(1) = Value of the electron density for which the best agreement with the experimental 
widths is obtained using cat-off 1 etc. 
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standard deviation. 	The electron density used in these 

calculations is in each case that which gave the best agree- 

ment for the widths. 	The results show that the calculated 

shifts are systematically low by ", 30%. 	For the 3889 A°  

line the discrepancy is surprisingly large (a factor of 2) 

and in part this may result from experimental error because 

of the small shift involved. 	Again, Oertel's results would 

tend to improve the agreement for the 3889 A°  and 4713 A°  lines 

but will worsen that for the 5016 line. 

Botticher et al (19) measured the shifts'of a number 

of isolated HeI lines for electron densities ranging from 

e,3 x 1015 to 3 x 1016cm-3. 	Electron temperatures ranged from 

,,14000°K at the lowest density to ^d18000°K at the highest. 

The results are shown in Fig.(6.2)and(6..3) 	Fig. (6.2)corres- 

ponds to transitions from P state and Fig.(6.3)those from S 

states. 	The curves giving the theoretical values of the shifts 

were calculated from the Stark broadening parameters using . 

(3.20) which assumes that the ions can be treated by the quasi- 

static approximation. 	These parameters were taken from Griem 

(1) and the present calculations using cut-off 1; the curves 

corresponding to Griems parameters were in fact calculated 

by the authors of (19) and these values have been used in the 

figures.- The triangles shown in the figures correspond to the 

calculations of Oertel. 	Graphical interpolation was used to 
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obtain values of Oertel's parameters, see Table (6.1) which 

corresponded to the experimental conditions. 	Since Oertel's 

parameters do not include a it was necessary to take the 

values of et from the present calculations and scale them to 

Oertel's electron impact widths using (5.24). 	The errors 

arising from this procedure should be negligible (see(6.4 

An examination of Figs(6.2)and(6.3)shows that in gen-

eral the agreement between theory and experiment is poor and 

with exception of the 3889 A
o 
line Oertel's calculations do 

not lead to any significant improvement. 	In many cases the 

calculations not only fail to predict the correct magnitude of 

the shift (discrepancies> 50% occur) but also the density 

dependence. 	For five out of the seven lines studied a pronounced 

curvature of the shift versus electron density curve is observ.ed, 

whereas all the calculations predict a linear density dependence. 

The explanation of this linear dependence is that as the electron 

density increases the ion contribution to the shift, which varies 

as Ne
4/
3 tends to compensate for the reduction in the electron 

impact shift produced by- the increase in Debye shielding and 

the electron temperature. . 

Another, and surprising result, is that for lines aris- 

ing from S states the density dependence of the shift appears 

to depend on the multiplicity of the upper state (see Fig.(6.5)). 
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Lines from 
3S levels show a non-linear behaviour whereas for 

the analogous lines from 1S levels the behaviour is linear. 

The fact that Oertel's calculations, which include 

all the higher order effects that might be expected to con-

tribute significantly to the electron impact shift (see 5.3), 

do not result in significant improvements suggests that the 

reason for the discrepancies might be found in the treatment 

of the ion contribution to the shift. 	A similar conclusion 

to this has already been reached in connection with the dis-

crepancies in the shift of the 5876 A9 line observed by Berg 

et al (16). 

Berg et al (16) attempted to explain some of the dis-

crepancies, which they had observed, between the measured 

and calculated shifts of isolated HeI lines, by suggesting 

that the calculated shifts are too large because of the trans-

ition to the linear Stark effect at high ion field strengths, 

i.e. high electron densities. 	For the 3965 A°  line, which 

shows the largest discrepancies, there is experimental evidence 

to support this conclusion. 	Wulff's measurements of the 

profile of the 3965A°  line (15), made at an electron density 

of",  2.5 x 1016cm-3  (see 6.7.1),  shows the presence of a for- 

bidden component resulting from the transition 2
1
S --4ID._ 

For the reasons discussed in (3.7.3.)  the appearance of this 
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forbidden component indicates that a transition from the quad- 

ratic to the linear Stark effect is taking place. 	Furthermore, 

• 
the splitting between the upper state of 3965 A°  line and the 

A 

nearest perturbing level is relatively small (^'46 cm-1) in 

comparison with that for the other lines, and hence, the trans-

ition from - the quadratic to the linear Stark effect would be 

expected to take place at much lower densities than that for 

the other lines. 	Consequently, at the densities encountered 

in Botticher et al's experiment the use of the quadratic 

Stark effect will overestimate the shift of 3965 A°  line. 

Since the transition from the quadratic to the linear Stark 

effect will become increasingly important as the electron density 

is increased the experimentally determined shift will fall 

increasingly below the calculated value, as observed._ The 

transition from the quadratic to the linear Stark effect would 

also explain the high density behaviour observed of the other 

lines. 	The low density behaviour cannot be explained by 

such an effect, the reason being that at low electron densities 

the quadratic Stark effect should certainly be operative. 

Consequently the calculations should predict the correct slope, 

at the origin, of the shift versus density curve. 	With except- 

ion of 3965 A°  line, the agreement, between the measured and 

.calculated slopes is not observed (the calculations of Griem 

show good agreement for three of the lines, but for the 
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reasons previously discussed, this must be regarded as fort- 

uitous). 	The results obtained at low electron densities 

suggest that there is an additional contribution to the shift. 

In the G.B.K.O. treatment of the quasistatic ion broaden-

ing and shift of isolated HeI lines, only the second order 

dipole term in the interaction is retained (the first order 

dipole term vanishes because there is no permanent dipole 

moment). 	However, the first order contribution of the next 

higher term in the multipole expansion of the interaction may 

contribute significantly to the broadening and shift; especially 

in cases where the induced dipole moment is small. 	The quad-

rupole and induced dipole interactions differ in two respects. 

Firstly, whereas the induced dipole moment interacts with the 

electric field, the quadrupole moment interacts with the 

gradient of the electric field. 	Secondly, the shifts of the 

magnetic sub-levels produced by the induced dipole interaction 

are all in the same direction whereas those produced by the 

quadrupole interaction depend on the value of m, the magnetic 

quantum number (see Unsold (361). 	Muller 07Y has investigated 

theoretically the first order quadrupole contributuon to the 

quasistatic ion broadening and shift of isolated HeI lines. 

To assess the conditions for which the quadrupole contribution 

to the broadening and shift of line will be important, Muller 
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compared the quadratic Stark shift db  with the quadrupole shift 

d3  of a level with principle quantum n. 	The electric field and 

the gradient of the field were assumed to be produced by an ion 

situated at the mean ion seperation /9i' 	The quadratic Stark 

shift is given by: 

licIC41 
d4 - 	 C6,8Y 

where C4 is the quadratic Stark coefficient. 	For a P level the 

quadrupole shift is given by: 

2 
d3= 15 	r2 I ri›. 

e 3 	 (:6.9) 

Assuming the level n is close to being hydrogenic the matrix element 

<n I r2  n> can be estimated by: 

a2 n2 <1 r2 1 n> 	[ 11   

	 5n
2 
÷1 - 3e (-e +1)] 

2 

where e is the orbital quantum number of the level and ao  is 

the Bohr radius. 	In deriving Eqns (6.8) and (6.9) an average 

over the shifts of the various magnetic sub-levels has been taken. 

From (6.8) and (6.9) the ratio of the shifts is given by: 

d4 	15 he 	C  4 	1 
- 4 e2 d3 	<11  I r2I 1-› 	Pi  

(.6. 



d4 	he 	
04 	41rNe) 

2 

(6.11) d3 	e2 	<xi r21 n> 	3 
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The above result shows that the quadrupole contribution to the 

shift will result mainly from distant ions, and since the 

fields produced by these ions will be small t:ley will mainly 

influence the region of the profile close to the core of the 

line. 	Near the line centre the quasistatic approximation is 

no lauger valid see (3.5.1)  and the adiabatic impact theory 

must be used for the ions. 	However, in the impact regime the 

first order quadrupole contribution to the width and shift 

vanishes when the average over collision angles is performed 

see (5.1). 	Except possibly in cases where C I+  is small, the 

quadratic Stark effect will be responsible for the formation 

of the line wings since these are formed by close ions. 

Assuming that the plasma is singly ionized then p 

is given by (3.32) and (6.10) becomes: 

Thus, with decreasing electron density, the quadrupole con-

tribution to the shift of the Stark components will become 

increasingly important. 	By setting the ratio of the shifts 

equal to unity Muller derived a critical electron density 

(3T e1c 	For N
e
>> (N

e
).
c 

the quadrupole contribution will be 

negligible. 	In Table (6.15)Mullers values of (Ne)c  are given, 

for 3889 A
o
, 3965 A°  and 5016 A° lines, together with the 
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value of (N
e
)
c 

corresponding to a value of N
e 
which d

3 
 is 

20% of d4. 	Lines arising from s states do not appear in 

the table because such states are spherically symmetric and 

therefore do not possess a quadrupole moment. 

Table (6.15)  

Critical Electron Densities for a Number of HeI Lines 

(Ne1c 
TRANSITION X(A°) d3  . d4  d

3 = 
0
.
2. d4 

• 

23s - 33P 3889 1.3 x 1016  1.6 x 1018  

21s - op 
3965 6.2 x 1015  7.7 x 1015  

21S - 31P 5016 5.3 x 1015  6.6 x 1015  

The results given in Table (.6.15) show that at the densities 

encountered in the experiments of Botticher et al the quadrupole 

contribution to the quasistatic ion broadening and shift could 

be significant. 	Difficulties arise, however, when the dir- 

ections.of the shifts are considered. 	Using the 'nearest 

neighbour' approximation to calculate the gradient of the 

ion field, Muller shows that the quadrupole interaction 

increases the energy of a P-level. 	Consequently, for the 
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5016 A°  line, the quadrupole shift will reinforce that due to 

the quadratic Stark effect, see Fig.(6.1/ and as observed, 

an additional blue shift will result. 	For the 3889 A°  line 

the quadrupole and quadratic Stark shifts are in opposite 

directions. 	The observed shift should, therefore, be less 

than calculated shift which is contrary to observed behaviour. 

Further difficulties are encountered when the discrepancies for 

the 4713 A°  and 4120 A°  lines are considered. 	Since the 

upper states of these lines are S states the quadrupole inter-

action.can influence only the lower states, and since the 

lines have the same lower state, the discrepancies should be 

the same for both lines. 	The observed discrepancies in fact 

differ by a factor.•-• 2. 	It must, therefore, be concluded 

that the neglect of the first order quadrupole interaction, 

in the treatment of the quasistatic ion broadening, cannot 

explain the observed discrepancies. 	In view of the results 

given in Table (60.5) this conclusion is surprising. A possible 

explanation is that Muller's analysis neglects the fact that 

the first order quadrupole contribution will only be realised 

in practise if the quasistatic approximation is still valid 

when N e-  
-C(N  e 

 ) 
c
. 	In most cases this will be unlikely because 

the quasistatic approximation becomes less applicable as the 

electron density decreases. 	If the quasistatic approximation 

is invalid then, as discussed above, the adiabatic impact 
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theory must be used instead, with the result that the first 

order quadrupole contribution to the broadening and'shift 

vanishes. 	Hence, a more rigorous analysis of this contrib- 

ution to the width and shifts of a line .should also consider 

the magnitude of the parameter a- 	For example, for the 

lines shown in Table (6.15), and assuming the electron densities 

are those for which d3 
	4 

d,
' 
 the values of o-  are 0.3, 0.02.  

and 0.1 for the 3889 A°, 5016 A°  and 3965 A°  lines, respect- 

ively. 	These values of or indicate that the quasistatic 

approximation is likely to be only marginally,  yalid for 3889 A°  

line and invalid for the 5016 A°  and 3965 A°  lines. 	Conse- 

quently, Muller's estimate of the first order quadrupole 

contribution to the broadening and shift of these lines will 

be much too large. 

A more likely explanation of the discrepancies in the 

shifts, observed at low electron densities, is the breakdown 

of the quasistatic approximation. 	In (6.7.1)  it was seen 

that for the calculation of the widths the quasistatic approx- 

imation can still be used when tor-,1. 	This is not necessarily 

true for the shifts because here the ion contribution is 

usually much larger and discrepancies resulting from the 

breakdown of the quasistatic approximation might be much- more 

noticeable. 	To investigate this possibility the ratio of 

16 -3 
the experimental to theoretical shifts for Ne  = 10 	cm are 
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plotted against d-  , see FigL6.4 ). The results show that 

the discrepancies do tend to increase as cr becomes smaller, 

i.e. as the quasistatic approximation becoMes less reliable. 

It might be.expected, therefore, that improved agreement would 

result if the ion contribution is calculated using the 

adiabatic impact theory, see (5.2.2)  rather than the quasi- 

static approximation. 	Using (3.30), which gives the total 

shift of an isolated line resulting from electron and ion 

impacts, the shifts were recalculated. 	The results are 

shown in Figs(6.2)and(6.3). 
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With the exception of the 5048 and 3965 A°  lines 

Figs (6.2) and (6.3) show that there is improved agreement 

between the calculated and observed shifts.as the electron 

density tends to zero. 	This result is consistent with the 

above explanation of the discrepancies, because as the electron 

density decreases the time dependence of the ion field becomes 

increasingly important for the treatment of the ion broadening 

(see 5.2). 

If the above interpretatiaiof the discrepancies in 

the shifts is correct then the results given hare would con-

stitute the first realization of the dynamic effects of ions 

in line broadening studies. 

From the comparison between the shifts measured by 

Botticher et al and the values calculated by the author and 

others, a rather complex behaviour of the variation with electron 

density of the ion contributions to the shift of an isolated line 

emerges. 	It appears that at low electron densities (4 1016cm 3  

the timecbpendence of the ion field must be taken into account 

when calculating the shift. 	At high electron densities the 

quasi-static approximation is valid but it appears that the 

linear rather than the quadratic Stark effect predominates. 
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6.7.3. 	Ion Broadening Parameters 

As described in (4.2) the ion broadening parameters 

for a number of isolated HeI lines have been measured by Roder 

and Stampa (20). 	The results are shown in Table (6.16) together 

with the ion broadening parameters calculated by the author, and 

those of Griem (1). 	Mean values, and standard deviations, of 

the ratio of the measured to calculated ion broadening parameters 

are given in Table (6.17). 

TABLE (6.17)  

Ratio R of Experimental and Theoretical Ion Broadening Parameters  

Calculation R.  

1 1.01 ±- 0.4 

2  1.07 I 0.4 

Key: Calculation 1 = This work 

2 = Griem (1) 

Although the results given in Table (6.17) show that 

the author's calculations tend to be in slightly better agree-

ment with the experimental values this improvement can not be 

regarded as significant because of the large standard deviation 



Table (6.16) Comparison of Measured and Calculated Ion Broadening Parameters. 

Ne = 3.8 x 1015cm-3  
Ne = 7.2 x 10

15cm-3 N e = 1.7 x 10
16

cm
-3  

TRANSITION 	(A°) a
m  a (1) a(2) R(1) R(2) am  a

c 
 (1) a (2) R(1) R(2) a

III 
a C
(1) ac(2) R(1) R(2) 

23P-33D 	5876 
1S-31  2 	P 	5016 
3 	3 2 S-3 P 	3889 
1S-41  2 	P 	3965 
1P-41  2 	S 	5048 
3 	3 2 P-4 S 	4713 
3 	3 2 P-5 S 	4120 

0.0 

0.14 

0.0 

- 
- 

0.04 
- 

0.045 

0.13 
0.05 

0.23 
- 

0.08 

0.11 

0.048 

0.13 
0.05 

0.24 
- 

0.083 
0.12 

- 

1.08 
- 
- 

- 

0.5 
- 

- 

1.08 
_ 

- 

- 

o.48 
- 

0.05.0.053 

0.14 0.16 
0.04 0.06 

0.25 0.27 

0.19 0.11 

0.14 0.09 

0.18 0.13 

0.056 

0.15 
0.065 

0.29 

0.11 
0.096 

0.14 

0.94 

0.88 
0.67 

0.93 
1.70 
1.56 

1.38 

0.89 

0.93 
0.62 

0.86 

1.67 
1.46 

1.29 

0.05 
0.17 

0.05 

0.25 

0.12 
0.20 

- 

0.065 

0.18 
0.07 

0.33 
0.13 

0.11 

0.17 

0.07 

0.20 

0.08 

0.38 

0.14 

0.12 

0.17 

0.77 
0.94 
0.71 

0.76 

0.92 

1.82 

- 

0.71 
0.85 

0.63 

0.66 

0.86 

1.67 

- 

Key; 

aM 	
= Measured Ion Broadening Parameter(Roder and Stampa). 

oc cly = Calculated Ion Broadening Parameter(Griem) 

0lc(2) = 	11 	 11 	 if 	(This Work). 	. 

R(1) = otiN(1). 

R(2) = °Voc (2) . Jl 
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of the results. 	Table (6.16) shows that in general the agree-

ment between experiment and theory becomes poorer with increasing 

electron density. 	For lines originating from P or D levels 

discrepancies as large as "030% occur but typical discrepancies 

are"020%; the experimental values being in general smaller than 

the theoretical ones. 	In the case of lines originating from 

S levels discrepancies as large as 70% occur, and show large 

variations with electron density. 	For example, the ratio of 

the experimental to theoretical ion broadening parameter for the 

4713 A°  (23P - 43S) line is "050% less than unity for Ne=3.8 x 

1015cm-3 and^070% greater than unity for Ne 
= 1.7 x 1016cm-3. 

These discrepancies may to some extent result from exp- 

erimental difficulties such as poor signal to noise ratios and • 

the determination of the background intensity, which are 

encountered when making measurements on the wings of a profile. 

It is interesting to note, however, than an investigation made 

by Wiese and Murphy (38 ), of the intensity distribution on the 

far wings of an isolated OI line showed that the asymptotic wing 

formula predicted the correct slope of the wings but not the 

intensities; Roder and Stampa's method of determining oc depends 
coiAg 

on the validity of the asymptotic formula.. 
1 

Until further experimental studies of the accuracy of 

of. the asymptotic wing formula have been made the significance 

of the discrepancies in the ion parameters can not be assessed. 
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Errors in the asymptotic wing formula could arise possibly from 

the neglect of the electron contribution to the quasi-static 

wing broadening or by the transition from the quadratic to the 

linear Stark effect. Such a transition might be expected to 

take place at the high 	electric fields which are responsible for 
• 

the wings of a line. 

6.8. 	Recent Measurements of the Stark BroadeniU'g of  
Isolated HeI Lines  

Greig et al (39 ) have recently made a detailed study 

of the Stark Broadening of the HeI lines at 3889 A°  (width only) 

and 5016 A°  (width and shift) in T-tube generated plasma. 

Electron densities, determined from the broadening of the 

hydrogen line Hp , varied from 1016  to 6 x 1017cm-3. 	Electron' 

temperatures were in the range 2 x 104 oK to 3 x 10.4 °K..The 

measurements were compared with the calculations of Griem (1) 

and Oertel (24). 

For the 3889 A°  line the final results of the comparison 

were expressed in terms of the mean value of the ratio of the 

electron density obtained from the half width of this line, 

using first Oertel's then Griem's Stark broadening parameters, 

to that obtained from the broadening of Hp 	However, if the 

uncertainty ( ^' 4%). in the electron density determined from the 

broadening of Hp is neglected, then each ratio is equal to 
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the ratio of the experimental to theoretical half widths. 	The 

ratios obtained using Oertel's and Griem'3 Stark broadening 

parameters are respectively 1.01 - 0.07 and 0.91 - 0.06, for 

measurements, ade over the entire density range. 	In the case 

of the 5016 A°  line the experimental and theoretical widths were 

compared directly. 	For N C 1017cm 3  the ratios are 0.98 t0.04 
e 

and 0.88 f 0.05 for Oertel's and Griem's Stark broadening par-- 

ameters respectively. 	The above results are in excellent agree- 

ment with those given in (6.7.1). 	However, for N >1017cm-3 

the experimental width of the 5016 A°  line deviates considerably 

from the calculated values. 	At Ne •••• 3 x 1017cm-3 the experim- 

ental width is N  25% less than the theoretical width. 	A tent- 

ative explanati_on.of this behaviour, given by the authors, was 

that the estimates of Debye shielding effects available at the 

time were too low.. However they though that a more detailed 

evaluation of such effects would be unlikely to account for all 

of the observed discrepancy. 

The conclusions of these authors are essentially correct 

since it is now known (see 5.3.5) that for the width, both 

electric fields in the interaction (5.5. ). should be shielded, 

to a first approximation. 	However, when the present calcu-

lations, which include Debye shielding,effects in this manner, 

are compared with the calculations of Oertel the reduction in 
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the width is only "d10% which does not entirely account for the 

discrepancies. 

The most likely explanation of this behaviour is in 

terms of the transition from the quadratic to the linear Stark 

effect. 	It will be recalled that this effect has already 

been considered in connection with the shift measurements of 

Botticher et al (see 6.7.2). 	The calculated'i-i width of the 

5016 A°  line for Ne 
17 -3  3 x 10 cm is within a factor of"' 2.5 of 

the splitting between the upper state of the line and the 

nearest perturbing level. 	Consequently, the condition (3.22) 

for the validity of the isolated line approximation is not 

satisfied. 	When the isolated line approximation begines to 

break down the behaviour of a line will be governed by the 

transition from the quadratic to the linear Stark effect (see 3.7.3.)  

In the former regime the width of a line scales as Ne whereas 

in the latter regime it scales as Ne Thus, when this trans- 

ition takes place the width will increase more slowly with Ne  

as observed. 

The shift of the 5016 A°  line shows large discrepancies 

for practically the entire electron density range, even when the 

measurements are compared with Oertel's calculations. 	At 

N
e 	

1016cm-3 the calculated shift is too small by the "' 20%. 

17 -3   
whereas at Ne n,  3 x 10 cm it is too large by the ", 30%. 
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No explanation of the low density behaviour was given by the 

authors but that at high densities was again though to result 

possibly from an underestimate of Debye shielding effects. 

However, the behaviour of the shift of 5016 A°  line observed 

by Grieg et al, as the electron density is varied is similar to 

that observed by Botticher et al. This is illustrated in 

Fig. (6.5) where the ratios of the experimental to calculated 

shifts corresponding to the measurements of Botticher et al and 

the author s calculations, and the measurements of Grieg et al 

and the calculations of Oertel, are plotted. 
	Because of the simi- 

larity between the two sets of measurements the interpretation of 

the results obtained by Greig et al can be considered to be the 

same as that used for the results obtained by Botticher et al. 

The reader is therefore referred to (6.7.2) for further discussion. 

6.9. 	Summary of Results and Conclusions  

The results obtained in Part I and the conclusion that 

can be drawn from them are summarised briefly below. 

When calculating the widths and ion broadening parameters 

of isolated HeI lines which fall in the visible region of the 

spectrum the errors that arise from neglecting higher order effects 

such as lower state broadening, the quadrupole term in the multip-

ole expansion and the back reaction of the atom on the perturber 
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are negligible for T
e satisfying 10

4
eCKY .4 4 x 10

4 
and even 

for Te satisfying 2.5 x 10
3 
‘ Te K) <8 x 10

4 
the errors in 

the widths are expected to be — 10%. 

At low electron temperatures the neglect of the quad-

rupole term in the interaction can for certain lines lead to 

discrepancies when calculating the electron shift. 	For expmple 

at Te 	104 K the discrepancies are 30% and,15% for the 3889 

and 5016 A°  lines respectively, but at Te = 4 x 10
4

K the dis-

crepancies are negligible. 

The comparisons between theory and experiment have shown 

that the line widths calculated from the Stark broadening param-

eters given in this work, using the quasi-static theory for the 

ions are in better agreement with experiment than those obtained' 

from the Stark broadening parameters calculated by Griem (1). 

For example, using the author's calculations the average ratio of 

experimental to theoretical widths is 7.11.0 compared with 

when Griem's calculations are used. 	This improvement 

stems mainly from the more accurate values of the functions 

a(z) used in this work. 	These results confirm the -10% correction 

to the widths calculated from Griem's parameters which has been. 

suggested on empirical grounds by Lincke (21).. 

The comparisons between the theoretical and experimental 

widths also show that the ion broadening can be treated by the 
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quasi-static approximation even when the characteristic frequency 

of the ion field is of the same order as the electron impact 

2-2 w:dth (i.e. dr-,1). 	A similar conclusion has been reached 

theoretically by Griem (1). 

In contrast to the good agreement between theory and 

experiment found for the widths, the shifts calculated from the 

Stark broadening parameters given in this work, again, using the 

quasi-static theory for the ions, are in general systematically 

smaller than the measured shifts for Ne 7.2;10
16

cm
-3 

whereas for 

N
e 	

1016cm-3  the reverse is true; similar results are obtained 

when the Stark. broadening parameters of other workers are used. 

The explanation of the results for Ne < 10
16

cm
-3 

appears to be 

that although o-  is N 1 the quasi-static approximation is not 

valid for the ions (i.e. the ion motions can not be neglected). 

This result conflicts with that obtained foi. the widths (see 

above). 	However, the two can be reconciled because the ions 

have a larger effect on the shift of an isolated line that they 

do on the width (see (3.2.7), and (3.2.8)) and hence the effects 

produced by the breakdown of the quasi-static approximation would 

be expected to be much more noticeable for the shifts. 	The 

discrepanCies observed at Ne 	10
16 

cm
-3 

appear to be attribu- 

table to the transition from the quadratic to the linear Stark 

effect. 
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A comparison of the calculated and experimental ion 

broadening parameters shows that for some lines discrepancies as 

large as a factor of 2 are observed. 	It is suggested that these 

discrepancies Pight arise from the asymptotic wing formula which 

were used in the experimental determination of the ion broadening 

parameters (see (4.2)). 

6.10 	Tables of Stark Broadening Parameters for 16 Isolated 
HeI Lines  

The Stark broadening parameters for 16 isolated HeI 

lines were calculated using the procedure outlined in (6.1). 	For 

the Amin cut-off 'cut-off 2' was used.. 	To select the lines the work 

of Martin (35) was used. 	From this comprehensive wavelength 

list lines were chosen such that: 

a) The wavelength of the line,with the exception 

of 11S - 21P 584 A°  line satisfies 2,000< X <8,000 A°  

b) The intensity of the line is :;100 on the intensity 

scale usediby Martin 

This method of selection gave a total of 16 lines and they are 

listed in Table (6.18) together with splitting Wlma' of the nearest 

perturbing level. 

A number of factors can determine the range of validity and 
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accuracy of the calculated Stark broadening parameters. These factors 

are considered below. 

At sufficiently high electron densities the isolated 

line approximation (see 3.7.1)  will break down for any line. 

An estimate of the electron density range over which a line 

may be considered to be isolated can be obtained by comparing 

the splitting coocce  between the upper state of the line and 

the nearest perturbing level, with quasi-static 	width wH of 

a hydrogenic line, whose upper state has the same principal 

quantum number n as the upper state of the line Ian is given by 

(see .(13)), 

i.TH 
5n2 h — Neim  

= 1.2 n
2 
N 3'  cm

-1 

where Ne 
is in units of 10

16
cm
-3. 	Because wH will overestimate 

the width of line whose upper state is non-degenerate in 

the orbital quantum number, an estimate of the electron density 

below which a line can be considered to be isolated is given by: 

Ne  < (Ne)c  

where 

(Ne) r  Wcue  13/ 2 

L  1. 2n2 
(:6,9) 
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TABLE (6.18 )  

Transitions, Wavelengths, The Separations of the Nearest 
Perturbing Level and the Critical Density for the Validity 
of the Isolated Line Approximations for the Lines which 

-s Stark Broadening PaaMeter - h-aVebeen. Calculated 

, 	, 	• TRANSITIONS 	X(e) 	c.i4dkom-1  ) 	(iN e)cx 1016  cm-3  

21P 31S 

23P - 33s 

2
1
P - 3

1
D 

21P - 41D 

23P 43D 

23P 33D 

21P 7  415  

213 31P 

23P - 43s 

1 2 P - 51S 

23P 53S 

218 41p  

23S - 33P 

23S 43p 

3 53P S - 5 P 

11S 1  1 S 	21P  

	

7281.4 	.E13447. * 

	

7065.2 	-2328. 

	

6678.2 	- 104.4 

4921.9 - 5.52 

4471.5 - 7.21 

	

5876.6 	537.0 

	

5047.7 	552.5 

	

5015.7 	104.4 

	

4713.4 	918.9 

	

4437.6 	- 278.9 

	

4120.8 	- 453.7 

	

3964.7 	46.26 

	

3888.7 	- 53770 

	

3187.8 	- 227.4 

	

2945.1 	- 116.5 

	

584-.3 	-4857.4 

174- x 103  

3.2 x 103 

30.0 

0.15 

0.23 

3.5 x 102 

1.5 x 102 

30.0 

3.3 x 102 

28.0 

59.0 

3.7 

3.5 x-  102 

41.0 

7.6 

3.2 x 105 

Negative 6igli-indieates that nearest perturbing 
level:id situated above upper level of line and 
vice versa 
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In (6.9) (.)alis cm-1  and (Ne)c 	m- is in units of 1016c 5. 	The 

value of (N e  )c  for each of the lines selected is also given 

in Table (6.18). More specifically by comparing the value of 

(Xe)c 
given in Table (6.18) for 5016 A°  line with the results 

obtained for this line by Greig et al (see 6.8) the following 

condition for a line to be.considered as isolated is suggested. 

