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ABSTRACT 

In this thesis an experimental and analytical investigation 

of the Stark broadening of spectral lines emitted by singly 

ionised argon is described. 

These lines were broadened by the high electron density 

produced in transient unstabilised and BB stabilised 2,-pinch 

discharges. 

The line profiles were recorded using a piezoelectric 

driven scanning Fabry-P6rot interferometer. The plas.aa electron 

density was measured by Fabry-P6rot interferometry using a 

laser light source. 

At a known electron density All line widths of more than 

a factor of two times larger than existing theoretical values 

were observed. 

Calculations showed that these discrepancies arose from 

breakdown of the validity of several assumptions made in the 

existing theory of the Stark broadening of isolated lines 

emitted by heavy ions. an improved quantitative treatment 

of the existing theory gave better agreement with experiment. 

The implications of these results on the Stark broadening 

of lines emitted by other ionised and neutral species is 

discussed. 

Following this, an account of the measurement of electron 

density in an R-F induced plasma in argon is given. The 

density was obtained from the Stark broadening of neutral 

argon lines. The broadening of one line was checked using a 

plasma of known electron density generated by a conventional 

shock tube. 

6. 
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These measurements were done primarily to ascertain the 

extent to which a model of complete Local Thermodynamic 

Equilibrium could be applied to the R-F plasma. 

Finally, a Doppler shift method of determining mass 

rotational velocities of a thetatron plasma is described. 

The shifts were recorded by crossing a Haidinger fringe 

produced by a titled Fabry-Perot etalon with an eight channel 

fibre bundle array. The measured velocities were shown to 

correspond to a sable made of rotation. 



8. 

NOTATION 

The following abbrevialiageand symbols are used frequently 

throughout this thesis. Wherever possible this confoxi:s with 

standard practice. 

S.F.P. 	Scanning Fabry.-Perot 

L.T.E. 	Local thermodynamic equilibrium 

1 width at 1 peak intensity of a dispersive profile 

d Shift of a dispersive profile 

g width at 1/e peak intensity of a Gaussian profile 

rl v7  at Ne  = 	
1.6 10 an - for electron impact broadening 

To(Ti) 	Electron (Ion) temperature 

Na 	Electron number density 

Ny 	Total density of ions in charge state z 

N(zip) 	Density of ions of charge z in state p 

Wm(Ifn) 	Energy of upper (lower) state of a transition 

Wdz  or (41100) Depression of ionisation limit of charge state z 

Amn 	Transition probability (n -4 n) 
frrd 	Absorption oscillator strength 

1> 	The greater of the two 1 quantum numbers involved in 

a transition. 

	

10% 	Radial integral expression involved in the calculation 

of matrix elements 

u or a 	Refers to the upper state on an impact broadened line. 

	

s 	Refers to the corresponding perturbing states. 

L or p 	are the corresponding subscripts referring to the 
and pf 

lower state. 



CHAPTER 1 

INTRODUCTION 

1.1 Content of Thesis 

The material presented in this thesis consists of an 

account of work performed by the author on the study of 

line profiles emitted by high temperature plasmas. The 

mainaiignatittiztechnique used through out this work was 

interferometry using Arabry-P‘rot etalon. However the 

work described consists of three fairly independent topics:- 

Firstly, the main content of this thesis is an 

account of a study of the Stark broadening of lines emitted 

by singly charged argon ions in a plama. The plasmas 

utilised in this study were produced by linear pinches, 

both unstabilised and with Bz stabilisation. For the 

recording of the profiles of lines emitted by these 

transient sources a rapid scanning Fabry-P4Frot interfero-

meter [Ref.1] was employed. The electron number density 

in the discharges, the main parameter which characterises 

the Stark broadening, was measured using Fabry-Prot 

interferometry with a laser light source. 

The outcome of this work was the measurement of 

line widths deviating from theoretical predictions by 

factors greater than two. Further calculations of the 

widths are described which lead to better agreement 

with experiment. However, more important, the results 

of the calculations and measurements show up several 

limitations in the existing theory of Stark broadening 

as applied to heavy ion lines. 

Applications of the conclusions obtained to other 

species are discussed and suggestions for further work 

9. 
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are presented. 

Secondly, some straight-forward diagnostics performed 

to ascertain the electron number density in an R-F induced 

plasma are described. Ne was determined from the broadening 

of neutral argon lines emitted by this plasma, again 

studied with the S.F.P. The results obtained were 

checked by width measurements on a source of known Ne  

i.e. a conventional shock tube. 

Thirdly, investigations of plasma rotation in a 

theta pinch are described. The basis of this work 

involved measurements of the Doppler shift of an impurity 

line. 	A static Fabry-P4rot etalon was used as a dispersive 

element and an eight channel fibre optic array gave 

spectral resolution. 	Rotational velocities were measured 

at much earlier times in the discharge history than had 

previously been measured from high speed photographic 

techniques. These velocities are shown to correspond to 

a stable mode of rotation. 

1.2 Presentation of Material 

The three topics, discussed above, comprise the 

following chapters:- 

Topic (1)  : Chapters 2 9 

Topic (2)  : Chapter 10 

Topic (3)  : Chapter 11 

The material presented in each chapter can be 

summerised as follows:- 

Chapter  2 : A brief, experimentally biassed, description 

of the rapid scanning Fabry-Pe'rot as used for continuous 

and single shot scanning of line profiles. 



Chapter 3 : Time resolved All line width measurements 

using a linear pinch as a light source. 

Chapter 1# : Further line width measurements usin3 a 

B stabilised linear pinch, 	No was readily determined, 

using this source, by means of laser interferometrye • 

Also Te  was deduced from optically thick line widths. 

Consequently line broadening parameters much larger than 

predicted by theory were measured for two All lines* 

Chakter 5 : Recalculation of the broadening parameters 

of the two All lines for which large discrepancies had 

been found, FuL-ther, an investigation of the validity 

of various assumptions made in the theory is discussed, 

Chapter 6 : Development of a means for obtaining accurate 

distributions of Ne  in an unstabliscd pinched discharge, 

: Measurement of electron temperature in the 

r.nstalilised and Bz stabilised pinch discharges using a 

method independent of that given in Chapter• it.. 

Lhapter 8 : Line width measurements using the unstabilised 

pinch at conditions under which accurate determinations 

of Ne  and Te had been made, [as described in Chapters 6 

and 7]. The results obtained are then compared with 

the existing theory. 

Chapter  9 : Discussion of the limitations in Stark 

boradening theory for AII, as found from the results 

given in Chapters 3 to 8. 	Application of the results 

to other species and suggestions for further investigations 

in this field are described. 

Chapter 10 : Measurements of Ne  and Te  for an R-F 

plasma torch to determine the extent to which thermal 

equilibrium prevails in such a source. Ne  was measured 



from the widths of AI lines. Broadening parameters were 

checked using a conventional shock tube source, 

Chatter 11 : Measurement of theta pinch plasma 

rotation using a Doppler shift technique. The velocities 

determined were checked with those measured by photographic 

techniques and the results discussed in the light of 

existing theories. 

Appendix I : Brief description of computor programme used 

for Stark broadening calculations. 

Appendix II : Brief description of computor programme 

used to determine the distortion of a line profile 

emitted by an inhomogeneous plasma. 

AuendKx III r Some new results on Z-pinch dynamics which 

were obtained as a sideline of the results described in 

Chapter 6, 

Due to the relevance of line widths and shifts in this 

work the various sources of these phenomena in a plasma 

are briefly presented below. 	We shall concentrate on 

Stark broadening as this forms the main topic of this 

thesis. Further, the main emphasis will be on isolated 

lines such as are emitted by AII. 

Later, reasons for studying AII will be discussed. 

The object of the investigations described in topics 

(2) and (3) will be given in the relevant chapters,, 

163 Mechanisms which cause line broadening end shift 

For all the lines studied in this work natural 

broadening and resonance broadening could be completely 

neglected. This conclusion was reached by applications 

12. 



of the formulae from reference 2. We shall therefore 

only consider :- 

(a) ampler broadening and shift  

The radiation emitted by atnnc r ions lioving with 

a velocity v is shifted by an amount:-.  

v,h 
AX = 	 le1 

For atoms with a Maxwellian velocity distribution 

the net effect on a line of wavelength X  is to give a 
1 

broadened  ed profile of Gaussian shape with — — 
1 width 
e 

given by :- 

2kT 1  
g = Mc2 

Where M is the mass of the emitting species. 

(b) Van Der Waals broadening and shift 

Perturbations of emitters by neutral particles can 

cause broadening and shift of a line profile. This 

boradening effect is most important in weakly ionised 

gases when, if there is no resonance between emitter and 

perturber states, it is referred to as Van Der Waals 

broadening. 	In this case Griem (ref.2) gives the width 

and shift respectively of a level a as :- 
„5-2 2 

Wa  = ITN (9" Prr 
2  )
5  173 sec -1 
	

0.0 1,3 
16m3  Ep  

and d
a 	

W 	 1.4 3 a 

Where N is the neutral particle density. 

R
a
2  

is the square of the coordinate vector of 

the radiating electron in state a (in atomic units). 

13. 
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Ep  is the excitation energy of the resonance level. 

V is the perturber velocity. 

The shape of the profile is dispersive. 

(c) Stark broadening and shift  

The Stark effect is important when the dominant 

perturbations of emitters are caused by charged particles 

Since this case forms the main topic of the thesis it 

will be considered in some detail. 

The interaction between the radiator and perturber 

can be expressed in a multipole expansion of the form :- 

Z
1Z2

e2  
V(t) =

2 	
r 	d . E 	.4. 10,5 

r 
 

Where Z1, Z2 are the charges on the emitter and 

perturber respectively. 

r = position vector of the perturber. 

(origin at the emitter) 

d = dipole moment of emitter 

E 	field produced by perturber at r = o. 

For a neutral emitter the first term is zero. 

In practice two limiting approximations can be considered 

for the perturbers:- 

a) The Quasi-static approximation  

Here the perturbers do not move appreciably during 

the times of interest [see below]. We can then assume 

that the perturbation is fixed so that for a particular 

perturber (i.e. a particular value of E) every transition 

of the emitter splits into a spectrum of sharp lines. 

The intensities and separations of these lines are defined 

14. 
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by the quantum mechanics of the (static) Stark effect. 

If we then average over all perturber positions a broadenid 

spectrum is obtained for each unperturbed line. 

In line broadening times of interest, ice. times 

for which the emitted wavetrain changes its phase 

appreciably, are", 1 
AV 

Where AVis the frequency separation from the line 

centre. 

Thus for this approximation to hold we require a 

typical perturber collision time, to, to be such that 

to  >> 1 

Where t^  %"146  

V 
(,P is the impact parameter and v the velocity of the 

perturber). 

In general it happens that this approximation is 

good for ions (v small) but is poor for electrons 

(v large) except in the line wings (4) large). 	Electron 

perturbations can usually best be treated by :- 

b) The impact approximation  

Here it is assumed that, 

tc<< 

The original theory, as developed by Lorentz and 

Weisskopf [see ref.3J assumed that all perturber collisions 

were instantaneous and occurred with a frequency Y. 
Each collision interFaipted. the light train from the emitter 

completely. Fourier analysis of these interrupted trains 

gives a dispersive line shape :- 



1(v) a 1  

14. .v-vo 12  — 1 

1 6 . 

Where 	is the unperturbed line frequency, 

The 14 width of this dispersive shape is the collision 
frequency, 

Y 
	cot 	

(71°  21T rip dio vf (v) 	 000 1.7 

P =0  

Where N is the number density of perturbers. 

f(v) is the distribution of perturber velocitisse. 

The integral over/ in 1,7 diverges at lergef and 

has to be cut off at the Weisokopft radius,i2w, giving :- 

y = 	vp 	 q 
/ 	

... 

fill e 

	

	was defined ty considering only those collisions w 
wh444% gave phase shifts of thevavetra5n 	1 as effective, 

Lindholm ([see ref.3] considered the amplitude of the 

emitted wavetrain as remaining constant but that collisions 

caused phase shifts. The same line shape as in 1.5 was 

obtained but a shift of the profile from1V0  was also 

possible. 

The above approximations are limiting. in general 

a perturber can cause any amplitude or phase change of the 

omitted wavetrain, The former case (non-adiabatic model) 

means that the perturber can cause transitions of the 

optical electron to neighbouring ('perturbingt) states. 

The first treatment of such in-elastic collisions wag done 
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by Anderson, [ref,4]. 	The first extensive calculations 

of the broadening of isolated lines were performed by 

Griem [ref.2]. 	In Griefs theory the broadening is 

calculated by perturbation theory. The impact approximation 
allows the calculation to be done assuming the effects of 

the perturbers are scalarly additive so that the resultant 

width is proportional to the number of perturbers. '_,or 

high perturber velocities perturbation theory is exact and 

at low velocities the calculations reduce to the adiabatic 

theory of Lindholm, 

However, breakdcwn of perturbation theory for strong 

interactions sets a lower limit, /Os, to the impact 

parameters that can be considered. 	Collisions for impact 

parameters less than this are therefore treater.), on the 

'Strong eollision theory of Lorentz-Weis2kopf 

Ps' 
The resultant electron impact effect is to give a 

shifted dispersive profile of 1-1 width, 

W = 	(Te)Ne 	 1301 169 

(Where fl(Te) is generally a rather slowly -rarying 

function of Te,) 

and shift, 

d = k(Te)Ne 	 1313,, 1.10 

The quantitiesS1(Te) and k/fl(Te) have been tabulated by 
Griem for many isolated lines [ref.2], 

To obtain the resultant profile of a line broadened 
by both electrons and ions the Stark components of the 

line, for a particular ion field E, are first calculated. 

The impact approximation is then used to calculate the 
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electron broadened profiles of these components and then the 

whole pattern averaged over the statistical distribution 

of the ion field. 

For isolated lines the quadratic Stark effect is 

operative and the ion broadening is generally small. The 

resultant line width is then given approximately by [ref.2]8- 

ITT 	[1 	1.75 a (.1 - 0.75 R)]ti 	00( 1.11 

for neutral emitters, 

and WT = [1 + 1,75 a (1 	1,2R)]W 	1,12 

fcr singly ionised emitters. 

Where, R is the ratio of the mean inter-ion distance 

to the Debye length and a is the ion broadening parameter 

[again tabulated in ref.2 for many isolated lines]. 

104. Convolution of broadening mechanisms 

For independent broadening mechanisms with profiles 

A, B, etc. the resultant observed profile is the convolution 

of these :- 

'OBS = A* B* 

We will only consider Gaussian (Doppler) profiles of 

2 - e 
- width g and dispersive (Stark) profiles of i - 

width W. 	In addition the instrument profile must be 

considered. This can usually be approximated to a Voigt 

profile, with parameters g1  and Wi,using the tables of 

Allen [ref.5]. 

The resultant width of the observed profile as a 

convolution of instrument, Stark and Doppler broadening 

effects is then [ref.5] 



B = (W2  + 2.80G2)2  + W 	e t. 1.13 

Where W = W + Wi  

2 1  and G = (g2 + g
1 
 )2 

... 1t14 

1.15 

We shall assume, unless otherwise stated, that the 

broadening mechanisms we consider are in fact independent. 