N
e 

4 0.2 (N• ) 
e c 

(6.10) 

When calculating the Stark broadening parameters the 

critical density CR ) was used only as a guide to the range of 
e c 

Ne used in the calculations. 
	In general, the calculations were 

terminated at values of Ne 	(Ne  )c; • this must be borne in mind 

when using the tables. 

For the equivalent cut-off procedure to be valid the con- 

dition ?max/ /min  >>1 must be satisfied (see 
5.3.5). 	The 

upper impact parameter can be estimated by: 

Pmax 
T 

= 6.9 x 10
-8 
( 	) cm 	(.6.11) 

where Te is in 
oK and Ne is in units of 10

16cm-3. Baranger (4) 

gives two estimates for ''min,  one valid for zaa
t (see 5.1) small, 

the other for zol 
 , large. The two expressions for /Min are 

respectively:. 

emin  n 
	 (6.12) 

plain  2  'A n4/3  ( 2E" wad) 
	 (6.13) 
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where )A is the De Broglie wavelength, n is the principal quantum 

number of the upper state of the line clot. , E is the perturber 

energy, and Wace has the usual meaning. 	If in (6.12) and (6.13) 

per,,, is evaluated using the mean electron velocity (8kTe/Ir m)1  

and E is assumed to be equal to kTe, then from (6.12), (6.13) 

and (6.11) the ratio of'max/tomin 
becomes: 

'max/  'min 

,Pmax/ min 

T 
4 x 10 , 6 	e --r . - 1 

2 	
. 

(for z « g' small) (6.14) , 
N2  n 

 
e 
a 
T3  6 e-it 1 

3 x 10 —7 
w 

 mac, 4/3(for  zda
s large)(6.15) ... 

147- 	n e 

where T
e 
is in oK, N

e 
is in units of 1016cm-3 and G.) lis in cm-1. 

When using the tables of stark broadening parameters (6.14) or 

(6.15) should be used to ensure that errors do not arise from the 

breakdown of the equivalent cut-off procedure. 

As discussed in (6.6.1)  the errors in the widths prod- 

uced by neglecting the correction for the back reaction of the 

atom on the perturber, and the lower state broadening are less 

than 10% provided Te  satisfies 2500.< Te(°K)<80,000 and are 

negligible if T
e 	

4- 
satisfies 10 < T(°K)4:4 x 104. 	Since the 

temperature range used in these calculations is 5000 <:Te(°K)460,000 

the errors resulting from the neglect of these effects will be 

, 5% at the limits of T
e
, for lines arising from levels with n=3, 
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and negligible of intermediate values of T
e
. 	For lines arising 

from levels with n.'.:04 the errors should be negligible for the 

entire range of Te. 	Since the ion broadening parameter is 
2 

proportional to (1/W)4, where w is the electron impact 	width 

the errors produced by making the approximations mentioned should 

be even smaller than those for the widths. 

The errors in the electron impact shifts produced by 

neglecting the quadrupole term in the interaction can be important 

for certain lines at low electron temperatures (see (6.4)) and 

errors will also arise from the neglect of the lower state shift. 

However, the results in (6.7.2.)  suggest that the major uncertain-

ties in the shifts arise from factors other than the above 

approximations; notably from the ion contribution to the shift. 

In spite of the uncertainties, it was though worthwhile to calc-

ulate the electron impact shifts because the only other calcula-

tions which are available and which include Debye shielding 

effects/ and the use of the numerically accurate b(z) functions, 

are those made by Oertel for 4 HeI lines (see (6.4)). 	It is 

hoped that the shifts given in the following tables will at least 

assist in the interpretation of experimentally determined shifts 

and that, possibly, they might also stimulate a systematic invest-

igation of the shifts of isolated HeI lines. 

The Stark broadening parameters for the 16 lines listed 

in Table (6.18) are presented in the following Table (6.19). 
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A separate page is devoted to each spectral line and 

the wavelength of the line is given at the top of the page. 

For each electron density the Stark broadening parameters are 

calculated for the range of electron temperatures mentioned 

above and the results are presented in five columns. 	Column  

one corresponds to Te  in °K, column two to the electron impact 

2-2  width in Angstrom units, column three to the shift to width 

ratio (with the convention that a shift to the red is positive) 

and the final column contains the parameter a- which is calculated 

from: 

1 05" = 5.30 x 109 	w 
••+ 2 	—"'r  • 

1 

A T
e
2  N

e
7  

where w is the electron impact 	width in A°, -)t is the wave-

length of the line in A°, T
e 
is in °K and Ne 

is units of 1016cm-3  

This relationship was calculated from (5.19) using for vi  the 

mean relative ion velocity ( 	x the mean ion velocity). 

The Debye shielding parameter for the ion field (see 

5.2.1.)  is not given in the tables since it does not depend on 

the electron impact width or shift. 	This parameter can be 

calculated from: 

R 	= 	41.7 Nei/6 Te-1/2 

o 
where N

e 
is in units of 10

16cm-3 and T
e 
is in K. 



TABLE (6.19)  , 

Stark Broadening Parameters for 16 isolated HeI lines  
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WAVELENGTH OF LINE = 7291.35 ANGSTROMS 

CUT-OFF USED = 2 

ELECTRON DENSITY = 1.00E 14 
T(K) 
	

W(A) 	S/W 	ALPHA 
	

SIGMA 

5r/00. 2.65E-03 1.32E 00 2.93E-02 1.74E-02 
L.000. 3.29E-03 1.10E 	Ou 2.49E-02 1.52E-02 
20000. 3.8CE-03 8.99E-01 2.24E-02 1.24E-02 
40:100. 4.02E-03 7.35E-01 2.14F-02 9.32E-03 
00030. 4.02E-03 6.55E-01 2.15E-02 7.59E-01 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/w 

= 	1.00E 	15 
- 	ALPHA SIGMA 

5000. 2.65E-02 1.31E 	00 5.22E-02 8.06E-02 
10000. 3.29E-02 1.09E 0U 4.44E-02 7.08E-02 
20000. 3.80E-02 8.95E-01 3.99E-02 5.77E-02 
4330(1. 4.02E-02 7.33 E-01 3.81E-02 4.33E-02 
60300. 4-n2E-02 6.53E-01 3.82E-02 3.53E-02 

T(K) 
ELECTRON 
W(A1 

DENSITY 
S/W 

= 	1.00E 16 
ALPHA SIGMA 

5000. 2.65E-01 1.27E 00 9.28E-02 3.75E-01 
10000. 3.29E-01 1.07E 00 7.89E-02 3.29E-01 
20000. 3.80E-01 8.82E-01 7.09E-02.  2.68E-01 
40000. 4.02E-01 7.24E-01 6.78E-02 2.01E-01 
60000. 4.02E-01 6.46E-01 6.79E-02 1.64E-01 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/W 

1.00E 17 
ALPHA SIGMA 

5000. 2.65E 00 1.16E 	00 1.65E-01 1.74E 00 
10000. 3.29E 00 1.00E 	00 1.40E-01 1.53E 00 
20000. 3.79E 00 8.42E-01 1.26E-01 1.25E 00 
40000. 4.02E 00 6.98E-01 1.21E-01 9.34E-01 
60000. 4.02E 00 6.24E-01 1.21E-01 7.61E-01 

T(K)  
ELECTRON 
W(A) 

DENSITY 
S/W 

= 	1.00E 18 
ALPHA SIGMA 

5000. 2.39E 01 8.54E-01 3.17E-01 7.29E 00 
10000. 3.12E 01 8.26E-01 2.59E-01 6.73E 00 
20000. 3.68E 01 7.30E-01 2.30E-01 5.60E 00 
40000. 3.94E 01 6.21E-01 2.19E-01 4.25E 00 
60000. 3.95E 01 5.60E-01 2.18E-01 3.47E 00 
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WAVELENGTH OF LINE = 7065.19 ANGSTROMS 

CUT-OFF USED = 2 

ELECTRON DENSITY = 1.00E 14 
I( K ) 
	

w(4) 
	

S/W 
	

ALPHA 
	

SIGMA 

5000. 1.39E-03 1.46E 00 2.59E-02 9.65E-03 
1000C.- 1.78E-03 1.23E 	00 2.15E-02 8.74E-03 
20000. 2.16E-03 1.01E 	00 1.86E-02 7.50E-03 
40000. 2.42E-03 8.23E-01 1.71E-02 5.94E703 
60000. 2.46E-03 7.28E-01 1.67E-02 4.99E-03 

ELECTRON DENSITY = 1.00E 15 
T(K) 
	

W(A) 	S/W 	ALPHA 
	

SIGMA 
• 

5030. 1.39E-02 1.45E 	00 4.60E-02 4.48E-02 
10000. 1.78E-02 1.23E 00 3.83 E-02 4.06E-02 
20000. 2.16E-02 1.01E 	00 3.31E-02 3.49f-02 
40000. 2.42E-02 8.21E-01 3.04E-02 2.76E-02 
60000. . 2.48E-02 7:27E-01 2.98E-02 2.32E-02 

T(K) 
ELECTRON 

W(A) 
DENSITY 

S/W 
= 	1.00E 	16 

ALPHA SIGMA 

5000. 1.39E-01 1.42E 00 8.19E-02 2.08E-01 
10000. 1.78E-01 1.21E 	OU 6.80E-02 1.89E-01 
20000. 2.16E-01 1.00E 00 5.88E-02 1.62E-01 
40000. 2.42E-01 8.15E-01 5.40E-02 1.28E-01 
60000. 2.48E-01 7.22E-01 5.29E-02 1.08E-01 

T(K) 
ELECTRON DENSITY 
W(A) 	S/W 

= 	1.00E 	17 
ALPHA SIGMA 

5000. 1.39E 00 1.33E 00 1.46E-01 9.67E-01 
10000. 1.78E 00 1.16E 00 1.21E-01 8.76E-01 
20000. 2.16E 00 9.69E-01 1.05E-01 7.52E-01 
40000. 2.42E 00 7.95E-01 9.60E-02 5.96E-01 
60000. 2.48E 00 7.06E-01 9.41E-02 5.00E-01 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/W 

= 	1.00E 18 
ALPHA SIGMA 

5000. 1.36E 01 1.03E 	00 2.62E-01 4.42E 00 
10000. 1.76E 01 9.94E-01 2.17E-01 4.03E 00 
20000. 2.15E 01 8.73E-01 1.87E-01 3.48E 00 
40000. 2.41E 01 7.34E-01 1.71E-01 2.76E 00 
60000. 2.48E 01 6.58E-01 1.68E-01 2.32E 00 
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WAVELENGTH OF LINE = 6678.15 ANGSTROMS 

CUT-OFF USED = 2 

ELECTRON DENSITY = 1.00E 14 
T(K) 
	

w(A) 	S/W 	ALPHA 	SIGMA 

5000. 4.16E-03 6.28E-0i 4.65E-02 3.24E-02 
10000. 3.78E-03 5.79E-01 4.99E-02 2.08E-02 
20000. 3.46E-03 5.40E-01 5.41E-02 1.33E-02 
40000. 3.06E-03 5.00E-01 5.86E-02 8.42E-03 
60000. 2.87E-03 4.72E-01 6-15E-02 6.45E-03 

T(K) 
ELECTRON DENSITY 
w(A) 	S/W 

= 	1.03E 15 
ALPHA SIGMA 

5000. 4.16E-02 6.06E-01 8.27E-02 1.50E-01 
10000. 3.78E-02 5.62E-01 8.88E-02 9.68E-02 
23000. 3.40E-02 5.28E-01 9.61E-02 6.15E-02 
46000. 3.06E-02 4.89E-01 1.04E'-.01 3.91E-02 
60000. 2.87E-02 4.63E-01 1.09E-01 2.99E-02 

T(K) 
ELECTRON DENSITY 
W(A) 	S/W 

= 	1.03E 16 
ALPHA SIGMA 

5000. 4.05E-01 5.47E-01 1.50E-01 6.80E-01 
10000. 3.71E-01 5.16E-01 1.60E-01 4.40E-01 
20000. 3.35E-01 4.91E-01 1.73E-01 2.81E-01 
40000. 3.02E-01 4.60E-n1 1.87E-01 1.79E-01 
60000. 2.84E-01 4.37E-01 1.96E-01 1.38E-01 

T(K) 
ELECTRON DENSITY 
W(A) 	S/W 

= 	1.00E 17 
ALPHA SIGMA 

5000. 3.25E 00 4.39E-01 3.14E-01 2.54E 00 
10000. 3.15E 00 4.31E-01 3.22E-01 1.74E 00 
20000. 2.95E 00 4.24E-01 3.38E-01 1.15E 00 
40000. 2.74E 00 4.06E-01 3.58E-01 7.56E-01 
60000. 2.61E 00 3.89E-01 3.71E-01 5.88E-01 

T(K) 
ELECTRON DENSITY = 
W(A) 	S/W 

1.00E 18 
ALPHA SIGMA 

5000. 1.61E 01 3.69E-01 - 9.47E-01 5.84E 00 
10000. 2.02E 01 3.68E-01 8.00E-01 5.18E 00 
20000. 2.17E 01 3.77E-01 7.58E-01 3.93E 00 
40000. 2.19E 01 3.68E-01 7.53E-01 2.80E 00 
60000. 2.16E• 01 3.54E-01 7.61E-01 2.26E 00 

-• 
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wAVELPJGTH OF LINE = 5876.62 ANGSTROMS 

CUT-OFF USED = 2 

ELECTRON DENSITY = 1.00E 14 
Tt K ) 
	

WiAl 	S/W 
	

ALPHA 
	

SIGMA 

5300. 1.53P-03 -5.78E-01 -2.08E-02 1.54E-02 
10000. 1.65P-03 -3.56E-01 -1.97E-02 1.17E-02 
20000. 1.70E-03 -1.74E-01 -1.92E-02 8.56E-03 
40000. 1.70P-53 -4.6DP-02 -1.92E-02 6.06E-03 
6C,000. 1.68E-03 2.88E-03 -1.94E-02 4.87-03 

ELECTRON DENSITY = 1.00E 	15 
T(K) W(A) S/W ALPHA SIGMA 

5000. 1.53E-02 -5.70E-01 -3.7)E-02 7.14E-02 
10000. 1.65E-02 -3.51E-01 -3.50E-02 5.44E-02 
20000. 1.70E-02 -1.70E-01 -3.41E-02 3.98E-02 
40000. 1.7CE-02 -4.37E-02 -3.41E-02 2.81.E-02 
60000. 1.68E-02 4.77E-03 -3.45E-02 2.26E-02 

ELECTRON DENSITY = 1.00E 16 
TO() W(A) S/W ALPHA SIGMA 

- 
5000. 1.53E-01 -5.47E-01 -6.59E-02 3.31E-01 
10000. 1.65E-01 -3.36E-01 -6.23E-02 2.53E-01 
20000. 1.70E-01 -1.60E-01 -6.07E-02 1.85E-01 
40000. 1.70E-01 -3.64E-02 -6.07E-02 1.31E-01 
60000. 1.68E-01 1.08E-02 -6.14E-02 1.09E-01 

ELECTRON DENSITY = 1.00E 17 
Tt K ) w( A )  S/W ALPHA SIGMA 

5000. 00 -4.76E-01 -1.18E-01 1.52E 00 
10000. 1.63E 00 -2.88E-01 -1.11E-01 1.16E 00 
20000. 1.69E 00 -1.26E-01 -1.08E-01 8.53E-01 
40000. 1.70F 	00 -1.23E-02 -1.08E-01 6.05E-01 
60000. 1.67E 00 3.10E-02 -1.09E-01 4.87E-01 

ELECTRON DENSITY = 1.00E 	18 
T(K) W(A) S/W ALPHA SIGMA 

5000. 1.17E 01 -2.93E-01 -2.55E-01 5.46E 00 
10000. 1.39E 01 -1.46E-01 -2.23E-01 4.61E 00 
20000. 1.52E 01 -1.68E-02 -2.09E-01 3.57E 00 
40000. 1.58E 01 7.09E-02 -2.03E-01 2.61E 00 
60000. 1.58E 01 1.02E-01 -2.04E-01 2.13E 00 



178 

WAVELENGTH OF LINE = 5047.74 ANGSTROMS 

CUT-OFF USED = 2 

ELECTRON DENSITY = 1.0E 14 
T(K) 
	

w(A) 	S/w 	ALPHA 
	

SIGmA 

5000. 5.40E-03 1.21E 	00 4.75E-02 7.36E-02 
10100. 6.52F-03 9.99E-01 4.12F-02 6.29 E-02 
20,71j0. 7.26E-03 8.14E-01 3.81E-02 4.95E-02 
4000. 7.44E-G3 6.64E-01 3.74E-02 3.59E-02 
6c)-:)JO. 7.30E-03 5.91E-01 3.79E-02 2.87E-02 

ELECTRON DENSITY 	= 1.00E 	15 
T(K) W(t) S/w ALPHA SIGMA 

5000. 5.40E-02 I.19E 	00 8.45E-02 3.42E-01 
10000. 6.52E-02 9.86E-01 7.33E-02 2.92E-01 
20000. 7.26E-02 8.06E-01 6.77E-02 2.30E-01 
40000. 7.44E-02 6.59E-01 6.64E-02 1.67E-01 
60000. 7.30E-02 5.86E-01 6.74E-02 1.3E-01 

T( K 1 
ELECTRON DENSITY 
W(A) 	S/w 

= 	1.0;)E 	16 
ALPHA SIGMA 

5000. 5.40E-01 1.12E 00 3.50E-01 1.59E 00 
10000. 6.52E-01 9.46E-01 1.3)E-01 1.36E 00 
20000. 7.26E-01 7.81E-01 1.20E-01 1.07E 00 
40000. 7.44E-01 6.41E-01 1.18E-01 7.74E-01 
60000. 7.30E-01 5.72E-01 1.20E-01 6.20E-01 

T(K) 
ELECTRON 
W(A) 

DENSITY = 
S/W 

1.00E 	17 
ALPHA SIGMA 

5000. 5.25E 00 9.21E-01 2.73E-01 7.17E 00 
10000. 6.41E 00 8.27E-01 2.35E-01 6.19E 00 
20000. 7.18E 	00 7.04E-01 2.16E-01 4.91E 00 
40000. 7.39E 00 5.87E-01 2.11E-01 3.57E 00 
60000. 7.26E 00 5.26E-01 2.14E-01 2.86E 00 

ELECTRON DENSITY = 1.00E 	18 
T(K) W(A) S/W ALPHA SIGMA 

5000. 5.56E 00 3.44E 00 2.61E 00 3.53E 00 
10000. 3.61E 	01 7.17E-01 6.42E-01 1.62E 01 
20000. 5.70E 01 5.39E-01 4.56E-,01 1.81E 01 
40000. 6.35E 01 4.62E-01 4.21E-01 1.42E 01 
60000. 6.41E 01 4.18E-01 4.18E-01 1.17E 01 



179 

WAVELENGTH OF LINE = 5015.68 ANGSTRCmS 

T(K) 

CUT-OFF USED = 2 

ELECTRON DENSITY = 	1.00E 	14 
w(A) 	S/w 	ALPHA SIGMA 

5000. 3.70E-03 -6.2.8E-01 -4.88E-02 5.11E-02 
10000.- 3.53E-n3 -5.20E-n1 3.44E-02 
20000. 3.27E-03 -4.17E-01 -5.36E-02 2.26E-02 

2.96E-03 -3.23E-01 -5.77E-02 1.45E-02 
6000. 2.77E-03 -2.76E-01 -6-(7E-OL 1.10E-02 

ELECTRON DENSITY 1.00E 	15 
T(K) W(A) S/W ALPHA SIGMA 

• 

5000. 3.70E-02 -6.05E-01 -8.68E-02 2.37E-01 
1C000. 3.53E-02 -5.04E-01 -9.01E-02 1.60E-01 
20000. 3.27E-C2 -4.04E-01 -9.54E-02 1.05E-01 
40000. 2.96E-02 -3.13E-01 -1.03E-01. 6.71E-02 
60000. 2.77E-02 -2.68E-01 -1.08E-01 5.12E-n2 

ELECTRON DENSITY = 1.00E 	16 
7(K) W(A) S/w ALPHA SIGMA 

5000. 3.60E-01 -5.42E-n1 -1.58E-01 1.07E 00 
10000. 3.45E-01 -4.55F-01 -1.63E-01 7'.28E-01 
20000. 3.22E-01 -3.66E-01 -1.72E-01 4.79E-01 
40000. 2.93E-01 -2.82E-01 -1.84E-01 3.08E-01 
60000. 2.74E-01 -2.40E-01 -1.94E-01 2.35E-01 

ELECTRON DENSITY = 1.00E 	17 
T(K1 W(A) 5/W ALPHA SIGMA 

5000. 2.86E 00 -4.22E-01 -3.34E-01 3.95E 00 
10000. 2.93E 00 -3.56E-01 -3.27E-01 2.86E 00 
20000. 2.85E 00 -2,83E-01 -3.35E-01 1.97E 00 
40000. 2.66E 	00 -2.11E-01 -3.52E-01 1.30E 00 
60000. 2.52E 00 -1.75E-01  -3.66E-01 1.01E 00 

ELECTRON DENSITY = 1.00E 18 
T(() W(A) S/w ALPHA SIGMA 

5000. 1.26E 01 -3.19E-01 -1.09E 00 8.11E 00 
10000. 1.84E 01 -2.44E-01 -8.27E-01 8.34E 00 
20000. 2.09E 01 -1.81E-01 -7.51E-01. 6.71E 00 
40000. 2.13E 01 -1.23E-01 -7.40E-01 4.84E 00 
60000. 2.09E 01 -9.39E-02 -7.50E-01 3.87E 00 
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WAVELENGTH OF LINE = 4921.93 ANGSTROMS 

CUT-OFF USED = 2 

ELECTRON DENSITY = 1.00E 14 
T(K) 
	

w(A) 	S/W 	ALPHA 
	

SI(MA 

5000. 2.23E-02 3.78E-01 2.21E-01 3.19E-01 
1t-):00. 1.90E-02 3.39E-01 2.48E-01 1.93E-01 
20")00. 1.51E-02.  3.15F-01 2.95E-01 1.08E-01 
401)00. 9.90E-03 3.06E-01 4.06E-01 5.02E-02 
6i;00C. 6.93E-03 3.05E-01. 5.30E-01 2.87E-02 

ELECTRON DENSITY = 1.00E 15 
T(K) 
	

W(A) 
	

S/W 
	

ALPHA 
	

SIGMA 

5000. 1.96E-01 3.15E-01 4.33E-01 1.30E 00 
10000. 1.71E-01 2.85E-01 4.78E-01 8,06E-01 
20000. 1.39E-01 2.66E-01 5.61E-01 4.61-01 
40000. 9.22E-02 2.61E-01 7.61E-01 2.17E-01 
60000. 6.53E-02 2.62E-01 9.89E-01 1.25E-01 

ELECTRON DENSITY = 1.00E 16 
T(K) 
	

W(A) 
	

S/w 
	

ALPHA 
	

SIGMA 

5000. 1.47E 00 2.42E-01 9.53E-01 4.55E 00 
10000. 1.37E 00 2.22E-01 1.0JE 00 3.00E 00 
20000. 1.16E 00 2.11E-01 1.14E 00 1.79E 00 
40000. 7.95E-01 2.11E-01 1.51E 00 8.69E-01 
60000. 5.70E-01 2.14E-01 1.94E 00 5.09E-01 



181 

wAVELE%GTH OF LINE 	= 4713.38 ANGSTROPS 

CUT-OFF USED = 2 

. 	ELECTRON DENSITY = 1.00E 	14 
T(K) 1,4(4) S/W ALPHA SIGMA 

• 
5300. 2.79;7-03 I.35E 	00 4.22E-02 4.36E-02 
10000. 3.51E-03 1.12E 3.55E-02 3.88E-02 
20000. 4.12E-03 9.07F-01 3.15E-02 3.22E-02 
40000. 4.45E-03 7.31E-31 2.97E-02 2.46E-02 
63 00. 4.49E-03 6.44E-01 2.96E-02 2.02E-02 

T(K) 
ELECTRON 
w(A) 

DENSITY 
S/w 

= 	1.00E 	15 
ALPHA SIGMA 

5330. 2.79E-02 1.33E 00 7.51E-02 2.02E-01 
10000. 3.51E-02 1.11E 	00 6.32F-02 1.89E1.01 
20000. 4.12E-02 9.01 E-01 5.60E-02 1.50E-01 
40000. 4.45E-02 7.27E-01 5.29E-02 1.14E-01 
60000. 4.49E-02 6.41 E-01 5.26E-02 9.40E-02 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/W 

= 	1.00E 16 
ALPHA • SIGMA 

5000. 2.79E-01 1.27E 00 1.33E-01 9.40E-01.  
10000. 3.51E-01 1.07E 00 1.12E-01 8.37E-01 
20000. 4.12E-01 8.81E-01 9.96E-02. 6.95E-01 
40000. 4.45E-01 7.14E-01 9.40E-02 5.31E-01 
60000. 4.49E-01 6.31E-01 9.34E-02 4.37E-01 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/W 

= 	1.00E 	17 
ALPHA SIGMA 

5000. 2.78E 00 1.09E 00 2.38E-01 4.35E 00 
10000. 3.50E 00 9.71E-01 2.00E-01 3.88E 00 
20000. 4.12E 00 8.19E-01 1..77E-01 3.22E 00 
40000. 4.45E 00 6.73E-01 1.67E-01 2.46E .00 
60000. 4.48E 00 5.97E-01 1.66E-01 2.03E 00 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/W 

= 	1.00E 18 
ALPHA SIGMA 

5000. 8.05E 00 1.86E 00 1.37E 00 5.86E 00 
10000. 2.90E 01 7.33E-01 4.10E-01 1.49E 01 
20000. 3.71E 01 6.65E-01 3.41E-01 1.35E 01 
43000. 4.16E 01 5.66E-01 3.13E-01 1.07E 01 
60000. 4.25E 01 5.08E-01 3.08E-01 8.93E 00 
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WAVELENGTH OF LINE = 4471.48 ANGSTROMS 

CUT-OFF USED = 2 

ELECTRON DENSITY = 1.00E 14 
T(K) 	w(A) 
	S/W 	ALPHA 

	SIGMA 

5000. 1.41E-02 3.66E-02 1.95E-01 2.45 E-01 
10000. 1.24E-02 1.28E-02 2.14E-01 1.53E-01 
20000. 1.05E-02 1.12E-02 2.43E-01 9.15E-02 
40000. 7.68E-03 2.00E-02 3.08E-01 4.72E-02 
60000. 5.71E-03 2.60E-02 3.84E-01 2.86E-02 

T(K) 
ELECTRON DENSITY 

W(A) 	S/w 
1.00E 15 

ALPHA SIGMA 

5000. 1.23E-01 -6.91E-02 3.85E-01 9.91E-01 
10000. 1.11E-01 -7.25E-02 4.14E-01 6.36E-01 
20000. 9.64E-02 -5.78E-02 4.62E-01 3.89E-01 
40000. 7.15E-02 -3.85E-02 5.78E-01 2.04E-01 
60000. 5.37E-02 -2.76E-02 7.16E-01 1.25E-01 

T(K) 
ELECTRON DENSITY 

W(A) 	S/W 
= 	1.00E 16 

ALPHA SIGMA 

5000. 9.39E-01 -1.84E-01 8.37E-01 3.52E 00 
10000. 9.10E-01 -1.57E-01 8.57E-01 2.41E 00 
20000. 8.22E-01 -1.22E-01 9.25E-01 1.54E 00 
40000. 6.26E-01 -9.33E-02 1.13E 00 8.30E-01 
60000. 4.75E-01 -8.15E-02 1.40E 00 5.14E-01 



183 

WAVELENGTH OF LINE = 4437.55 ANGSTROMS 

CUT-OFF USED = 2 

ELECTRON DENSITY = 1.D0E 14 
T(K) 
	

W(A) 	S/W 
	

ALPHA 
	

SIGMA 

5000. 1.25E-02 1.13E 	00 6.90E-02 2.21E-01 
10000.. 1.47E-02 9.24E-01 6.10E-02 1.84E-01 
20300. 1.6CE-02 7.51E-01 5.75E-02 1.41E-01 
40050. 1.60E-02 6.11E-01 5.75E-02 9.96E-02 
60000. 1.55E-02 5.43E-01 5.88E-02 7.89E02 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/W.  