1.5 	Previous work on Stark broadening  

Many checks of the modern quantum mechanical theory 

of Stark broadening have been made for hydrogen like 

emitters. The agreement with theory has been typically 

" 10% for hydrogen [see ref.6]. 

In the case of Hp more detailed calculations were 

performed by Griem et al Eref.73 and the agreement has been 

v`5% [ref.6]..  

In these cases the 1-degeneracy gives rise to a linear 

Stark effect so that ion broadening is large. In addition 

there is the complication of overlapping lines caused by the 

1-degeneracy [refs 8 and 9]. 
For heavy element emitters the 1-splitting is large 

and we have isolated lines and small ion broadening so 

that the relations 1.8 to 1.11 are applicable. The first 

calculations in this case were done by Griem for HeI [ref.10] 

and later extended to many neutral and singly ionised 

species, [ref.2]. 

Many checks of the theory have also been made for this 

case. Results for neutral emitters:are summarised in 

Fig.1.1. 	Since the work on AII, described in this thesis, 

was started results have also been published for singly 

19. 



FIG.1.I 	VERIFICATIONS OF STARK BROADENING THEORY - ISOL4TED LINES FROM NEUTRAL ELEMENTS 

Element Plasma Plasma Source Measurement of W and d Independent measurement 
of Te  

Independent measurement  
of Ne Worker 

Agreement with theory 
(widths only*) 

AI 

4 

High current 

water cooled Arc 

Microphotometering 
of photographic 
recording 

Absolute intensity of 
AII),454 using a 
measured Amn  

Pressure balance: 
atmospheric P + Te  + 
Saha equn.-3 Ne  (LTE) 

Gericke Cref.143 
Ne  corrected by 
Griem [ref.15] 

+ 20% 	However possi- 
bility of a systemati 
error in Ne-see Ch.10 

CsI 
Parallel geometry 
Hot cathode Cs 
diode 

Monochrometer scanned 
with photomultiplier 
(P.M) 

Absolute line 
intensity 

Absolute continuum 
intensity 

Stone and Agnew 
[ref.16] + 10% 

HeI T - Tube 
Monochrometer scanned 
with P-M on a multi- 
shot basis 

Relative intensities 
HeI line to continuum 
also Hell to HeI line 

Absolute continuum 
intensity 	.Linke 

Berg, Ali, 
and Griem 

[ref.15] 
+ 10% 

0 I 
Wall stabilised stabilised 

Arc 

Monochrometer scanned 

with P-M 

Absolute intensity of 
OI, 	X615? + 

Arc pressure + Te  Wiese and 

Murphy [ref.17] 
6% 

+ Saha -i0Ne  

OI 
Wall stabilised 

Arc 

Monochrometer scanned 

with P-M 

Absolute intensity 

-01, 	X6654R 

Arc pressure + Te  Jung 

[ref.18] 

+ 10% 

to 	+ 20% + Saha -00 Ne  

NI 
Wall stabilised 

Arc 

Monochrometer scanned 

with P-M 

Absolute Line 

intensity 

Arc pressure + Te  Stampa 

[ref.19] 

+ 10% - 
to 	+ 20% _ + Saha -*isle  

* The agreement between experiment and theory was typically poorer for shifts - this will be discussed in Chapter 5. 
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ionised emitters. However discussion of these will more 

conveniently be left to a later chapter for comparison 

with the results on All recorded there. 

Generally the results for neutral lines are in poorer 

agreement with the theoretical widths and shifts calculated 

by Griem than for the hydrogen like case. 

1,6 Reasons for studying All 

Data on All line broadening was of particular 

importance at Imperial College since linear pinches, in 

which All was the predominant species, had been studied in 

the Plasma Physics Group for several years. In particular 

Burgess [ref.11] had scanned some All lines, emitted by such 

a pinched discharge, using a photoelectric recording 

spectrometer on a multi-shot procedure. Burgess thus found 

excellent fits of the observed line profiles to the 

dispersive profiles expected from broadening of isolated 

lines due to electron impacts. 

Accurate knowledge of the All line broadening parameters, 

.17(Te), could therefore be used in conjunction with line 

widths to obtain values of Ne in such discharges. 

Apart from their use in plasma diagnostics, however, 

the broadening parameters provide a check on the existing 

theory of electron impact broadening. Originally the 

pooxcagreement with theory for isolated lines emitted by 

heavy elements was thought to arise mainly from uncertainties 

in the radial matrix elements connecting transitions from 

a given upper state to a perturbing level. The results 

of recent calculations by States et al [ref.12] on wavefunctions 



for All could be us-Jd to minimize theoretical errors 

from this source. 

In addition the first term in the multi-pole expansions  

1.1, has been omitted in Griemts calculations for ionized 

emitterss  i.e. the electron interaction was assumed to be 

mainly long range so the perturbers moved along straight 

line orbits rather than the correct hyperbolic paths. 

Berg et al [ref.13J suggested that the Coulomb interaction 

caused a set negative space charge in the neighbourhood of 

an ion. Consequently this would cause a blue shift of 

all ion lines. However Burgess has pointed cut (private 

communication) that inclusion of a correct time dependmt 

potential in the calculation of this so called 'plasma 

polarisation shifts should lead to an increase in broadening, 

as well as giving shift, for all singly ionised lines. 

Investigation of a possible increase in broadening is 

therefore of interest. 

22. 



CHAPTER 2  

USE OF THE SCANNING FAERY-PEROT INTERFEROMTER 

FOR RECORDING LINE PROFILES 

2.1 	Introduction 

Due to the transient nature of the plasma sources 

used in this work the rapid scanning Fabry-Perrot [ref,1] 

provided an ideal instrument for recording line profiles. 

This instrument was fully developed in the Plasma Physics 

Department by J.Cooper and J,R.Grieg. However it has7  as 

yet, been little exploited for the purposes of quantitative 

spectroscopy. 	It therefore seems worthwhile to give an 

account of the experimental procedure for setting up a 

S.F.P., for both continuous and single shot scanning of 

line profiles. Moreover we shall mention some points in 

connection with tb:ts instrument which have not previously 

been discussed in the literature. 

Chabbal [ref.20] has given a very extensive theoretical 

treatment of a S.F.P. and Cooper and Grieg [ref.1] and 

Grieg [ref.21] have described in detail the piezoelectric 

driven S.F.P. which we consider. These form the main 
references for this instrument. 

2.2 Instrument function of the S.F.P. 

For optimum measurement of line profiles the broadening 

produced by the instrument must be minimised consistent 

with good light gathering power. The (whole) +-width 

of the instrument profile is defined by :- 

- "1  
NEFF 

23. 
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Where AXI, is tho free spectral range.of the Fabry-

P4rot9  and NEFF  is the (effective finesse'. 

Therefore NEFF must be made as large as possible though, 

in practice, this requirement conflicts with the attaintiem: 

of a good light gathering capability. 	!e will consider 

in the next section the practical attainment of the best 

compromise. 

Chabbal [ref.20] shows that NEFF  results from the 

convolution of three functions, each with an associated 

finesse, such that :- 

I 	
1 + 1 + 1 

--- 
a 

	_2 , 2 
EFF 	

NR2 Ns2  

... 2,2 

N is the surface defects finesse.. 

Four sources contribute to this:- 

1) Spherical curvature of the plates: flatness to 

1Nin gives an associated finesse ND = a/2. 
2) Microdefects of the plate surface: detects of mean 

depth X/n, with a Gaussian distribution, give ND  = 

n/407 

3) 1..aok of Parallelism: plates parallel to ›Vi have 

an associated finesse ND  = n/1.73 

4) Bowing of the moving plate: this causes an additional 

plate curvature which can be treated in 1), 

NR  is the reflection finesse 

NR = IL/K7 
	

060 2.3 

1 - R 

Where 1 =Ali; is the mean reflectivity of the plates, 



Ns is the scanning finesse 

Ns 
f2 Axi  

2 --- 
r 

for a circular scanning aperture of radius r and using 

a lens of focal length f to image the fringe pattern at 

this aperture. 

203 Emprimental treatment of finesse  

We shall consider the analysis for a given set of 

plates, in this case a pair of fused silica flats. 	The 

final value of NEFF  is limited by ND  since this quantity 

is a function of the plates used. This finesse will 

therefore be considered first :- 

(a) 	Surface defects finesse 

Spherical curvature of the plates was measured using 

the Fizeau fringe test [ref.22J. 	Fig.2.I shows such a 

test on X455a, HgI. Fig.2.2 shows the flatness 

(converted to \ 546A, Hg l) as a function of temperature for 

a one centimetre Fabry-lot aperture. The corresponding 

finesse a* room temperature was 28 4. 
For fused silica platesj ND due to microdefects should 

be > L5 at N54619. [ref.210] and so can be neglected compared 

with the above. 

Again careful adjustment of the fixed Fabry-Perot 

plate can render the effect of lack of parallelism 

negligible, 

The effect of variation of the moving plate speed can 

be seen from Fig.20 where a continuous scan of a HgI line, 

25. 



Fig. 2-1 Fizeau fringe test of 

X 

T 
(°C) 

23 

22 

21 

20 

19 

	

18 	  
0 	I 	2 	3 	4 	x  

units of /200  

Fig. 2.2 Plate flatness. I cm. aperture. X 5461A,Hg I. 

	

plate curvature.X4358 A,HgI. 	Fused silica F-P plates 

Z6. 

Fig. 2.3 Continuous F-P scan of X4799 A Cd I 2i/sec./division. 
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X54612, is shown. 	(Discussion of the continuous scanning 

procedure is more conveniently left to Section 2.6.) 

This scan shows the reduction of plate speed and therefore 

in time to scan 6>di, as the plate reaches its maximum 

amplitude. 	In addition, however, the finesse is reached 

due to bowing effects. The bowing finesse can be increased 

- at the expense of a reduction in light gathering power 

by reducing the Fabry-Perot aperture or by making the 

moving plate diameter larger than the piezoelectric tube 

diameter [ref.21]. However, we shall mainly be concerned 

with the central few fringes of a scan and will not consider 

this effect further. 

We shall therefore consider the overall finesse ND 

for the fused silica plates used as ND = 28 + 4. 

(b) 	Reflection finesse  

Silver coatings were evaporated on the plates using 

an Edwards Model 12 EA coating plant. When ion bombardment 

cleaning had been performed a base pressure 4/2.x 10 mm 

Hg could be attained with this equipment. 

The fixed and scanning plates were coated simultaneously 

so that RI.  Cr: R2. 	Initially the plant was calibrated by 

evaporating known lengths of Ag wire on the plates and 

subsequently measuring reflectivity, Rvand transmission,T; 

photoelectrically using a spectroY.eter equipped with a 

tungsten lamp continuum source. The calibration is shown 

in Fig,2 4 together with the £talon transmission [ref.20], 
A 2 --- 

-E = (1 1-R)  

calculated from the measured values of R ancrto 

(A = mean plate absorption = 	-51-152 Alt2) 
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Also shown in Fig. 204 is the reflection finesse 

NR,as a function of R 1  from 2.3. For later coatings the 

transmission was monitored during the evaporation. A 

D-C stabUised, high pressure, mercury lamp chopped at 

50 c/s was used as a source and the plate transmission 

and a reference beam monitored simultaneously on a double 

beam C.R.00  

Fig 2.4 Calibration of coating plant. Freshly deposited Ag. 
1= length of Ag wire deposited 

28. 
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(c) Scanning finesse 

This could be calculated directly from 2.k. Usually, 

however, we require a monchromator after the S.F.P. in 

order to isolate a particular line. 	11e shall therefore 

consider the scanning aperture as the rectangular entrance 

slit of the monochromator [see Fig.2.5]. 

Using the Fabry-P4rot relation :- 

nX = 2dcos i, i.e. i = cos-1   (N;  

Where X
o =X - AX is the wavelength transmitted for 

i = o. 

i, 2A 
No 

The transmission of the aperture for an angle of 

incidence i is [see Fig. 2.5] for y;:x 

2
r 	

l - x 	x . — sin (—
Y
) —

2
17 
 sin (h ) T  

4sin-lnk  

Fig.2.6 shows a plot of the transmission of the aperture 
against AX. This is therefore the scanning function. 

Also shown in the figure is y as a function of x. Thus 

if y = x we get the usual rectangular scanning function of 

widths  
)0c2 

which we expect for a circular aperture of radius x. 

In general, however, we get a non rectangular scanning 

function which is asymmetric towards the blue. 

AX 
If 	is small, 

A\= 
2f
2 



transmissio 
t= 0 

Fig 2.5 Rectangular scanning aperture. 

y=x-pi 

Xo: wavelength transmitted for i=0 

y= 2x 

7 	6 	5 	4 	3 	2 
	to blue 	(units of Xx2 1 	LX 

2f2  

Fig 2.6 Transmission,t,of aperture versus AX. 

Scanning finesse with a rectangular .aperture. 
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2,4 Effective finesse: Variation with wavelength 

Chabbal [ref.20] has shown that for optimum transmission 

of the Fabry-Perot system it is best to have :- 

ND  tiea 	Ns 	 ..• 205 

In which case, from 22, NEFFINio.6%. 

It is possible to make NR  and Ns  arbitarily large. 

However, ND is inherent in the plates (i.e., it is the 

limiting finesse) and though this can be increased by 

reducing the aperture this will be at the expense of 

signal to noise ratio. 	In the particular case considered 

in Section 2,5, 

ND  =2 28 + /v at X54618 

Thus if criterion 2.5 is satisfied we have, 

NEFF"j 17. 

Now in order to measure the widths  B7  of a broadened 

line it is usual to set AX
1 
such that 

 

.#0 2.6 
2 

Thus we expect from 2,1 and 2.6 

NEFF 	8 

2  

In this case measurements of B should be accurate to 

about + B/16 even without detailed knowledge of the instrument 

function shape. 

Thus optimum length gathering power together with a 

narrow instrument width is given by coating the plates to 

give :- 

NR%."N28 at454612. 

and achieving N 	28 atX5461a 
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• Ns  , scanning finesse =constant x X 

O : ND  , surface defects finesse(spherical curvature only) = constant x X 

• N. , reflectance finesse 	NR  + 27 = constant x X(experimental best fit) 
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Fig 2'7 	Finesse, N, versus wavelength, X, (fused silica F—P plates.) 
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We shall now consider the variation of NEFF  with wave-

length using the above values of ND  etc. 

Both ND  and Ns vary linearly with wavelength. These 

linear relationships,normalised to the measured quantities, 

are plotted in Fig.2.7. The mean values ofreflectivity and 

transmission of the plates were measured as a function of 

'wavelength. These values are shown plotted in Fig.2.8. 

Corresponding to the measured values of R from Fig.2.8 the 

variation of Nn with wavelength is plotted in Fig.2.7. The 

relationship is closely linear but does not pass through 

the origin, the best fit straight line beings  

NR + 	X 

33. 