= 	1.0CE 	15 
ALPHA SIGMA 

5000. 1.25E-01 1.09E 00 1.23E-01 1.03E 00 
10'200. 1.47E-C1 9.03E-01 1.09E-01 8.54E-01 
20000. 1.60E-01 7.37E-01 1.02E-01 6.54E-01 
43000. 1.60E-01 6.01E-01 1.02E-01 4.63E-01 
60,100. 1.55E-01 5.35E-01 1.05E-01 3.67E-01 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/W 

1.00E 	16 
ALPHA SIGMA 

5000. 1.25E 	00 9.81E-01 2.19E-01 4.75E 00 
10000. 1.47E 00 8.36F-01 1.93E-01 3.96E 00 
20000. 1.60E 00 6.93E-01 1.82E-01 3.04E 00 
40000. 1.60E 00 5.70E-01 1.82E-01 2.15E 00 
60000. 1.55E 	00 5.09E-01 1.86E-01 1.70E 00 

ELECTRON DENSITY = 1.00E 17 
T(K) W(A) S/W ALPHA SIGMA 

5000. 9.96E 00 7.36E-01 4.61E-01 1.76E 01 
10000. 1.31E 	01 6.73E-01 3.75E-01 1.64E 01 
20000. 1.48E 	01 5.80E-01 3.42E-01 1.31E 01 
40000. 1.52E 	01 4.85E-01 3.36E-U1 9.47E 00 
60000. 1.48E 	01 4.35E-01 3.42E-01 7.56E 00 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/W 

= 	1.00E 18 
ALPHA SIGMA 

5000. 1.51E-01 2.15E 01 1.07E 02 1.24E-01 
10000. 2.12E 	01 1.16E 00 2.62E 00 1.23E 01 
20000. 7.43E 01 4.31E-01 1.02E 00 3.05E 01 
40000. 1.05E 02 3.21E-01 7.89E-01 3.04E 01 
60000. 1.11E 02 2.88E-01 7.57E-01 2.62E 01 



181+ 

WAVELENGTH OF LINE = 4120.82 ANGSTROMS 

CUT-OFF USED = 2 

ELECTRON DENSITY = 1.00E 14 
T(K) 
	

W(A) 
	

S/w 
	

ALPHA 
	

SIGMA 

5000. 6.66E-03 1.25E 	00 6.12E-02 1.36E-01 
10nOw 8.22E-03 1.03E 00 5.23E-02 1.19E-01 
20000. 9.40E-03 8.28E-01 4.73E-02 9.61E-02 
43030. 9.89E-03 6.62E-01 4.55E-02 7.15E-02 
6:)&30. 9.83E-03 5.83E-01 4.57E-02 5.80 E-02 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/W 

1.00E 	15 
ALPHA SIGMA 

5000. 6.66E-02 1.22E 00 1.09E-01 6.32E-01 
10330. 8.22E-02 1.01E 	00 9.33E-02 5.52E-01 
20000. 9.40E-02 8.17E-01 8.41E-02 4.46E-01 
40000. 9.89E-02 6.55E-01 8.09E-02 3.32E-01 
60000. 9.83E-02 5.77E-01 8.13E-02 2.70E-D1 

T(K) 

ELECTRON 
W(A) 

DENSITY = 
S/W 

1.00E 16 
ALPHA SIGMA 

5000. 6.65E-01 1.13E 00 1.94E-01 2.94E 00 
10000. 8.22E-01 9.56E-01 1.65E-01 2.56E 00 
20000. 9.40E-01 7.83P-01 1.49E-01 2.07E 00 
40000. 9.89E-01 6.32E-01 1.44E-01 1.54E GO 
60000. 9.83E-01 5.58E-01 1.45E-01 1.25E 00 

ELECTRON DENSITY = 1.00E 17 
T(K) W(A) S/W ALPHA SIGMA 

5000. 6.19E 03 8.62E-01 3.64E-01 1.27E 01 
10000. 7.90E 00 8.01P-01 3.03P-01 1.14E 01 
20000. 9.17E 00 6.84E-01 2.71E-01 9.40E 00 
40000. 9.73E 00 5.64E-01 2.59E-01 7.05E 00 
60000. 9.70E 00 5.01E-01 2.60E-01 5.74E 00 

T(K) 

5000. 
10000. 

ELECTRON 
W(A) 

1.68E-01 
1.88E-01 

DENSITY 
S/W 

4.37E 01 
1.33E 00 

= 	1.00E 18 
ALPHA 

5.45E 01 
1.58E 00 

SIGMA 

1.60E-01 
1.26E 01 

20000. 5.99E 01 5.09E-01 6.63E-01 2.85E 01 
40000. 7.71E 01 4.14E-01 5.49E-01 2.59E 01 
60000. 8.05E 01 3.70E-01 5.31E-01 2.21E 01 



185 

WAVELENGTH OF LINE = 3964.73 ANGSTROMS 

T(K)  

CUT-OFF USED 

ELECTRON DENSITY = 
W(A) 	 S/W 

= 2 

1.00E 14 
ALPHA SIGMA 

5000. 1.92E-D2 -6.02E-01 -8.77E-02 2.26E-01 
10DCO. 9.59E-C3 -5.06E-01 -9.2E-02 1.50E-01 
20000. 8.72E-03 -4.18E-01 -9.89E-02 9.63E-02 
40000. 7.72E-r:3 -3.40E-01 -1.38E-01 6.03E-02 
60000. 7.11E-03 -3.01E-01 -1.15E-01 4.53E-02 

ELECTRON DENSITY = 1.00E 	15 
T(K) w(A) S/W ALPHA SIGMA 

5000. 1.01E-01 -5.56E-01 -1.57E-01 1.04E 00 
10000. 9.52E-02 -4.70E-01 -1.64E-01 6.91 E-01 
20000. 8.67E-02 -3.90E-01 -1.76E-01 4.45E-01 
40000. 7.68E-02 -3.17E-01 -1.93E-01 2.79E-01 
60000. 7.08E-02 -2.80E-01 -2.06E-01 2.10E-01 

ELECTRON DENSITY = 1.0CE 16 
T(K) 
	

w(A) 
	

S/W 
	ALPHA 
	

SIGMA 

5000. 8.79E-01 -4.54E-01 -3.11E-01 4.19E 00 
10000. 8.58E-01 -3.87E-01 -3.16E-01 2.89E 00 
20000. 8.01E-01 -3.20E-01 -3.33E-01 1.91E 00 
40000. 7.21E-01 -2.58E-01 -3.60E-01 1.22E 00 
60000. 6.69E-01 -2.26E-01 -3.81E-01 9.21E-01 

ELECTRON DENSITY = 1.00E 	17 
T(K) VILA) S/W ALPHA SIGMA 

5000. 5.09E 00 -3.31E-01 -8.32E-01 1.13E 01 
10000. 6.07E GO -2.74E-01 -7.29E-01 9.50E 00 
20000. 6.24E 00 -2.22E-01 -7.14E-01 6.91E 00 
40000. 5.97E 00 -1.72E-01 -7.39E-01 4.67E 00 
60000. 5.67E 00 -1.47E-01 -7.67E-01 3.63E 00 



186 

WAVELENGTH OF LINE = 3888.65 ANGSTRCMS 

CUT-OFF USED = 2 

ELECTRON DENSITY = 1.00E 14 
T(K) 
	

w(A) 	ALPHA 	• SIGMA 

5000. 9.68E-04 7.59E-01 2.49E-02 2.22E-02 
10000. 1.08E-03 5.67F-01 2.28E-02 1.76E-02 
20000. 1.14E-03. 4.30E-01 2.20E-02 1.31E-02 
40000. 1.14E-03 3.37E-01 2.20E-02 9.26E-03 
ispoc,c). 1.11E-03. 2.97E-01 2.24E-02 7.39E-03 

T(K) 
ELECTRON DENSITY 
W(A) 	S/W 

= 	1.00E 	15 
ALPHA SIGMA 

5000. 9.68E-C3 7.50E-01 4.42E-02 1.03E-01 
10000. 1.08E-02 5.61E-01 4.06E-02 8.18E-02 
20000. 1.14E-02 4.26E-01 3.90E702 6.09E-02 
40000. 1.14E-02 3.34E-01 3.91E-02 4.30E-02 
60000. 1.11E-02 2.95E-C1 3.98E-02 3.43E-02 

T(K) 
ELECTRON DENSITY 
W(A) 	S/W 

= 	1.000 16 
ALPHA SIGMA 

5000. 9.68E-02 7.20E-01 7.86E-02 4.80E-01 
10000. 1.08E-01 5.43E-01 7.22E-02 3.80E-01 
20000. 1.14E-01 4.13E-01 6.94E-02 2.83E-01 
40000. 1.14E-01 3.25E-01 6.95E-02 2.00E-01 
60000. 1.11E-01 2.88E-01 7.07E-02 1.59E-01 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/W 

= 	1.00E 17 
ALPHA SIGMA 

5000. 9.54E-01 6.33E-01 1.41E-01 2.20E 00 
10000. 1.07E 00 4.87E-01 1.29E-01 1.75E 00 
20000. 1.14E 00 3.75E-01 1.24E-01 1.31E 00 
40000. 1.14E 	00 2.98E-01 1.24E-01 9.25E-01 
60000. 1.11E 00 2.65E-01 1.26E-01 7.38E-01 

T(K) 
ELECTRON DENSITY 
W(A) 	S/W 

= 	1.00E 18 
ALPHA SIGMA 

5000. 6.91E 	00 4.42E-01 3.20E-01 7.39E 00 
10000. 8.98E 00 3.46E-01 2.63E-01 6.79E 00 
20000. 1.01E 	01 2.73E-01 2.41E-01 5.40E 00 
40000. 1.05E 01 2.22E-01 2.34E-01 3.96E 00 
60000. 1.04E'01 2.00E-01 2.36E-01 3.21E 00 



187 

WAVELENGTH OF LINE = 3187.75 P.NGSTROmS 

CUT-OFF USED = 2 

ELECT/ON DENSITY = 1.00E 14 
T(K) 
	

w(4) 	S/W 
	

ALPHA 
	

SIG 0A 

5000. 3.01E-03 6.99E-01 4.38E-02 1.03E-01 
l0•i00. 3.30E-03 5.21E-01 4.09E-02 7.98E-02 
20000. 3.39E-03 3.94E-01 4.01E-02 5.79E-02 
40030. 3.28E-03 3.07E-01 4.10E-02 3.97E-02 
60000. 3.15E-03 2.70E-01 4.23E-02 3.11E-02 

T(K) 
ELECTRON 
w(A) 

DENSITY 
S/W 

= 	1.0DE 	15 
ALPHA SIGMA 

5000. 3.01E-02 6.79E-01 7.78E-02 4.79E-01 
10100. 3.30E-02 5.08E-01 7.27E-02 3.71E-01 
23000. 3.39E-02 3.85E-01 7.13E-02 2.69E-01 
40000. 3.28E-02 3.01E-01 7.30E-02 1.84E-01.  
60000. 3.15E-02 2.65E-01 7.53E-02 1.44-01 

T(K) 
ELECTRON 
W(A) 

DENSITY 
S/w 

= 	1.00E 16 
ALPHA SIGMA 

5000. 3.00E-01 6.18E-01 1.39E-01 2.21E 00 
10000. 3.29E-01 4.69E-01 1.29E-01 1.72E 00 
20000. 3.38E-01 3.57E-01 1.27E-01 1.25E 03 
40000. 3.28E-01 2.81E-01 .1.30E-01 8.55E-01 
60000. 3.15E-01 2.48E-01 1.34E-01 6.70E-01 

T( K ) 
ELECTRON DENSITY = 
W(A) 	S/W 

1.00E 	17 
ALPHA SIGMA 

5000. 2.58E 00 4.66E-01 2.77E-01 8.84E 00 
10300. 3.00E 00 3.61E-01 2.47E-01 7.26E 00 
20000. 3.17E 00 2.78E-01 2.37E-01 5.43E 00 
40000. 3.13E 00 2.20E-01 2.39E-01 3.79E 00 
60000. 3.03E 00 1.95E-01 2.45E-01 2.99E 00 

ELECTRON DENSITY = 1.00E 18 
T(K) W(A) S/W ALPHA SIGMA 

5000. 3.76E 00 6.24E-01 2.09E 00 5.98E 00 
10000. 1.49E 01 1.88E-01 7.42E-01 1.68E 01 
20000. 2.20E 01 1.31E-01 5.55E701 1.75E 01 
40000. 2.45E 01 1.10E-01 5.11E-01 1.38E 
60000. 2.47E 01 1.00E-01 5.08E-01 1.13E 01 

. 



1.00E 16 
ALPHA 	SIGMA 

2.16E-01 
2.02E-01 
2.00E-01. 
2.07E-01 
2.15E-01 

6.50E 00 .  
5.00E 00 
3.59E 00 
2.42E 00 
1.88E 00 
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WAVELENGTH OF LINE = 2945.11 ANGSTROMS 

CUT-OFF USED = 2 

ELECTRON DENSITY = 1.00E 14 

	

T(K) 	W(A) 	S/W 	ALPHA 	SIGMA 

	

5000. 	7.83E-03 	6.35E-01 	6.61E-02 	3.14E-0.1 

	

10000.. 	8.41P-03 	4.72E-01 	6.27E-02 	2.38E-01 

	

20000. 	8.46E-03 	3.57E-01 	6.24E-02 	1.69E-01 

	

4CCC0. 	8.04E-03 	2.79E-01 	6.49E-021.14E-01 

	

6v000 	7.63E-03 	2.45E-01 	6.74E-02 	8.82E-02 

ELECTRON DENSITY = 1.00E 15 

	

T(K) 	W(A) 	S/w 	ALPHA 	SIGMA 

	

5000. 	7.83E-02 	6.02E-01 	1.18E-01 	1.46E 00 

	

10300. 	8.41E-02 	4.50E-01 	1.11E-01 	1.11E 00 

	

20000. 	8.46E-02 	3.42E-01 	1.11E-01 	7.86E-01 

	

40000. 	8.04E-02 	2.67E-01 	1.15E-01 	5.28E-01 

	

60000. 	7.63E-02 	2.35E-01 	1.20E-01 	4.09E-01 

T(K) 
• 

5000. 
10000. 
20000. 
40000. 
60000. 

ELECTRON DENSITY = 
W(A) 	S/W 

7.52E-01 	5.05E-01 
8.19E-01 	3.83E-01 
8.30E-01 	2.93E-01 
7.93E-01 	2.30E-01 
7.54E-01 	2.03E-01 

ELECTRON DENSITY = 1.00E 17 
T(K) 
	

W(A) 	S/W 	ALPHA 
	

SIGMA 

	

5000. 	4.47E 00 
	

3.15E-01 
	

5.67E-01 
	

1.79E 01 

	

10000. 	6.22E 00 
	

2.27E-01 
	

4.42E-01 
	

1.77E 01 

	

20000. 	6.91E 00 
	

1.75E-01 
	

4..08E-01 
	

1.39E 01 

	

40000. 	6.95E 00 
	

1.39E-01 
	

4.07E-01 
	

9.85E 00 

	

60000. 	6.74E 00 
	

1.22E-01 
	

4.16E-01 
	

7.80E 00 
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WAVELENGTH OF LINE = 584.33 ANGSTROMS 

T(K) 

CUT-OFF USED = 2 

ELECTRON DENSITY = 	1.00E 	14 
w(4) 	S/W 	ALPHA SIGMA 

5000. 1.05E-06 -3.35E-01 -3.81E-03 1.06E-03 
10000. 1.43E-06 -1.01E-01 -3.31E-33 1.03E-03 
20000. 1.86E-C6 6.14E-02 -2.47E-03 9.45E-04 
40000. 2.24E-06 1.57E-01 -2.15E-03 8.06E-04 
60000. 2.41E-06 1.88E-01 -2.04E-03 7.06E-04 

ELECTRON DENSITY 1.00E 15 
T(K) 
	

W (A ) 
	

S/W 
	

ALPHA 
	

SIGMA 

5000. 1.05E-05 -3.34E-01 -6.77E-03 4.94E-03 
10000. 1.43E-05 -1.01E-01 -5.35E-03 4.78E-03 
20300. 1.86E-05 6.16E-02 -4.4:)E-03 4.39E-03 
40000. 2.24E-05 1.58E-01 -3.82E-03 3.74E-03 
60000. 2.41E-05 1.88E-01 -3.62E-03 3.28E-03 

ELECTRON DENSITY = 1.00E 16 
T(K) W(A) 5/W ALPHA SIGMA 

5000. 1.05E-04 -3.31E-01 -1.23E-02 2.30E-02 
10000. 1.43E-04 -9.98E-02 -9.51E-03 2.22E-02 
20000. 1.86E-04 6.22E-02 -7.82E-03 2.04E-02 
40000. 2.24E-04 1.58E-01 -6.80E-03 1.74E-02 
60000. 2.41E-04 1.88E-01 -6.44E-03 1.52E-02 
80000. 2.49E-04 2.01E-01 -6.28E-03 1.37E-02 

ELECTRON DENSITY = 1.00E 	17 
T( K ) W(A) S/W ALPHA SIGMA 

5000. 1.05E-03 -3.24E-01 -2.14E-02 1.07E-01 
10000. 1.43E-03 -9.59E-02 -1.69E-02 1.03E-01 
20000. 1.86E-03 6.43E-02 -1.39E-02 9.47E-02 
40000. 2.24E-03 1.59E-01 -1.21E-02 8.07E-02 
60000. 2.41E-03 1.89E-01 -1.15E-02 7.08E-02 

ELECTRON DENSITY = 1.03E 	18 
T(K) W(A) 5/W ALPHA SIGMA 

5000. 1.05E-02 -2.99E-01 -3.81E-02 4.95E-01 
10000. 1.43E-02 -8.34E-02 -3.01E-02 4.79E-01 
20000. 1.86E-02 7.11E-02 -2.47E02 4.40E-01 
40000. 2.24E-02 1.63E-01 -2.15E-02 3.75E-01 
60000. 2.41E-02 1.92E-01 -2.04E-02 3.29E-01 
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CHAPTER VII  

CONSTRUCTION OF THE Z-PINCH DISCHARGE  

7.1 	Introduction  

In (4.3.2) experiments are proposed concerning the 

measurements of the Stark broadening of helium lines in a 

plasma generated by a Z-pinch discharge. 	Since the use of 

such a device is a departure from the usual sources that have 

been used to date in the study of the Stark broadening of 

helium lines in plasmas, the first part of this chapter will be 

devoted to a brief survey of the more conventional sources. 

The remaining part of the chapter will be devoted to the details 

of the construction and operation of the Z-pinch discharge. 

7.2 	Methods of Generating Helium Plasmas  

The requirements of the ideal source for the study of 

the Stark broadening of spectral lines are as follows; 

a) The plasma should be easily, and reproducibly 

produced and the degree of ionization should be such 

that Stark broadening is the dominant mechanism. 

b) The plasma should be homogeneous 

c) It should be possible to measure electron densities 

and temperatures in as direct a manner as is possible 
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and with the minimum number of theoretical assump-

tions about the state of the plasma. 

d) Electron densities and temperatures should be capable 

of being varied. 

The following is a brief survey of the methods that have 

been used to generate helium plasma for the study of Stark 

broadening. 	For a more comprehensive survey see Griem (1). 

7.2.1. Pulsed Arcs 

Because of the relatively high temperature iv 2 x 104 °K 

required to obtain an appreciable degree of ionization in helium 

D.C. arcs cannot be used. 	Instead recourse must be made to 

pulsed arcs. 	Typical of such arcs are those used by Wulff (15) 

and Botticher et al (19). 	Current pulses of —1 m sec duration 

are used and the diameter of the plasma is usually < 10 mm and 

typically-5 mm. 	Densities and temperatures are usually measured 

using L.T.E. relations. 	The main disadvantage of these sources 

is their limited density and temperature range, typically 

Ne :5, 1016cm-3 and Te < 3 x 104 °K. 	Also precautions must be 

taken to avoid errors arising from radial gradients. 

7.2.2. Conventional Shock Tubes 

As a result of the high sound speed of helium lconventional 

shock tubes, i.e. the diaphragm type, cannot be used efficiently . 
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to produce helium plasmas suitable for Stark broadening measure- 

ments (Kolb and Griem (41)). 	Explosively driven shock tubes 

have been used with some success (Seay (42)). 	Butbesides being 

unsuitable for laboratory use these devices have the major dis-

advantage that a large part of the apparatus must be rebuilt-

after each shot. 

7.2.3. Electromagnetic Shobk Tubes 

To date most of the important work on the experimental 

verification of the Stark broadening of helium lines has been 

performed using electromagnetically driven shock tubes of the 

'T-tube' type; see for example Berg et al (16) and Lincke (21). 

These devices have a high repetition rate so that shot-to-shot 

scanning can be employed. 	With these devices electron densities 

and temperatures can be varied between 
	

1016cm-3  ta...1019=-3  

and 2 x104 o K to 10
5 o

K respectively, but are operated typically 
N 

at Ne 
 ti   1017cm-3  and T

e 
 ti  3 x 4 °K. However, to obtain a 

reasonable operating range with a single device it is necessary 

to use mixtures of gases and to operate with and without shock 

reflectors. 	Densities and temperatures are usually determined 

from L.T.E. relations or Stark broadening measurements using 

hydrogen lines. 	The major disadvantage of the T-tube is that 

the reproducibility is generally poor and it is necessary, when 

scanning a profile, for examiale, to monitor continuously the 
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electron density in order to.eliminate spurious shots. 	Grieg 

et al (39) have found that to obtain good reproducibility the 

position of the shock reflector (when used) is critical, and 

that the manner in which the gas is delivered can be important. 

Even after both these factors have been optimised Grieg et al 

, 
find that if a - 5% consistency in the plasma conditions is 

required approximately 20% of the shots must be rejected. 	At 

the expense of greater complexity, the reproducibility of a 

'T-tube, can be improved by carefully shaping the discharge 

chamber and by the use of pre-ionization, Berg et al (43). 

7.3. 	Z-Pinch Discharges  

Although Z-pinches have been studied for many years, 

and copious literature exists (see Glasstone and Loveberg (44)) 

these devices have not been extensively used as spectroscopic 

light sources. 	In fact, to the best of the authors knowledge 

only two references exist which describe the  use of this type 

of discharge for the measurement of Stark broadening parameters. 

The first is that of Burgess (3 ) who used a Z-pinch operating 

in argon to investigate the shift to width ratio for a number 

of ArIIlines. 	The second is that of Roberts (22) who measured 

the Stark broadening parameters of a number of ArII lihes,using a 
.Dtuvt 

stabilized Z-pinch. The work of Roberts is important in,it lays 

the foundations of the diagnostic methods which can be used on 

such a device; notably the exploitation of laser interferometry. 
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Electron densities and temperatures attained in the disc-

harges mentioned above were N  1017cm 3  and,3 x 104 ok respectively, 

but Z-pinches have been used to obtain electron densities of •-1019cm-3 

see(56) 	and the work to be described in (9.4) suggests that 

densities as low as 1015cm-3 can be attained at peak compression 

and if lower densities are required observations can be made in 

the afterglow. 	Thus the conditions attainable in a Z-pinch are 

comparable to, or even better than, those of a T-tube. 

The Z-pinch would appear to have three important advantages 

over the T-tube. 	Firstly, the electron density can be measured 

easily and independently of either the existence of L.T.E. in the 

plasma , or the assumntions of Stark broadening theory, or a 

knowledge of the electron temperature, using laser interferometry 

(see 9.4). 	Secondly,the Z-pinch is extremely reproducible on 

both a long and short term basis 	(Roberts (loc.cit) see also 

(11.5.2))so that continuous monitoring of the discharge is generally 

not required. 	Thirdly, the electron density can be varied easily 

by altering the filling pressure (9.4.4) 

The major disadvantage of the Z-pinch is that by virtue 

of the method of generation it must contain radial gradients. 

Of course, the T-tube will also have radial gradients associated 

with the boundary layer between the plasma and the wall. 	But 

it might be expected that these gradients are less severe than 

those which exist between the plasma, the confining magnetic 

field, and the walls of a Z-pinch discharge. 	However, the work 
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of Burgess (loc. cit.) and Roberts (loc. cit.) suggests that 

the effects of radial gradients are small. 	Burgess measured 

the profile of an isolated ArII line by observing the plasma in 

the radial direction; the Abel inversion procedure was not used. 

Theory predicts that the profile of such a line should be 

Lorentzian and this was confirmed by the measurements. 	This 

result would only be expected if the effects of radial gradients 

are small. 	Roberts, using.  the same procedure as Burgess to 

observe the plasma, measured the profiles of a number of ArII 

lines. 	If the Stark broadening parameters derived from these 

measurements are compared with those obtained by Jalufka, Oertel and 

Ofelt, (45) using a T-tube, the `results are found to b•e in good 

agreement. 	Again, this result would only be expected if the 

effects of radial gradients in the Z-pinch are small. 

7.4. 	Construction of the Z-Pinch Apparatus  

The Z-pinch apparatus, to be described here, was built 

by the author for the pre-ionization of a theta pinch discharge. 

Plate(7.1)shows the Z-pinch pre-ionization assembly in position 

on the theta pinch; for clarity, the nearest return conductor 

has been removed. 	The 'quartz discharge tube has an internal 

diameter of 45 mm and the distance between the electrodes_is: 

75 cm. 	A vacuum seal was maintained between the electrodes and 

the discharge tube by means of a 'Wilson seal' arrangement. 

Fig. (7.1) shows a cross section of Z-pinch electrode assemblies. 
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7.4.1. Electrode Assemblies 

Both electrode assemblies were supported on a rigid 

frame suspended beneath the theta pinch coil (see Plate (7.1)). 

The earth electrode (the electrode to the left of the theta 

pinch coil in Plate (7.1)), which contained the pumping ports and 

gas supply inlets, was rigidly fixed to the frame, with a diff-

usion pump suspended beneath it. 

Details of the construction of the high voltage electrode 

are shown in Fig. (7.1). 	The Paxolin ring, shown in Fig. (7.1)1  

served two purposes, it insulated the high voltage electrode 

from the annular ring into which the return conductors were 

fixed, and also rigidly fixed this ring to the central electrode 

to make the complete assembly. 	The additonal insulation shown' 

in the figure was a 'top hat' arrangement constructed out of 

layers of Melinex and bonded with Melinex cement. 	This provided 

insulation between the central electrode and the return bars. 

To prevent flash over from the theta pinch coil, P.V.C. tubing 

was threaded over the return conductors. 	To allow free access 

to the coil assembly, the high voltage electrode and return 

conductors could be removed as a complete assembly without dis-

turbing the earth electrode. 

Both electrode assemblies contained windows through 

which the plasma could be observed in the axial direction. 
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The annular electrodes, which protruded into the discharge 

tube to form the electrode surface, were made demountable from 

the main electrode assemblies so that if necessary another set 

of annular electrodes could be made for different sized tubes 

without the need to replace the main electrode assemblies. 	The 

mean diameter of the annular electrode surface was 3.7 cm and 

the internal diameter was 3.3 cm. 

7.4.2. Vacuum System 

As shown in Fig. (7.2) the vacuum system comprised a 

two inch mercury diffusion pump fitted with a liquid nitrogen 

cold trap and an electrically operated baffle valve. 	This  

pump was backed by an Edwards 1SC 450A rotary pump. The 

roughing line for the discharge tube (see Fig. (7.2)) contained 

a liquid nitrogen cold trap to prevent oil from back streaming 

into the discharge tube and was controlled by a solenoid valve. 

The pumping of the discharge tube was controlled from 

the theta pinch control desk by means of the electrically 

operated valves. 

The pressure in the discharge was monitored from the 

control desk using a Leybold-Elliot combitron gauge system, 

which could be used over a pressure range of 1.0 to 10-5 torr. 

-5 The base pressure of the system was typically ti2  x 10 torr. 



He Input 

6 

1) Discharge Tube. 
2) Hot-Wire Leak Valve. 
3) Pressure Gauges (Thermotron and Ionization). 
4) MacLeod Vacstat Gauge. 
5) tt 	" 	Isolation Valve. 
6) Earth Electrode. 
7) Diffusion Pump Isolation Valve (Electrically Operated). 
8) Liquid Nitrogen Cold Trap. 
9) 2 Mercury Diffusion Pump. 

10) Backing Line Valve. 
11) Roughing Line Valve (Electrically Operated). 
12) Liquid Nitrogen Cold Trap. 
13) Throttle Valve. 
14) Rotary Pump. 
15) Air Admitance Valve. 

•• 

	

1 	 

12 

10 
	

13  

14 

' Fig.(7.2) Vacuum System of the Z-Pinch Apparatus. 

/ 

8 

LN, 
0 



201 

Since the above gauge system was not calibrated an Edwards 

Vacuustat McLeod gauge was used to measure the filling pressure 

during an experiment. 

7.4.3. Gas Supply System 

During an experiment helium was pumped continuously 

through the discharge tube and removed via the roughing line, 

with the diffusion pump shut off. 	This method of operation 

was more convenient than filling the discharge tube for each 

discharge. 

The gas was leaked into the discharge by means of a 

'hot wire' leak valve. 	This consisted essentially of a brass 

tube connected to the gas inlet port of the earth electrode. 

The end of the tube, nearest the discharge tube, was hemispherical 

and at its centre a fine hole had been drilled. 	Helium was 

supplied to the tube at a pressure of typically 10 p.s.i.. 

The rate at which gas leaked from the end of the tube was con-

trolled by means of a P.T.F.E. pad held against the orifice.by 

a wire under tension. 	A heating current passed through the 

wire alters its tension and hence the leak rate. 	Currents 

varying from 0 - 1 amp were supplied to the wire. 
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7.4.4. Condenser Bank 

A schematic diagram of the condenser bank circuit is 

shown in Fig. (7.3). 	The bank consists of 2 low inductance 

0.5 A F capacitors connected in parallel to the electrodes 

of the discharge tube via a spark gap and a 2g damping resistor. 