0 
3500 	 4500 	 5500 	 6500 

X(A) 
Fig 2.8 Reflectivity, R, and transrnission,t, versus X. 	Fused silica F—P plate, 

freshly coated with Ag. 
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The variation of NEFF with wavelength using 2.2 and the 

measured values of ND, NR  and Ns is also shown in Fig.2.7. 

To check the calculated NEFF  several lines were scanned 

through at slow speed (i.e. "%01 211S/AX, at>ii 54611 ) using 
the procedure described in Section 2.6,which follows,and 

NEFF  in each case measured from the half-width of the central 

fringe of the scan. These values compare well with the cal-

culated values of NEFF as is seen from Fig.2.7. 

In all measurements of instrument functions it is 

arranged that broadening of the line used for measurements 

is negligible. Low pressure lamps were used in this work, 

the line source widths being measured with widely spaced 

Fabry-Perot plates. These are tabulated below :- 

X Source Line width (R) 

4046 HgI 0.02 + 30% 

4348 HgI 0,02 + 3C% 

4678 CdI 0.03 + 30% 

4799 CdI 0.02 + 30% 

5085 CdI 0,03 4 30% 

5461 HgI 0.03 + 30% 

5895 Nat 0.06 + 0.01 

Correction for the source width only had to be made for 

)08958 in the previous results. 

A useful result from this analysis is that NEFF varies 

approximately linearly with wavelength. NEFF = constant xN, 

(normalised to the experimental NEFF for;k4799R)  is plotted 

in Fig.2.7. Measurement of the instrument profile at one or 



35. 

two wavelengths could therefore be used to give the instrument 

width at all wavelengths from X 4000 -X600& with an error 

of < 10%. 	Correspondingly the instrument function shape will 

not alter appreciably through this range though dispersive wings 

will become more apparent at lower wavelengths. 

Another result from the above analysis is that the 

instrument profile can probably be well estimated from the 

relevant formulae without resorting to scanning a 'narrow 

lines. 	This is useful in scanning a plasma line which is so 

narrow that an tunbroadenedt line cannot be found for 

measurement of the instrument width. 

2.5 Light gathering power 

As mentioned previously Chabbal [ref,20] shows that the 

optimum condition for the use of a Fabry.-Perot with regard 

to both resolution and light gathering capacity is that 

ND",  NR  0•4e Ns 

In fact from the light gathering point of view he shows 

that if, 

ND 	NR 4: 2ND 	 ..• 2,7 
2 

the optimum transmission is not changed by more than 20%. 

Criterion 2.7 can be seen to be satisfied from \4000a 

to X60002. from Fig.2.7. Conveniently, the optimum value 

of R given by equation 2.5 also gives a good value for the 

etalon transmission (~65% from Fig.2.4) in our case, 

Again it can be noted that since the Surface defects 

transmission coefficient is 

= NF  

NR 
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(where 1/NF2 	1/NR2  + 1/ND2  ) 

then increasing the aperture decreases ND so that reducing 

NR to satisfy 

NR = ND 

may cause the absorption of the silver coating•to be increased 

[ref030]. This means that tE may be reduced. This occurs 

because tE does not vary monotonically with R for silver 

coatings [see Fig.2.4], 	Thus in such a case the overall 

transmission may not be increased in spite of the effective 

finesse being reduced. 

In the system used for scanning lines another limitation 

on the light gathering power is often set by the monochromator, 

For all the work described in this thesis a small Huger 

constant deviation spectrograph was used. To match this 

f/9 instrument with the Fabry-P4rot of 1 centimetre aperture 

a 9 centimetre focal length imaging lens should be used. 

To give the same scanning finesse corresponding to the previous 

considerations a slit width 2mm in desirable corresponding to 

accepting a bandwidth 'N./120a at) 5000x. 	In practice rarely 

could a bandwidth of this magnitude be accepted without a 

considerable number of lines being viewed. 

Therefore the slit width must be reduced giving an 

asymmetric (though albeit narrower) scanning function and 

reduced luminosity. The system was therefore often limited 

by the poor dispersion of the constant deviation (rather than 

the f-number of this instrument). 

2.6 	Continuous scanning of line profiles  

The set-up used for the continuous scanning of line pro- 

files from a stationary source is shown in Fig.2.9. 
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Fig. 2.9 Line profile recording system using the rapid-scanning Fabry-Perot : (i) continuous scanning with time-independent 
light source. 
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This arrangement was used for obtaining instrument 

profiles on lines emitted by low pressure lamps and also for 

studying the radiation from an R.F. plasma torch and a 

conventional shock tube (see Chapter 10). 

An 'Advance' oscillator was used to drive the piezoelectric 

element via a Quad II amplifier, A 6 inch long tube was 

used throughout this work. 	This resonanted in its longitudinal 

mode at an iuput frequency ",o15 K.C/s. An applied voltage 

es,30v was capable of giving a scanning rate"..0.3p, sec per 

free spectral range at ),54612. Increased power input 

was found to cause either the tube, or the bonding of the 

plate to the tube, to fracture and the theoretical limit of 

0.1.p.s/A,, quoted by Grieg, was not achieved in practice, 

For stable running the tube was first clamped lightly 

at its centre and then driven continuously for several 

minutes to allow it to achieve an equilibrium position. The 

clamp was then tightened. The output from the photomultiplier 

(usually an R.C.A. 117,28) was amplified evlOx using the transistor 

circuit described by Cherry and Hooper [ref023] and 

matched into an Tektronix 555 C.R.O. equipped with a 

G-type plug in unit. The minimum response time of the 

detecting system was Pv15n.sec. 

2.7 Sinnle shot scanning of line profiles  

The set-up which was used for scanning the line 

profiles emitted by transient discharges is shown in 

Fig.2.10. A Z-pinch source,am described in detail by 

Curzon Eref.243l is shown in this figure. The use of the 

units used for the S.F.F. can be understood with reference 

to Grieg's thesis Cref.213 or reference 1 • 
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Fig 2.10 Line profile recording system using the rapid scanning Fabry-Perot :(ii) single shot scanning with a z-pinch 
transient light source. 
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It was found necessary to make the loads on each side 

of the phase splitter in the pulse forming unit different 

(i.e. ratio 0.02:1). 	This meant that an output pulse 

was obtained every cycle of the oscillator rather than every 

half-cycle. Originally slight distortion of the oscillator 

voltage waveforms meant that the output pulses every 

half cycle were not equally spaced in time and consequently 

two different triggering times were possible. 

With this apparatus it was found to be possible to 

scan through a line profile of maximum finesse in eV0.311 

sec (at X 54612) at any required time in the discharge 

history predictable to rv0.1p, sec. 

For convenience the instrument profile was usually 

obtained from a subsequent shot in the afterglow of the 

transient discharge rather than using a low pressure lamp 

and the system of Fig.2.9. 	In this case it was necessary, 

using widely spaced Fabry-Perot plates, to check that the 

afterglow profile was effectively unbroadened compared 

with the profile under study. 	In addition, to avoid 

saturation of the photomultipIier by the 'pinch' intensity, 

the photomultiplier was gated during the peak light output. 

This was conveniently done by applying a positive pulse 

(amplitude 80v, duration 2011 sec) from the delay unit to 

the first dynode of the photomultiplier. The time of 

gating could then be varied at will. 

The continuum background on a line profile shot could 

be obtained by taking a subsequent shot in a nearly, line 

free, region of the spectrum. Neglect of the continuum 

would give a larger line a  - a  width than the actual value 
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W by an amount, 

5 = x/Imw 
Where xd\and limAare the continuum and line 

intensities, respectively, in a wavelength interval d\ 

centred on the peak line intensity. 

Often it is not easy to find a suitable line free 

region near the line under study and therefore working 

conditions are best chosen such that x/Im  is as small as 

possible. This is particularly true for a tcrowdedi 

spectrum such as that emitted by AII. 

2.8 Measurement of line shifts  

No attempt was made to measure Stark shifts using 

the S.F.P. for the following reasons:- 

Firstly slight jitter in triggering meant an 

uncertainty in time, and correspondingly wavelength, 

in correlating successive shots. 

Secondly, even if an unshifted profile of the same 

line (from say a Geissler tube) were recorded on the same 

shot as a plasma shifted profile, the finite scanning 

aperture used causes a shift in wavelength of the trans- 

mission maximum, 	
A\l/2NF 	from Fig.2.6. 

This means that solid angle accepted must be the same 

for the shifted and lunshiftedt line sources for this 

systematic shift to be unimportant. Difficulty can thus 

be experienced in finding a bright enough lunshiftedt line 

source to show up against the bright plasma line. In any 

case the accuracy of the shift measurement would not be 



-good unles d.:mere large compared with 4, . In fact, 

as we shall see in Chapter 5, the milt difficult shifts 

to treat theoretically (and therefore those which are most 

interesting to study) are those which are small and to the 

blue. 

In the advent a far more suitable instrument for 

measuring shifts has been designed and built by Burgess 

[ref.25]. 	'1e shall therefore only consider calculated 

values of shifts in this thesis. 
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CHAPTER 3  

MEASUREMENT OF IMPACT BROADENED WIDTHS OF All 

LINES EMITTED BY A LINEAR PINCH  

3.1 Introduction 

The following seven chapters describe one consistent 

course of work. The aim of this was to investigate, both 

experimentally and theoretically, the electron impact 

broadening of lines emitted by singly ionised argon ions 

in a plasma. 

For an adequate investigation of the theory we can 

see from 1.8 that we require measurements of electron 
broadened line i 	widths, W, at known values of Ne and 

Te. 

In this chapter some measurements of W for several 

All lines, using a linear pinch discharge in pure argon 

as a source, will be described. 

302 	Source used and previous work 

The source used for these initial measurements was a 

Z-pinch in pure argon built by Grieg [ref.21]. A 

condenser bank of 1944 itr.. capacity capable of being 
charged to voltages up to 5 kv was connected across the 

discharge tube. This could be discharged by a single 

spark gap in argon triggered by a 15 kv.pulse applied to an 

auxiliary electrode set in the gap. This device, together 

with the associated charging and triggering equipment was 

fully described in reference 21. The discharge could be 

viewed side on through the fine copper gauze earth return 

which covered the tube. 
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Spectroscopic results ,on this device were obtained by 

two previous authors, [refs. 11 and 21]. Under typical 

conditions (which we used later on) of 2 kv bank voltage . 

and 0.25 torr filling pressure, the following results are 

of relevance :- 

(a) Time integrated spectra taken by Burgess [ref.11] 

and resolved spectra by Grieg showed the predominant line 

radiation was of AII. 

(b) No impurity lines were found which were likely to 

cause trouble in this work by overlapping strongly with 

those lines of AII whose broadening parameters had been 

calculated by Griem, and which were therefore of interest 

to us. 

(c) Line width measurements on ^11,8068 AII were made for 

a range of conditions by Burgess who scanned the line on a 

shot to shot procedure using a photoelectric recording 

spectlometer. He obtained good fits of the observed 

profile to the dispersive profile expected for electron 

impact broadeniria. Assuming Griem's broadening parameter 

[ref.2] the width led to value of Ne at peak compression 

NI 2.2 x 1018  cm-3  (at 2.0 kv, 0.25 torr). A similar 

peak Ne was calculated by Grieg [ref.21] under slightly 

different initial conditions (2.5 kv, 0.25 torr). 

(d) From a Boltzmann plot of relative A;I line intensities 

Burgess obtained a figure for Te =26,000°K + 20% at the 

first pinch. A somewhat lower figure was obtained by 

Burgess using pressure measurements of Measures [ref.261 

Ne from (c) and assuming Ni = Neo 
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(e) Burgess deduced that the plasma was optically thin 

to \4806R radiation from the equality of the width of this 

line and that of 4848R. These lines should have the 

same widths when optically thin [ref.2] but different when 

optically thick, due to their different intensities. 

However calculation of the optical depth of 4X4806R, 

using his values of Ne and Te, led Burgess to conclude that 

the plasma dimensions for optical thinness were less 

than those measured from Framing camera photographs. 

This led to Burgess postulating the existence of a 

hot, highly ionised narrow core to the plasma. Such a 

narrow core seemed to be substantiated by the small plasma 

dimensions found by Measures [ref.26] using a pressure 

probe. 

These points will be further discussed in the light 

of results described in Chapter 4. 

3,3 Limits on the required line width  

It was desirable in our measurements that electron 

impacts should be the major source of plasma broadening. 

In this case the line shape should be defined uniquely 

by 11 (Te) and consequently this parameter could be 

determined to the maximum accuracy. Therefore Cie following 

limits were arbitarily set :- 

(a) At low Ne and high Ti Doppler broadening becomes 

important. 	If we set the (arbitary) criterion that the 

electron impact width, 21/1  should by 	98% of the total 

line width, we have from 1.12 :- 

W 	5.9g 



Taking Burgess' value of To (from 3,2d) and setting 

Ti = Te (i.e. assuming L.T.E.) 

W 	0.27?,  

In fact this criterion is not very temperature 

dependent since g a TO and W (= 	(te)Ne) also only 

increases rather slowly with temperature [see Chapter 5]. 
(b) At high (ion) densities the ions may contribute 

significantly to the line width as well as the electrons. 

The resultant 1 - 1 width of the profile is then gi7en 

by 1.11, 

Where R a NtAS  d'e I 

and 	a a N41 
	) reference 2 

If we again make the criterion that 98% of the width 

is due to electron impacts and use Griemts values of 

and a for )k480a we obtain:- 

W 	7 	(for Ni"- Ne) 

However at this limit many lines overlap completely. 

Even apart from this a far more stringent condition is 

imposed practically, i.e. by the minimum desirable 

separation of the Fabry-Perot plates. 	To avoid dust 

being ground between the plates when these are oscillating 

this is best kept .> 0.1mm. 	This means LA < 12a at 

X 5000a and correspondingly a maximum resolvable width 

21Jev6a (from 2.6). 

(c) If two lines are rather closely spaced then, assuming 

the upper states do not mutually perturb one another, the 

resultant profile can be computed simply knowing the 

widths and relative total intensities of the lines and 
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oddino tho cpc>pnrate profiled incoherently. However this 

introduces the complication of knowing the relevant line 

oscillator strengths. Therefore Ne is best kept as low 

as possible [consistent with (a)] for such lines so that 

they are effectively isolated. 

(d) 	In addition to the above criterion it is desirable 

that the observed profiles are not appreciably distorted by 

radiative transfer. 

For the case of dispersive profiles the equation of 

radiative transfer for L.T.E. is given by [ref.27] 

= 	Sy  [1 -ex k o /1+(V/W)t 
	

000 301  

Where Sy  the source function, is independent of V 

for L.T.E. 

is the optical depth at the line centre. 

In the optically thin case1D
o 

1, the observed 

profile, Iv , is dispersive with - 2  width W. 

Fort large the profile is not dispersive and has 

a 2 	i width WI which by solving 3.1, is given by :-. 

Wt/W =itto/ln(2/t1+e't ))-1 	000 3,2 

Burgess [ref.11] has shown that the shape of the 

profile is rather insensitive tot
o. 

Thus, if we require less than 5% increase in width due 

to self absorption, we require from 3.2, 

< 0.25 	 ... 3.3 
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3,4 	Choice of working conditions 

Suitable working conditions, chosen to satisfy the 

above criteria, were found from a series of line profile 

and framing camera measurements. 