In operation the condensers were charged automatically to 20 KV 

and then discharged through the tube by means of a -25 KV voltage 

pulse supplied to the trigger pin of the spark gap. 	The 

discharge current reached a peak of ,y 5 KA in 2 gs, independent 

of the filling pressure, and current zero occurred #••• 8/As after 

initiation. 	A Rogowski coil, connected to a passive integrator 

was used to monitor the current. 
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CHAPTER VIII 

EQUILIBRIUM IN HELIUM PLASMAS  

8.1. 	Introduction  

Before discussing the measurements of electron temperature 

and density -of the helium plasma formed in the Z-pinch discharge 

it will be useful to consider the type of equilibrium that might 

prevail in the plasma. 	Preliminary measurements showed that 

electron densities and temperatures were typically N 1016cm-3 and-,  

4 x10
4 
 - 
0 
K, respectively at the time of peak compression. 

8.2. 	L.T.E. in a Homogeneous Plasma in the Steady State  

When the state of a system can be described by the same* 

laws which govern a system in thermodynamic equilibrium, with the 

exception of Planck's radiation law, then the system is said to 

be in local thermodynamic equilibrium (L.T.E.). 

In a spatially homogeneous plasma in the steady state 

L.T.E. will prevail if (see McWhirter (.46)):- 

a) The velocity distribution of the free electrons is 

Maxwellian. 

b) The population densities of the bound states of the 

atoms and ions are controlled exclusively by 

electron collisions. 
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According to Wilson (47) condition a) is valid if: 

tee  << 
trad' 

ten' tp 
	 (8.1) 

where tee 
is the electron-electron relaxation timeand is given 

by (47): 

0.3 Te  3/2 
t
ee 	

sec 	 (8.2) 
Ne 

ln A 

where Te is in °K and lnA is a slowly varying function of Ne 

and T which is tabulated by Spitzer (48). 

trad is the energy decay time for radiative energy 

losses from the plasma. 	From the work of Griem ( 1) the foll-

owing estimates of the energy decay times for line and continuum 

radiation were obtained. 

trad(contd) 
1.4 x 1011  Ti 

:E2 Z 2  N  Z  + 	Z4Nz 

Z 	n,Z 	n3  

sec. (8.3) 

where the first and second terms in the denominator arise from 

the free-free and free-bound transitions in the Coulomb fields 

of Z times charged ions respectively, NZ  is the number density 

of the ions, nis the principal quantum number of the levels into 

which recombination takes place, Teis in °K, and free-free and 



free bound Gaunt factors have• been neglected. 
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t
rad(line) 

0.5 Te3/2  

 

sec. 	(8.1+) 

E NZ-1 exp ( 
z -1 E2  

kTe  / 

where NZ-1  is the number density of atoms or ions with charge 

Z-1 (Z = 1 for HeI, etc) 02-1  is the energy of the first excited 

state, and Te is in 
o
K. 	Because this expression neglects the 

self absorption of the resonance line, which is usually important, 

the energy decay time obtained from (8.4) will be a lower limit. 

The other quantities in (8.1) are the energy heating 

time t
en 

and the particle containment time t . 	These depend on 
p 

the method used to generate and contain the plasma. 

From (8.2), using Ne t. 1016cm-3  and T" 4 x 104  °K, tee 
is found to be ^, 4 x 10-11 sec. 	A lower limit on trad(contd) 

can be obtained by assuming that NZ  = Ne 
and Z = 2. 	It is 

also sufficient, for the purpose of the present estimate, to 

take the first term in the sum over n only. 	The value of trad 
(contd) is then A,  1.4 x 10 4 sec. 	For Tea 4 x 104 oK the 

plasma should be close to being fully ionized and therefore trad 
Z-1 

(line) can be evaluated assuming N 	= Nes 	trad(line) is 

then ", 2.5 x 10-5  sec (a lower limit). 	The heating and 

particle containment times should be of the order of the time 

-6 
to peak current say A,  10 	sec. 	Hence, the inequalities (8.1) 
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are well satisfied and therefore the free electrons in the 

Z-pinch plasma can be expected to have a Maxwellian velocity 

distribution. 

Many izivestigations have been made of the minimum 

electron density required for the validity of condition b); 

see for example Griem (1  ), NcWhirter (46 ) and Wilson (47)0 

The basic criterion is that the electron density must be 

large enough to ensure that.the collisional depopulation rate 

of a bound state is an order of magnitude larger than the corr- 

esponding radiative rate. 	This may be expressed by: 

Ne n  
X• 	10 A

n 
	 (8.5) 

where X. is acoefficient representing the total collisional 

de-population rate of the level n and A
n
, the total radiative 

de-population rate. 	A slight modification of this condition 

is necessary if the state considered is the ground state. 	It 

is then required that the electron collision population rate 

be an order of magnitude greater than the corresponding radiative 

• rate. 

McWhirter (46) has evaluated (8.5) for a two level atom 

assuming hydrogenic oscillator strengths and excitation functions 

and found that: • 

N
e 	

'1.6 x 1012  V- E3 
e mn 

cm-3 (8.6) 



208 

where E
mn 

 is the energy separation of the levels m and n in eV, 

and Teis in °K. 	If Ne satisfies (8.6) then the levels m and n 

will be in L.T.E. to better than 10%. 

8.3. 	Critical Densities for HeI and Hell to be in L.T.E. 
in an Optically Thin Plasma  

The inequality (8.6) is most difficult to satisfy for the 

largest energy gap in the term scheme. 	In the case of HeI 

this corresponds to 1s
1
S - 2p

1
P (21 eV) and for HeII to 1s2S - 

2p
2P (4o eV). 	Using Ta = 4 x 10

4 o
K the critical densities 	for 

L.T.E. are: 

N
e
(HeI) > 2.4 x 10

18cm-3 

N
e
(Hell) ) 2.0 x 1019cm-3  

The energy gaps of the states above the first excited state are 

much less than that between the ground state and first excited 

state and at the above densities, these states will also be in 

L.T.E. with ground state and the free electrons. 

The critical density, as estimated above, should be 

accurate for Hell since (8.6) was derived for a hydrogenic system. 

However, the lower states of HeI are far from hydrogenic and 

also the presence of the singlet and triplet systems should be 

taken into account. 	Consequently, the critical density derived' 
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above might deviate considerably from the correct HeI value. 

Drawin (49)calculated the population densities of the lower states 

of HeI, in an optically thin plasma, for various electron densities 

by solving the rate equations which describe the populations 

of the levels. 	Account was taker of the singlet and triplet 

systems and the coupling of these systems by electron collisions. 

From Table (lb) of this reference, for Te= 4 x 104 °K and 

Ne 	1019cm-3, the population density .of the ground state is 

still a factor 4 greater than the L.T.E. value. 	Hence, for 

HeI the value of the critical density estimated from (8.6) is 

probably an order of magnitude too low. 

8.L 	Critical Densities for HeI and Hell to be in L.T.E. 
in an Optically thick Plasma  

A reduction in the value 'of the critical densities is 

expected if the resonance radiation is substantially self 

absorbed. 	This arises because the absorption effectively 

reduces the radiative population rate of the ground state, 

and therefore also the electron density necessary to satisfy 

the inequality (8.6). 

Assuming total absorption of the HeI resonance line 

Deutsch (50) finds that for L.T.E. at Te= 2 x 104 °K the 

electron density must satisfy: 

Ne (HeI) > 1.4 x 10
18cm-3 
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For the, higher temperature considered here, this value would 

have to be slightly increased. 	Absorption of the Hell res- 

onance line has been considered by Drawin (51). 	For the 

largest density he quotes, i.e. Ne  = 10
18cm-3, and 14?.. 4 x 4 oK, 

the ground state density of Hell is still ti  50% above the 

L.T.E. value even for total absorption of the resonance, line. 

Hence, for - HeII to be in L.T.E. when the resonance radiation 

is totally absorbed the electron density must satisfy: 

N
e 
(Hell) > 5 x 1018  cm-3  

Conclusions  

The above considerations show that even in the most 

favourable circumstances the electron density in the discharge 

is at least two orders of magnitude too low for HeI and Hell 

to be in L.T.E. 

8.5. 	Partial L.T.E. for a Homogenous Plasma in the Steady State  

For L.T.E. the population densities of all the states 

of an atom or ion must be determined exclusively by collision 

processes. 	If the population densities of only some of the 

states are determined by these processes the plasma is said 

to be in 'partial L.T.E.'. 	The degree of ionization of such 

a plasma may deviate considerably from the L.T.E. value. 
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The condition (8.5), for a level to be in L.T.E. is 

most easily satisfied for excited states. 	This is because 

the collisional excitation rate from one level to another of 

higher energy is inversely proportional to the energy separation 

of the two levels. 	Since the separation decreases with increas—

ing principal quantum number n, this rate will increase with n. 

At the same time the spontaneous radiative decay rate decreases 

with increasing n. 	Hence, there will always be some value of 

n for which condition (8.5), is valid, provided n lies below the 

reduced ionization limit. 

Griem (1) has shown that for a given value of N
e 
the 

population density of a level with principal quantum number n 

will be within 10% of the L.T.E. value if n satisfies the 

condition: 

n17/2 	7 x 10
18  Z7 	kT 

2 Ne 	Z2 EH 
2 

(8.7) 

where Z is the charge on the core of the atom or ion (Z = 1 for 

neutrals, etc.) and EH  is the ionization potential of hydrogen. 

It is to be noted that with increasing Ne  the value n satisfying 

(8.7) will decrease until the ground state is reached. 	This 

shows how partial L.T.E. goes over to complete L.T.E. with 

increasing N
e
, as expected. 

For N
e
,•• 1016cm-3 and Te",  4 x 4 K evaluation of (8.7) 

shows that levels with n-03 for Eel and 21:74 for Hell will be in L.T.E 



NZ-1 	Z-1 	Z-1 	Z-1 n 	gn 	E 	E  exp (  m 	n  ) 

Z-1 	Z-1 	kTe  
Nm 	gn 

(8.8) 

212 

At a given electron density, the level corresponding 

to the smallest value of n which satisfies (8.7) is.sometimes 

called the 'thermal limit' (47 ). 	The population densities of 

levels above and including the thermal limit will be in L.T.E. 

with respect to each other and since they extend to the reduced 

ionization.limit, they will also be in L.T.E. with the ground 

state of the next ionization stage and the free electrons. 

The relative population densities of these levels, will therefore, 

be given by the ratio of their Boltzmann factors, i.e. 

where Z-1 is the charge on the atom or ion (Z = 1 fo.r neutrals, 

etc.)'  NZ 	are the population densities of the states n and m, n.m 

with statistical weights gZ-1 n,m and energies 0 	. .The population n,m 

density Nn
Z-1  of a state n will be related to the ground state 

population density N.Z1  of the next higher ionization stage, and 

the density Ne  of the free electrons by a Saha equation of the 

form (see Griem (1)). 

2 	 E 	- En  
3/2 Z-1 	Z-1 Z-1 

N
n 

Z-1 	( 	) 	gnlit 
- 	7— Ne  NI Z exp ( . kT 

mkT
e 	2g1 	e 

(8.9) 
where gZ  is the statistical'weight of the ground state of the 

1 

next higher ionization stage and EZ-1  the ionization potential 
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of the atom or ion with charge (z-1). 	The other quantities 

are the same as those occurring in (8.8). 	The population 

densities of levels below the thermal limit may deviate don-

siderably from their L.T.E. values. 

8.6. 	The Coronal Model 

In (8.4) it is shown that the plasma produced in the 

Z-pinch discharge will not be in L.T.E.. 	The opposite extreme 

of the L.T.E. model is the coronal model in which collisions 

control the excitation and ionization processes and radiative 

processed control the de-excitation processes. 

According to the coronal model the population density 

N
n-

of a level with principal quantum number n relative to the 

ground state population density N1  is given by: 

N
n 
N
1 

NeX1n 
An 

(8.10) 

Also the state of ionization of the plasma is found to be 

independent of Ne  and is given by: 

N 	S/ci. 	 (8.11) 
Nz -A  

where Nz  and Nz-1  are the population densities of the ions with 

charge z and z-1 respectively, S is the collisional ionization 
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coefficient and CC the radiative recombination coefficient. 

Wilson (47 ) derives the following condition for the 

validity of the coronal model. 

N
e 	1.5 x 1010  00 (kTe  )4 am-3 

	
(8.12) 

where Eco  is the ionization potential of atom or ion and kTe 

is the electron temperature (both in eV). 	For T^-4 x- 4 K 

the critical densities for HeI and HeII are ^, 1012 and 5 x 1011 

cm-3  respectively. 	Since the electron density in the discharge 

is typically a factor of 104 larger than these critical densities, 

the state of the plasma cannot be described by the coronal model. 

Time Dependent Homogeneous Helium Plasmas  

For a time dependent helium plasma it is necessary to 

verify that the relaxation times for ionization and recombination 

are sufficiently short compared with such times as the life time 

of the plasma and times over which Ne  and Te  are changing. 	If 

the relaxation 	times are short compared with the times of 

interest then the population densities of the atomid states will 

pass through a series of quasi-stationary states which are deter- 

mined by the instantaneous values of Ne and Te 
	If the relaxa- 

tion times are longer than the times of interest the population 

densities of the atomic states will depend not only on the 

instantaneous values of Ne and Te but also on the past history 

of the plasma. 
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The relaxation time 	for establishing a steady 
z-1,j 

state population in a state j of an atom, after a sudden change 

of Ne or Te 
with charge z-1, is given by (see Drawin(51 )). 

j-1 NzNe  1 N'S + (1 r
z-1,j 	

e j 	N
z-1,j 	

ApRj + 

i4j 
p 

	

(N eji 	ji F 	+ A) + 

k>j 

Nz-1 k 
[ff 

	

eC. + jk 	- jkkJ
] 	(8.13) 

together with the condition for the steady states: 

dN
z-1,j 	=- 0, with j = 1, 2, .... 
dt 

In (8.13) Nz-1,j and Nz are the number densities of• particle's in 

successive ionization stages, the A's are spontaneous transition 

probabilities, S and R are the ionization and radiative re-

combination rate coefficients respectively, C and F are the 

excitation and de-excitation rate coefficients respectively, and 

the A 's are reduction factors which account for radiative 

absorption of free-bound and free-free radiation ( A =-1 for 

the optically thin case and 0 for the optically thick case). 

The treatment of radiative absorption in (8.13) 

is schematic only. 	Ideally, the relaxationtimes for the various' 
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states should be obtained by solving simultaneously the coupled 

rate equations and the equation of radiative transfer. 

When considering the relaxation time of the ground state.  

(j=1). (8.15) is valid only if the plasma is undergoing ionization. 

This is because collisional de-excitation from excited states and 

three body recombination, which can be important when the plasma 

is close to the steady state, have been neglected. 

Drawin (49) has calculated the relaxation time for 

HeI assuming an optically thin plasma and for Hell (.51) 

with varying degrees of self absorption.' These values of r 

are tabluated in Tables (8.1) and (8.2) for N
e 
= 1016cM-3  and 

for various values of the electron temperature. 	The optically 

thick HeII case corresponds to 90% self absorption for each of 

the lines of the resonance series and 90% photoionization from 

the ground state (these values have only been included to give 

some indication of the effects of self absorption on the relax-. 

ation times and do not necessarily correspond to the amount of 

absorption expected in the system under investigation). 

The tables illustrate the following points: 

a) 	The relaxation time for the ground state is considerably 

longer than that for the excited states. 	This arises because 

spontaneous emission sets an upper limit of ,, 10
8 
sec for 

the relaxation times of excited states, which is further reduced 



(sec) 
11S 	21S S 2S 23s.  

20 5.2,-4 1.6,-10 3.9,-9 

3o 1.3,-5 1 73,-l0 1.7,-9 

6o 3!9,-7 1.o,-10 6.1,79 

120 3.7,-8 9.5,-11 3.4,-10 

Te x 

TABLE (8.1) 	HeI Ne = 1016cm-2  

TABLE (8.2) 	Hell N = 1016cm-3  
e 

Te x 10-3(°10 rj (sec) 

OPT. THIN OPT. THICK 

n=1 n=2 n=.1 n=2: 

24 3.8 1.7,-10 - 1.71,-10 

32 3.2,-2 1.7,-10 3.2,-3 1.7,-1a 

64 2.4,-5 1.7,-10 2.4,-6 1.7,-l0 

128 6.6-,-;.7--  "1".7',-10 6.6,-8 1.71-10 .. 
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by collisional excitation and de-excitation. 	Even the meta—

stable levels of HeI (see Table (8.1)), whose radiative relax-

ation times are long in comparison with non-metastable levels, 

have short relaxation times because of the large collisional 

rates to nearby levels. 	In contrast, for an optically thin 

plasma, the ground state population density can only decay by 

collisional ionization and collisional excitation into states 

above the thermal limit (see 8.5) which is then followed rapidly 

by ionization (see Griem (1)). Consequently, the ground state 

relaxation times given in Tables (8.1) and (8.2) are effectively 

the ionization relaxation times for the complete ionization of 

HeI and Hen, respectively. 

b) The relaxation times for the HeII ground state is 

longer than that for HeI. 	This is a consequence of the smaller 

collisional rates out of the ground state of Hell compared with 

those for HeI. 

c) The ground state relaxation times show a strong temp- 

erature dependence. 	This results from a similar dependence of 

the ground state ionization and excitation rate coefficients._ 

d) Absorption of resonance radiation and photoionization 

reduces the relaxation time of the ground state. 	This will only 

be true for a plasma in which ionization is the dominant process. 
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If recombination dominates the reverse will be true since 

reabsorption of the resonance radiation will tend to inhibit the 

recombination process. 	The relaxation times of excited states 

are unaffected by self absorption. 

°Since it is intended to observe the discharge at the 

time of peak compreSsion the relaxation time of interest will be 

that for ionization. 	The ionization relaxation times given in 

Tables (8.1) and (8.2), i.e. the ground state relaxation times, 

are the times for complete ionization of HeI and HeII respectively. 

In order to obtain relaxation times for partial ionization these 

times must be multiplied by the corresponding degree of ionization 

of HeI and Hen respectively. 

Drawin (52) has calculated the degree of ionization of 

HeI and Hell in a non-thermal steady-state optically thin plasma 

by solving the rate equations describing the population densities of 

the various states. The results are shown in Fig.(8.2). 

By multiplying the relaxation times for the ground 

states given in Tables (8.1) and (8.2) by the corresponding 

degrees of ionization obtained from Fig. (8.1) estimates of the 

ionization relaxation times r for HeI and Hen in an optically 

thin plasma with N
e 	

1016cm
-3 

were obtained. 	The results are 

shown in Tables (8.3) and (8.4). 	Because the formation of 

Hell ions requires first the ionization of HeI, the total 
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Te x 10 -3  OK- 	 ( µsec) 

20 100. 

30 11. 

4o 2,0 

6o---- 	• 	• 

TABLE (8.3)  

, 
Ionization Relaxation Time for HeI (N

e 
 = 10

16 
 cm
-2 

 )  

TABLE (8.4)  

Ionization Relaxation Times for Hell (Ne  =-1016cm-3)  

Te  x 	-3 OK 	( Asec) 	iT ( Asec) 

	

32 	 ••• 

	

40 
	

0.3 
	

2.0 

	

64 
	

5.0 
	

7.0 

	

128 
	

0.7 
	

0.7 

Key: 	iT = Total relaxation time for HeII 
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relaxation time for the ionization of Hell ions is given by the 

sum of the individual relaxation times for HeI and Hell. 

These results are given in the third column of Table (8.4). 

Recalling that heating and containment are ovlAsec. 

it is seen that the ionization relaxation times are such that 

ionization equilibrium is unlikely to be attained in the times 

of interest. Even if self-absorption of the resonance radiation reduced 

the ionization relaxation times by as much as an order of magni-

tude they would still be such that the attainment of ionization 

equilibrium would be only marginal. 	In contrast, the relaxation 

times for excited states of HeI and Hell are so short, when compared 

with times of interest, that they may be considered to be instant— 

aneous. 	Thus partial L.T.E. will be established instantaneously..  
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CHAPTER IX. 

ELECTRON TEMPERATURE AND DENSITY MEASUREMENTS  

9.1. 	Introduction  

The following diagnostics were carried out to obtain 

qualitative and quantitative information about the behaviour.of 

the Z-pinch discharge when operating in helium. 

Time integrated survey spectra of the discharge 

were recorded. 

b) The electron temperature of the plasma was 

measured spectroscopically. 

c) A laser illuminated interferometer syste•n was: 

used to measure the electron number density on 

the axis of the discharge. 

Framing camera observatLons were made of the collapse 

and subsequent expansion of the luminous part of the discharge, 

but these observations wilL only be considered when they have a 

direct bearing on the subject under discussion. 

9.2. 	Time Integrated Survey Spectra  

The main aims of this investigation were to examine the 

behaviour of the spectra as a function of filling pressure and 
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to detect impurity lines which might interfere with the measure-

ments of line profiles and intensities. 

The plasma was observed in the axial direction using a 

Hilger medium quartz spectrograph. 	Spectra were recorded on 

HPS plates at filling pressures of 0.1, 0.2, 0.3 and 0.4 torr, 

each exposure usually comprising 50 discharges. 	For identific- 

ation purposes an iron arc or helium lamp reference spectrum was 

recorded on the same plate alongside each plasma spectrum. 	The 

wavelength of the strongest lines emitted by the plasma were 

determined with the aid of reference lines in the usual manner. 

9.2.1, 	Results 

Plate(9.1) shows the variation of the helium spectrum 

with filling pressure (the reference spectra were omitted for 

this experiment). 	At the highest filling pressure, o.4 torr, the 

HeI spectrum only was observed. , The Hell 4686 Aa  and 3203 A°  

lines began to appear at 0.3 torr and 0.2 .torr, and 0.1 torr were 

comparable in intensity to the HeI lines. 	From the steady 

increase in the HeII line intensity with respect to that of HeI 

with decreasing filling pressure it was concluded that the 

electron temperature increased as the filling pressure was lowered. 

The main impurity lines in the spectrum were found to 

be those of silicon and, to a lesser extent oxygen, from the 
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discharge tube walls, and of hydrogen present as a contaminant 

of the helium. 	In the case of silicon, lines of SiI, SiII and 

SiIII were observed. 	However, as Plate (9.1) shows, the 

spectra are remarkable free of impurity lines. 

9.3.. 	Temperature Measurements  

An adaptation of a method due to Griem (1) was used to 

measure the electron temperature. 	Briefly, this method assumes 

that the ratio of the total intensities of the Hell 4686 A°  

and HeI 5876 A°  lines can be interpreted in terms of a model 

which relates the population density of the upper state of each 

line to the ground state of the next higher ionization stage and 

to free electron density using the Saha equation (see 

The intensity ratio then becomes: 

fi g, A3 	/E' -- E' - Boo+ E\ NA-4- 
	 exp 	 • -- 

fg Xi 3 	kT
e 

( 8.5)). 

(9.1) 

where the dashed auantities refer to the Hell line. 	The 

quantities appearing in (9.1) have the following meaning:- 

f',f 	=, absorption oscillator strengths of the 

lines 

gt,g 	statistical weights of lower states 

of the lines 

-._. Wavelength of the lines 

E',E = ionization potential of Hell and HeI respectively 
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• 
E',E .- Energy of upper states of the lines 

N
+
,N
++ 

= The number density of singly and doubly 

charged ion respectively 

kTe 
	The electron temperature 

The ratio N++04-is then assumed to be determined by 

the coronal equation (see 8.7). 

N++ 

N+ 	• of 
(9.2) 

where S is the ionization coefficient of le and of the recom- 

bination coefficient of N
++
. 	The term 'coronal equation' as 

used by Griem is not strictly accurate because collisional 

excitation and de-excitation of the upper levels and three body 

recombinations were taken into account by Griem, in addition 

to the radiative processes, when calculating S and 

Consequently, the validity condition (8.12) for the corohal model 

does not apply here. 	Griem estimates that the calculated 

intensity ratios should be valid for N
e 
4 1018cm-3 

In the present work the HeI 4471 A°  line was used 

instead of the HeI 5876 A°. 	This had three advantages. 	Firstly 

because the HeI 4471 A°  line lies closer to the Hell 4686 A°  

line the correction for the wavelength response of the detector 

can be made more accurately. Secondly, since the 4471 A0  line 

is weaker and broader than the 5876 A°  line it is less likely 
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to be self absorbed. 	Finally, the HeI 4471 A°  line is more 

likely to be Stark broadened than either the HeI 5876 A°  line 

or Hell 4686 A°  lines and consequently a measurement of the 

line profile would not only yield the total line intensity but 

also an estimate of the electron density from the measured 

half width. 

The intensity ratio (I'/II") of the Hell 4686 A°  and 

HeI 4471 A0  lines was derived from the ratio (I'/I) of the HeII 

4686 A°  and HeI 5876 A°  lines calculated by Griem simply by 

multiplying this ratio by the ratio (I'/I") of the HeI 5876 A°  

and HeI 4471 A°  lines. 	To calculate the ratio (I/I") it was 

assumed that the population densities of the upper states' of the 

HeI 5876 A°  and 4471 A°  lines were related by their Boltzmann 

factors (see (8.5) 	). 	This gives for the ratio of the 

intensities: 

3 

1/17' 

 

• fg  exp E" - E  
frIgn 	( kT (9.3) 

 

where the quantities appearing in (9.3) have a similar meaning to 

those appearing in (9.1). 

Using (9.3) and the ratio (I'll) taken from Griem (1), 

the ratio (I'll") was calculated as a function of the electron 

temperature. 	The results are shown in Fig. (9.2). 
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9.3.1. 	Measurement of the Ratio of the Intensities of the 
He= 4686 A°  and HeI 4471 A°  lines 

A detailed description of the method of scanning line 

profiles and the associated apparatus is given in Chapter X and 

only a brief description will be given here. 

The line profiles were scanned on a shot to shot basis 

using a Hilger medium quartz spectrograph fitted with a photo- 

multiplier scanning attachment. 	Observations were made in the 

axial direction and no attempt was made to spatially resolve the 

plasma emission. 	From these measurements the line profiles 

corresponding to the time of peak compression were constructed 

and the areas under the profile (excluding the continuum back--

ground) were measured to obtain the total line intensities. 

These results were then corrected for the wavelength response of 

the detector; this correction was determined with the aid of 

a tungsten ribbon lamp. 	Measurements were made for filling 

pressures ranging from 0.1 to 0.4 torr. 	For higher filling 

pressures the Hell 4686 A°  line could not be observed. 

9.3.2. 	Results 

The spatially averaged electron temperature measured 

at peak compression for various filling pressures is shown in 

Fig. (9.3). 	It can be seen that a smooth increase in the 

electron temperature is observed as the filling pressure is lowered. 
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Two factors contribute to the uncertainty in these 

measurements. 	Firstly, the ionization relaxation time for HeI 

and Hen (see 8.6) are such that the attainment of ionization 

equilibrium in -,:he times of interest is at the best marginal. 

Consequently, the degree of ionization of the plasma will lag 

behind the instantaneous value of the electron temperature and 

because of this the electron temperatures given in Fig. (9.2) 

are probably systematically low. 	However, because the electron 

temperature is not strongly dependent on the intensity ratio 

(e.g. a change of a factor of 2 in the intensity ratio produces 

a change in electron temperature of only 10%, at 5 x 104 010, the 

uncertainty should not be large. 

Secondly, the spatially averaged electron temperature 

can be defined by: 

e (spatial) - 
fis(v)dv 

where the integration is over the plasma volume. 

average temperature of the plasma is defined by:: 

The true 

I
7b (true) 

fie (V)dV 

fay 
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Unless the plasma is homogeneous the average temperatures defined 

above can differ by arbitrarily large factors (see ( 53)). 

In spite of the uncertainties mentioned above, the 

electron temperatures given in Fig. (9.2) are probably adequate 

for an investigation of the Stark broadening of spectral lines 

because the profile of a Stark broadened line is only weakly 

dependent on the electron temperature (see 11.1)• 

9.4. 	Elec-tron Density Measurements  

From the measured half widths LOt of the HeI 4471 A°  

line and the value of its Stark broadening coefficient C(N 
e 

calculated by Griem (1), an estimate of the electron density was 

obtained using the relationship (see 3.7.2) 

N
e 	= C(Ne ITe

) 3/2 

The results indicated that the electron density in the discharge 

satisfied 1015 < Ne 	1016cm-3. 	A more precise estimate was 

not possible because the above equation is only valid if N
e 
is 

large enough to ensure that complete overlapping of the allowed and 

the forbidden component, which is present for Ne- N 10
14

cm
-3. 

According to Griem this is ensured if N > 10
17cm-3 i.e. at least 

an order of magnitude greater than the estimated electron density. 
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N e o n
e 	1 - r  (9.6Y . 

A precise measurement of the electron density of the plasma 

can be obtained by measuring its refractive index. 

9.4.1. 	Theory of the Measurement of Electron Density from 
a Determination of the Refractivity of a Plasma 

For light of frequency w , the free electron con-

tribution1 ne to the refractivity n of a plasma is given by:- 

231-F 

   

) 2 

 

n2 =- 1 -
e 

  

(9.4) 

  

   

where (4) 	is the electron plasma frequency. 	In terms of the 

wavelength of the incident radiation 'N and the electron density 

Ne (9.4) becomes: 

) n2 1 - 
r
o 	e 

 e 	Tr (9.5) 

where ro is the classical radius of the electron. 	Since ne is 

close to'unity for wavelengths in the visible (see (1)), the 

approximation n2 - 1 "Z1 2(ne  - 1) can be made and (9.5) reduces 

to :.  

Hence, if the dominant contribution to the refractive index of 
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the plasma n is from free electrons the electron density can be 

determined by measuring n. 

The preceding argument is the basis of the method used 

to measure Ne in the discharge. 	It should be noted that, in 

essence the method requires no knowledge of the electron temp-

erature of the plasma, is independent of the assumptions of 

Stark broadening theory and, if a laser is used to measure the 

refractive index of the plasma, good spatial resolution can be 

obtained.. 

9.4.2. 	Theory of the Measurement of the Refractivity of 
the Plasma 

A Fabry-Perot interferometer system illuminated by the 

6328 A°  radiation from an He-Ne laser was used to measure the 

refractivity of the plasma. 	This system is shown schematically 

in Fig. (9.4) and its use will be discussed in some detail in 

(9.4.3). 	But for the purpose of the present discussion it is 

sufficient to consider a system in which the discharge tube is 

placed within, and coaxial with, the cavity of a Fabry-Perot 

interferometer. 	This cavity is then illuminated with monochrom-

atic radiation of wavelength X and the transmission of the radia-

tion through the cavity measured. 

When plasma is generated within the discharge tube 
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the optical length of the interferometer cavity is altered by 

an amount S, and if it is assumed that the refractivity of the 

plasma is given by that of the free electrons, then S is given by: 

S = fne( )de 
	

(9.7) 
O 

where n
e
(t ) is the instantaneous value of the refractivity of 

the free electrons at a position ' 	on the axis of the plasma, 

and L is the length of the plasma. 	Substituting (9.6) in Eqn 

(9.7) S becomes: 

L 	 2 r 
= 	(.1 - 	° 	 Ne  (e ))a? 	(9.8) 

2 
0 

where N
e
(t ) is the instantaneous value of the electron density 

at a position e on the axis of the plasma, 	In terms of the' 

electron density ge  averaged over the length of the tube, the 

above integral becomes: 

r 	)‘ 
2 

° 	 S =- L 	L (9.9) 
21t 
	e 

From the :theory of the Fabry-Perot interferometer (see Dangor (54)) 

a change 28 in the optical length of the cavity alters the 
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intensity of the radiation transmitted through the cavity. 

There is a change from one transmission maximum to the next, d 

so called 'fringe', when AS =- )/2. 	The corresponding change 

in electron density is found by differentiating (9.9) i.e. 

(for one fringe), 	(9.10) 

0 

Using L = 75 cm (the inter-electrode distance of the Z-pinch 

apparatus) and )% = 6328 A°  

= 2.36 x 10
15cm-3 (for one fringe): 

	(9.11) 

Assuming that the electron density increase's monaton-

ically with time, and that the initial electron density is zero, 

then the electron density in the plasma, at any instant, will be 

proportional to the number of fringes recorded from the onset 

of the discharge. 	A minor complication arises because the 

interferometer does not discriminate between increasing and dec- 

reasing electron density. 	Usually, however, the instant of 

peak electron density (peak compression) can.be  determined either 

by a careful examination of the fringe sequence, or, by monitor- 

ing the continuum intensity of the plasma. 	This is proportional 

to the square of the electron density (see Chapter XLI)' and will 

therefore reach a maximum at the same instant as the electron density. 

'1 T 
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The number of fringes recorded from the onset of the discharge 

to the time of peak compression is then proportional to the 

electron density at peak compression. 

9.4.3. 	Measurement of the Refractivity of the Plasma 

Fig. (9.4) shows the Fabry-Perot interferometer system 

used in the present investigation. 	It consisted essentially of 

an He-Ne laser which operated at 6328 A°  and was fitted with one 

plane mirror, one curved mirror (5 m focal length) and a small 

aperture stop to ensure that bnly the axial (TEM000.modes prop- 

agated. 	One mirror of the Fabry-Perot cavity (see Fig. (9.4)) 

was formed by the plane mirror of the laser and the other by a 

plane dielectric mirror with ... 45% reflectivity at 638 A°. 	This 

reflectivity was such that strong coupling between the two'cav-

ities (the laser.  cavity and the Fabry-Perot cavity) was prevented. 

The laser can therefore be considered as a source of constant 

illumination for the Fabry Perot cavity. 

An R.C.A. 7265 photomultiplier connected to an L-type 

amplifier of a Tektronix 551 oscilloscope, was used to monitor 

the transmission of the laser beams through the Fabry-Perot 

cavity. 	The response time of this system was",  0.02As. 	In 

order to reduce optical pick up from the plasma the laser beam 

after transmission through the cavity was passed through two 

one millimeter apertures spaced one metre apart, and finally 
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through an interference filter with a 5 A°  bandwidth centred 

at the laser wavelength. 

The following procedure was used to set up the inter- 

ferometer. 	Apertures, consisting of a circular metal disc.with 

a one millimeter hole at its centre, were placed at each end 

of the electrode assemblies and made concentric with them. 

These apertures served to define the axis of the discharge. 

Adjustments to the position of the laser were then made so that 

the beam passed through the apertures. 	The mirrors of the Fabry - 

Perot cavity were made parallel by adjusting the external mirror 

so that the laser beam was reflected back on itself. 	The output 

of the photomultiplier was then viewed on the oscilloscope using 

a slow time base C 2 ms/cm) and low amplitude fringes were usually 

observed owing to changes in the optical length of the cavity 

produced by mechanical vibrations. 	Fine adjustments to the 

external mirror were then made until fringes with a modulation of 

,̂80% were obtained. 

The measurement procedure consisted simply of setting 

the required filling pressure in the discharge tube, firing the 

discharge and photographing the oscilloscope record of the fringe 

sequence together with a record of either the discharge current 

or the continuum intensity. 	These measurements were made for 

filling pressures ranging from 0.05 to 0.60 tory. 
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9.4.4. 	Results 

Plate(9.2) shows an oscilloscope record of a fringe 

sequence obtained from the plasma together with discharge current. 

This was recorded at a filling pressure of 0.4 torr. 	From (9.11) one 

fringe corresponds to a change in electron density of 7.36 x 1015cm-3. 

It will be.  noted that as the time of peak compression is approached 

the modulation of the fringes decrease. 	This is caused by 

radial electron density gradients in the plasma which refract 

part of the laser beam of the axis of the discharge. 	The effect 

of this refraction is to reduce the finesse of the Fabry-Perot 

cavity and hence the fringe modulation. 

In Fig. (9.5) the electron density at peak compression, 

derived from the laser measurements, is plotted as a function of 

the helium filling pressure. 	The electron density is seen to 

pass through a well defined maximum of 2.1 x 10
16cm-3 at a filling 

pressure of N 0.28 torr. 	On the low pressure side of the maximum 

the increase in the electron density with filling pressure is 

seen to be linear as is the decrease on the high pressure side of 

the maximum up to ^, 0.5 torr after which a much slower fall off 

is observed. 

A similar behaviour in the electron density at peak 

compression versus filling pressure curve was also observed when 

the discharge was operated in argon and hydrogen (see Burgess, 
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Dangor and Jenkins (55 ) for further discussion). 	This phen  

omenon in the behaviour of a Z-pinch discharge was first reported 

by Burgess ( 3 ) and has also been observed by Zwicker and 

Schumacher(56 
	

and Roberts ( 22 ) using Z-pinch discharges of 

markedly different parameters. 

9.4.5. 	Estimates of the Contributions to the Refractivity 
of the Plasma from Sources other than Free Electrons 

At this stage the results given in Fig. (9.5) must be 

treated with some caution because the assumption that the refract-

ivity of the plasma is dominated by that of the free electrons 

has still to be verified. 

When considerin7 the various contributions to the ref-

ractivity of the plasma it is important to realize that since 

the method of measuring the electron density is based on the 

measurement of the refractivity of the plasma as a function of 

time the method, in principle, requires that free electron ref-

ractivity should dominate all other contributions to the plasma 

refractivity over this period of time. 	Obviously this is not 

possible because for early times in the history of the discharge 

it might be expected that the electron density on the axis is 

zero. 	It is, therefore, necessary to verify also that the con-

tribution to the total fringe shift during these times is negligible. 
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The following sources may contribute to the refractive 

index of the plasma n:- 

a) 
	

Atoms and Ions in Various Energy States 

The contributions under this heading can be classified 

according to whether the wavelength of the incident radiation 

I is less then, equal to, or greater than the wave length of 

the transitions i between the various energy states. 

)ti.,5>TX1  :- -Despite their remoteness from wave length of the 

incident radiation, resonance transitions can give a significant 

contribution to the refractive index. 	This is because of the 

very large population density of the ground state . 	Their con- 

tribution to n is given by (1). 

na - 1 nE 
ro A 2 .)%m1 2   
21T 'm1 	m1 [1  +( 	) ]11 (9.12) 

where .)‘m1 is the wavelength of the resonance transition origin-

ating from state m
, fm1 the corresponding' oscillator strength 

and N
1 the ground state density of the species. 	Note that the 

sign of this contribution is opposite to that of the electrons. 

To be strictly accurate the summation in (9.12) should be extended 

over all excited states taking into account both upward and 

downward transitions, and also transitions from discrete states 

to the continuum. 	However, because excited state populations 

are usually negligible compared with that of the ground state 



21+6 

(9.12) is sufficiently accurate for the purpose of the present 

estimate. 

The ratio of the above contribution to that of the free 

electrons is given by: 

2 	2 
na-1 . E  fini 	

A 
Psn1

L /

1  ) r, 
+ 

oni,\--r1 
ne-1 I  k-317/1; \  

m 

(9.13) 

The following approximations were made.in order to evaluate the 

summation occurring in (9.13). 

2 

a) 	(.."1) 44  1 

m1 	)t 21 for m> 2 (9.14) 

The latter approximation ensures that, if anything, the summation 

is over-estimated. 	Finally, the summation over the absorption 

oscillator strengths was carried out using the sum rule (Allen (5T)) 

E f .1 
m 

(t 	1)(2 	-E 3) (9.15) 
2t 	1 

= 1 (for s - np transitions) 

Inserting (9.14) and (9.15) into (9.13) and evaluating the, ratio 
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for AL= 6328 A°  the following results are obtained: 

n
a
-1 

	

Z - 9 x 10-3  -1 	(for HeI) 
ne-1 	Ne 

(9.16) 

• na-1 

r. e-1 

_3  Ni 
- 2 x 10 IT

e  
for Heil) 	(9.17) 

Clearly, the contribution from the Heil ions will be 

negligible at all. times in the history of the discharge since 

at the worst, 114:1 ,=Ne  (charge neutrality). 	Also the contribution 

from neutral helium atoms will be less than 1% if the degree of 

ionization is greater than 0.5. 	This degree of ionization is 

expected in helium for electron temperatures 	x 104 °K (see 

Fig. (8.1) . 
	For filling pressures less than 0.1+ torr (the 

highest filling pressure at which electron-temperature was measured) 

the electron temperature, measured at peak compression is found 

to be greater than 3 x 104 °K (see Fig. (9.3)) and, therefore, 

the contribution of neutral helium to the refractivity of the 

plasma will be negligible at the time of peak compression. 

However, at times prior to the time of peak compression the plasma 

temperature is probably much less than 3 x 104 °K, and the 

contribution of neutral helium to the refractivity of the plasma 

may be important at these times; 	especially at high filling 

pressures. 	Further discussion on this point will be postponed 
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until after the other contributions to the refractivity of the 

plasma have been considered. 

L 	:- If an atom or ion in the plasma has a transition 

which is close to the laser wavelength then significant con- 

tributions to refractivity of the plasma can arise through the 

phenomenon of anomalous dispersion. 	For a transition from_ 

state m to n the refractivity is given by (.1): 

3 
r
o na - 1 =- 	• f 	

mn  [1 - - gn Nril 	N
n - fr 	mn ..6, 	gm  Nn  

(9.18) 

where AX=_ Lmn, )1 L_ is the laser wavelength, >i nm  and 

f
nm are the wavelength and absorption oscillator strength of the 

transition respectively, and Nm,gm  and Nn,gn  are the population 

densities and statistical weights of the upper and lower states 

respectively. 	Eqn (9.18) is valid provided: 

w 	<< AL.  

where w is the half-half width of the line. 	It should be noted 

that the sign of the contribution given by (9.18) depends on the 

sign of .40% . 

The ratio of the above contribution to that of the 

free electrons is given by:: 
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3 	
g 

n
a
-1 f

mn rill r 	nNrn. 1. Li  
n
e
-1 	LT—) t 	g

L 	inNn Ne 
(9.19) • 

An examination of the published wavelengths of HeI and HeII 

transitions (see (35 )'and (38  ) respectively) shows that the 

lines listed in Table (9.1) lie closest to the laser wavelength. 

TABLE (9.1)  

TRANSITION )t (A°) 
mn 

biA(A°) Inn 

HeI"21P - - 1 3 D 6678 -350.  .71 

HeI 23P - 33D 5876 452 .71 

HeII 4 - 6 6530 -232 .18" 

The ratio (9.19) was evaluated for each line assuming 

that the population densities of the upper and lower states of a 

line were related by their Boltzmann  factors (see 8.5) 

and that the population density of the lower state of the line was 

in partiaf L.T.E. with the ground state of the next higher ioni- 

zation stage and the free electrons. 	It was-found that at the 

time of peak compression the contribution to the refractivity of 

the plasma from anomalous dispersion was negligible in comparison 

with that from the free electrons and at all other times it was 

negligible in comparison with the contributions from neutral atoms 

in their ground state. 
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Here
i 
 is the wavelength of a transition between 

the reduced ionization potential and a bound state. 	The contrib- 

utions which fall into this category are not contributions to 

the refractivity of the type discussed above but are instead 

additional contributions to the electron density. 	This add-

itional contribution to the electron density arises because 

electrons in bound states which satisfy )1 L 	are so weakly 

bound that they behave as though they were free electrons. 

Hence the electron density found from interferometric measurements 

will be greater than the true free electron density. 	Griem (1) 

has estimated the magnitude of this contribution and concludes 

that it is only likely to be important, in L.T.E. plasmas, and 

even here the correction 13 typically less than 190, For a helium 

plasma to be in L.T.E. electron densities of at least ,,-10
18
cm

3 

are required (see Chapter IIX ). 	The electron_ densities encoun-

tered in this experiment are two orders of magnitude too low 

for the establishment of L.T.E. and consequently the correction 

to the interferometrically measured electron density will be 

negligible. 

b), 	.Fully Stripped Ions 

The ratio of the refractivity of fully stripped ions 

to that of free electrons is given by (see Griem ( 1  )). 
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n.-1 	Zm
e 1 

n0-1 	mi  (9.20) 

where Z and m. are the nuclear charge and mass of the ion 

respectively. 	For a helium plasma this contribution is 

negligible because the maximum value of  Z is 2  and in. is 1 

Aj  7 x 103 m
e
. 

Conclusion  

Of the various sources which may contribute to the 

refractivity of the plasma only that resulting from neutral 

atoms in their ground state is likely to be significant.. 

9.4.6. 	Fringe Shifts due to Changes in Neutral Helium Density 	. 

The change AN in the neutral helium density required 

to produce a single fringe shift can be calculated in a similar 

manner to-  that used for the free electrons (see 9.4.2). 	Using 

the refractivity of neutral helium given in Allen (57) 

AN is given by:: 

AN' N 3.2 x 1017cm 3  (for one fringe) 
	

(.9.21) 

From this result the change in the size of the plasma required to 

produce a single fringe shift can be calculated. 	Assuming that 
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the filling presSure is 0.4 torr and that no ionization takes place, 

the volume compression ratio required to produce one fringe 

shift is ti  30 or, alternatively, the radius of the column of 

neutral helium must be reduced from 22.5 mm to 4 mm (if ioni- 

zation occurs.tne final.radins would be even smaller). 	Now for  

the filling pressure of 0.4 torr the first fringe occurs ,w1ils 

after the discharge current commences (see Plate (9.2)) and if this 

fringe results from an increase in the neutral helium density then 

the maximum radius the plasma can have at this time is 4 mm. 

However, end on framing camera observations of the discharge 

showed that the plasma at this time filled the discharge tube 

and did not begin to collapse until ^, 0.5 1.t s later. 	Hence the 

initial fringe shifts can not be due to changes in the neutral 

helium density and must therefore arise from changes in the free_ 

electron density. 	Furthermore, if the initial fringe shifts 

had been caused by changes in the neutral helium density then 

because the free electron and neutral refractivities have opposite 

signs it might be expected that a point in time would be reached 

when the composition of the plasma was such that. total refractivity 

is u.vit-tAi._ The effect of this would be to introduce a turning 

point in the fringe sequence. 	Such behaviour was not observed, 

even at the highest filling pressure for which measurements were 

made. 

It should be noted that by using two wavelength 
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interferometry the problem of the neutral helium refractivity 

can be eliminated entirely. 	This method relies on the fact that 

with the exception of the neighbourhood of spectral lines, the 

refractivity.of neutral atoms is constant, whilst that of free 

electrons varies as A . 

9.4.7. 	Effects which Influence Directly the Free Electron 
Refractivity 

So far the discussion has been concerned with effects 

which interfere with the measurement of the free electron ref- 

ractivity. 	The following effects have a direct influence on it: 

a) 
	

Particle Collisions 

Essentially, the effect of collisions is to introduce 

into the equation of motion of the free electrons a damping term 

(the motion referred to here is that which takes place under the 

influence of the electric field of the incident radiation). 	If 

4)
c is the electron-electron collision frequency then the 

free electron contribution to the refractive index of the plasma, 

including collisional effects, is given by (44 ). 

2 	

‘4R 

1 ne = 1 - 

A -I, 
/ tic  
---2 

(9.21) 
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For N
e 	10

16cm-3 and Te ti  4 x 10
4 0

K the value of w , calculated 

from the Spitzer formula (48 ), is ,,.1012sec-1. 	This frequency 

is small in comparison with the frequency of the incident radi- 

ation of P.- 5 x 10
14 

cycles.sec
-1 

 . 	Hence the term ( 1.4 c/La L 

is negligible in comparison with unity and the influence of 

electron-electron collisions on n 	can be neglected. 	Since the 
e 

collision frequencies associated with electron-ion and electron 

neutral encounters will be even smaller than the electron-electron 

collision frequency it follows that all collisional effects will 

be negligible. 

b) 	Magnetic Fields 

Because the presence of a magnetic field can modify the 

motion of an electron which is moving under the influence of an 

electric field, it can also effect the refractivity of the free 

electrons. 	The manner in whichwne is affected depends not only 

on the strength of the magnetic field but also on the relative 

orientations of the magnetic field and the electric field of the 

incident radiation ( 44 
	

For example, there is no affect 

on n
e 
when the two fields are parallel, since the magnetic field 

has no affect on the motion of the free electrons. 	In general 

the effect of a magnetic field will be negligible if the electron 

cyclotron frequency ca B  satisfies: 



(-4) B is given by:- 

C 	- 
B = 2.8 x 10

6 
B cycles/sec 
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(9.22) 

(9.23) 

c.3 	< 
B L 

eB 
me 

where B is in gauss 

The condition (9.22) will be easily satisfied for 

measurements of the axial electron density because the magnetic 

field on the axis of a Z-pinbh discharge is effectively zero. 

For off axis measurements the magnetic field will be considerably 

larger with the maximum value occurring roughly at the edge 

of the plasma. 	The value of this field can be calculated from: 

B 
	

gauss 

where the plasma current I is in amps and the plasma radius r 

is in cm. 	Assuming that at the ltime of maximum current 

(' 5 x  103  amps) the discharge has a radius of N 5 mm the maximum 

magnetic field will be N  2 x 103  gauss, which from (9.23) 

corresponds to a cyclotron frequency of 6 x 109 c/s. 	This fre- 

quency is much less than that of the incident radiation so that 

condition (9.22) is well satisfied even for off axial measure-

ments and consequently the electron density measurements will 

not be influenced by the presence of a magnetic field. 
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Hence both particle collisions and magnetic fields have 

a negligible effect on the free electron refractivity. 

9.4.8. 	Further Assumptions 

In order to interpret the observed fringe shifts it is 

necessary to replace the electron density Ne  occurring in (as) 

by Ne  the electron density averaged over the length L of the 

plasma, i.e. 

N e 

Ne(f )dt 

O 

This procedure assumes that the length of the plasma is known. 

Also if this device is to be used as a spectroscopic light source 

it would be advantageous if the electron density is constant 

along the axis, since side on measurements of, say, line profiles 

can be directly compares with end on measurements. 

The axial variation of electron density in a Z-pinch 

discharge has been investigated by Burgess ( 3 ). 	The discharge 

studied had an interelectrode distance and internal diameter of 

50 cm and 15 cm respectively and was operated in argon at a 

filling pressure of 0.25 torr. 	Electron densities were measured 

at the time of peak compression at various distances along the 

axis of discharge, by observation of the Stark broadening of the 

Ar II 4806 A°  line. 
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Burgess found that over a length of ^, 20 cm, at the 

centre of the discharge, the electron density was independent 

of the axial position. 	At distances of N 10 cm from each 

.electrode sharp minima occurred. 	These had a half width of .  

5 cm and the electron density at the centre of the dip was ~25% 

below that found midway between the electrodes. 	Near the 

electrodes the electron density was found to drop sharply from 

a value close to that found at the centre of the discharge. 

If Ne is calulated for the distribution of electron 

density measured by Burgess the resulting electron density is 

found to be ev 10% lower than that measured at the centre of the 

discharge. 

Since the interelectrode distance of the present dis-

charge is greater than that of Burgess's (75 cm compared with 

50 cm) axial variations of electron density and the uncertainty 

in the length of the plasma would be expected to be less sig- 

nificant. 	Line profiles measured in the axial and radial 

directions support this conclusion (see Chapter XI). 

Summary of the Discussions Concerning the Electron  
Density Measurements  

The measurements of electron densities in the discharge 

• have been discussed in some detail because the accuracy and ease 
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with which this parameter can be measured is important in 

determining whether or not a discharge is suitable as a spect- 

roscopic light source. 	These results are also important for 

the interpretation of measurements to be described in Chapter X. 

It has been shown that the plasma refractivity is dom-. 

inated at all times by the free electrons and effects which . 

directly influence the free electron refractivity are negligible. 

Hence it was correct to interpret the observed fringe shifts 

(see 9.4.4.)  asbeing due to changes in the free electron density. 

Assumptions concerning the length of the plasma and the axial 

variation of electron density have also been described. 
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CHAPTER X 

MEASUREMENTS OF THE PROFILES OF 

SOME HELIUM LINES  

10.1 	Introduction  

The following experiments concerning the Stark broad-

ening of helium lines in a plasma were proposed in (4..2). 

a) The measurement of the Stark broadening of HeII 

lines at electron densities of 4 10
16

cm
-3
. 

b), The investigation of the variation with electron 

density of the profile of a line which contains 

a forbidden component. 

It was also proposed that the Z-pinch discharge described in 

the preceding chapters should be used as the source of helium 

plasma. 

.This chapter is concerned with the choice of suitable 

lines for the investigations mentioned above and the methods 

used to measure their profiles. 

10.2 	Choice of Lines  

Two factors limited the choice of suitable lines for 

the investigations mentioned above. 	These were the resolution 

of the instrument to be used for the line profile measurements, 
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and the availability of theoretical profiles. 

A Hilger medium quartz spectrograph fitted with a photo-

multiplier scanning attachment was available for the line profile 

measurements. 	The dispersion of this instrument falls off 

rapidly towards longer wavelengths so that in order to reduce 

the .effects of instrumental broadening it was necessary to 

select lines with as short a wavelength as possible. 

Theoretical profiles are available for two Hell lines 

(see ( 1' )), the Hell 4686 and 3203 A°  lines. 	Of these, only 

the latter line could be measured since an examination of the 

theOretical profiles showed that the half width of the Hell 4686 A°  

line was a factor of N,  3 less than the instrumental width, even 

at the highest electron density obtainable in the discharge. 	In 

contrast at electron densities as low as ^, 5 x 1015cm-3, the 

calculated width of the 3203 A°  line was Still a factor of 2 
Mit 

larger than the instrumental width. 

At the time these investigations were started theoretical 

profiles of lines with forbidden components were not available. 

However, it was communicated to the writer that calculations were 

in progress of the profiles of the HeI 4471 A°  and 4921 A°  lines 

including forbidden components. 	As the previous measurements 

of the profile of the HeI 4471 A°  (see (9.4)) had shown that it 

was wide enough to be measured, this line was chosen. 
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Although the original proposals for the investigations 

were concerned with the measurement of the profiles. of the HeII 

3203 A°  and HeI 4471 A°  line, it was decided to measure also the 

profiles of two isolated HeI lines. 	These additional measure-

ments were undertaken because the work presented in the first 

part of this thesis shows that good agreement can be expected 

between the calculated and experimental width of isolated lines, 

and, consequently, these measurements should provide a check on 

the measurement procedures. 	The two lines chosen for the meas-

urements were the HeI 2945 Acl  and 3965 A°  lines. 

The lines chosen for study are summarised in Table (10.1). 

TABLE (10.1)  

SPECTRUM 	TRANSITION 	WAVELENGTH .(A°) 

Hen 	3 - 5 	3203 

HeI 	2p3P - 4d3D 	4471 

HeI 	2s3S. - 5p3P 	2945 

HeI 	2s
1 
 S - 4p

1 
 P 	3965 

10.3 	Competing Broadening Mechanisms  

In Chapter II a number of mechanisms, in addition to 

Stark broadening,were discussed whereby the spectral lines 

emitted by an atom or ion immersed in a plasma may be broadened. 
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Consequently, in an investigation of Stark broadening of spectral 

lines, these competing mechanisms must be considered and, if 

found to be important, corrections must be made. 	The various 

possible competing mechanisms are considered below. 

10.3.1. Natural Broadening 

As discussed in (2.2), this broadening mechanism produces 

a line width of N 10-4A°. 	Compared with Stark, or even Doppler 

broadening (see below), this width is negligible. 

10.3.2. Van der Waals Broadening 

Since the electron temperatures, measured at peak 

compression are high enough to ensure degrees of ionization 2750%. 

Van der Waals broadening will be negligible in comparison with 

Stark broadening. 
I 

10.3.3. Resonance Broadening 

Since none of the lines studied has a state in common 

with the upper state of the resonance line, resonance broadening 

need not be considered. 

10.3.4. Zeeman Broadening .  

In (9.4.7.),  it was estimated that the largest magnetic 

field occurring in the plasma is #6.  2 x 103  gauss. 	Using the 

expression for Zeeman broadening given in (2.4.) and taking 
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= 4000 A°  as the average wavelength of the lines, the Zeeman 

broadening produced by this field is found to be ^'0.03 A°, 

which is negligible in comparison with the Doppler broadening 

(see below). 

10.3.5. Doppler Broadening 

The amount of Doppler broadening can be estimated using 

(2.4). 	Taking 	= 4000 A°  as the average wavelength of the 

lines and Te 6 x 10
4 0

K (the highest temperature measured in 

the plasma) the Doppler width is found to be ^, 0. 4 A°. 	Since 

this width is a factor of 4smaller than the smallest half width 

expected from Stark broadening, the additional broadening prod- 

uced will be ", 1.%) or less. 	However, if necessary, Doppler 

broadening can be taken into account using the procedure discusSed 

in (2.8.).- 

10.3.6. Radiative Transfer 

Although it is possible to estimate, using (2.8.) the 

amount of self absorption of a line, it was thought to be preferable 

to demonstrate experimentally the absence, or presence, of self 

absorption by comparing the profiles emitted in the axial and 

radial directions. 



264 

10.4. 	Profile Measurements  

In the following sections the apparatus and procedures 

used for the profile measurements will be described. 

10.4.1. Spectrometer 

A Hilger medium quartz spectrograph was used to measure 

the line profiles. 	This instrument was fitted with a Hilger 

E720 photomultiplier scanning attachment which had been modified 

so that the drive screw, controlling the position of the exit 

slit could be operated manually. 	This modification had been 

made by a previous user so that the instrument could be used for 

shot to shot scanning. A scale calibrated in degrees was attached 

to the drive screw and served to determine the position of the 
SLit 

exit slit. 	One revolution of the scale moved the exit through 

one millimetre, and the total number of revolutions was indicated 

by a revolution counter attached to the drive screw. 

10.4.2. Detector and Recording Apparatus 

The detector used with the above instrument was an 

R.C.A. 1P28 photomultipler. 	Stabilization of the dynode chain 

of the photomultipler, under pulsed signal conditions, was ensured 

by the presence of 0.1 µF capacitors across the last 4 dynodes 

and 0.01 µF capacitors across the remaining dynodes. 
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• For D.C. recording the photomultiplier anode current 

was measured using a Keithley type 601 electrometer. 

For pulsed operation, the voltage developed across an 

anode resistor of 6801-2 was fed via a co-axial cable of length 

2 ft and characteristic impedance 50 SI to an L-type amplifier 

of a Tektronix 551 dual beam oscilloscope. 	The use of ,an 

unmatched cable resulted in negligible ringing, and allowed 

measurements to be made further out on the wings of the profiles 

than would have been possible using a matched cable. 	A pick 

up loop placed close to the discharge tube was used to trigger 

the oscilloscope. 	The RC-time constant of the photomultipler- 

oscilloscope circuit Was 0.06 A s. 	Finally, to reduce electrical 

interference all cables were doubly screened and care was taken 

to eliminate ground loops. 