Initially single shot scans of 4806 All were taken, 

using the procedure outlined in Section 2.7, for a variety 

of different bank voltages and pressures. Results of 

measurements of W at two bank voltages are shown in Fig. 

3.1. The excellent reproducibility of the results of 

several shots is readily seen on this figure. Measurement 

of W for quantitative purposes was best done at peak 

compression where W was quasi-stationary. 

Measurements at higher voltages proved unsuitable due 

to the large line widths obtained (violating the criterion 

in Section 3.3) or, at lower filling pressure, because the 

time variation of W was too rapid for convenient measure-

ments to be made. 

Framing camera photographs were taken of the discharge 

for bank voltages of 1.5kv and 2.0 kv using a Barr and 

Stroud type C.5 rotating mirror camera. The speed typically 

used was 0.63 11, sec per frame with an exposure time 

N 0.311 sec per frame. Framing camera photographs, 
current waveforms and total intensity of X4806X were 

monitored simultaneously under each of the following 

conditions. 
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Filling pressure (Tory) 

1.5 kv 2.0 kv 

Breakdown 

irrepro- 

ducible 

0425 

0.11 

0.25 

0.50 0.50 

1.0 1.0 

The camera aperture was adjusted so that overexposure 

of the film was avoided in order to allow rough measurements 

of the 'pinch diameter' to be made. 

Under all the above conditions the peak compression 

seen from the framing camera photographs was seen to 

coincide in time with the peak All line emission and 

continuum emission and with maximum width of the line 

profiles. Thus the peak Ne and Te occurred at peak 

compression. 

No conclusive difference was seen when photcgraphing 

with a red filter to pick out AI (whose line emission is 

strongest in the red) or a blue filter for AII. 

Breakdown of the discharge tube was not very reproduc-

ible at 0.11 torr, 1.5 kv. Also the pressures higher than 

0.25 torr showed larger pinch diameters with consequently 

greater possibilities for self absorption [ref.27]. 

Therefore the most convenient conditions decided on 

were 1.5 kv and 2.0 kv at a filling pressure of argon of 

0.25 torr. 
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A typical Fabry-Perot fringe sequence taken at 

2.0 kr. 0.25 torr for X4806R is shown in Fig.3.2. Also 

shown in this figure are the time correlations with the 

framing camera photographs. The total All line intensity 

is correlated with the frame number in Fig. 3.3 

Fig 3.3 upper trace: All line intensity. 

lower trace: Framing camera pulses. 

1st pulse (- ye )  =- 3rd frame. 

2nd pulse (+ye)E-_--. 17.56  frame. 

(5/t,se,c 
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3.5 Check of optical thinness of plasma 

It is necessary to show that the plasma was optically 

thin under the two conditions chosen, for the strongest 

line studied (i.e. X48068). 	Since the purpose of this 

work was to measure line widths it was convenient to put 

these to additional use as a test of optical depth, using 

a method suggested by Burgess [ref. 11]. 

This test consists of the comparison of the observed 

widths of lines, 2W, which should have equal widths, 

2W, in the limit +,r o4K1. 	If these lines have different 

strengths then the values of to  and hence Ws will be 

different irrespective of the value of W. 

The best line to use with X 48068 for this test is 

X 5062 due to the widely differing strengths of these two 

lines. Also Griem [ref.2] quotes the optically thin 

widths as equal (in frequency units). 

For these singly ionised lines to  can be expressed 

in the form [ref.27] 

o  0/8n2U1C)(gmAmnN1/11.(Te)Ne) 0EWn/kTt) 

x(1-e*h‘P/kTOS 	• • • 3114 

Using equations 3.2 and 3.4 the ratio of the observed 

widths of )1/4  48068 andA5062R can be evaluated as a function 

ofir o forX4806R. 	This relation is plotted in Fig.3.4. 

Thus if the minimum detectable difference in widths 

of these lines were 1096 an upper limit toto  of about 0.4 

could be set forW 068 and correspondingly about 0.06 

for Nk 5064 
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These figures would correspond to "i10% increase in 

broadnning cd)\48062 and,v0 for X50625Z. 
The usefulness of this test lies in the fact that 

absolute values of ft (Te) need not be known. Other cases 

of lines of equal W, for which this test could be used, 

could be expected as follows :- 

(1) Assuming, as in Griemts theory, that the lower state 

broadening of lines can be neglected then all lines which 

arise from, the same upper state should experience the same 

electron impact broadening and shift (in frequency units). 

The justification of this assumption in the case of 

heavy element emitters will be discussed in Chapter 9. 
(2) All lines within a particular multiplet will have 

approximately the same impact widths and shifts for the 

upper state (again in frequency units). This is because 

the perturbing level schemes will be much the same for all 

levels within a multiplet (assuming relatively small J- 

splitting compared with 1-splitting). 	Thus if lower state 

0.5 1.0 1.5 2.0 3.0 
to  X4806 A 



broadening is neglected these lines would.be expected to 

have the same resultant widths and shifts, 	In fact, 

Griem has calculated the parameters 11 and k/l. for the 
strongest line in each multipiat only. Again the justi-

fication of the above assumption will be discussed more 

fully in Chapter 5. 

The experimental ratio of line 	width, to 

that of AL180640/A5062 and two other lines of multipiet 

6 is shown below:- 

(The measurements were made at peak compression at 

2.0 kv and a filling pressure of 0.25 torr.) 

Line 

R 
Optically : 
thin ratio 

(frequency 

units) 

Optically 
thin ratio 

(wavelength 

units) 

Measured 
ratio 

(wavelength 

units) 

4833 
5062 
4848 

1.00 
1.00 
1.00 

1.06 
1.07 
0.93 

1.05 
1.10 
1.01 

The experimental error in these ratios was",10% so 

that to within this error all these lines were optically 

thin, 

The same conclusions were obtained for the conditions 

1.5 kv, 0,25 torr. 
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3.6 Measurement of other All line widths 

A total of nine All lines were studied under both 

conditions chosen in 3.4. Since x,48065 was the strongest 

of these all lines could be assumed optically thin from 

Section 3.5. Further an estimate of the Zeeman splitting 

of each line could be made knowing the current at the 

pinch and the relative intensities and splitting of the 

components from ref.28. Assuming every Zeeman split 

component had the same Stark width the increase in width 

for all lines was 4:1%. 

A typical line profile is shown in Fig.3.5. This 

figure also shows the good fit of the experimental profile 

to the expected dispersive shape, which was found for all 

lines studied. rile effects of plasma inhomogeneity -

which would tend to give asymmetric non-dispersive profiles 

would therefore appear to be small. 

It seems most likely therefore that the dominant 

broadening meahanism for all the lines studied was electron 

impact giving a line 1 - 1 width W. The measure values 

of W are tabulated in Fig.3.6 for the nine lines studied, 

307 Discussion of results  

Using Griem's values of.n. (Te) and 1.8 together with 

the values of W tabulated in Fig.3.6 the corresponding • 

values of Ne for each value of W are tabulated in Fig.3.7. 

Burgess' value of Te = 26,000°K was used for the 

2.0 kv, 0.25 torr measurements. The same value was used 

for 1.5 kv, 0.25 torr. This is not too unreasonable as 

the values of n. are rather slowing varying functions of Te 

56. 



Continuurr Intensit 

.6,X,-7 7.9 X A X,= 7.9 X 
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Fig 3.5 Comparison of theoretical with observed line profiles. (x  4848A An) 



FIGURE 3.6  

MEASURED 1 - t WIDTHS, W, OF SOME All LINES 

LINEAR PINCH : 0.25 TORR FILLING PRESSURE OF ARGON 

Multiplet 

number 
Line 

(3) 

T 

Tr=sition 

Lower - Upper 

Tube 
volts 
(kv) 

V CR ) 

1 4460.6 3d4D2i - 4p4P°21 1.5 0.35 + 0.03 
2.0 0.75 + 0.08 

2 4013.9 3d4D 	- 4p4D° 1.5 0.43 + 0.08 
31 	f 2.0 // 

4806.1 4s4P21 - 4P4P°21 1.5 0.53 + 0.04 

2.0 1.40 + 0.10 

4933.2 4s4P 1 - 4134P° 12 	i 
1.5 0.49 + 0.04 

6 2.0 1.48 + 0.13 

4847.8 4s4 	- 4p4Pi Pli 
1.5 0.49 + 0.04 

2 2.0 1.30 + 0.10 
. , 

5062.0 4s 131 	- 4P4P°13. 
1. 5 0.60 + 0.04 

2.0 1.52 + 0.16 

4348.1  - 1.5 0.30 + 0.05 484132.1 	4p4D;1 
2.0 0.80 + 0.10 7 - 

4266.5 4s4P21 - 4pD°  
1.5 

2 i 
0.34 + 0.05  

2.0 1.10 + 0.07 
',. 

10 3850.6 4P 	-ty LrAc° 4s 	1.1-- 	- 1 
1.5 0.71 + 0.20 

12 2.0 ../". 
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[ref. 2 J. In any case Te cannot be appreciably different 

for the two conditions. This is because the differences 

in Ne given in Fig.3.7 can largely be accounted for by the 

relative compression ratios estimated from the framing 

camera photographs. 

FIGURE 3.7 

Line used a) 

(units of 1018 	-3) 

1.5 kv 	2.0 kv 

4460.6 0.99 2.6 

401349 1.1 - 

4806.1 0,72 1.9 

4933,2  0.63 1.9 

4847.8  0.64 1.7 

5062,0 0.71 1.8 

4346,1 0.71 1,9 

4266,5 0.83 2.7 

3850.6 - 1.7 

The average value of Ne (at 2.0kv) is in good agree-

ment with the results of Burgess and Grieg [refs. 11 and 6 
respectively). However, some discrepancies - which are 

outside experimental error - occur in the tablei- 

(I) X44602. has a smaller width than ,48062. though the 

two lines have the same upper state (Fig.3.6). This 

suggests that lower state broadening accounts for the 

difference in widths. The fact that the lines of multi-. 

plet 6 appeared internally consistent with the assumption 

59. 



60. 

of no lower state broadening (Section 3.5) is not necessarily 

contradictory to this. The lower levels of the multiplet 

6 lines, as the upper levels, are of the same tppm and do 

no differ differ much in energy so the resultant widths (with 

lower state broadening important) could quite easily be 

the same. 

Also the value of Ne obtained from X 4J6O was 

larger than that from X4806R. This is because Griem 

quotes different values of Q (Te) for these lines even 
accounting for the A2  factor in conversion to wavelength 

units. More definitely d/W (which is independent of X ) 
has quoted values which are completely different and in 

opposite directions. Since Griem has only considered the 

upper state of each line in his calculations [ref. 2] the 

quoted parameters for at least one of the lines must be 

incorrect. 

(2) The widths of the lines of multiplet 7 differ. 

These lines have the same lower state so we cannot account 

for this by (1). Also the stronger line 004348a) is 

narrower so that reabsorption cannot account for this. It 

seems most likely, therefore, that the difference is 

caused by the different upper states. 	This conclusion is 

rather disturbing from the point of view of the optical 

depth test but the overall consistency of the four multi-

plet 6 lines suggest that reabsorption is, in fact, 
unimportant. 

Again the widths of the )0048R line differs from 

the multiplet 2 line )\4014R in spite of the common upper 

state. This is again indicative of the importance of lower 



state ' 	interactions. 	Similar to (1), Griems quoted 

values of d/W for the two multiplets are different. 

To summarise, we have shown that the Z-pinch provides 

a useful too], for studying Stark broadening. 	It is easy 

to attain suitable values of W and thus Ne with this device 

and therefore enable measurements of W to be made without 

other sources of broadening being of any importance. 

The effect of reabsorption seems unimportant and the symmetry 

of the observed profiles suggest that effects of plasma 

inhomogeneity are also unimportant. 

We have shown from the relative line width measurements 

that discrepancies occur from Griem's calculated widths 

in such a way as to indicate unwarranted simplifications 

have been in the theory. 

However, it is obviously desirable to put the above 

results on a more quantitative basis, i.e. primarily 

by making an independent measurement of Ne. At the time 

this work was done it was not thought possible (unjustifi-

ably as seen later in Chapter 6) to make an accurate 

independent measurement of No on this discharge. 

Measurement of the width of a line with a checked 

broadening parameter was not favoured. There were many 

reasons for this. 

Firstly, one would have to rely on neutral species on 

which values all have been checked, (see Fig. L1). If 

the neutral element had a low ionisation potential the 

element would either be largely ionised under our conditions 

or the lines too broad to be observable (say /14,4 10OR for AI 
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lines)-.. For an element with a high 'first ionisation 

potential demixing problems could occur and the lines could 

still be so broad that working conditions, bot satisfying 

Section 2.5, would have to be tolerated. 

In any case, though this method could (and has) been 

used under different conditions it is not strictly an 

independent measurement [see Chapter 5]. 

As any absolute line measurements are rather susceptible 

to experimental erroriand in any case the internal consistency 

of measured All line oscillator strengths at this time. 

was poor [ref.2?], attention was turned to the possibility 

of measuring Ne from the plasma refractivity. 

It was thought that large gradients of Ne in an 

unstabilised pinch would cause refraction of a laser beam 

probe out of the plasma. Therefore attention was turned 

to the possibility of measuring the refractivity, using a 

laser, on the more diffuse plasma produced by a stabilised 

discharge. 

This forms the topic of the following Chapter. 
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CHAPTER 4 

STUDY OF All LINE BROADENING USING A Bz 
STABILISED, PINCHED PLASMA 

4.1 Introduction 

 

The main reason for transferring attention to the Bz  

stabilised pinch as a source was to allow measurements of Ne 

to be made, independent of any assumption in Stark Broadening 

Theory, to correlate with measured electron impact broadened 

line widths. This device was used since Dangor and Wheeler 

[ref.32] had already shown the feasibility of making laser 

interferometric measurements of Ne on the plasmas produced. 

In particular attention was concentrated on )018808 

AII, The Stark width of this line was required for use in 

estimating electron temperatures in the plasma by a method 

suggested by Burgess and Cooper Eref.27]. This method 

involved measurement oft°, for the,\488OR line emitted by a 

L.T.E. argon plasma, by means of resonant absorption of the 

All laser line X4880R. These absorption measurements were 

performed by another member of this department (Troughton, 

to be published). 

We shall also discuss some measurements of Te using the 

same basic suggestion of Burgess and Copper but employing 

measured optically thick line widths. This method had the 

advantage, in our case, that the absolute value of the 

optically thin Stark widths [orgI(Te)] need not be known. 

4.2 Source used 

 

The source consisted of aZ-pinch discharge in a tube of 

9.2cm internal diameter with an inter-electrode distance of 
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38cm. This was driven by a condenser bank of 100011.f.d. 

which could be charged up to 5 kv.and triggered by a single 

spark gap. 

Provision was made for the application of a Bz  stabilising 

field by discharging a 'bank' of capacity 2000u.f.d., at 

voltages up to 5 kv, through a coil around the discharge tube. 

The current in this coil could be crowbarred at its first 

maximum to provide a magnetic field constant in space and 

time to within 5% throughout the duration of a discharge. 