10.4.3. The Linearity of the Photomultiplier and the 
Associated Circuits 

The linear range of the photomultiplier and associated 

circuits, under pulsed conditions, was found by varying the . 

intensity of the light entering the spectrometer in a known way 

(see below) and measuring the output current. 	From a graph 

of light intensity versus output current the linear range of 

the system was determined. 

The pulsed light source used was the discharge itself 

and attenuation of the light was accomplished by placing various 
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calibrated neutral density filters in front of the entrance 

slit. 	The output was found •to be linear to better than f 5% 

for anode currents up to 	20 mA. 	During the measurements 

the anode current rarely exceeded 2 mA. 

10.4.4, Method of Focusing the Spectrometer 

The spectrometer was focused photoelectrically using 

the following method. 	A wavelength calibration of the instru- 

ment was made using the spectrum emitted by a low pressure helium 

discharge lamp, the output of the photomultiplier being measured 

with the electrometer. 	Entrance and exit slits were then set 

at,.5A and with the aid of the above calibration the exit slit 

was moved to the position of HeI line under investigation. 	By 

adjusting the position of the entrance slit relative to the 

collimating lens and then scanning through the peak of the line 

on each adjustment, a position was found where the peak intensity 

was a maximum. 	This position was taken as the focus. 	This 

procedure was repeated prior to the investigation of each of 

the line profiles. 

10.4.5. Measurement of the Reciprocal Dispersion of the 
.Spectrometer 

Because of the relatively large separation of the lines 

in HeI spectrum and the rapid variation of the reciprocal dis- 

persion of the spectrometer towards longer wavelengths the 
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calibration made using the helium discharge lamp could not be 

used to obtain accurate values of the reciprocal dispersion at 

the wavelength poSition of each of the lines studied. 	Instead  

the required values were determined by photoelectrically 

scanning through a region of the spectrum emitted by a suitable 

discharge lamp (usually either mercury, cadmium or neon).  chosen 

such that identifiable lines lay close to, and on either side 

of, the line under investigation. 	From the known wavelengths 

and measured separation of t:e lines the reciprocal dispersion 

of the instrument at the wavelength of the line was obtained. 

10.4.6. Measurement Procedure 

For side-on measurements, the spectrometer was aligned, 

perpendicular to and in the plane of, the discharge tube axis 

by placing two small apertures on either side of the central slot 

in the theta pinch coil so that the axis defined by them inter- 

sected the axis of the discharge tube. 	A lamp laced behind 

the apertures then defined a reference beam for the alignment 

of the optical axis of the spectrograph. 	A similar procedure 

was used for end-on alignment. 	A quartz lens was used to image 

the plasma onto the spectrometer slit. 

Ideally,for a pulsed device of this nature where the 

line profiles are obtained on a shot to shot basis, it is 

desirable to measure (or at least to monitor) the electron 

density on each shot in order to minimize any effects of shot to 
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shot fluctuations. 	Fdrtunately, the laser measurements (see 9.4) 

showed that the axial electron density, measured at peak compression 

was better than 5% on both a short and long term basis when the 

discharge was operated at pressures above 0.05 torr. 	This 

feature of the discharge enabled the electron density, at peak 

compression, to be set by simply fixing the filling pressure. 

The corresponding electron density was then obtained from the 

previously determined curve of electron density at peak compression 

against filling pressure Fig. (9.5). 

Previous measurements (Chapter IX ) had shown that the 

time to peak compression obtained from the laser measurements 

agreed well with that obtained from the peak in the continuum 

emission. 	Hence the latter was used to establish the time of 

maximum compression. 

Prior to the start of a run the discharge tube was evacuated 

to a base pressure of 	10-5 torr. 	The helium pressure was then 

set by means of the hot wire leak valve and allowed to stabilize. 

During this period a number of shots ("'50) were fired to condition 

the discharge tube. 

At the start of a run a film record was made of the con-

tinuum emission at 5400 A°  on one beam of the oscilloscope and 

the discharge current on the other. 	This measurement served to 

establish the time to maximum compression relative to the 

discharge current trace. 	Entrance and exit slits were then set 
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at v5 AL and the line profile scanned shot by shot, each point 

on the line profile being recorded three times by overlaying 

the traces, to allow for any small fluctuations in the light 

intensity. 	Each film record contained the light emission at 

one wavelength in the line profile, a base line for the light 

emission and the discharge current trace. 	The background 

emission to the line was found by making measurements at points 

far from the line centre. 	Finally, to check that no drifts 

had occurred during the run the continuum was re-recorded. 

10.4.7. Reduction 'of Data 

In order to analyse the films they were first enlarged 

by a factor of 10 using a photographic enlarger and the images 

traced onto graph paper. 	The continuum signal and the accom-

panying discharge current signal were then traced onto tracing 

paper. 	This was then placed over the traces on the graph 

paper and by matching the two current traces the time to peak 

compression could be established. 	The line profile was then 

obtained by plotting the amplitude of the traces, measured at the 

above time, for each of the wavelength positions recorded. 
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Fig. (10,1) Instrumental Profile for X= 4471 4(9 
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10.5 	Determination of the Instrumental Profile  

Before a comparison can be made between the observed 

and theoretical profiles the effects of instrumental broadening 

(see 2.7 ) must be taken into account. 	In order to do this 

the instrumental profile had to be determined. 

Preliminary measurements of the instrumental profile, 

using a low pressure mercury lamp placed directly in front of 

the spectrometer slit, showed that the instrumental half width 

expressed in degrees of rotation of the exit slit drive shaft, 

was independent of the wavelength of the line used; indicating 

that a geometrical image of the entrance slit is formed. 	Hence, 

the instrumental profile in wavelength units can be obtained from 

a single measurement of theinstrumental profile in degrees of 

rotation of the drive shaft and a knowledge of the reciprocal 

dispersion of the instrument at the wavelength of interest. 

The instrumental profile was determined using the 3350 A°  

line emitted by a low pressure mercury discharge lamp, and in 

order that the solid angle illuminated would be the same as 

that used in the line profile measurements, the lamp was placed 

within the discharge tube so as to occupy the same position as' 

the plasma. 	Fig. (10.1) shows the instrument profile corres-

ponding to the wavelength of the HeI 4471 A°  line. 
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CHAPTER XI  

COMPt1RISON OF MEASURED PROFILES WITH THEORY  

11.1. 	Procedures Used to Obtain the Theoretical Profiles  

The following procedures were used to obtain the theor-

etical profiles of the HeII 3203 A°, HeI 4471 A°, HeI 2945 A°  

and HeI 3965 A°  lines. 

11.1.1. HpII 3203 A°  Line 

The reduced Stark profiles S (a) (see 3.7.2.) of the 

HeI1. 3203 A°  line were obtained from ( 1 ), for Ne =-10
16cm-3 

and Te =v4 x 10
4 and 8 x 104 0K. 	Theoretical profiles, corr-

esponding to the electron density N; at which a given profile 

was measured, were obtained from the reduced Stark profiles by 

means of the following transformations (see 3.7.2.).. 

I( A )% 	S(ci )/F0,  

where 

)% 	N 	0  = dFo  

and 

e  
FO 

3 

where the quantities appearing in the above equations are defined 

in (3.7.a.). 	Thus for each value of N' two profiles were 
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obtained, i.e. one for each of the values of Te given above. 

An examination of the two profiles showed that they'were only 

weakly dependent on T , and to avoid interpolation with respect 
e , 

to Te
, the profile derived for the value of Te which lay closest 

to the experimentally determined electron temperature was used. 

It wasnoted in (3.7.2.)  that the value of Fo given 

   

above is only valid if the plasma is singly ionized. 	This  

should be a good approximation for the electron temperatures 

found in the discharge see (9.3). 

11.1.2. HeI 4471 A°  Line 

Recently, the profile of the HeI 4471 A°  (23P. - 43D) 

line inclusive of the forbidden component (23P - 43F) at 4470 

A° has been investigated theoretically by Griem (12 ). and 

Barnard, Cooper and Shamey (11 ). 	comparison of the pro-

files predicted by these two calculations showed them to be 

closely 'similar. 	It was decided to use the results of Barnard 

et al.for the comparison with the measured profiles because they 

are tabulated in a slightly more convenient form than the 

results given in Griem's paper. 

The theoretical profiles, calculated by Barnard et al, 

are tabulated for electron densities ranging from 10
14 

to 
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3 x 1017om-3 and electron temperatures ranging from 5 x 103 

to 4 x 104 °K. Although graphical interpolation (see below) 

can be used to obtain theoretical profiles which correspond to 

the measured electron densities it was not possible to obtain.  

agreement with the measured electron temperatures because for most 

of the conditions studied they were higher than those for which 

the theoretical profiles were calculated (see Fig. 9.3). 	It 

was necessary, therefore, to use the theoretical profiles corr- 

esponding to 4 x 104 K for all the conditions studied. 	An 

indication of the errors caused by neglecting the variation of 

the theoretical profiles with electron temperature can be obtained 

from Fig. (11.1) and Fig. (11.2) where the percentage variation 

in intensity, arising from a change in the electron temperature, 

has been plotted for various points on the profile. 	The 

intensity variations are measured relative to that at T = 4 x 104 °K 

and are calculated for T = 104 °Kand 2 x 10
4 9K, and electron 

densities of 1016 and 3 x 1016cm-3. 

From Figs (11.1) and (11.2) it can be seen that the 

features of the profile which are most strongly temperature dep- 

endent are the dip between the allowed and forbidden components 

where a factor of 4 decrease in the electron temperature produces 

a change in intensity of ti 50% (for Ne 
 = 10

16
cm
-3) and the red 

wing at wavelength separations from the line centre greater 

than 18 A°, where a similar change in electron temperature produces 
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a change of",  20% in intensity. 	However, for the major part 

of the profile the, change in intensity is less than 15% for a 

factor of 4 change in electron temperature. 	Since the line 

profiles were measured for plasma conditions for which the 

electron temperatures were, at the most, a factor of Ad 1.5 greater 

than 4 x lak °K the errors produced by neglecting the variation 

of the profile with electron temperature should be negligible; 

except possibly in the region of the dip between the allowed - 

and forbidden components. 

In order to obtain the theoretical profiles correspond-

ing to the measured electron densities the theoretical profiles 

of Barnard et al were plotted for electron densities of 1015, 

1016, 3  x 1016 3 x 1015, 	and 1017cm-3v using in each case the, 

theoretical profile for Te 
= 4 x 104 K.Using these graphs, 

logarithmic plots of the intensity at a fixed wavelength position 

on the line profile versus electron density were made for 30 

positions across the line profile. 	The points on the theoretical 

profiles, corresponding to the measured electron densities, were 

then obtained fromthese curves and the theoretical profiles 

constructed. 

11.1.3. HeI 2945 A°  and 3965 A°  Lines 

Theoretical profiles for the isolated HeI 2945 A°  and 
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3965 e lines' were obtained from the reduced Stark profiles 

jp(X,c1) (see 3.7.1) by means of the transformations, 

1( A X ) 	w j (x c1, ) 

AN 	xw 

where the quantities appearing in the equationsabove are defined 

in (3.7.1 ). 	The Stark broadening parameters w, at and R were 

calculated using the programme described in (Chapter VI) and the 

reduced Stark profile corresponding to these parameters were 

obtained from the tables in ( 1 ), by means of linear inter- 

polation. 	For points on wings of the profiles, where x is 

large and j2(x,ci.) is not tabulated, the asymptotic wing formulae 

( 5.26) and (5.27) were used. 

11.2. 	Methods of Accounting for the Influence of Instrumental 
Broadening  

There are two methods of accounting for the influence 

of instrumental broadening on the measured profiles:-- 

a) A deconvolution procedure could be applied to 

the measured profile in order to remove the intru- 

mental broadening. 	The resulting profile could 

then be directly compared with the theoretical profile. 

b) The theoretical profile could be convolved with the 

instrumental profile and the result compared with 

the measured profile. 
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Because a direct comparison could be made between the 

observed profile (corrected forinstrumental broadening) and 

the theoretical profile, method a) would appear to be the most 

useful. However, de Jager and Neven (59) have applied various 

deconvolution procedures to the profiles of indentical lines 

obtained with two intrumentsi one with very good, and the other 

with only moderate, resolving power. 	The authors concluded 

that bnly those profiles for which the ratio between the measured 

half width and the half width of the instrumental profile exceeds a 

factor of two can be corrected in such a way that the resulting 

profile is still meaningful'. 	More recently, Griffin (60) 

has presented an even more pessimistic view. 	Griffin points 

out that it is fundamentally impossible to recover the true 

profile from the observed and instrument profile because the 

optical system acts as a filter since it transmits only those 

spatial frequencies below a certain limit. 	It is thus imposs-

ible for any mathematical procedure to restore these frequencies. 

Griffin goes on to say that even if these high frequencies were 

in fact negligible deconvolution procedures can only be mean-

ingfully applied to profiles obtained with high resolution and 

very low noise, i.e. to profiles which require only a small 

correction anyway. 	As the requirements of halfwidth, high 

resolution and low ncise were unlikely to be attained in these 

measurements no attempt was made to use method a).. 
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Method b) suffers from none of these difficulties since 

the theoretical and instrumental profiles are accurately known 

and the convolution integral (2.11) can be evaluated numerically 

to any degree of accuracy. 

11.3. 	Convolution of the Instrumental and Theoretical Profiles  

A computer programme written at Harvard College observa-

tory, was used to evaluate the convolution integral (2.11). 

The input to the programme consisted of the instrumental and 

theoretical profiles in equal wavelength intervals, and the value 

of the required normalization for the convolved profile. 

11.4. 	Normalization of the Measured and Theoretical Profiles . 

In all cases the theoretical profiles after convolution 

with the instrumental profile were normalized to the peak height 

of the corresponding observed profile. 	As absolute wavelength 

measurements were not made the observed and theoretical profiles 

were positioned so as to have their peaks approximately coincident; 

consequently, apparent shifts of the observed profile relative 

to the theoretical profile have no significance. 

11.5. 	Comparison of Measured Profiles with Theory  

In the following sections for line profiles measured by 
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the techniques described in Chapter X are compared with the 

theoretical profiles. 	The discussion on these results is 

postponed until (11.6.) and only the main features of the results 

are given here. 

11.5.1, Hell 3203 A°  Line 

Figures (11.3), (11.4) and (11.5) show the observed 

profiles of the HeII 3203 A°  line recorded at discharge filling 

pressures of 0.3, 0.2, and 0.1 torr together with the theoretical 

profiles. 	The electron densities corresponding to these 

filling pressures are 2.1-0.2x 1016, 1.5-0.2x 1016 and 

x 1015cm-3 respectively. 	Observations were made from 

both axial and radial directions except for 0.3 torr where the 

line was too faint to be measured in the radial direction. 

The profiles obtained for the two directions were in good agree-

ment; for convenience only the axial measurements are given 

in the figures. 	The vertical error bars on the measured profiles 

account for shot to shot fluctuations, photomultiplier noise, 

and the uncertainty in the determination of the background 

continuum. 	The horizontal bar indicates the instrumental width. 

Measured and theoretical half widths of the HeII 3203 A? 

line are given in Table (11.1) together with the ratio R of the 

measured and calculated half widths; note that the half widths 
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given in Table (11.1) contain the instrumental broadening. 

The errors quoted for the observed half widths arise from 

uncertainties in the profile measurements (see above) whereas 

those for the theoretical half widths were calculated assuming 

that the errors arise entirely from the uncertainty in the 

electron density measurements (the uncertainty of 4,4 10% in 

the true theoretical profile has not been included). 

TABLE (11.1)  

Comparison of Measured and Calculated Halfwidths  

P0  (torr) Ne(1016cm-3) 
MEASURED 	THEORETICAL 
HALF WIDTH HALF WIDTH 

(Including intrumental 
broadening) 

0.3 2.1 — 0.2 4.5 ± 0.2-  4.65 ±0.2 0.97 

0.2 1.5 — 0.2 3.4" 0.2 3.9 ± 0.3 0.87 

0.1 0.7.51'0.15 2.2 ±-0.2 2.7 ± 	0.3 0.81 

The errors in the theoretical half widths given in 

Table (11.1) resulting from the uncertainty in the electron 

density measurements, were estimated by an empirical method 

based on the use of Voigt profiles (5.7), It was assumed 

that the Hell 3203 A°  line profile and the instrumental profile 

could be reprbsented respectively by a Lorentzian profile with 

a 	width equal to the theoretical 	width, and a Gaussian 
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profile with a i width G equal to measured i width. 	The con-

volution of these profiles results in a Voigt profile whose 

width B is given by: 
I 

,2 
B 	(D2  + G'); 	D 

The values of D corresponding to the upper and lower limits on 

the measured electron densities were found using the relation-

ship (see '.7.2). 

2D 	.. [Ne/C(Ne  ,r.r')] * A° 	 (11.21 

Equation (11.1) is only approximate because.a Lorentzian 

profile is not a good approximation for the profile of the HeII 

3203 A°  line. 	In order to improve the accuracy of (11.1), 

(11.1) and (11.2) were used to calculate the half widths of the 

profiles which had been obtained previously using the numerical 

convolution procedure (see (11.3)). 	By comparing the half-

widths obtained by the two methods corrections to (11.1) were 

obtained. 	In all cases (11.1) predicted a smaller half width 

and the resulting correction factors ranged from 5 to 11%. 

Main Features of the Results for the Hell 3203 A°  Line  

An examination of Figs (11.3), (11.4) and (11.5) and 

Table (11.1) shows the following features: 

In the case of the 0.3 torr observations the agreement 
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between theory and experiment is excellent for practically the 

entire profile (the discrepancy on the blue wing at• ••••• 2.2 A
o 

from the line centre is probably due to the presence of an 

underlying impurity line). 	But the agreement between theory and 

experiment becomes increasingly poorer as the discharge filling 

pressure is lowered. 	For 0.2 and 0.1 torr observations' the 

experimental widths are 	13% and "0  20% below the theoretical 

widths. 	Also the expected dip in the profile, measured at 

0.1 torr, is absent. 

11.5.2. HeI 4471 A°  Line 

The profile of the HeI 4471 A°  line measured at filling 

pressures of 0.4, 0.35 and 0.3 torr is shown in Figs.  (11.6), 

(11.7) and (11.8). 	These filling pressures correspond to 

electron densities of 1.210.1 x 1016, 1.610.2 x 1016  and 

2.1-0.2 x 1016om
-3. 	For the.highest and lowest filling pressures 

observations were made in the axial and radial directions and 

both sets of observations are shown. 	The vertical error bars 

on the measured profiles account for shot to shot fluctuations, 

photomultiplier noise, and the uncertainty in the determination 

of the background continuum. 	The horizontal bar indicates the 

instrumental width. 

No attempt was made to determine the uncertainty 
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in the theoretical profile arising from errors in the electron 

density measurements because it is apparent from an examination 

of the theoretical profiles (see Figs (11.4), (11.5) and (11.6)) 

that these errors could not account for the observed discrepancies. 

Main Features of the Results for the HeI 4471 A° Line 

It can be seen (see Figs (11.6) and (11.8) that in those 

cases where observations were made in the axial and radial dir- 

ections the profiles are in excellent agreement. 	Since the 

axial and radial observation's were made many weeks apart these 

results illustrate the long term reproducibility of the discharge. 

The 0.4 and 0.35 torr observations (see Figs (11.6) and (11.7). 

respectively) show extremely good agreement with theory over the 

entire red wing of the profiles. 	But for the 0.3 torr Observa- 

tions this wing is systematically low. 	The blue wing of the 

observed profile is systematic4ly low for all the conditions 

studied and there is also no indication of the peak of the for-

bidden component;, although some asymmetry is observed in this 

wing. 	However, for the 0.4 torr observations the agreement 

on the blue wing improved for wavelength separations greater 

than 9 A° .from the peak of the allowed line. 	Measurements 

made at pressures below 0.3 torr (not shown) show that the dis-

crepancies on both wings occurred and that these increased 

rapidly as the fill5.ng pressure was lowered. 	For filling 
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pressures 40.1 torr the observed profile was found to be 

identical with the instrumental profile indicating that the 

Stark broadening was negligible, whereas the theoretical half 

width was a factor of 	2 greater than the instrumental width. 

Also observations were made at filling pressures, on each side 

of the maximum of the electron density at peak compression 

versus filling pressure curve (see Fig. (9.5 )), such that the 

axial electron density was the same. 	The results showed that 

the discrepancies in the line recorded on the low pressure side 

of the maximum in the above mentioned curve were much greater 

than those on the high pressure side. 	These discrepancies 

are too large to be attributed to the difference in the electron 

temperature which occurs on each side of the maximum of the 

above mentioned curve. 

11.5.3. HeI 2945 A and 3965 A°  Lines 

The observed: and theoretical profiles of the HeI 2945 A°  

and 3965 A° lines, for measurements made at. discharge filling 

pressures of 0.4 and 0.3 torr are shown in Figs (11.9), (11.10), 

(11.11) and (11.12) respedtively. 	The electron densities corr- 

esponding to these filling pressures2re 1.2 f 0.1 x 1646cm-3  and 

2.1 	0.2 x 1016cm-3  respectively. 
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TABLE (11.2)  

Comparison of Measured and Calculated Halfwidths  

P 
	= 	0.4 torr 	Ne .= 1.2 ± 0.1 x 10

16  cm.-3  

LINE 	MEAS. HALF WIDTH 	THEOR. HALF WIDTH 	R 
(Including instrumental Broadening) 

3965 2.9 	0.3 5. 6 -1: 0.2-  0.83 

2945 2.3 ± 0.3 2.7 ± 0.2 0.85 

TABLE (11.3)  

Comparison of Measured and Calculated:Halfwidths 

Po = 0.3 torr 	
Ne = 2.1 - 0.2 x 10

16
cm

3 

LINE 	MEAS. HALF WIDTH 	THEOR. HALF WIDTH 	R 
(Including Instrumental Braodening) 

3965 2.5 ± 0.4 5.4 I 0.4 o.46 

2945 2.6 ± 0.3 4.4 I 0.4 0.59 

296 
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Measured and theoretical half widths of the two lines 

are given in Table (11.2) for the observations made at 0.4 torr 

and Table (11.3) for the observations made at 0.3 torr. 	Again, 

it should be noted that the half widths given in Tables (11.2) 

and (11.3) include the instrumental broadening. 	Estimates of 

the uncertainty in the theoretical profile arising from errors 

in the electron density measurements were obtained in the same 

way as for the. HeII 3203 A°, profile (see 11.5.1.), except that 

here D is given by: 

D 	= 	[1 + 1.75 fa. (1- - 0.75 R)]w 
	

(11.3) 

where the quantities appearing in (11.3) are defined in (3.7.1). 

Main Features of the Results for the HeI 2945 A°  and 3965 A°  Lines  

Tables (11.2) and (11.3) show that the agreement between 

the experimental and theoretical half widths is poor, ands, as 

with the other lines discussed so far, the discrepancies increase 

as the filling pressure is lowered, and are such that the observed 

profiles are systematically narrower than the theoretical ones. 

For the results obtained at 0.4 torr the discrepancies for the 

2945 A°  and 3965 A°  lines are Aa 15% but they increase to .•1  40% 

and 50% respectively for measurements made at 0.3 torr. 	Obser-

vations made at lower discharge filling pressures (not shown) 

give results similar to those obtained for the HeI 4471 A°  line 
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(see 11.5.2.)  i.e. at filling pressures :60.1 torr the measured 

profiles were identical to the instrumental profile.. 

An examination of the profile of the HeI 2945 A
o 
 line, 

recorded at 0.4 torr (see Fig. (11.9)) shcws that there is good 

agreement with theory for the red wing observed profile but the 

blue wing is systematically low. 	The results obtained for this 

line (see Fig. (11.11)) at 0.3 torr show that both wings of the 

observed profile are systematically low; although there is good 

agreement between experiment and theory for points on the blue 

wing at wavelength separations from the line centre greater than 

,̂4 A°. 

The profile of 3965 A°  line recorded at 0.4 torr (see 

Fig. (11.10)) shows that the intensity of the blue wing of the 

observed profile is systematically low, as is also that of the 

red wing up to", 3 A°  from the line centre. 	Beyond this point 

the observed intensity on the red wing is greater than the 

theoretical value. 	This latter effect, which is also observed 

for the 0.3 torr observations (zee Fig. (11.12), is attributed 

to the presence of the forbidden component arising from the 

transition 21S - 41D. 	This forbidden component has also been 

observed by Wulff(15). 	The profile of 3965 A°  line, recorded 

at 0.3 torr (see Fig. (11.12)) shows that both wings of the 

observed profile are systematically low, and the feature attrib-

uted to the forbidden component is obs-erved on the red wing. 
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The appearance of the forbidden component in the profile 

of the 3965 Acl  line is important because it indicates the break- 

down of the isolated line approximation (see ( 3.7.3 )). 	Thus  

part of the discrepancies observed for 3965 A° line may be 

attributable to the breakdown of the isolated line approximation. 

11.6 	Discussion of Results 

Two distinct trends are evident in the results presented 

in the preceding section. 	They are:- 

a) In all cases the discrepancies between the observed 

and theoretical profiles increase as the filling 

pressure is lowered. 

b) The discrepancies are always such that the observed 

half widths are less than the theoretical values. 

The good agreement between the profiles measured in the 

axial and radial directions (see(11.5.1.) and (11.5.2.))  suggests 

that self absorption is not responsible for the discrepancies 

noted above. 	In fact all the broadening mechanisms which, in 

addition to Stark broadening, take place within the plasma (see 

( Ch.II)) would lead to increased broadening and can, therefore, 

be dismissed as a cause of the discrepancies (see b) above). 

The results obtained at 0.3 torr suggest that the most 

likely explanation of these discrepancies is that they are caused, 
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by radial gradients in the plasma. 	It will be recalled that 

at this filling the observed profile of the Hell 3203 A0  line 

was in excellent agreement with theory whereas the HeI lines 

showed large discrepancies. 	There are two reasons for expect- 

ing the agreements between theory and experiment to be 

better for the Hell 3203 A°  line than for the He I lines 

Firstly, because of charge neutrality, the radial distribution 

of the Hen ions must be identical to that of the free electrons, 

that is, provided the electron temperature is low enough to 

ensure that the plasma is only singly ionized (which is the case 

at 0.3 torr). 	Consequently, the axially measured electron 

density would be expected to characterise the density of free 

electrons responsible for the broadening of the Hell 3203 A
o 

line. 	There is no constraint, such as charge neutrality,for 

the neutral particles in the plasma and therefore the radial 

distribution of neutral helium atoms may differ from that of 

the free electrons. 	In the case of HeI lines then, the axially 

measured electron density need not characterize the density of 

the broadening electrons in the regions from which the bulk of 

the HeI emission takes place. 	Secondly, in the region of the 

plasma, presumably on the axis of the discharge, where the 

electron temperature is sufficient to excite the Hell spectrum, 

the density of neutral helium atoms will be diminished through 
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ionization. The HeI emission will, therefore, tend to be emitted from 

regions of the plasma away from the axis of the discharge,with the 

consequences that have already been mentioned above. 	Further-

more, since thP electron density :eight be expected to decrease 

away from the axis of the discharge the emitted profile will be 

narrower than that 
	

expected on the basis of the axially 

measured electron density. 	With increasing electron temperature 

an increasing proportion of the HeI'emission might be expected 

to come from off axial regions of the plasma; this proposition 

is confirmed in Chapter XII. 	If the electron temperature is 

high enough for the ionization of HeII ions then similar effects 

to those mentioned above for the HeI emission might also be expected 

to occur for the HeII emission. 

If it is assumed that the effects of radial gradients are 

responsible for the observed discrepancies than it is of interest 

to consider qualitatively whether the observed discrepancies are 

consistent with this explanation. 

11.3 	The Effects of Radial Gradients on the Observed Profiles  

For the purpose of this discussion it is sufficient to 

assume that the plasma, at the time of peak compression consists 

of an homogeneous cylindrical core surrounded by a region in 

which the electron density is somewhat less that that of the core. 

Most of the line radiation is assumed to originate from the core 

of the plasma. 
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For convenience the line profile which is emitted by 

the core of the plasma will be called the true profile and it 

will be assumed that this profile is identical to the theoretical 

profile corresponding to the plasma conditions of the core. 

The observed profile is assumed to result from the radiation 

emitted by the core of the plasma plus that from the low density 

region. 

The line profile emitted by atoms in the low density 

region will be narrower than the true profile, and if shifts 

are ignored for the moment, this radiation will tend to contrib- 

ute mainly to the central part of the true profile; 	the wings 

being less affected.. Thus the peak intensity of the obServed 

profile will be enhanced with respect to the true profile. 	If 

the theoretical profile is then normalized to the observed profile 

using the procedure given in (11.4) the latter will appear system- 

atically narrower than the theoretical profile. 	This result is, 

consistentwith the observed discrepancies (see 11.6).. 

To procede further attention must be paid to the type 

of line studied. 

11.7.2.. Heil 3203 A°  Line 

Since the Hen 3203 A
o 
line is hydrogenic it has a neg-

ligible shift and the conclusions reached above will apply. 

Hence, because of radial gradients the observed profile would be 
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expected to appear systematically4_but symmetrically narrower 

that the theoretical profile. 	An examination of Figs (11.4) 

and (11.5) shows that this conclusion is in agreement with 

observation. 

11.7.2. HeI 4471 A0  Line 

Compared with hydrogenic and isolated lines, the pro-

file of a line containing a forbidden component is expected to 

be more sensitive to the effects of radial gradients. 	This 

greater sensitivity arises because the line profile emitted by the 

lowdensity-regionwill not only be narrower than the true profile, 

but also the intensity of the allowed component will be increased 

relative to forbidden component (see 3.20. The radiation from 

    

the low density region will therefore result in an observed 

profile whose allowed and forbidden components have peak inten- 

sities greater than those of the true profile. 	Because the 

increase in the peak intensity of the allowed component will be 

greater than that of the forbidden component the proceduFe used 

to normalize the theoretical profile to the observed profile 

(see 11.4) will besides making the observed profile appear syst-

ematically narrower than the theoretical profile, also make the 

observed intensity of the forbidden component appear too low. 

It can be seen from Figs (11.6), (11.7) and (11.8) that 
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the preceding arguments would partially explain the discrepancies 

in the region of the forbidden component but they would not 

explain why, at the same time, the red wing of the profile obtained 

at 0.4 and 0.35 torr can be in such good agreement with theory. 

11.7.3. Eel 29+5 and 3965 A°  Lines 

In the case of the Eel 2945 A°  and 3965 A lines, the 

line profile emitted 1y the• low density region will not only be 

narrower than the true profile but also shifted towards the 

unperturbed position of the line. 	The peak intensity of the 

observed profile will, therefore, not only appear enhanced when 

compared with that of the true profile, but also the peak of the 

observed profile will tend to be shifted towards the unperturbed 

position of the line. 	Thus when the theoretical profile, is 

normalized to the observed profile using the procedure 

(11.4) the observed profile would still be expected to 
4 

narrower than the theoretical profile, but because the 

profile is effectively shifted towards the unperturbed  

given in 

appear 

theoretical 

position 

of the line the discrepancies on the wing closest to the unper-

turbed position of the line (the blue wing for the 2945 A°  line 

and the red wing for the 3965 Ao line) would be expected to be 

larger. 

The results obtained at 0.4 torr for the HeI 2 945 and 

3965 A°  lines (see Figs (11.9) and (11.10)) are in accordance 
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With the above conclusions;,-  especially the 2945 A°  line. 

But the results obtained at 0.3 torr show only that the observed 

profile is narrower than the theoretical profile. 

To summarise, the above discussion has shown that in 

general the observed discrepanceis are consistent with those 

which would be expected to occur if radial gradients are present 

in the plasma. 

11.8. 	An Alternative Normalization Procedure 

In the preceding discussion it is seen that when radial 

gradients are present in a plasma the most seriously affected 

part of the profile is the region near the peak. 	The wings tend 

to be affected less. 	Furthermore, if it is assumed that the 

electron density is a maximum on the axis (this assumption is 

verified in the next chapter) then because the wings of a line 

profile are caused by large electric fields, the wings of the 

observed line will tend to be characterized by the axially meas- 

ured electron density. 	This suggests that an alternative 

normalization procedure would be to normalize the theoretical 

profile to a point or points on the wings of the observed profile. 

It is important to realize that the alternative norm-

alization procedure suggested above is only unique in certain 

circumstances. 	This point can be illustrated by considering a 
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Lorentzian profile, the equation of which is: 

1 

where Io 
is the peak intensity of the line, w is the 	width 

and AT the separation from the line centre. On the line wing 

CAT>>w) the equation above reduces to: 

) 	=__ Iow2/A  )% 2 

from which it can be seen that normalizing to the line wing 

corresponds to fixing the product I w
2 

and from knowledge of w 

I
o 

can be found. 	However, if both these quantities are unknown 

no unique solution exists. 

Although the profile of the lines studied do not have 

analytic forms, the above procedure can still be used because 

the necessary constraint on the halfwidth will be present. 

There are difficulties associated with this normalization pro- 

cedure,notably the choice of the points on the wings. 	If they 

are chosen too near the peak they may be affected by radiation 

from the low density regions. 	Alternatively, if they are 

chosen too far out on the wing the intensities are likely to be 

inaccurate because of the poor signal to noise ratio and the diff-

iculty in determining the continuum background. 
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11.9. 	Results  

The alternative normalization procedure was applied to 

profiles which appeared to be affected least by radial gradients. 

The results are given below: 

11.9.1. HeII 3203 A°  Line 

The normalization procedure described above was applied 

to the observations made at 0.2 torr and 0.1 torr, of the Hen 

3203 A°  line. 	Curves were drawn through the observed points 

on both wings of the profile and the average intensity was found 

at points equidistant-from the line centre. 	This value was 

used to normalize the theoretical profiles. 	For the 0.2 and 

0.1 torr observations the points were chosen 3.0 and 2.0 A
o 
from 

the line centre respectively. 	The results are shown in Figs. 

(11.13) and (11.14). 	The 0.1 torr profile shows good agreement 

0 
On .both wings for points at distances greater than 1.5 A from 

the line centre. 	Similar results were obtained from the 0.2 

torr observations although agreement on the blue wing is not 

as good as that on the red owing to scatter in the measurements 
0 

made at about 2 A from the line centre. 	The scatter is also. 

observed at the same position for the 0.3 torr observations 

(see Fig. (113)) and is thus attributed to the presence of an 

underlying impurity line. 
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The possibility of using the above data to verify the 

asymptotic wing formula for the line,(see(1)), was investigated. 

However, it became evident that this was not feasitle because 

of insufficient data at large wavelength separations from the 

line centre. 

Estimates of the amount of radiation contributing to 

the observed profile from low electron density regions of the 

plasma were obtained from the above results by subtracting the 

total intensity of the theoretical profile from that of the 

observed profile. 	The additional contribUtions amounted to-y.8 

andr-261 for the 0.2 and 0.1 torr observations respectively. 

11.9.2. HeI 4471 A°  Line 

It is apparent from the observation of the HeI 4471 A°  

line made at Po 
= 0.4 torr (see Fig. (11.6)) that the alternative 

normalization procedure would not lead to any improvement 

because the far wings of the observed profile are in excellent 

agreement with theory. 	The alternative normalization procedure 

was not, therefore, applied to the results for the HeI 4471 A°  line. 

11.9.3. HeI 2945 and 3965 A°  Lines 

For the HeI 2945 and 3965 A°  lines the normalization 

procedure is complicated by the fact that the peak of the observed 
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profile is expected to be shifted with respect to the wings 

of the profile (see 11.7.3.). 	Because of this there will not 

be a one to one correspondence between the wavelengths on the 

observed profile and those on the theoretical profile, for the 

results given in Figs (11.9) and (11.10). 	Consequently, the 

procedure used to normalize the Hen 3203 A°  theoretical profile 

(see 11.9.1)  can not be used here. 	The method used to overcome 

this difficulty was as follows. 	A tracing was made of theoretical 

profile and this was placed over the observed profile and shifted 

so that the wings of the theoretical profile lay symmetrically 

over those of the observed profile. 	The theoretical profile was 

then normalized to a point on the wing of the observed profile. 

The results are shown in rigs (11.15) and (11.16), for 

the measurements made at 0.4 torr. 	For both lines the agreement 

is extremely good for practically the entire profile. 	A compar-

ison of the observed and calculvted halfwidths (including intrum--

ental broadening is given in Table (11.4). 

From Table (11.4) it can be seen that the measured and 

theoretical half widths, for 3965 and 2945 A0  lines are in agree— 

ment to within 	 and Leorespectively. 	Estimates-of the intensity 

contribututions, for the low density regions of the plasma, to the 

observed profile were obtained in an identical manner to that 

used in ( 11.9.1 ). 	The contributions were found to be 	%- and 

'' % for the 2945 and 3965 A°  lines respectively. 	Since these 
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contributions are small when compared with the total intensity 

of the lines, the results suggest that the radial gradients are 

small. 

TABLE (11.4)  

Comparision of Measured and Calculated Halfwidths  

Po= 0.4 torr, N = 1.2 	0.1 x 1016cm-3  
e 

Line .MEAS.. HALFWIDTH THEOR. HALFWIDTH 

('Including Inst2umental Broadening); 

3965 3.3 - 0.3 3.6 0.92: 

2945 2.6 I 0.3 2.7 - 	0.2 0.96 

Conclusions 

It has been shown that the discrepancies which have 

been observed between the measured and theoretical profiles are 

consistent with the effects which would be expected to occur 

if radial gradients existed in the plasma. 	However, the discussion 

which led to this conclusion has been of a qualitative nature 

only. 	In the next chapter the discussion of the effects of 

radial gradients will be put on a quantitative basis. 
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CHAPTER XII 

MEASUREMENTS OF THE RADIAL GRADIENTS EXISTING 
IN THE PLASMA AND THE CALCULATION OF THEIR 

EFFECTS ON THE OBSERVED PROFILE OF THE 
-- HEI 4471 A°.  LINE  

12.1. 	Introduction  

In order to put the discussion of radial gradients on a 

quantitative basis the work,in this chapter is directed towards; 

a) The measurement of the radial distributions of 

the electron density and the total intensity of 

the HeI 4471 A°  line at discharge filling pressures 

of 0.4 and 0.1 torr. 

b) The calculations using a model of the plasma based 

on the above measurements, of the effects of radial 

gradients on the profile of the HeI 4471 A°  line 

The main purpose of the measurekents in section a) was to invest—

igate the suggestion, put forward in (11.6) that the discrepancies 

observed for HeI lines (see (11.5.2.)  and (11.5.3.))  arise 

because as the filling pressure is lowered an increasing propor-

tion of the HeI line emission comes from regions of the plasma 

where the electron density is less than that measured on the 

axis of the discharge. 

Although the profiles of a number of lines were measured, 
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the HeI 4471 A°  line was chosen for the investigation in 

section b) because firstly, it was expected to be the line 

most seriously affected by radial gradients and secondly, the 

results obtained for this line were found to be the most diff-

icult to explain (see11.5.2) 

12.2.. 	Measurement of the Radial Distribution of the 
Electron Density  

12.2.1. Theoretical Basis of the Method 

The continuum intensity Ic  emitted by a helium plasma 

in a unit wavelength interval centred at a wavelength N is 

given by: 

he Ic 	'•••• (S+N+  + 	) 
N
e 
.(kT)3/2 . exp (A kT )(12.1) e  

where S+ and S
++ 

are weakly temperature dependent factors which 

contain the free-bound and free-free Gaunt factors for HeI and 

HeII respectively, and N+  and N++  are the number densities of 

singly and doubly charged ions respectively. 	Eqn (12.1) is 

based on an expression, given by Griem (1) for the continuous 

emission coefficient of a plasma (see also Chapter XIV). 

The ion densities appearing in (12.1) are related to 

each other and to the electron density Ne  by the condition for 

charge neutrality: 



317 

N
e 

= N
+ 

+ 2N++ 
	

(12.2) 

The temperature dependence of le  for >t = 5400 A°, 

was investigated and it was found that provided the electron 

temperature satisfies T ) 3 x 104 0K, 
e 

changes of electron temperature. 	Therefore, provided the above 

condition on Te is satisfied (12.1) may be written asv• 

Ic 	(K+N+ + K++N++)Ne 
	 (12.3 

where K+  and K++  may be considered to be constant. 

A further approximation can be made if Te  is high 

enough to satisfy the above condition but at the same time is 

low enough to ensure that N+ >> N++. 	Then from (12.2) and 

(12.3) the following result is obtained: 

I
c 	

Ne 
	 (12.4) 

Here the factor K
+ 

has been omitted. 

Alternatively, if Te  is sufficiently high that N++5> N+  

then again from (12.2) and (12.3) the following result is obtained: 

Ic 	Ne
2  

Here the factor K++/2 has been omitted. 

Ic is insensitive to 
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Hence, providing the conditions on Te  are fulfilled the 

radial distribution of the electron density can be derived from 

measurements of the radial distribution of the continuum intensity 

by using the relationship: 

N
e
(r) N 12  (r) 
	

(12:5) 

The spatially averaged electron temperature measured 

at Po = 0.4 torr was found to be •••• 4 x 104 °K. 	At this temper- 

ature the plasma is expected to be only singly ionized (see 

Fig. (8.1)) and therefore the above can be used. 	For Po = 0.1 

torr the spatially averaged electron temperature is N 6 x 104 o 

and at this temperature Fig. (8.1) shows that double ionization 

is just beginning to take place. 	In view of the uncertainty 

in the temperature measurements (see9.3.2) and the fact that 

Fig. (8.1) is unlikely to describe accurately the degree of ion-

ization in the plasma, it is possible that the plasma will be 

substantially ionized. 	If this were the case then the method 

can still be used (see above). 	Even if the number of singly 

and doubly charged ions in the plasma were equal, the measured 

continuum distribution could still give an indication of the 

position of the charged particles in the plasma. 
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12.2.2. Measurement of the Radial Distribution of the Continuum 
Intensity • 

To avoid the procedure of Abel inversion, the measure-

ment of the radial distribution of the continuum intensity were 

made by observing the plasma in the axial direction. 	A system 

of circular apertures placed in front of the entrance slit the 

spectrometer, and attached to it by means of an optical bench, 

was used to isolate a narrow cone of plasma radiation. 	 This 

system was placed on a kinematic mounting which allowed it to 

be moved, by a known amount, in a direction perpendicular to the 

axis of the plasma. 	By this means the acceptance cone of the 

system was scanned across the plasma. 	The resolution of. the 

system was determined by the diameter and separation of the ap- 

ertures and was ^• 2 mm at the centre of the tube. 	A He -Ne 

laser was used to align the optical axis of the spectrometer-

aperture system parallel with the optical axis of the discharge 

tube. 

The measurement procedure consisted of setting the exit 

slit of the spectrometer on a band of continuum centred at 

5400 A°  and recording the intensity as a function of time 

at various positions across the discharge tube. 	Analysis of 

the C.R.O. traces at the pinch.time gave the radial distribution 

of the continuum at that time. 
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12.3. 	Measurement of the Radial Distribution of the Total  
Intensity of the HeI 4471 A Line  

With the exception that the exit slit of the spectro-

meter was set to view the total intensity IL  of the HeI 4471 A°  

line, the radial distribution of I
L 
was measured in an identical 

manner to that used above. 	For the measurements made at 

Po = 0.1 torr it was necessary to subtract the continuum intensity 

underlying the line because of the low intensity of the line. 

12.4. 	Factors Affecting the Accuracy of the Measured Distributions  

Apart from errors arising from shot to shot fluctuations, 

the measurement of the traces, etc. the accuracy of the continuum 

intensity distribution, and hence the electron density distribu- 

tion, depends on two factors. 	They are: 

a) The distortion of the continuum distribution 

produced by the instrumental broadeniWg. 

. b) The effects produced by the temperature dependence 

of the continuum intensity becoming important near 

the edges of the plasma. 

In order to investigate the accuracy of the measured radial 

electron density distribution measurements of this distribution, 

for P
o 

= 0.4 torr, were made using the method of laser inter-

ferometry (see 9.4.) 
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12.5. 	Measurement of. the Radial Distribution of the  
Electron Density using Laser Interferometry 

The electron density distribution was measured in a 

similar manner to that described in (9.4.) except that here the 

laser was aligned parallel to, but atvarying distances from the 

axis of the discharge. 	Measurements were made at distances of 

2.5, 7.5 and 12.5 mm from the axis. 

The analysis of these results is more complicated than 

for those measured on axis. 	In an off axis position the electron 

density will first increase through the ionization of the 

neutral helium. 	If the distance of the point of observation 

from the axis of the discharge is greater than the final pinch 

radius the electron density will ultimately decrease as the 

magnetic forces drive the plasma past the observation point. 

As the electron density increases fringe shifts will occur until 

a turning point, corresponding to a maximum in the electron 

density, is reached. 	Further fringes will then occur as the 

electron density decreases. 	The electron density at the off 

axis position at the time of maximum compression can be obtained 

from this fringe sequence by first counting the number of fringes 

from time zero to the turning point and then subtracting the number 

of fringes that occur between here and the time of maximum compression 

The net number of fringes then gives the required electron density. 

It can be seen from the discussion above that in order 
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to measure the electron density in an off-axial position the times 

of maximum compression and the occurence of the turning point 

must be accurately established. 	The time to peak compression 

was found by recording the oscilloscope traces corresponding 

to the discharge current and the fringe sequence, measured in 

an off axis position, on the same film and then overlaying this 

film with a similar record containing an axial fringe sequence. 

With the present interferometer system the turning point can 

only be found by a careful examination of the fringe sequence. 

For measurements made near to the axis this was not difficult, 

but at points remote from the axis, where the number of fringe 

shifts recorded were small, it was impossible and the results 

obtained were only useful in establishing an upper limit to the 

density. 

12.6. 	Discussion of the Results of the Radial Distribution  
Measurements  

Figs (12.1) and (12.2) show, for measurements made at 

filling pressures of 0.4 and 0.1 torr respectively, the observed 

radial distributions of the continuum intensity at 	.-.#5400 A0, 

the electron density derived from this distribution using (12.4), 

and the total intensity of the Mel 4471 A°  line. 	Alsd shown in 

Fig. (12.1) is the electron density distribution obtained from 

the laser. 	In all cases the distributions have been normalized 

to unit peak height. 



1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 
0 	1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 • 

r(mm.) 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

Po=0.4 torr. 

• =I (r) 

X =Ie(r) 

A =12(r)  a Ne(r) 

+ =Laser Meas. 

PO=0.1 torr. 

• =I
L
(r) 

x =Ie(r) 

A 	'I2(r)c4Ne (r)-  
• 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 
r(wan.) 

Fig.(12.1) 	 Fig.(12.2) 

Figs. (12.1) and (12.2) Measured Radial Distributions. 



324 

Table (12.1) gives the measured half widths of the 

continuum intensity distribution Io(-1), the electron density 

distribution N
e(i), and the line intensity distribution I.L(i) 

TABLE (12.1)  

Comparison of the calf widths of the Measured Distributions  

Po(torr) Tc(2)(m) Ne(2)(mm) IL(i)(mm) 

0.4 5.0 8.6 7.0 

0.1 4.0 6.0 18.0 

The half widths given in Table (12.1) are upper limits 

for two reasons. 	Firstly, no correction has been made for 

instrumental broadening. 	Secondly, the measured distributions 

indicated that the optical axis sof the scanning system and 

the axis of the discharge were mis-aligned by 	seconds of 

arc. 	This mis-alignment will cause some additional broadening 

of the true distributions. 

A comparison of.the electron density distribution 

obtained from the continuum measurement with that obtained from 

the laser measurements (see Fig. (12.1)) shows that at a distance 

of 2.5 mm from the axis the two methods are in agreement. 	But 

at a distance of 7.5 mm from the axis the electron density 
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derived from the continuum measurements is-' 50% greater than 

that from the laser. 	This discrepancy is probably caused by 

the neglect of the temperature dependence of the continuum 

intensity, but. in part it may also result from the instrumental 

broadening and the mis-alignment of the optical axis the 

scanning system and the axis of the discharge mentioned above. 

Considering the measurements made at Po  =.0.1 torr first 

the results show (see Fig. (12.2)) that most of the HeI 

emission originates from off-axial regions of the plasma and the 

radial distribution of the total line intensity is such that 

the maximum of the distribution occurs at a radius where the 

electron density is at least a factor of 2.5 below that measured 

on the axis. 	However, because of the circular symmetry of the 

plasma, the amount of light received by the spectrometer 'from 

a given radial position in the plasma, will depend on the 

product of the radius and the intensity of the line at that 

radius. 	When the circular symmetry of the plasma is taken into 

account it is found that most of the light entering the spectro- 

graph originates from plasma at a radius of 8 mm. 	At this 

radius the electron density is at least a factor 20 below that 

measured en the axis. 	Since the measured axial electron 

density is 7.5 x 10
15

cm
-3 the electron density at a radius of 

^v8 mm will be 	4 x 1014cm-3. 	For this electron density the 

half width of the HeI 4471 A0  line is",  0.1 A°  which is negligible 
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in comparison with the instrumental width of 2.2 A°. 	This 

result explains why the profile of the HeI 4471 A°  line, measured 

at Po ==0.1 torr was found to be in agreement with the instrum-

ental profile. 

Although. Fig. (12.1 ) showsthat the distributions, 

measured at Po 
= 0.4 torr of electron density and total line 

intensity are somewhat similar,it is found that on the basis 

of the preceding arguments,most of the line intensity reaching 

the spectrometer arises from plasma at a radius of •••••• 3 mm. 	At 

this radius the electron density is ,̂40% below that measured on 

axis. 	This result appears to be in conflict with the conclusions 

drawn from the measurement of the profiles of the HeI 2945 A°  

and 3965 Ao  lines (see11.9.3.  ) that the radial gradients are 

'small at this filling pressure. 	However, a reduction in the 

width of the total line intensity distribution, and hence the 

radius from which most of the line emission originates, would 

be expected if the distorting influences on the distribution 

were taken into account. 

The measurements at Po 
=-0.4 torr show that the dist-

ributions Ne(r) and IL(r) are somewhat similar, whereas those 

made at Po 
= 0.1 torr show that the distribution IL

(r) has a 

much greater extent than that of Ne(r).. 	It is reasonable, 

therefore, to expect that if measurements of the two distributions 
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had been made at filling pressures intermediate to those con- 

sidered above, they would have shown a steady increase in the 

extent of the IL(r) distribution with respect to Ne(r), as the 

filling was lowered. 	Thus the results tend to confirm the. 

suggestion (see 11.6 ) that as the filling is lowered an 

increasing proportion of the HeI emission originates from off- 

axial regions of the plasma. 	A possible explanation of this 

behaviour is (s'ee (41 )' 	) that at low filling pressures the rate 

of ionization will be relatively small, because the frequency of 

collisions between neutral and charged particles will be reduced 

and consequently when the charged particles are swept inwards 

by the rapidly rising magnetic field the neutral particles may 

be left behind. 

12.7. 	Calculation of the Effects of Radial Gradients on  
The Profile of the HeI 4471 A0  Line  

12.7.1. Theoretical Model of thb Plasma at the time of Peak 
Compression 

The model of the plasma used to calculate the emitted 

profile of the HeI 4471 A°  line for the plasma conditions corr-

esponding to Po  = 0.4 torr, is based on the following assumptions:. 

a).  The plasma at the time of maximum compression is 

a radially symmetrical cylinder. 
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b) The radial distributions of the electron density and 

the total intensity of the HeI 4471 A°  line vary 

smoothly over the radius and are a maximum on the 

axis. 

c) Gradients in the axial direction are negligible. 

d) The cross section of the plasma lies entirely within 

the acceptance cone of the spectrometer for both 

side and end on measurements. 

e) Re-absorption of the line by the plasma is negligible. 

The validity of assumption a) was inferred from 

forming camera observations and is a well.established.result for 

most cylindrical Z-pinches. 	Assumption b) is in agreement with 

the radial distribution measurements made at P
o 
=-0.4 torr 

(see 12.6). 	Axial gradients are discussed in (9.4.8),  and it is 

shown that assumption c) is valid. 	Finally, calculation of 

the optical depth of the plasma for the line using (2.10) 

and the observation that profiles measured side on and end on 

are in good agreement shows that e) is valid. 

12.7.2. Calculation of the Emitted Profile 

For convenience only the side on profile measurements , 

will be considered since the solid angles involved are more easily 

defined. 	Let the plasma have a length d and a radius P. 
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The emission coefficient E(r, >t) of the plasma at a wavelength 

and distance r from the axis of the plasma is given by: 

he 
e(rdi) = 	

11") 	
L(Ne,Te,)% )N(Ne,Te)A 

+ 
(12.6) 

where L(N
e
,T

e,)i) is the line profile normalized so that 

fL( >1 )..cON = 1, A is the spontaneous transition probability 

for the line. 	N is the population density in the upper state 

of the line and N
e
,N

e
(r) and T

e
=T

e
(r). 	Since the line profile 

is only weakly dependent on T
e 

the following approximation is 

made: 

L(N
e 
,T

e 
, 	L(N

e, 
	 (12.7) 

The intensity I(r,)t) emitted at a wavelength 	by an 

annulus of plasma of radius r, width dr and length de (de = 3mm 

is defined by the width of the slot in the theta pinch coil 

(see Plate (9.1))) into the solid angle Sl subtended by spectro—

graph slit, is given by: 

) 	= 	e(r,)% ) 1-2 2 IT r dr df 

using (12.6) and (12.7) the expression above reduces to:, 



330 

L(Ne ,)► )N(Ne  Te  )r dr 

where C is a constant. 	In the expression above it has been 

assumed that Q is constant for all positions on the annulus. 

This is justified for the side on measurements because R is 

much less than the distance from the axis of the plasma to the 

spectrometer and only a small length of the plasma is viewed. 

The total intensity emitted at a wavelength >t is given by. 

I( 	) 	f I(r, >t)dr 
0 

C 	
L(N

e
, )i)N(Ne ,Te )r dr 	(12.8) 

0 

To proceeed further the functions Ne(r) and Te(r) must be 

specified. 	The distribution Ne(r) can be based on the results 

given in (12.6), but Te(r) has not been measured and indeed would 

be very difficult to measure with any degree of reliability. 

However, the radial distribution of the total line intensity 

I
L
(r) has been measured and this can be related to N(Ne

,T
e
) as 

follows. 

The total line intensity emitted by a volume of plasma dv 

(defined by the acceptance cone of the scanning system(see(12.2.2)),at 

a radius r, into a solid angle 	subtended by the entrance aperture of 

I(r, 
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the scanning system is given: 

IL  (r) = 	dv f 	)d 

Using (12.6) and evaluating the integral the expression above 

reduces to: 

IL  (r) (r) 	
e'Te) 
	

(12.9) 

ttcat 
where C' is a constant. 	Here it has been assumed i,to a good 

approximation that the extent of the line is small compared with 

•X and that the solid angle Sly  which will vary from one end 

of the plasma to the other, has been replaced by some suitably 

defined average value. 

From (12.8) and (12.9) the total intensity emitted by 

the plasma at a wavelength 	is: 

I( .)% ) 	f L(Ne, )IL(r)dr 

0 

(12.10) 

where numerical factors and the wavelength "X have been omitted. 

Since the factors in the- integrand of (12.10) are not analytic 

the integral above must be replaced by a summation of the form 
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i=n 

I( 	) 	

i=, 
	riL(Ne, )IL(ri)A ri 	(12.11) 

where Ne 
=-- N 

e
(r. ). 

12.7.3. Evaluation of the Summation 

The first step in evaluating the summation is the 

division of the plasma into annular zones and for good accuracy 

the number of zones should be as large as possible. 	In practice 

the number used is limited because the theoretical profiles have 

only been tabulated for rather large density steps. 	Consequently 

profiles for intermediate densities had to be obtained by inter-

polation, using the methods described in (11.1.2)  

Initially six zones were chosen; although this number 

could have been increased if necessary. 	For convenience the 

measured electron density distribution was approximated by the 

distribution shown in Fig. (12.3). 	The figure also shows the 

manner in which the plasma was divided into zones and the densities 

ascribed to them. 	For simplicity and to a good approximation the 

radial distribution of the total intensity of the HeI 4471 A°  

line was assumed to be Gaussian and in order to obtain an indic-

ation of the sensitivity of the limited profile to the form of 

the intensity distribution, two distributions were taken. 	These 

are also shown in Fig. (12.3)'. 
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A computer programme was written to evaluate the summation 

The input data consisted of the intensity of the theoretical 

profile, at a given wavelength, corresponding to the densities 

of the six zoiles (-•• 40 wavelength positions were taken) and 

the position and width of the zones. 	The output consisted of 

the line intensity at a given wavelength and (for comparison 

purposes) the profile corresponding to axial density. 	These  

profiles were then convolved. with the instrument profile and 

normalized to the peak height of the experimentally measured 

profile. 

12.7.4. Results 

The results are shown in Fig. (12,4). 	Curve (1) shows 

the profile that would be emitted by a homogenous plasma whose 

density corresponds to that measured on the axis of the plasma. 

Curves (2) and (3) are the line profiles corresponding for the 

two line intensity distributions. 	Circles and triangles 

indicate the measured points,,. 

The calculated profile which best describes the measured 

profile is obtained for the intensity distribution which is 

~30% narrower than that measured. 	Although this result is 

possibly fortuitous it does tend to add support to suggestion 

put forward in (11.9.3)that the measured total line intensity 
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distribution is too wide. 	Of greater interest is the overall 

behaviour of the calculated profiles. 	Firstly, the model 

correctly predicts the observed shift of the forbidden compon- 

ent towards the allowed line. 	Secondly, the red wing of the 

profile is much less sensitive than blue wing to the assumed • 

intensity distribution which would explain way the experimental 

profile shows such good agreement for the red wing whilst at 

the same time large discrepancies are observed on the blue wing 

(see Fig. (11.6 ). 	Reasons for the sensitivity of the profile 

to the effects of radial gradients have been given in (11.7.2). 

12.7.5. Conclusions 

From the preceding investigation it can be concluded • 

that the discrepancies that are observed (see 11.5) between 

the measured and theoretical profile of the HeI 4471 A°  line are 

caused by the presence of radial gradients in the plasma and 

not by gross errors in the theoretical profiles. 
	Unfortunately, 

because of the approximations made in calculating the emitted 

profile it is not possible to obtain information about the 

accuracy of the theoretical profiles. 