The device was designed and built by A.E.Dangor and 

C.B.Wheeler of the Plasma Physics Department and a comprehensive 

discription of the apparatus will appear in the former's 

Ph.D. thesis (to be published). 

4.3 Initial diagnostics of the Bz  pinch 

An extensive investigation of the characteristics of 

various laser systems for the measurement of plasma 

refractivity has been performed by Dangor (to be published) 

and Dangor and Wheeler Cref.32]. 

For our measurements a Mach-Zehnder system was adopted, 

giving good time response and high luminosity. The integrated 

refractivity along the tube axis was determined with a Helium-

Neon laser operated at \6328$ [Fig.4.1]. 

The line profiles were viewed perpendicular to the plasma 

column using an All laser to line up on,k488OR [Fig.4.1]. 

The timing system shown in block form in Fig.4.2 was used 

to enable simultaneous measurements of both Ne and the line 

profiles. The crowbar was triggered at the first half 

cycle peak of the magnetic field and the discharge triggered 
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PULSE 
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OSCILLATOR 
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V 

DELAY DELAY PULSE DELAY DELAY 

0-100dusec 200/usec BOOSTER 0-100/Lsec 0 —100,1sec 

MAGNET 	 CROWBAR TUBE 
TRIGGER 	 TRIGGER TRIGGER 

UPPER BEAM TIME BASE 

TEKTRONIX 
555 (I) 

VARIABLE 
DELAY 

V 

UPPER BEAM TIME BASE 

TEKTRONIX 
555 (2) 

VARIABLE 
DELAY 

LOWER BEAM UPPER BEAM LOWER BEAM UPPER BEAM 
CURRENT MAGNETIC FABRY—PEROT LASER 

FIELD 

10/usec/cm. 	200,sec/cm. 	liisec/cm. 	10/asec/cm. 

Fig. 4.2 Bz  stabilised Z—pinch. Block diagram of control system. 
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‘01100µsec later so that a uniform Bz  field existed during the 

plasma's lifetime. The sequence of laser fringes and the 

S.F.P. profiles were recorded and correlated in time on a 

Tektronix 555 C.R.O. with provision for delaying the time base 

of one beam. The Bz  field and discharge current could be 

similarly recorded. 

Preliminary spectra were taken with a Bulger medium 

quartz spectrograph. Those spectra, taken at a filling 

pressure of argon of 0.20 torr and a variety of discharge 

conditions, showed predominantly the lines of singly and 

doubly ionised argon. Some of the lines which were 

investigated in this work are indicated on Fig.4.3. 

biummmomminno 
111111,1 

I I- 	l  w +-4-4- h
t., m. 	w...0 'a a- cr- to 	or.** ., 
> 	 np > 	 0'.cl,  0 ,'" 

1=k 	 1=1 1=1 	 1.1. > 
14f41:4  I-11 

Fig 4-3 Medium Quartz Spectrograph. 

Argon, 0-20 torr. Bz  = 5 Kgauss. 

Bank voltage. 	1.0 k.v. 

b) 1.5 k.v. 

k.v. 
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Initial simultaneous measurements of Ne and the line 

profiles were very reproducible from shot to shot for given 

initial conditions of filling pressure and bank voltages. 

Therefore, for simplicity, subsequent measurements of Ne and 

the line profiles were done separately. Further, the rates 

of growth and decay of Ne, at the conditions studied, were 

not fast enough for the time response of the detecting 

system to be critical. Therefore subsequent measurements of 

Ne were made with a Falyry-Perot system since, for a given 

change in refractive index, this gave twice the number of 

fringe shifts given by the Mach-Zehnder system. Consequently 

Ne could be determined to twice the accuracy. 

Assuming that the dominant contribution to the plasma 

refractive index, 	is given by free electrons 

= 	[1-(WPAII)2]LN 1 -(Ne e 2 x2/2  yr  mo) 	
00* 4.1 

[ref.33] where W is the probing frequency. 

We shall justify in Chapter 6 that this is the main 
contribution to IL. 

The optical path difference caused by introduction of 

plasma in the tube is :- 

•µAll = n A (Mach-Zehnder) 
4.2 

n 	(Fabry-Perot) 

Where n is the number of fringe shifts 

L is the tube length. 

Therefore for a Fabry-I4rot system, from 4.1 and /,..2 

NeL = 1.69 x 1017n am-2 
	

... 4.3 
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The optical set up used is shown in Fig.4.4 

andthe variation of Ne with time for three bank voltages is 

shown in Fig.4.5. The extreme reproducibility through the 

first compression is shown by the two runs at 1.5 kv [Fig.4.5] 

Between these two runs tha discharge tube was changed and 

pumped down to a backing pressure of 0.01 torr only. 

The line profiles were obtained on a single shot basis 

similar to that described in Chapter 3. 	In the present case, 

however, the A4800. line was appreciably broader than 

A 506d showing that self absorption was important. 

Results obtained at one initial condition are shown in 

Fig.4.6. 	On this figure the time scale of the line profile 

sequence is indicated on the time base of the laser fringe 

sequence. The maximum line width and peak AII, AIII and 

continuum intensities occur at the same time as a turning 

point on the laser fringe sequence. This could therefore 

be interpreted unambiguously as the time of peak Ne. 

Thus the rise and felt of Ne could be ascertained using 4.3. 

Also from figures 4.5 and 4.6 it can be seen that Ne is 

constant to n+5% over the time of the four fringes of 

maximum finesse shown in Fig.4.6. The continuum intensity 

was also nearly constant over this time. Therefore Te, 

and consequently fl (Te), could be assumed reasonably constant. 

The instrument profile of the S.F.P. was measured as 

before from an afterglow shot when Ne (from the laser 

measurements) had fallen to a known fraction of its peak value. 

The All laser line could not be used since the high spatial 

coherence of the beam would give a. smaller limiting solid angle, 

and consequently larger NF, than for the plasma measurements. 
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Some results for peak Ne and corresponding line 1 

widths, assuming dispersive profiles, are shown below :- 

Line (2) Measured WI Theoretical 
W 

W'/d 

Ne _ 4880 0.18 + 0.016 0.028 7.1 + 0.6 

4.0x10
16cm

-3 

+ 2% 
4806 
5062 

0.16 + 0.016 
0.10 + 	.008 

0.028 
0.031 

5,7 + 0,6 
3.2 + 00 

Ne 4880 - - - 

2.2x10
16cm

-3 

+ 2% 

4806 

5062 

0.090 + .008 
0.061 + .006 

0.015 
0.0165 

6.0 + 0.5 
3.7 + 0.4 

Each measured WI quoted was the average of three shots. 

Also quoted are the theoretical widths assuming Griem's 

broadening parameters [ref.2] and arbitarily using Te = 

20,000°K. The measurement of Te is discussed later in this 

Chapter. 

4.4 Optically thin line widths  

It is obvious from the previous results that the ratio 

of the measured width of X48062 to A50622 is much greater 

than one would expect if the lines were optically thin. 

This conclusion is independent of knowledge of Te or .l (Te) 

but only makes the assumption (Chapter 3) that these lines 

have the same widths when optically thin. 

To allow for the effects of self absorption we have 

to estimate the optical depth,1%, at the centre of each 

line using 3.4. o/$ as a function of Te and Ne 

is plotted in Fig.4.7 for X48062 and X50622. At low 
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=5-8x 1016 cm 3  

to= optical depth at line centre 

S = plasma dimension 

to, 
S 
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Fig.4-7 to/s  versus Te  for two All lines. 
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temperatures this quantity is independent of Ne due to the 

substitution of N s  = Ne in relation 344. 

If the ratio of the optically thick (measured) width to 

the optically thin width is known,to  can be found from 

relation 3.2. 	This relation is plotted in Fig.4.84 

Wi6 

5 

4 - 

3 L 

2 

1 
5 	10 20 	25 t. 

Fig. 4.8 Ratio of optically thick to thin line widths,w,  versus t. for a 
dispersive profile. 

Assuming the ratio W'/W forA4806R at Ne = 2.2 x 1016cm-3 

(above table) differs from unity on the basis of self 

absorption only, then from Fig. 4.8 

to  = 26 + 4 

HoweVer, under these conditions it can be seen from 

Fig.4.7 that the maximum possible value of ItedS is 1.72. 

Thus even if we consider the plasma as filling the 

tube under these conditions (i.e. S = 9.2 cm) we have :- 

1%) max = 15.8 0.8 

(Estimating the error from the uncertainties in Amin, peak 

Ne and U,.) 



The only way the above values of 	can be resolved is 

by using a value of a (Te), in plotting Fig.4.7,.different 

from the value quoted by Griem for Te = 20,000
o
K. If the 

electron temperature of the discharge were higher then 

WI/W would be decreased and consequently to  decreased. 

In such a case a value of'to  inconsistent with to ma may 

not occur. 

4.5 	Measurement of the plasma diameter S 

To put the above discussion on a more quantitative basIs 

it was desirable to have an estimate of S. Thus the radial 

distribution of continuum intensity, Ic(r), was determined. 

1 Ic a NzNeZ2  Te
- 

 " 	[ref.5] 

Therefore assuming one stage of ionisation vas predom-

inant and that radial gradients in Te were not too severe:- 
1 

Ica  a Ne 
1 

and due to macroscopic charge neutrality the Ica(r) 

distribution should be representutive of the singly /Ionised 

argon ion distribution. 
1 

Thus the distance between points where Ica(r) had 

fallen by a factor of two from its peak value was taken as 

the plasma diameters  S. 

The arrangement for scanning the continuum on a multi-

shot basis is shown schematically in Figure 4.9. With 

carefully polished ends the light pipe was capable of 

giving a transmission ^v70% in the visible. The response of 

the system was found by scanning a ground glass screen, 

illuminated with a strip lamp, by meaLs of the moveable 
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centre 

BA 

Discharge 
Tube 

lcm. aperture 

1 light 
pipe 

variable 
height 

aperture 

Fig. 4-9 Arrangement of apparatus for continuum intensity scanning. 

Tube radius (external) = r 
thickness 	= dr 
refractive index = jc  

Fig. 4.10 Lens effect of discharge tube.  
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aperture. The D.C. signal recorded was constant tol."596 

over a 4cm length corresponding to the axis AB (Fig. 4.9). 

The continuum band chosen was a 1O1 region centred 

on j51111, which can be seen to be line free from the 

spectra of Fig.4.5, The only interference to the continuum 

was likely to be the wings of the rather weak lines of 

A51005t and ,\ 51218 of All (see references 34 and 35). This 
WWI completely negligible under our conditions. The 

continuum radiation across the discharge was thus recorded 

on a shot-shot basis using an overall response time 

le.10.1511 sec. 

The measured heights h' were converted to distances of 

acceptance cone from the tube centre, h, [Fig.4.9] with a 

correction for the lens effect of the tube, by [referring 

to Fig.4.10] 

h = r sin i - dr sin i [1-41-sin244 sin2  4] 0414 4.4 
where sin i = u.4r ,/l1.+v2/11' 2 
	

... 4.5 

A smooth curve was drawn through the zonal distribution 

thus obtained and a 25 step Abel inversion performed using the 

method of Pearce [ref.36]. This was done using an Elliot 

803A computor programme, similar to that described by Key 

[ref.37], but with provision for inputting the response of 

the detecting system and outputting Ic2(r) as a function of 

r. 

Typical distributions of continuum intensity, before and 

after inversion, are shown in Fig.4.11. Values of S 

obtained at different conditions are tabulated below :- 



Bz=0 
0 Abel Inverted 

{x Uninverted 
0 

0 

Bzz.  5 K-gauss {18) Uninverted 

x Abel Inverted 

x. 

0 

2 0 KV, B1=5 K-gauss 

/0 

0 
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4-0—I spatial resolution of measurements 

0 

2.0 KV, Bz= 0 

0 

I-Xi 

3.0 	2 5 	2.0 
	

15 	1 .0 	05 
r (cm) (tube radius 4.6 cm) 

Fig 4.11 	Radial distribution of continuum intensity. Arbitrary intensity scale. 

Filling pressure of argon,0-20 torr. 



Plasma diameter (6 cm) at peak compression 

--..„--_ 
Discharge 
voltage (kv) 1.0 1.5 2,0 

Bz = 0 2.6 1.4 1.15 

B5k Gauss 7.5 4.8 4.0 

4.6 Correction for optical depth 

On using these measured values of S the discrepancies 

in t become larger. As discussed above, such a situation 

could only occur due to a discrepancy inn . We shall 

therefore assume the correct value is ka and attempt to 

estimate k. 

Both WIN and to  will be reduced by a factor k so 

3.2 gives :- 

WI/kW = #0/W1n(241+e Te/N 	4.6 

For *%/k > 4 this can be simplified to :- 

k2 - (1b/0.69) k + (WW2  = 0 	4.7 

Neglecting the positive root, since this would 

correspond to the physically impossible situation in LiT.S. 

of %.T'/kW < 1, we have :- 

, %1  k = TV1.38 - ( (t0/1.38)2-(WW,2  'a  010 4.8 

The solution of 4.8 using the results for WVW at Ne 

= 4 x 1016cm-5 is shown graphically in Fig.4.12.t
0 
for 

)1/ 4 50628 as a function of that for 48068 was found from 
Fig.4.7. The error limits on the plotted curves are from 
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the estimated errors in W'/W. 

A unique value of k is obtained as a solution:- 

k = 2.72 + 0.4 

ki 

7 9 12 	13 71 4 
t, (r1) 

Correct; n 	 vAdzh, a N versus t 	i/‘ 
	o )  

Thus Grimm's value of f)(Te) at 20,000°K must be multiplied 

by 2.72 + 0.4 to give internally consistent values of 

W'/W for X48O6R and X5062R. If the theory is assumed to 
be correct then to give SI(Te) = 2.72n(Te=20,000°K) we 

require the plasma temperature, Te>100000°K. At such 

temperatures All would be completely burnt out contrary to 
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the experimental observations. Thus the calculated values of 

A must be incorrect. 

4.7 Estimation of Te from All line widths, 

To estimate the magnitude of the discrepancy between 

experimental and calculated widths it is necessary to know 

Te. An estimate of this can be made, from the results already 

described in Section 4.6, as follows :- 

The upper limit to to  for 48068 from Fig.4.7 and 
using the value for S tabulated above is :- 

Ignax 
 = 11.2 
	1.1 

This was effectively calculated by considering a slab 

of plasma of thickness S and infinite extent. Burgess Cref.11] 
has shown that for a cylindrical plasma the effective% 
can be reduced by",2096 from this figure. In either case 

II  OM= 
is within the limits given in Fig.4.12 

Also from Fig.4.12 the lowest value of 1;o consistent 
with the other results is :- 

16;. 	7  nun 

Thus from Fig.4.7 and using the measured value of S we 

should expect Te to line between 20,000°K and 26,000°K. 
i.e. 	Te = 23,000°K 3,000°K 

For this Te the calculatedil is 7.3,063
3
A. 

We obtain Li  (Te = 23,000°K) = 2.72 ft (Te = 20,000°K) 
al (19 + 2) x 10-3a, 

We therefore conclude that the calculated broadening 

parameter is more than a factor of two too low. A similar 



conclusion is reached for )1/4 4880R since the measured width 

and calculated width and reabsorption is nearly the smote. as 

for )1/4 4806R. 

4.8 AIII line widths 

In the work described above the optically thin widths of 

three All lines were inferred from measurements of optically 

thick profiles without assuming the calculated atS. 

Nevertheless additional errors arose in making corrections 

for self absorption as compared with a study of optically 

thin lines. 

The possibility of studying AIII lines was therefore 

investigated. This did not interfere with the original 

object of this work since, in general, the effects produced 

by hyperbolic orbits of the electron perturbers would be 

more pronounced than for All lines. Further, if measured 

line widths much greater than the calculated values were 

found then Stark broadening as a method of determining Ne 

could be extended to such higher temperatures than hitherto 

thought possible. In addition continuous laser action has 

been reported for several AIII lines [ref.38] so that AIII 

Stark widths would be of importance for plasma diagnostics by 

means of resonant interaction with an argon plasma [ref.39] 

to 
was estimated for the AIII lines of multiplets 

one to three using 3.4 with N, and U, replaced, respectively, 

by N2 and U2. 
No information existed on AIII transition 

probabilities so these were calculated on the Coulomb 

approximation [ref.31] 

82. 



AIII TRANSITION PROBABILITIES (COULOMB APPROXIMATION) 

Multiplet Line (%) Om 

Amn 
(units of 

 107sec 1̀) 

328569 7 21,1 

1 3301.9 5 20.9 
3311.3 3 21.3 

5480.6 7 2064 

2 3503.6 5 1546 

3499.7 3 1649 

3336,1 9 25.4 
3 3344.7 7 22.2 

3358.5 5 21.0 

In addition no AIII impact broadening parameters had been 

calculated. Estimations of these, for the lines tabulated 

above, were therefore made using the same basic prescription 

which Griem had used for singly ionised emitters [ref.2). 

These calculations are described in the following chapter. 

The calculated values ofto 
led to the conclusion that at 

least the lines of multiplets 2 and 3 should be uneffected by 
self absorption even when viewed end on to the plasiLa column. 

The value of Te given in Section 4.7 was used for these 

estimates. 

Therefore measurements of AIII line profiles were made 

viewing end on to the plasma. Thus acceptance of light was 

along the same axis as used in the laser measurements of Ne. 
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4.9 Measurement of AIII line widths 

The same experimental arrangement as for All lines was 

employed except that quartz optics were used. Unfortunately the 

only piezoelectric tube available had a glass plate with a 

transmission of only 43096 at A3500R. Use of this with a fixed 

(unmatched) quartz flat with aluminium coatings (R = 8796;t= 9%) 

enabled an overall finesse of 7 to be achieved onA3341.5R Mg I. 

In addition only a small Hilger quartz 	spectrograph, 

with an inverse dispersion of 1002/mntatA3500R, was available. 

Thus with slits narrow enough to isolate AIII lines the system 

was monochromator limited (Chapter 2). Even then the lines of 

multiplet 2 could not be effectively isolated from nearly All 

lines. 

Nevertheless, sufficient light was available to give a good 

signal to noise ratio on the lines of multiplets i and 3. The 

viewing solid angle was restricted by the tube end window such 

that with the large plasma diameters in the stabilised discharges 

the plasma could be considered homogeneous. Little error 

would then occur by using the end on laser measurements of Ne. 

Measured widths, B, of some AIII lines are tabulated below. 

Also included in this table are the calculated widths obtained 

by convoluting the calculated Stark and Doppler profiles for an 

arbitarily chosen temperature of 30,000°K. 

Again the line wiliths are considerably larger than the 

calculated widths. In fact, the observed widths are larger 

than the All widths under the same conditions. Since the 

electrons are more tightly bound in AIII this cannot in general 

happen. 	It seems likely, therefore, that the AIII lines are 

optically thick. 
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• 

Results for the measured widths B of some AIlI lines, 

Multi-
plot Line Bi V cal B cal Br/B 

3285.9 . 0416 + X3 „0058 *072 2.2 
1 3301,9 0.16 + .02 .0058 •072 2,2 

Ne = 3311.3 0,14 + .02 .0058 
, 
.072 2.0 

4x1016cm--,3 
3336.1 0.14 + .02 .016 .083 1.7 

3 3344.7 0.13 + .03 .015 0082 1.6 

3358.5 0.13 + .03 .012 .079 1.6 

3285,9 0.36 + .06 .0088 •075 4.8 

1 3301.9 0.34 + .04 .0088 .075 4.5 

Ne = 3311.3 0.28 + .04 .0088 .075 3.7 

6x1016cm-3 3336,1 0.34 + .04 .023 1  092 3.7 

3 3344.7 0.28 + 04 022 0091 3.1 

3358.5 0.20 + .04 
L 

.018 .088 2.3 

The fact that 1;a for each line is large is substantiated 
by the ratios of the observed line widths within a multiplet. 
For large 1;0  we expect, from 3.2, the ratio of a line width, 
B', to that of the strongest line in the multiplet, Bs', to be:- 

B //Bs' e'-`#:- 	os  2: AnAntnignskins 

The quantities on the right and left hand sides of the 
above relation are tabulated below using the results from the 
previous two tables. 



Multi-
plet Line (50 BilBSI  

16 (Ne=6x10) 
ni  n .11/221--
ns  Y  gnsAm 

3285.9 1.00 1.00 

1 3301.9 0.89 0.84 
3311.3 0.74 0,66 

3336.1 1.00 1.00  
3 3344,7 0.82 0.82 

3358.5 0.59 0.68 

4.10 Estimation of Te from AIII line widths  

Since the lower states, Wn, of AIII lines within a multiplet 
have practically the same energy the optically thin widths 

could not be inferred as in Section 4.7. The fact that T 

was considerable for the AIII lines suggested that Te was 
higher than measured from the All line widths. Therefore 
To was re-estimated from the AIII line widths. 

o is plotted as a function of Te for two AM lines 

in Fig.4.13. 	In this case Doppler broadening is important 
so that 	is a function of Ne as well as Te. The values 

of Te corresponding to the values of B'/B given in the above 

table. are 

Ne = 

4x1016cm-3 
3285.9 26,800°K 

3336.1 26,300°K 

Ne = 

6x1016cm-3 

3285.9 32,800°K 

3336.1 30,4P0°K 
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Fig.4-13 to  versus Te  for two A= lines. (Optically thin line profile convolution of 

Doppler and Stark profiles) 
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Errors 40•415% in B' /B lead to errors," 30% in t o  and 

correspondingly t"-'3% in Te. The calculated Stark width for 

multiplet 3 lines was checked later and found to be in agreement 

within experimental error. The small systematic differences in 

the temperatures given by the multiplet 3 and 1 lines could be 

accounted for if the Stark width of the latter line was under-

estimated by a factor ''2. 

In all the above calculations involving optical depth L.T.E. 

has been assumed. This is justified for All in Chapter 7. 

However, for the AIII lines L.T.E. only extends down to the upper 

states for Ne 1 x 1017cm-3, i.e. for Ne 1'11 x 1017cm-3  the 

collisional depopulation rate of the upper state is /4'10 x 

larger than the radiative decay rate. At lower values of Ne 

(as in the previous results) the collisional depopulation rate 

is reduced. However, since the AIII lines are very optically 

thick the radiative decay rates of their upper states is 

substantially balanced by reabsorption. Thus collisional 

rates still dominate over radiative rates and the population 

ratio Nm/Nn will not differ appreciably from its L.T.E. value. 

Consequently the source function, Sy 	is not lowered near the 

line centre as in a case considered by Hearn [ref./103o  

However, in spite of the resonance line of AIII being 

appreciably reabsorbed the ratio Nn/N2, which occurs in the 

expression for 'i of is likely to be overestimated by a factor 

of up to two (for Ne = 4 x 1016cm-3  - see Chapter 7). 

Therefore consideration of divergences from L.T.E. would mean 

that the estimated values of Te are "7% higher than given 

in the above table. The corrected values are :- 



Ne Te 

4 x 1016cm-3 28,500 4- 2,000°K 

6 x 1016cm-3 33,500 + 2,500°K 

4.11 Discussion of results  

It is necessary, initially, to account for the differences 
in the estimations of Te given in sections 4,7 and 4.10 

(for Ne = 4 x 1016cm-3). 

The reason for these discrepancies is almost certainly 

caused mainly by plasma inhomogeneity in the radial direction. 

Thus if we consider the axial value of Te as given by the AIII 

result, 

i.e. Te = 28,500 + 2,000°K 
we should expect for X/i806R o = 4.3 

However, cooler outer regions of the plasma could increase 

the reabsorption since for Te 4:28,500°K, li passes through a 

maximum as seen in Fig.4.7. Therefore the value of ti 

estimated from the All line widths is not likely to be very 

meaningful in terms of the plasma core temperature and does 

not contradict the AIII results. In fact the larger value of 

= 7 gives a theoretical curve which fits the observed 

X48068 profile well, as seen in Fig.4.14. Fcr this fit the 

theoretical profile for r, 
0 = 7 estimated from 3.1 was convolved 

with the instrument profile using a computor programme (for 

an Elliot 803A) supplied by Dr. R.C.M.Learner of the 

Spectroscopy Department. 
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AN" Recorded profile X4806 X AII 

Stark to « I (optically thin) 

Relative Intensity 

Stark to. 7 

Both convolved with instrument 
profile 

Continuum Intensity 

Bz  stabilised pinch 	Bank voltage, 1.5 KV 	Magnet voltage,I.0 KV 

Filling pressure of argon 0.20 torr. 

Fig.4 14 Fit of optically thick Stark profile to observed profile. 
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The above considerations do not appreciably affect the value 

for k obtained in Section 4,6. This is because A5062a is 

comparatively little affected by reabsorption, i.e. 1:,i)  for 

X5062a, corresponding to to  = 7 for A 4806a is 4/0.9, i.e. 

the line is broadened 040,25% by reabsorption and the corresponding 

value of k is 2.4. 	If the plasma is uniformly at the core 

temperature for )0062a, t
o/V0.58. In this case the line 

is broadened A/15% by reabsorption and k = 2.7. Both these 

values are within the estimated value of k = 2.7 + 0.4 from 

Section 4.6. 

If we therefore take, 

measuredft = (2.7 + 0.4)t (Te = 20,000°K) and 

calculated 	SI = ft (Te = 28,500°K) the ratio of measured 

to calculated broadening parameters for multiplet 6 lines is 
2.4 + 0.3. For X4880a the ratio is 2.5 + 0.5. 

In the above discussion the effect of Bz field trapping 

was ignored, i.e, the value of Ne characterising the emitted 

profiles was assumed to be equal to the axial measured value 

of Ne. This assumption was justified by the lack of an axial 

dip in the radial continuum distribution and the fact that the 

values of Te estimated from the All and AIII line widths were 

not appreciably different. 

Further Pert Cref.41) shows that considerable field 

trapping will occur if :- 

cN  i> re2/8TTvx2 

where G is the conductivity of a cylindrical collapsing 

plasma shell of thickness x moving with a velocity v. 

[!"refers to the shell at a radius r. 
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From the radial continuum distribution at 1.5 kv 0.20 torr 

(Ne = 4 x loi6cm-3 at peak compression) we obtain :- 

x 	0.5 cm + 30% 
Mean v = 10cm sec-1  + 20% 

If we consider conditions at peak compression, r-= 2.4 cm 

4. 10%. 

Thus rc2/8  vx2  = 4 x 103  4- 30% mho cm-1  

From reference 42 assuming L.T.E., Te = 28,500°K and 

Ne = 4 x 1.016ce-3 so the plasma pressure is A03 x 105 dyne cm,-2  

Corresponding to these conditions. Wheeler [ref.43] gives, 

Gs", 100 mho cm 1. 

Thus very little field trapping is likely to occur at peak 

compression. 

We shall now consider the effect of Zeeman splitting. 

Due to the more diffuse plasma and smaller current, at the 

pinch, compared with the discharges in Chapter 3 the self 

magnetic field Be of the plasma is small compared with the 

applied Bz field. Since no field trapping occurs Bz is 

likely to be the same over the whole time scale of the discharge 

duo to the long period of the crowbarred magnetic field bank. 

Therefore the narrow line widths recorded in the afterglow of 

the discharge indicated that the effect of Zeeman splitting 

could also be neglected at peak compression. 

On the basis of the above considerations, taerefore, the 

figures quoted for k are reasonable. This means that the 

values of Ne quoted by Burgess [ref.11] and Burgess and Cooper 

Eref.44] together with the result in Section 3.7 are a factor 

of 2.3 + 0.3 too high due to the use of Griem's calculated 

broadening parameter for s4806R. 
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Two other points are of interest in connection with the 

previous linear pinch work described in Section 3.2. 

Firstly, at one initial condition Grieg calculated Ne 

at peak compression to be [ref.213 

Ne = (2.5 + 0.5) x 1010cm-3 

At the same condition we obtained, during the work described 

in Section 3.4 

W = 3.5a 4. 20% for A4206R. 
With the use of the measured value of fl this corresponds 

to:•• 	
Ne = (1.9 + 0.4) x 1018cm'3  

This value is in far better agreement with Grieg's result 

than if the calculated value of,n,were used. 

Secondly, the discrepancy over observed plasma dimensions 

noted in Section 3.2 can now be readily accounted for. Use 

of Burgess' value of Te [ref.11] gives the plasma dimensions, 

S 	3 mm 
for 4;10% reabsorption, as was obser;,yed experimentally. In 

fact t o, with the measured value of Q inserted, will be 

reduced by a factor of 2.4 t 0.3 from its originally estimated 

value. Thus a plasma diameter as large as one centimetre 

could well be consistent with optical thinness of )1/4 48062. 

Finally, it is desirable to account for the large 

discrepancies with calculations which have been recorded in this 

Chapter. The work performed to attain this end is described 

in the following chapter. 



CHAPTER 5  

CALCULATIONS ON STARK BROADENING FOR ISOLATED 

SPECTRAL LINES 

5,1 Introduction 

In this Chapter the results of calculations performed to 

re-estimate impact broadening parameters for isolated lines 

are described. 	In particular All ,\48062. and . /1A130R, are 

considered. These calculations followed the same basic 

prescription given by Griem [ref.2]. The reason why this 

approach was adopted when several discrepancies with Griemts 

calculations had already been found (Chapter 3 and 4) are 

tabulated in the following section. 

A brief outline of the theory used by Griem will then be 

presented. Emphasis will be made on noting the physical 

assumptions made at each step in the calculations. For 

simplication electron impact broadening only is considered. 

Finally the validity of the various assumptions will be 

corm ented on in the light of the results of the calculations. 

5.2 Reasons for calculations  

(i) It was required to calculate AIII widths and shifts to 

compare with experimental measurements (Chapter 4). 