The results also show that in order to investigate 

lines with forbidden components either for comparison with 

theory or diagnostic purposes, ,extremely homogeneous plasmas 
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are required, or alternatively, steps must be taken to observe 

only the homogeneous parts of the plasma. 	If line profiles 

are measured for diagnostic purposes then it is advisable to 

chose hydrogenic or isolated lines rather than lines with 

forbidden components which do not completely overlap with the 

allowed component. 

Finally, an extremely important result can be inferred 

from the measured profiles of the Hei 4471 A°  line (see 11.5.2),  

that is,•the agreement between profiles measured by observing 

the plasma in the axial and radial directions does not necessarily 

ensure that the profile is unaffected by radial gradients in the 

plasma. 
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CHAPTER XIII 

SUMMARY AND CONCLUSIONS FOR WORK IN PART II 

The.investigation which is described in Part. II of 

this thesis was undertaken to examine the suitability of a 

Z-pinch discharge for use as a source of helium plasma for 

Stark broadening measurements. 

It has been found that the discharge possesses many 

of the requirements for such a light source, i.e. good short 

and long term reproducibility, the operating conditions can be 

varied by simply adjusting the filling pressure and the electron 

density can be measured accurately by means of a method which 

is independent of the assumptions of Stark broadening theories. 

The electron temperature was found to be difficult to 

measure accurately because firstly, the operating conditions were 

such that more than one ionization stage was usually present 

in the plasma, and secondly the ionization relaxation times are 

of the same order as the heating and containment times of the 

plasma; in the final chapter a method of temperature measurement 

will be described whereby these difficulties can be overcome. 

The major difficulty which has been encountered when the 

Z-pinch discharge was the problem of radial density gradients. 

When the work was commenced it was thought that such effects 

might present problems, but on the basis of two previous 
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investigations which have used a Z-pinch discharge for Stark 

broadening studies, it appeared that these effects bight be 

small. 	In general, this has been found not to be the case for 

the discharge studied here since for some operating conditions 

severe distortion of the profiles produced by, radial density 

gradients was observed. 

There are three possible reasons as to why the radial 

density gradients are more noticeable for the discharges studied 

here than for those which have been used previously. 	Firstly, 

when making the line profile measurements, described in this 

work, the discharge has been operated over a comparatively wider 

range of filling pressuresthan was 	used in the previous 

works, and for each condition studied the entire measured profile 

has been compared with theory rather than just the half widths. 

Such measurement procedures might be expected to be a more sen-

sitive indication of the presence of radial density gradients. 

Secondly, because the diameter of the discharge tube used here 

is a factor of ^'2 smaller than that used in the previous 

investigations it might be expected that for a given filling 

pressure, the diameter of the plasma at peak compression would 

be larger than that found here and consequently, the radial 

gradients would be less severe. This is especially true in the 

case of the discharge used by Roberts (22) since this device 

was stabilised by means of axial magnetic field and this tends 
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to increase the diameter of the plasma at peak compression. 

Thirdly, whereas the previous investigators studied the 

broadening and shift of isolated lines emitted by singly charged 

ions only, here lines emitted by neutral atoms have been studied 

and it was found that because of the manner in which the plasma 

is generated and confined the lines emitted by neutral atoms are 

more likely to be affected by radial density gradients than 

those emitted by ions, 	Finally, a line containing a forbidden 

component has been studied and it is found that the profile of 

such a line is more senstive to the effects of radial density 

gradient than are isolated lines. 

Although most of the profiles studied in this investig-

ation have been affected by radial gradients it must be empha-

sised that these measurements have been made without attempting 

to spatially resolve the light emitted by the plasma. 	If in 

the future experiments of this nature a system of apertures is . 

used to limit the region of plasma, which the spectrometer 

views, to that close to the axis of the discharge,the difficulties 

encountered here could be reduced and perhaps even eliminated. 

Some improvement might also be expected if the diameter of the 

discharge tube is increased. 	For low density Stark broadening 

studies observations can be made in the afterglow of the 

discharge and since the afterglow tends to fill the entire 

discharge tube the effects of radial gradients should be less 
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severe. 	Such observations have recently been made using a 

Z-pinch discharge identical to that described here (see Cairns (62)). 

In spite of the presence of radial gradients in the plasma 

a number of conclusions can be drawn from the results of the line 

profile measurements. 	The results obtained for the Hell 3203 A°  

line at N
e 	2.1 I 0.2 x 1016cm-3  (P

o 	0.3 torr) show that, with 

the exception of that part of the profile near the central dip, 

the shape of the observed profile (uncorrected for instrumental 

broadening) and that of the theoretical profile (with the inst- 

rumental broadening included) are in good agreement; the half widths 

of these profiles are in agreement to within,.3%. 	Radial density 

gradients appear to be responsible for the discrepancies near the 

central dip in the profile. 	The discrepancy,between the half 

width of the true observed profile (the observed profile corrected 

for instrumental effects) and that of the theoretical profile was 

estimated to be .4 5%. 	The measurements of the Hell 3203 A°  line 

profile made at lower filling pressures were more seriously 

affected by radial density gradients than the measurements dis- 

cussed above. 	However, by normalizing the observed and theoretical 

profiles to points on the wings of the theoretical profiles where 

the distorting effects of radial gradients are less serious, the, 

agreement between theory and experiment on the wings of the profile 
was found to be good. 

The profiles of the HeI 2945 and 3965 A°  lines were 

measured at N
e = 1.2 ± 0.1 x 1016cm-3  (Po 

= 0.4 torr) and 

2.1 ± 0.2 x 1016cm-3  (P =.0.3 torr).. A preliminary analysis. 
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of the results obtained at P = 0.3 torr showed that the profiles 
0 

were seriously distorted by the effects of radial density gradients 

and no further attempt was made to analyse the results. 	The 

results obtained at P
o 	0.4 torr for the HeI 2945 A°  line showed 

that providing the distorting effects of radial gradients were 

taken into account by normalizing the observed profile and the 

theoretical profile (corrected for instrumental effects), there 

was good agreement between theory and experiment for the majority 

of the profile. 	The half width of these profiles were in agree- 

ment to",  4% and the agreement between the true observed profile 

(see above) and the theoretical profile was 5%. 	The results 

obtained for the HeI 3965 A°  at Po  = 0.4 torr were treated in an 

identical manner to those for HeI 2945 A°  line, but here the 

agreement with theory was not so good, e.g. the discrepancy between 

the true observed profile and theoretical profile was ", 14%. 

This result was to be expected because the measured profile showed 

that a forbidden component was present and the appearance of the 

forbidden component indicates the breakdown of the isolated 

line approximation which had been used to derive the theoretical 

profile. 

The main conclusion that can be drawn from the results 

of the measurements of the HeI 4471 A°  line, including the forbidden 

component was that lines with forbidden components are especially 

sensitive to radial gradients. 
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CHAPTER XIV 

AN EXTENSION OF THE 'LINE TO CONTINUUM RATIO' 
METHOD OF MEASURING ELECTRON TEMPERATURES TO 
L.T.E. AND NON-L.T.E. HELIUM PLASMAS WITH MORE 
THEN ONE IONIZATION STAGE PRESENT 

14.1. 	Introduction  

In hydrogen and helium plasmas, where accurate continuum 

intensities can be calculated, the electron temperature can be 

determined by measuring the ratio of the intensity of a line to 

its underlying continuum (see Griem (1)). 	The basis of this 

method is that in a plasma in which one ionization stage is 

dominant the intensity of a suitably chosen line and its under-

lying continuum can both be expressed in terms of the product 

of the ground state population density of the next higher ioni-

zation stage and the free electron density.. Hence the line to 

continuum ratio is independent of these quantities and depends 

only on the electron temperature. 

For a helium plasma the method can be used for Te 	x 104 °K 

if a HeI line is used and for T
e 

7.5 x 104 °K if a He= line 

is used. 	At intermediate values of Te more than one ionization 

stage is present and the method can be used only if the plasma 

composition can be calculated accurately. 	Such a calculation 

is possible only if the plasma is in L.T.E. and since this requires 
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electron densities of •••• 10
19

cm
-3 

(see Chapter IIX), the method 

would have a limited application only. 	Tn this chapter .a 

method of extending the line to continuum ratio method of 

measuring electron temperatures in L.T.E. and non-L.T.E. helium 

plasmas with more than one ionization stage present will be 

described. 

14.2. 	Continuum Intensity for a Helium Plasma with more than  
one Ionization Stage present  

Griem (1) has given a method of calculating the con- 

tinuous emission coefficient of a plasma. 	This method will 

be used as the basis for calculating the continuum intensity for 

a helium plasma with more than one ionization stage present. 

As only three results of Griem's calculations will be preented 

the reader is referred to (1) for further discussion. 

The intensity Ic  of a band of continuum of width kiA 

centred at a wavelength > , arising from recombination and 

bremsstrahlung radiation on singly and doubly charged helium 

ions is given by:: 

tiy/2 64( mao)3 	

/E 
ir 	E 	 --== 	S Ne )2 H kT 3/2 

ex
p xke) 

3 
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where ct. is the fine structure constant, ao  is the Bohr radius, 

c is the velicity of light, and EH  is the ionization potential 

of hydrogen. 	The term S contains the free-free and free-bound 

Gaunt factors, and is given by: 

[e

N1 + 	+ 	++ ++ — S + s+

2 
 + s

3 
N + S2 + S

3 
N (14.2). 

The terms in the brackets account for the continuum radiation pro 

-duced by singly e and doubly N."-  charged ions respectively. Taking 

these terms separately Si  arises from recombination into the 

low-lying non-hydrogenic levels, (defined by n 4 3) of HeI and, 

is given by: 

S+ 
n.3 

n-3  gn(1) (.N )  sin   

• 
(E.6  - Eht) 

exp 
kT

e 

(14.3) 

where g:1) () ). is the relative continuum absorption cross-section 

for HeI, n,t and E°  are respectively the principal and orbital 
ng 

quantum numbes and energy of the level into which recombination 

takes place and E°  is the ionization potential of HeI. 	Multip-

lication of this term by 1\11-/e, the ratio of singly charged ions 

in the'ground state to the total number of such ions, accounts 
V 

for the fact that recombination can only take place into low 

lying levels of the atom if the ion is originally in its ground 

state. 
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The term S2 
arises from recombination into hydrogenic 

levels (defined by n -.3%4) of HeI and is given by: 

exp( 2E  
n kTe 

S±  2 = 

) (1 	k where gn (A) is the free bound Gaunt factor for hydrogen averaged 

over the sub-levels of the level n. 

S3 arises from free-free transitions and from recombin-

ation into merged levels, this is given by: 

kTe 	E 
S+ 	0.( 3 - off s 	E • eXp( 	 

H 	
e) 

1) (14.5), 

where f 4
f  
1)  (N ,Td is the free-free Gaunt factor averaged over a 

Maxwellian velocity distribution, n1  is the principal quantum 

number of the last discrete level and is given by:.  

(z2EH  y 
n = 	 

E. 1 	z-1 (.14.6) 

where z=1 for HeI etc. and AEz-1  is the so-called 'advance of 

the series limit' and is given by:. 

zsEz -1 = 4z4/51a3 N  14/15 E  
L  0 e-1 H (14.7) 

From (14.6) and (14.7) n1  is given by: 

(14.4) 



347 

n 	= 	z3/5 Fa3 N  1-2/15 
1 L 	eJ 

(14.8) 

With n1 
	 2 
fixed by (14.8) the summation in S+  is termin-

ated at the value of n given by n=n1-1. 

The principal and orbital quantum numbers at which the 

first summation S1 is commenced, is determined by the wavelength 

of interest, 	the condition being that the summation is started 

at the first level satisfying: 

Eo Eo - E° he 
--co (14.9) 

If X is such that none of the non-hydrogenic terms satisfy 

this condition then the summation starts with S+2' the first 

term is again chosen so that (14.9) is satisfied. 

The terms in the second bracket account for continuum 

radiation produced by doubly charged ions. Since the recombined atom 

is hydrogenic there is no term corresponding to 

The first term S
+4- in the second bracket is analogous 
2 

to Sa for a system with z=2 and is given by: 

(14.1o) 
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) (2  
where gn (A) is the free bound Gaunt factor for hydrogenic ions 

with nuclear charge z=2, the other quantities have their usual 

The factor 16 arises because of the z4 dependence of 

the recombination continuum. 

The second term S+
3
+ is again analogous to S+

3 
 and is 

given by: 

	

(2) 	kT 	LEEH  

3 H 2Ee 
 

S
++ Lizff( .N,Te) . 	exip 

kTe
• 	

* 

) 
ff 	

,T
e) being the average free-free Gaunt factor for hydro- 

	

genic ions with z=2. 	The factor 4 arises from the z
2 dependence 

'of the free-free continuum radiation. 

Similarly, n is calculated from (14.8) with z=2 and 

the first term contributing to the summation S2
+ 
 is given by: 

E1 E1  1 he 
n 	

E - 
X 

(14.1a 

E1 is the ionization potential of Hell and liE1  is obtained 
CXP 

from (14.7) with z=2 

14.3. 	Line to Continuum Ratio  

The intensity I
z-1 

of a line of wavelength arising 

from a transition from an upper level in to lower level n is 

meaning. 



-- 
Ez-1 Ez-1 

N) 
 

eN 1 ),3 exp 	 
kTe 

(14.13) 

given by: 
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z--1 

Iz-1 
	32 it 7/2  a5  ci. cE 	H 3/2, gn 	fz--1 EH 

z 
gl  

where z-1 = 0 for HeI lines, etc. gz-1 and gz are respectively 
1 

the statistical weights of the lower level of the line and the 

ground state of the next higher ionization stage, Nz
1  is the pop-

ulation density of the ground state of the next higher ionization 

stage, and fz-1 is the absorption oscillator strength of the line. 

The other quantities appearing in (14.13) have been defined o 

'previously. 	To avoid misunderstandings, it should '-)e realized 

1 
that N 1 and N

2  
1 ZIN1

++ 
• 

From (14.13) and (14.1) the line to continuum ratio is 

Iz -1 z -A z 
-3/21T3 a_

'  2 
 gn  f 	N 

1 	1 
Ic 

  ( ) 2 	oC. 	• T-  . • 	 
g1 

exp 

Z-1- E  z-1 (E m exp( hc 

_kTe 	)1kTe, 
(14.14) 

Using he/)\ = Em-1-En-1, and expressing )% in angstrom units with 

Wk. 100 A°  centred at the line (14.14). 
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= 	4.24 x 10 3  n 	
1 	1 

• -- . z  S g1 
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Ic 

 

  

z-1-  z -1 co   En  
(14.15), 

 

exp 

  

   

  

kTe 

  

If the depressions of the two ionization potentials (see (1)) 

which occur in (14.15), are neglected the electron density enters 

(14.15) only through choice of n1  and from (14.8) this is seen 

to be only a weak function of Ne. 	In fact the choice of ni  is 

not critical since any change corresponds merely to shifting a 

term in the free bound contribution to the freefree contribution 

or vice versa. 

Eqn (14.15) is valid provided that firstly Ne  is suff-

iciently high, to ensure that the upper state of the line and 

the states which contribute to the free-bound continuum are in 

L.T.E. with the ground state of the next highest ionization 

stage and the free electrons. 	Eqn ( 8.7) can be used to ascertain 

whether this is true or not. Secondly, N
e 
is sufficiently - low 

that the depression of the ionization potentials can be neglected. 

The depression of the ionization potential AEc.0  z-1  is given by: 

A EZ-1  = ze
2 

00  

where PD is the Debye radius and z=1 for HeI'etc. 



351 

14.4. 	Theory of the Method of Measuring; Electron Temperatures  

From (14.2) and (14.5) the general expression for the 

line to continuum ratio, in the case of a helium plasma, can 

be expressed in the form, 

z-1 Iz-1 	 1 
F1D ,Te, 	- Em  )]N1 

 

(-14.16) 
IC 	r2(Te ' 	)1\i±  + F

3
(T

e ' >t )N4.4- 

where the forms of the functions F1,  F
2 

and F
3 

need not concern 

us. 

Suppose that Ri  and R.), the line to continuum ratios for 

a neutral and ionized helium respectively, have been measured. 

From (14.16) these ratios are given by: 

F r 	1' Te' (E°  — n E°)]N+, 
(14.17) 

F
2
(T

e' 
))1\0.  + F

3
(T
e'1

)N++ 

R
2 

1 	1 , 
Fl p2,Te,(Eco  Eni).JN

++ 
 

F
2
(T

e
, X

2
)N4  + F3(Te, 2

)'N4-4:  
(14.18) 

Here the approximations NI- 	
1 

N+  and N-"-^'N++. have been' made. 
1  

These are usually very good approximations; especially in 

non-L.T.E. plasmas, if (14.17) and (14.18) are divided throughout 

by N
++ 

and a parameter 0 is introduced which is defined by: 
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/3 = e/N++  (14.19), 

then R
1 
 and R

2 are of the form: 

R1 = G1(Tel ) 
	

(14.2o) 

R
2 

= G2(Te' 0) 
	

(14.21) 

Since R
1 
and R

2 
have been measured, two equations with two unknown 

Te and 	are obtained. 	By solving these equations not only 

can Te be found but also p , and if the electron.density is also, 

known le and N++  can be found from /3 and the condition of 

charge neutrality. 

To solve Eqns (14.20) and (14.21) a graphical procedure 

can be used. 	This involves first plotting Ri  versus R2, 

calculated from (14.20) and (14.21) for various values of 

with Te held constant and secondly plotting on the same graph 

R1 versus R2 for various values of Te with 0 held constant. 

series of intersecting curves is obtained (see Fig. (14.2)) 

from which the value of T
e 

and /3 	corresponding to the measured 

values of R1 and R2 can be read. 

14.5. 	Calculation of the Line Continuum Ratios and Results  

In order to illustrate the procedure for measuring Te 
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and 0 which has been outlined above, the line to continuum ratios 

R1 
and R2 of the Eel 4471 and Hell 4686 A°  lines respectively 

were calculated for N
e 
= 1016cm-3  and for various values of T 

 
(1) 

and 0 . 	Relative continuum abSorption cross-sections g
n 

(see Eqn (14.3)) for HeI were taken from (1) and hydrogenic 

free-free and free-bound Gaunt factors from (61).. 	Energy levels 

were taken from (35) and (58) for HeI and HeII respectively. 

Verification of the accuracy .of the calculations was 

obtained by calculating R
1 
and R

2 
for the case where one ioniza-

tion stage only is. present and comparing the results with the 

similar calculations of Griem (1) . The results are shown in 

Fig. (14.1) where the points taken from Griem's calculations are 

seen to be in good agreement. For general interest R1 and R2 

calculated for various values of 0 are also shown in Fig. (14.1); 

note that for HeI 4471 A°  line the results are presented for 

various values of 143 . 

Fig, (14.2) shows the graph of R
1 
 versus R

2 
plotted for 

values of 0 ranging from 10
-2 

to 2 x 10
3 

and values of Te ranging 

from 3 to 15 eV. These curves should be valid for Nee,10
16
cm
-3 

but for Ne considerably greater than 10
16
cm
-3 errors will arise 

because the depression of the ionization potential has been 

neglected; note, if one ionization only is present the depression 

of ionization potential cancels out in the line to continuum ratio. 



• o 
Hen 4686 A HeI 4471 A 

100.  	100. 

+ =Taken from Griem 
Ref.(1) 

a z70  

354 

1.0 	 5.0 	10.0 	3.0 	10.0 
T
e
(eV) 	 T

e(V) 
. 	o 	 0 

Fig.(14.1) Line-to-Contiuum Ratio of the HeI 4471 A and Hell 4686 A 

Lines for Various of 0 = N
+
/N

44- 

40.0 



0 oat 

5.0 10.0 
0.5 
0.05 	0.1 	 0.5 	1.0 

R(HeI 4471) 

Fig. (14.2) Line-to-Continuum Ratio of the Hell 4686 .g Line Versus 

'that of the Hei 4471 A Line for Values of /3 and Te. 

100. 

50. 



356 

REFERENCES 

1. GRIEM, H. R., "Plasma Spectroscopy", McGraw-Hill Book Co., 
Inc, New York, 1964. 

2. WIESE, W. L., "PlaSma Diagnostic Techniques", edited by' 
R. H. Huddlestone and S. L. Loenard, Academic Press, 
New York, Ch. 6, 1965. 

3. BURGESS, D. D., Ph. D. Thesis, University of London, 1965'. 

4. BARANGER, M., "Atomic and Molecular Processes", edited by 
D. R. Bates, Academic Press, New York, Ch. 13, 1962. 

5. BURGESS, D. D., Imperial College. Internal Report, 1967. 

6. FOSTER, J. S., Proc. Roy. Soc. London, A 117,137, 1928. 

7. BREENE, R. G., "The Shift and Shape of Spectral Lines", 
MacMillan, 

8. BARANGER, M., Phys. Rev., 111,4q4 and 112, 514, 1958, 

9. KOLB, A. C. and GRIEM, H. R., Phys. Rev., 111, 514, 1958. 

10. GRIEM, H. R., BARANGER, M., KOLB, A. C., and OERTEL, G. K., 
Phys. Rev., 125, 177, 1962. 

11. BARNARD, A. J., COOPER, J. and SHAMEY, L. J., Astron. and 
Astrophysics, 1, 28, 1969. 

12. GRIEM, H. R., Astrophys. J!, 154, 1111, 1968. 

13. GRIEM, H. R. and SHEN, K. Y., Phys. Rev., 122, 1490, 1961. 

14. GRIEM, H. R., KOLB, A. C., and SHEN, K. Y., Astrophys. J., 
135, 272, 1962. 

15. WULFF, H., Z. Physik, 15, 614, 1958. 

16. BERG,. H. F., ALI, A. W., LINCKE, R. and GRIEM, H. R., 
Phys. Rev., 125, 199, 1962. 

17. BURGESS, D. D. and COOPER, J., Proc. Phys. Soc., 86, 
1333, 1965. 

18. BERG, H. F., KFA-Bericht, Julich, 182-PP, 1965. 



3.57 

19. BOTTICHER, W., RODER, O. and WOBIG, K. H., Z. Physik., 
175, 48o, 1963. 

20. RODER, O. and STAMPA, A., Z. Physik, 178, 348, 1964. 

21. LINCKE, R., Ph. D. Thesis, University of Maryland, 

22. ROBERTS, D. E., Ph. D. Thesis, University of London, 

23. OERTEL, G. K., Paper presented at the Annual Meeting of 
the Am. Phys. Soc., Div. of Plasma Physics, Boston,-  1966. 

24. OERTEL, G, K., Proc. 8th Int. Conf. on Ioniz. Phen. in 
Gases, 279, Vienna,.1967. 

25. SADJIAN, H., WIMMEL, H. K. and MARGENAN, H., J.Q.S.R.T., 
1, 46, 1961. 

26. HERMEL, A. and SELIGER, K., Monatsbkerichte der Deutschen 
Akademie der Wissenschaften zu Berlin, Band 8, 
Heft 4, 1966. 

27. GRIEM, H. R., Phys. Rev., 128, 515, 1962. 

28. BARANGER, M. and MOZER, B.., Phys. Rev., 118, 626, 1960. 

29. COOPER, J. and OERTEL, G. K., Phys. Rev., 180, 286, 1969. 

30. SAHAL-BRECHOT, S., Astron. and Astrophys., 1, 91, 1969. 

31. ALDER, K. et al, Rev. Mod. )Phys., 28, 432, 1956. 

32. SEATON, M. J., Proc. Phys. Soc. London, 79, 1105, 1962. 

33. CHAPPEL, W. R., COOPER, J. and SMITH, E. W., J.Q.S.R.T., 
9, 149, 1969. 

34. BURGESS, D. D., Phys. Rev., 176, 150, 1968. 

35. MARTIN, W. C., J. Res. Natl. Bur. Std., A 64, 19, 1960. 

36. UNSOLD, A., Z. Astrophys., 44, 75, 1944. 

37. MULLER, K. G., J.Q.S.R.T., 5, 403, 1965. 



358 

38. WIESE, W. L. and MURPHY, P. W., Phys. Rev., 131, 2108, 
1963. 

39. GREIG, J. R. et al., Phys. Rev., 172, 148, 1968. 

40. BARANGER, M. and MOZER, B., Phys. Rev., 123, 25, 1961. 

41. KOLB, A. C. and GRIEM, H. R., "Atomic and Molecular 
Processes", edited by D. R. Bates, Academic Press, 
New York, Ch. 5, 1962. 

42. SEAY, G. L., Los Alamos Sci. Lab. Rept. LAMS-2125, 1957. 

43. BERG, H. F. et al., Proc. 8th Int. Conf. on Ioniz. Phen. 
in Gases, 439, Vienna, 1967. 

44. GLASSTONE, S. and LOVEBERG, R. H., "Controlled Thermonuclear 
Reactions", D. Van Nostrand Co. Inc., Princeton, 
New Jersey, 1960. 

45. JALUFKA, N. W., OERTEL, G. K. and OFELT, G. S., Phys. Rev., 
16, 1073, 1966. 

46. McWHIRTER, R. W. P., "Plasma Diagnostic Techniques", 
edited by R. H. Huddlestone and S. L. Leonard, 
Academic Press, New York, Ch. 5, 1965. 

47. WILSON, R., J.Q.S.R.T., 2, 477, 1963. 

48. SPITZER, L., "Physics of Fully Ionized Gases", Interscience 
Publ., John Wiley & Sonq, New York, 1965. 

49. DRAWIN, H. W., Z. Naturforschg, 19a, 1451, 1964. 

50. DEUTSCH, C., Physics Letters, 28a, 525, 1969. 

51. DRAWIN, H. W., EUR-CEA-FC-453, Fontenay-aux-Roses, 1967. 

52. DRAWIN, H. W., EUR-CEA-FC-302, Fontenay-aux-Roses, 1965. 

53. 0i TEL,, G. K., N. A. S. A. Technical Note, NASATN D-3737, 

54. DANGOR, A. E., Ph. D. Thesis, University of London, 1970 



359 

55. BURGESS, D. D., DANGOR, A.E. and JENKINS, J. E., 
Brit. J. Appl. Phys., 16, 319, 1967. 

56. ZWICKER, H. and SCHUMACHER, V., Z. fur Physik, 183, 
453, 1965. 

57. ALLEN, C. W., "Astrophysical Quantities", 2nd edition, 
Athlone Press, University of London, 1963. 

58. GARCIA, J. D. and MACK, J. E., J. O. S. A., 55, 654., 1965. 

59. DE JAGER, C. and NEVEN, L., Bull. Astr. Inst. Netherlands, 
18, 306, 1966. 

60. GRIFFIN, R. F., Mon. Not. R. Astr. Soc., 143, 319, 1969. 

61. KARZAS, W. J. and LATTER, R., Astrophys. J., Suppl. VI, 
1961. 

62. "Handbook of Mathematical Functions", National Bureau of 
Standards Applied Mathematics Series 55, 1964. 

63. CAIRNS, C., Ph.D. Thesis, University of London, to be 
published. 



36o 

PUBLICATIONS 

"Pressure Dependent Behaviour of the Z-Pinch Discharge" 

Brit. J. Appl. Phys., 16, 319, 1967. 

(co-authored with D. D. Burgess and A. E. Dangor) 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220
	Page 221
	Page 222
	Page 223
	Page 224
	Page 225
	Page 226
	Page 227
	Page 228
	Page 229
	Page 230
	Page 231
	Page 232
	Page 233
	Page 234
	Page 235
	Page 236
	Page 237
	Page 238
	Page 239
	Page 240
	Page 241
	Page 242
	Page 243
	Page 244
	Page 245
	Page 246
	Page 247
	Page 248
	Page 249
	Page 250
	Page 251
	Page 252
	Page 253
	Page 254
	Page 255
	Page 256
	Page 257
	Page 258
	Page 259
	Page 260
	Page 261
	Page 262
	Page 263
	Page 264
	Page 265
	Page 266
	Page 267
	Page 268
	Page 269
	Page 270
	Page 271
	Page 272
	Page 273
	Page 274
	Page 275
	Page 276
	Page 277
	Page 278
	Page 279
	Page 280
	Page 281
	Page 282
	Page 283
	Page 284
	Page 285
	Page 286
	Page 287
	Page 288
	Page 289
	Page 290
	Page 291
	Page 292
	Page 293
	Page 294
	Page 295
	Page 296
	Page 297
	Page 298
	Page 299
	Page 300
	Page 301
	Page 302
	Page 303
	Page 304
	Page 305
	Page 306
	Page 307
	Page 308
	Page 309
	Page 310
	Page 311
	Page 312
	Page 313
	Page 314
	Page 315
	Page 316
	Page 317
	Page 318
	Page 319
	Page 320
	Page 321
	Page 322
	Page 323
	Page 324
	Page 325
	Page 326
	Page 327
	Page 328
	Page 329
	Page 330
	Page 331
	Page 332
	Page 333
	Page 334
	Page 335
	Page 336
	Page 337
	Page 338
	Page 339
	Page 340
	Page 341
	Page 342
	Page 343
	Page 344
	Page 345
	Page 346
	Page 347
	Page 348
	Page 349
	Page 350
	Page 351
	Page 352
	Page 353
	Page 354
	Page 355
	Page 356
	Page 357
	Page 358
	Page 359
	Page 360
	Page 361