(2) While Griem used the tables of C.E. Moore [ref.91J to 

obtain the perturbing energy levels for All lines a more 

recent publication by Minnhagen Cref.347 gives 200 more 

levels. 	Inclusion of levels missing from reference 91 

would always have the effect of increasing the calculated 

width. 
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In the case of A4880a inclusion, in the calculations, 
of the two nearest perturbing levels not given in Moore's 

tables would be expected to increase the calculated width 

appreciably. 

(3) The width of the upper state, Ea, of a given line per-

turbed by bound and continuum 'perturbing levels', Ea', is 

governed by two factors. Firstly the larger !Ea-Batt the 

smaller the effect 	Ea' has on the width of Ea. Secondly 

the smaller the wave function overlap between Ea and Ea' the 

smaller the effect of Ea'. 

Griem used, arbitarily„ only the nearest five Ea' in 

most of his calculations (private communication). However 

distant Ea' might be expected to have a large effect on the 

width of Ea l  in spite of the large tEd-Ea'f 	due to the high 

density of states near the ionisation limit. 	It was therefore 

desirable to study the convergence properties of the width 

on using increasing numbers of Ea' in the calculations. 

(4) Previous width calculations were only for the strongest 

line in each multiplet [ref.2]. The multiplet splitting in 

All is generally small so the quantities {Ea-Ealt and radial 

wave function overlap of Ea and Ea' are generally similar for 

all upper states of a multiplet. Thus the broadening of all 

multiplet lines should be similar. However the relevance of 

this point to previous assumptions made indicated the desirability 

of separate width calculations for each line. 

(5) Several cases of differences in the quoted parameters for 

lines with the same upper state can be found in ref.2 (cf. 

Chapter a, Section 7). Such inconsistencies occur 

for some lines in AI, All, Cli, SII and NII. 
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(6) There is the possibility, from the discussion in 

Section 3.7, that lower state broadening of some All lines 

may not be negligible. This can also be seen by inspecting 

the All term scheme. For example, in the case of ,\ 484 

there are only two levels which can be found from the term 

scheme that perturb the upper state more strongly than levels 

which perturb the lower state. 

Broadening of the lower states mould be investigated, 

initially, by independent calculations of parameters for these 

states. 

5.3 Electron impact broadening of isolated lines 

In this Section a brief outline of the theory used by 

Griem will be given. The main references for this outline 

ai'e Chapter 4 of Griemts book Cref.23 and Barangers article 

in reference 92. 

The starting point for calculations is the expression 

for the power radiated by an atom by spontaneous transitions 

from an initial state m to a final state n. 

i.e. Pmn = (4w2/3c3) gn t<in 4 d # In> 2 
	

...5.1 

where d = er is the dipole moment operator of the atom. 

If we consider a set of initial states, m, and final 

states, n, such that wmn  is reasonably constant then the power 

radiated per unit frequency interval is :- 

dP/dif = (40/30 ) 7.4E S (1 m n ) 	 d m>12)0 
n 

00* 5.2 
wherei)m is the statistical weight of an initial state m, 
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The sum in 5.2 is called the shape, L(W), of the spectrum 

of lines from states m to n. For one line this is called the 

line shape. More convenient to use is the Fourier transform 

of L(W), the Autocorrelation function, C(t). 

4/2  +iWt 'W t 	2 C(t) = 	L(W)dW 	e+  Inn 1<n 	m>j, 
-co 

000 5.3 
Introducing the time development operator, 

T(t) = 

such that T la> = -iWat 14;›,  

where te:› is an eigen state of H, 5.3 can be written in matrix 
notation :- 

C(t) =
1) 5.4 Trace (d T d Tt  

where)44  is defined by :- 

= t m> 
i.e. )( is a diagonal matrix. 

In the particular case of broadening by perturbations the 

general expression for C(t) given in 5.4 becomes .1.- 

C(t) = Trade id Trg Tt 
	

Av 
	5.5 

where the trace is over states of the emitting system only, the 

trace over the perturbing states resulting in the statistical 

average denoted Av. 

This simplification arises from two assumptions:- 

Al. 	The perturbers are considered as classical particles 

giving rise to a time dependent field which disturbs the 

emitting atom. For this to be valid tha size of the perturber 
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wave packet must be small compared with its impact parameter. 

A2. 	It is assumed that a perturbation of the emitting atom 

does not appreciably affect the orbit of the particle causing 

the perturbation, For this to be so the energy exchange 

between perturber and emitter must be 4' theperturber energy 

(i.e.A/kTe for electrons). 	Then/0 in equation 5,4 remains 
diagonal. 

These two assumptions do not hold for all perturbers 

but, for 5.5 to be used, they must hold for those perturbers 

that cause most of the broadening. 

A further assumption is now made :- 

at  Far more collisions cause transitions to nearly substates 
cc,a1  ... from the upper level m and pot ... from the barer 
state n than between m and n (or alp' etc.). 

Then 5.5 can be expressed in matrix notation as :- 

C(s) = a  p <a 1 a 	<13 	f$) 

(flTAlc.`>)Av 	5.6 

It is assumed above that the densitymarix is constant 

and does not affect the line shape (cf. Al and A2). 

A t 	It is now assumed that lower state broadening can be 

neglected since the ion is more tightly bound in state n than 
in m. 	Thus :- 

gt3,› = < 11.1i n> = iWnt = a constant 

C(t) 	(Z am  (a l di r> ( 11  1 SI t a > 	I LI c>} Av 

... 5.7 
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In this expression only the T6 term is affected by the 
average. The Hamiltonian in T(t) is the sum of the unperturbed 

Hamiltonian of the atom, Ho, and the total interaction, VT(t). 

4i/h 	o lif [H 	VT(t)3dt i.e. 	T(t) 	 00A 508  

Here 1'l makes the operators act in the correct time order. 

It is more convenient to consider the interaction only, by 
defining another operator, U(t), such that 

T(t) = e"")I°t  U(t) 	... 5/9 

Then one may write :- 
e-ii/lilot  U(t) = 	VT'(t)dt 5.10 

where V' 'ft) = e 4/1)11(°t  VT(t) e-ii/h)11°t  ... 5.11 

To calculate the average in 5.7 it is necessary to consider 
the time development of U(t) which can be related to T(t) via 

5.9. 
The time development of U(t) can be expressed in the form 

AU(t10)Av  = {U(t+AtIO) 	tl(tiOAv 

	

(Cu(t+At,t) - 1] U(t10) Av 	... 5.12 

Substitution of 5.10 into 5.12 with V1T(t) as the sum of all 

the perturber interactions V'
1  (t) V2'(t) etc. could, in 

principle, allow 5.12 to be solved for U(t,0). 	With the use 

of 5.9 equation 5.7 could then be evaluated. 

However in general the interactions of the different 

perturbers overlap in tine and application of the time ordering 

operator would be extremely difficult. 
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ita It is at this stage that a considerable simplification 

can be made if the so called 'Impact Approximationefis valid. 

Thus suppose a value of At can be found such that :- 

(i) Many collisions occur in At. Then the two terms on the 

R.H.S. of 5.12 can be arranged separately. 

(ii) The first term on the R.H.S. of 5,12 is small. Then 

5.12 can hs expressed as a diZferential equation and readily 

solved to give U(t10)1m. This can be done as follows :- 

The fact that many collisions occur in At and yet 

[U(t+AtIt)-1] remains small means that the average collisions 

must be weak, i.e. 
t+At 

Jr 	V'i(t)dt is small. 

Therefore using 5.10 we can write 

it+At 
V,  (t)dt Vii(t)dt -0/W) [U(t+At,t)-1]Av  = 	e.11") t 	t - 	2 	-1]kv- 

This expression can be expanded in the form :- 

[U(t+At,t)-1] Av ̂ I  [ (1+C1+ ...)(1+C2+...)... -13Av  

Since terms such as C1 are small, cross products can be 

neglected and the difficulty with the time ordering is 

resolved, i.e. :- 

CU(t+At It)-13Av "" [C14-C2+.•JAv 	NCAV 	OfIO 5013 

Where N is the total number of perturbers. 

We now use the fact that the standard perturbation 

expauslon of 5.10 is :- 
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t+At 	t+At s 
U(t+At It) = Hithiv,(t)dt 	(i/t1)2u/ft dsi vs(s)v,(r)dr 

t 	t 

+ • • • 
	 ..• 5.14 

The effect of collisions outside the interval At can be 

neglected and for those in At the limits can be extended from 

t =• s.0D to 400 i.e. collisions are assumed to be completed in 
time At. Then from 5.13 and 5.14 one can express ICI in terms 
of the scattering S matrix :- 

C = S 1 	 5.15 
since :- 

co 
2 °o 

S = 1 -fiffiV VI(t)dt + (i/fi) ids jr vl(r )vt(r)dr 
_co 	_00 	_co 

Thus 5.13 can be evaluated using the scattering matrix of 
a single electron. Consequently the solution of 5.12 in 
diffe.rential form can be expressed, using 5.9, as TA (t) = 

4i/h)Hot 
e
NCA,;.t 

i.e. 	TAv(t) = e4/'Ho + 	
40* 5016  

Where 0 = ihNor(S - 1) 	 5.17 

The integral implying averaging over all possible angles, 
velocities and impact parameters for a collision, i.e. from 
5.15 :- 

CAv 	4fiS - 1) 
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The average is made over a volume V so that multiplication 

by N gives a 0 matrix proportional to Ne. Thus the effect of 
the impact approximation is to consider a time independent 

operator 0 (a Ne) as added to the unperturbed Hamiltonian, He. 

The validity criteria for the impact approximation may 

be derived from (i) and (ii) above, 

i.e. 	T /* At 1> te  
Where Tie. the time for U to become appreciably different 

from unity,i.e. 	VW, and te  is the duration of a collision. 

The first inequality arises from the fact that the average 

collision must be so weak that even many collisions in At do 

not appreciably effect the autocorrelation function, 

The second inequality arises because all the weak conisions 

must be completed in At so that the effect of each electron 

outside the time At can be disregarded. 

The above criterion may thus be wrtten :- 

1/W > At >/V 

The maximum impact parameter for electrons which contribute 

to the broadening is )9D, in which case the impact approximation 

holds for frequencies from the line centre given by :- 

W V/I'D 

i.e. W 4  Wp 	(where 1 mv2"," kTe) 

Finally the effect of strong collisions in the interval 

At must be considered. 	If there are strong collisions in At 

then U(t) and the autocorrelation function are changed by a 

large amount so that, from above, the Impact approximation is 

invalidated. However if there is only one strong collision 
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in At there is no difficulty with applying the time ordering 
operator and the Lorentz-Weisskopf theory can be used to 

calculate the contribution to the width, 

Direct addition of the impact and strong collision widths 

is not strictly correct. A strong collision in At completely 

interupts the emitted wavetrain so that all weak collision 

effects in At should be emitted from the calculation. However 

since, from Lhe impact approximation, the effect of weak 

collisions must be small not much error is incurred by including 

them. 

If two or more strong collisions occur in At then difficulty 

is experienced in applying the time development operator so the 

combined effects of strong and weak collisions cannot, be 

calculated. 

Assuning the impact approximation is valid we have from 

5.7 and 5.16 :- 

C(s): at  4c 1 2 ) i) <ri d co> Q 0—i (I-b+0)t", lc> ... 5.18 

The inverse Fourier transform is then taken to give the 

line shape :- 

L(W) = 4/1-4 gm  :04 Id i> 	di 0,41,7.46-0) 	5.19 

A 6 	The above expression is considerably simplified in the 

isolated line case when the separate components in 5.19 refer 
to lines of quite different wavelengths. 	In addition if we 

assume quasi-static Stark splitting is negligible we can omit 

Hm  as this will simply define a sharp origin of frequency. 

Thus we have :- 

L ( w) (1/n) Wm c;,',1 I d I n> 	cl m>w_ _dm) .2  + 6rm2 3 000 5.20 



This is a.Lorentzian profile of width Win and shift dm 

where :- 

= 	401 <m 1 0 I 11:'› 	
5.21 

and 	dm =Kim 	<m i 0 4 m> 

Therefore in our case we only need to evaluate the matrix 

lm~ 0 m> 
This qualtity can be calculated from 5.1(. One further 

assumption is made in this calculation:- 

Az 	It is assumed that the dominant interaction is long range. 
The dipole interaction in 1.4 is then the most important term 

so that the perturber orbits are straight lines, 

r&) 	Vv` 

The final result is expressed in the form:- 

= -1(07/5)Ne(h/m) 	(dvd,)/yi) f(v) 

x 	1<ra I R a>12CA(Zoccx,)+iB(zacc,)] 	5.22 
al 

This relation, and the quantities involved, will be co:Isidered 

in more detail in the following section. 

The integral overia in 522 diverges for small impact 

parameters due to the breakdown of perturbation theory for 

strong collisions 	The integration is therefore cut off 

at some (velocity dependant ), I /min, defined by the perturbation 
theory breakdown. 

Atp 	It is now assumed that strong collisions account for a 

relatively small part of the widths [ 20%] 	In this case 

10)4. 

(1./i11) GI 10 I in> 
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no difficulty is encountered in making the impact approximation, 

A5. Further little error is made by assuming that a strong 

collision, defined as above, interupts the light train completely.. 

Thus the effect of strong collisions is estimated by a Lorentz-

Weimakopf expression (1.7) with) Ow  =Anin  and this term is added 

to equation 5.22. 

Therefore even though the Lorentz-Weisskopf term is only a 

rough approximation, the final result for widths should be 

accurate to 20%. This is the main reason for quoting the 

theoretical errors in calculating W as ,420%. Calculated 

shifts can be expected, in general, to have larger theoretical 

errors [ref.2]. 

It should also be noted that in the evaluation of 0 

(equation 5.17) only the 2nd term in the calculation of t/S-1 

is retained. 	(The first term vanishes due to the averaging.) 

This 2nd term taken account of inelastic collisions only so that 

elastic contributions are estimated by adjusting" to reproduce 

the Lindholm result in the adiabatic, low V, limit. 	(This 

point will be further discussed laterin the Chapter.) 

5.4 Calculations en the Stark broadening of AIIik4006R andA4880R 

5.L(i) 	General results 

The impact broadened width and shift of a level a was 

calculated from 5.21 and 5.22 giving :- 

-(w -idac  ) =e 	(t/m)210v90/y)f(v) cc  

x 	4( 1!a 	1 2  [A(Zam,)44B(Zaa,)] 	... 5.23 

(This is equation 4.71 of reference 2) 
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The ion broadening parameter, a, of level a was calculated 

from equation 4.89 of the same reference: 

a = (4TrN/310(1/3Qh/M)2  2-- 	R cc.,;> 	
2
/Vact, a 

The reduction of the above relations to a convenient form 

for computation, and the definitions of the quantities involved, 

is given in 8nnendix I. 	(Note that the expression for the 

radial matrix elements, VafRf at>1 2  given in Appendix I \ -- 
differs  from that in reference 31. There were three misprints 

in this reference, as confirmed by Professor Bates, 	(Private 

communication.) 

The input data foK,  these calculations consisted of all the 

odd and even levels of the species considered (tabulated in 

ref.34 or ref.91) together with the relevant series limits and 

up to seven temperatunes, 

Output for a required level, a, consisted of the impact 

width, shift and ion broadening parameter at each temneratee.e. 

In addition the 'strong' and 'weak' collision contributions to 

the width and 'weak' contribution to the shift were obtained as 

a function of velocity squared of the pertuening electrons  

Provision was made in the comoutations for handling up to 50 

nerturbinj levels. 

General results for X4806R are shown in figures 5,1 and 

5.2. 	These results were obtained with 30 perturbing levels 

which were selected from all the levels governed by L-S coupling 

tabulated in Minnhagen [ref.34]. 

At low Te the electrons al .o only energetic enough to cause 

transitions to levels a' near to a. 	As Te is increased in- 

5„24 
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elastic transitions to further a' became important so Wa increases 

monotonically with Te  (figures 5.1 and 53)0. 

As on the simpler theories (Chapter 1) shifts are caused 

only by elastic collisions. The magnitude of the shift is 

defined by the quadratic Stark coefficient, 

C 	f
am' a a 

AE - E
l 
 ) (Section 5.4(ii)) 

a a  

At the low Te  limit both Wa and da  are given by the 

Lindholm theory [ref.3]. The dominant contributions to the 

above sum for W06R are from levels a' below a. Therefore 

the shift is to the blue and the magnitude of da/Wa is J3 [ref.3] 

As Te is increased in-elastic collisions occur to levels 

a' near to a. For these levels the corresponding terms in the 

above sum must be omitted since they no longer contribute to 

.che shift. 

At high Te  only distant Ea' contribute to the sum. Since 

the density of states is generally greater for Eal)0 12a (as for 

example in the case of Wod) then Ca is negative so the shift 
(in wavelength units) is to the red. 

For XLBoa the quantities faa'AEa • Ealare such that d/W 

is a rapidly varying function of Te. 	[Fig.5.2 and 5.3] 

Whereas the results forA4806R show the expected general 

trends the magnitudes of Wa and da differ from Griem's values 

[ref.2] by a considerably greater amount than expected from 

computational deviations. However at low Te, where the 

collisions are mainly elastic, the agreement is quite good. 



5.4(1.1) Treatment of the relevant matrix elements 

One reason for the discrepancies noted above is the 

incorrect treatment of the relevant matrix elements in ref.2. 

It is therefore worth considering these in some detail. 

The matrix elements which should be used in the line 

broadening calculations can be obtained from evaluation of the 

quadratic Stark coefficient which is used in the calculation of 

the ion broadening parameter, a [ref.2]. 

Condon and Shortley [ref,93] give the quadratic Stark shift 

of a level (a, J,M) due to ((3, J+1, J, J-1) as 

A(a,J,M) = €.2/hc [J2a..+(J+1)2a4.-(a++a_.-a0)M2] = Cpc  E2.  

Where C is the field strenv4h, 

a_ = Rat3I P I (3,-1.'1> 24 Eccj-E1j_1) 

and a and ao 
refer to similar expressions for J4J+1 and JI,J. 

The total shift is obtained by summing over all p. 

The relevant matrix elements are therefore :-

J2a_ + (J+1)2a+  -(a+ +a--ao)M2  

Averaging over M values with M2Av = 	14242J+1)= 143J(J+1)) 

The above relation =(1/5)CJ(2J-1)a-+J(J+1)a0+(J+1)(2J+5)a+] 

From p.99 ref.931 
	

<1011.3.1 13 7J-1->1 2  = S(aJ,I3J-1)/12J+1)J(J-1)) 

Where S is the line strength. 

Similar expressions exist for J-IJ and J-+1 



.'. For each level J4J1  the matrix elements are :- 

R2 = S(aJ PJ1 )/(2J+1) = f(aJ,0J1) 
	... 5.25 

If multiplet (3) splitting is negligible, 

E E • E -E 	E -E 
aJ 	▪ 	aJ PJ 	aJ 131J+1, then in the calculatiou of A 

we can use ref.94 giving :- 

21 R2 	= (1/2J+1) J-,J,J+1 
multiplet 
to 1,S,L,J R 2 

mult 1> (/41 -1) A2L+1) 
	

5.26 

If term (L) splitting is also negligible we can use the 

relation from ref.94 :*• 

:Es = c(Qs+1)(21,4)/(21+1)ll, (4.1 -1W 

Where the sum includes all lines from an array 1+1, L,L+19  S to 

a term 1,B,L. The relative strength for lines ending on level 

1,S,L,J of this term is, 2J+02S+1)(2L+11. 

Thus the total matrix element is now :- 

112. 

R2  _ gS/2J4,1 	
2 2 -1)6,/(214.1) 

array 
to 1,S,L,J 

.. 5.27 
1, (a, +i)J! for 141+1 ) 

or 	4(21, -10 for 141-1 ) 

This is the relation quoted by Baranger [ref.92], and 

Griem [ref.15] but incorrectly given in ref.2 as, 

1)  (217. -1)ci2-  for 131+1. 

*Note that f(aJv  pjf) * f(p.re, aJ) in general, so the term matrix 

element is misleading. 	Tle will, however, conform with ref.2 

and continue to use this expression. 



20,000oK Griem [ref.10] 

0.123 
a 	0.20 
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The good agreement with Griem's results for HeI, )3889R 

where fine structure is negligible, and thLrefore 5,27 was 

used, is shown below :- 

Appendix I 
programme 

0.122 

0.208 

For heavy ions, in particular AII, J splitting is usually 

neglig4ble but L splitting is not. Thus 5.26 was used to 

obtain the results given in Section 5.4(i). 	(The multiplet 

strengths, Rultl  were obtained from ref.94.) m 

The values of a for )s48068 and)%488CR using the p:.-escription 

recorded in 5,4(i) are compared with Griem's values below:- 

Te= 20,000°K Griem [ref2] Appendix 
programme 

I 

a, )4806R .009 .00121c  .0013* 
al  X4B8OR 014 .00694  .0094* 

x Using all perturbing levels from ref.34 

* Using the nearest 5 perturbing levels as done in ref.10. 

The large differences in a for these two lines are due 

to one or both of the following reasons:- 

(1) The matrix element l)  (21, -1),g-  has been used for both 

1.1.1+1 Cref42] rather than that given in 5.27. 



Te  (°10 	Griem ref, 2 Appendix I Pro-
gramme 

90°3 x 10-3  

12.6 x 10-3 
9.8 x to-3 

12.6 x 10-3 
30,06 

10,000 

20,000 

19.0 x 103 19,1 x 10 3 

25.0 x 10-3 27.0 x 10-3 
10,000 

20,000 
38382 

6.o x 10-3 	6,5 x to  -3 

8.6 x to-3 	9.7 = 10-3  
10,000 

20,000 
54952  

(2) This matrix element has been applied to each transition 

from a state 1, S, LI  J to 1 + 1 rather than that given 

in 5.25. 

Both these incorrect procedures were given in ref.95. 

That at least one of them was used in ref.2 can be seen by 

comparing W for three NII lines obtained using the programme 

described in Appendix I and matrix elements 1>  (2L>  -1) 

for transitions from a to each of the nearest 5 perturbing 

levels a'. 

5.4(iii) Convergence of width and shift 

The basic programme given in Appendix I was modified to 

investigate the convergence of the width and the shift on using 

increasing numbers of perturbing levels in the calculation, 

Results at different temperatures for X48062 are shown in 1'igures 

5.4 and 5.5. With only one perturbing level in the calculation 

the width is largest at the lowest temperature. This is 

because the width is domina'nd by elastic collisions. At 
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higher Te more electrons are 'allowed' to cause weak in-elastic 

collisions until the width becomes dominated by the weak collision 

term. As more levels are included the weak collision width 

increases monotonically with Te  as expected. 

In comparison with the calculations in reference 2 the 

following points are of interest:- 

(a) At the temperatures at which the experimental results of 

Chapter 4 were obtained (To-2001000°K) 13 perturbing levels are 

required to give adequate convergence of the width, (fig,5.4). 

The same width is obtained for 30 as for 13 levels suggesting 

that inclusion of further perturbing states in the calculation 

is not necessary in this case. However the arbitary use of 

5 levels by Griem will obviously not give a result near the 

'limit' except at lower temperatures when the width is mainly 

due to elastic collisions. 

For )\48808 9 levels out of a total of 23 were found 

necessary to give good convergence of the calculated width s,t 

Tel::302000°K. 

(b) The effect on the shift of including an increasing number 

of levels in the calculations is even more drastic (fig.5.5). 
With a small number of levels the calculated shift is large and 

to the blue as the dominant Ea' are near and below Ea [cf. 

Section 5.4(i)]. 	As distant Ea' are above Ea inclusion of 

more levels increases the calculated shift to give a small 

positive (red) value in the limit, (fig.5.5). 

Again 13 levels are required to give adequate convergence 

of da/Wa at Tel,:302000°K. 
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(c) While (a) and (b) show that calculations involving the 

arbitary use of a small number of levels cannot be justified 

they also indicate a serious breakdown of assumption A2I  the 

'no back reaction' condition. 

Since this assumption is only necessary for the in-elastic 

collisions the relative contribution of these to the total width 

must be considered. Then the extent of the breaZidown of A2 

can be examined.. 

The way elastic and in.elastic collisions are treated on 

the Griem theory can best be seen with reference to fig,5,6, 

The larger the impact parameter 9 and the larger the 

velocity the weaker the collision. The differentiation 

between weak and strong collisions is therefore defined by a 

curve of the form? =fly  in fig.5.6. 

The differentiation betwEen elastic and in-elastic 

collisions is defined by a curve of the form E = I in fig.5,6. 

In the low velocity limit the collisions are all completely 

elastic. 	At high velocities the collisions are all completely 

inelastic. 

Relative numbers of the different types of collision are 

obtained by folding in the distribution of impact parameters, 

cut off at some shielding distance ,,,)0  pond the Naxwellian 
speed distribution. 

The expression for Wa derived by Griem (equation 5.22) 

is from the 2nd order term in the perturbation expansion of 

5.1. 	This involves matrix elements for 1-01 + 1 and therefore 

accounts for inelastic contributions to the width only. 
However as was indicated physically by the discussion in 
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5.1(i) elastic contributions tc tha shift are also included, 

But elastic contributions to the midth are in higher orders of 

the perturbation expansion. 

Therefore equal-ion 5.22 is exact in the high velocity limit 

except that strong collisions must be included in a Lorentz-

Weisskopf term. To obtain elastic contributions to the width 

Griem matches thell=r0w  curve to the E = I curve at low 

velocities to give the, =faun  curve. Thus the Lindholm 

width is obtained in the strong collision term at low 

velocities. 	In the intermediate energy regime weak in-elastic 

collisions are accounted for)and elastic and strong in-elastic 

contributions is the 'strong,  collision term. The exact form 

of 07)/min curve is only good at each end of the energy scale. 

Thus the treatment of elastic collisions may not be too good 

in the intermediate range. 	In particular weak elastic c)ollisions 

are not being included in the calculation, 

The)Omin  cut-off for the breakdown of the perturbation 

theory should strictly be chosen such that the width and shift 

satisfy a dispersion relation (Griem and Shen ref.96). This 

is satisfied by the expression given by Vainshtein and Sobeliman 

Eref.973:- 

Wa + ida 	Ne  

Where n + 	
al Ra 

 (A+iB) and R
ai 

./(,:al RI 
k  

The integration is over all impact parameters and velocities. 

11 is a damping constant and 0 a real phase shift. The exact 

forms of the above expressions are such that for 0•,,0 the only 

contribution to Wa is from inelastic collisions and the 

relation for Wa reduces to 5,22, 

-(11440) 

I 
2 



i.e. 	Inelastic contribution to Wa for a given)P and V, 

a I aA ' 
For TO> 1, i.e. strong inelastic collisions, e 

finin 
Then 	Wa Nef = Neff (V )Vd‘rif 	211/390 

o 

which is the Lorentz -Weisskopf expression . 

-01:140)A, 0 

For ft,,,, 0 all collisions are elastic and reduction of the 

above relations gives this contribution as, 

Wa •••-' 1 - cos2'1  R B 
a a' 

In general, when both elastic and inelastic terms are 

important, 
Wa,""Ne 	(1 - e-'cos 0) 

Thus, due to the averaging procedure, the two types of 

collision cannot be 'separated out', Because of this 

computational difficulties are increased on using this 

prescription. 

However an estimate of the ratio of weak inelastic to weak 

elastic contributions to Wa for a given, and V is given by :- 

2; R
'  A* 	a' a' 

- cos 	B1 a  

T If we consider only one perturbing level and take my 2  

R kTe  (Te  = 20,000°K)1  

)2^, min
'  

then from the computor results the corresponding value of 

`'man 0.3. Thus A () and B(Z ) can be obtained from 
n 	Zaar am' 

ref.2 giving '•-0 

20. 

1 21 . 
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Consequently most of the elastic collisions must be strong 

and their inclusion in a Lorentz-Weisskopf term is reasonable. 

The ratio, R, on Griem's prescriptionl of weak inelastic 

to elastic and stroag inelastic contributions to the width is 

obtained directly from the output of the computor programme.  

(see fig.5.7). 

Thus for all perturbers with energy Imv2  = kTe  (with To  = 

20,000°K), 

R 	1.7 

i.e. 60% of Wa is due tc weal>. inelastic collisions of electrons 

with energy, 

= 2.8 x 1012  ergs. 

However the separation of the first perturbing level from 

Ea is, 

- Marl 4-- 1,4 x 10-12  ergs 

Consequently there is a.serious breakdown of the 'no back 

reaction' condition, A2. 

In fact it can be seen from fig.5.7 that an appreciable part 

of the 'weak inelastic' term is contributed by electrons with 

insufficient energy to cause an inelastic collision. This 

must be due to breakdown of A2 rather than accidental inclusion 

of elastic effects. 

When more distant perturbing levels are included in the 

calculation inelastic collisions to these are more easily caused 

by fast electrons with small? a i.e. strong collisions. Thus 

the strong collision contribution to the width is increased. 

However for those electrons that cemse weak inelastic collisions 

the breakdown of A2 is more serious than with only the nearest 

Ea' in the calculation. 
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(d) The lower level of X4806a is the fourth nearest perturbing 

level to the upper state. 	.Inclusion ol this level in the 

calculation appreciably increases Wa and da (fig.5./, and fig.5.5). 

Thus assumption A3 is invalid. 

5.4 (iv) Strong  collision contribution to width 

The 'strong' and 'weak' collision contributions to Wa for 

‘4806a at Te  = 20,000°K are shown in fig.5.8. Thirty perturbing 

levels were used in the calculation which gave these results. 

The total contribution to Wa in each case is proportional 

to the area under the R(x) -- X curve in fig.5.8. Thus of,58% 

of Wa is due to strong collisions. For \4880a this figure was 

This means that one of the validity criteria of the Impact 

approximation is invalidated Section 5.4(1)]. Both elastic and 

inelastic parts of the 'strong' term must be considered in 

estimating the effect of strong collisions on this validity 

criterion. 	Physically the only difference is that the elastic 

collisions are considered as giving large phase shi2ts and the 

inelastic tollisions as completely interrqnting the emitted 

radiation. 

For the weak collisions it is also necessary to satisfy 

the criterion, 114"..141) for the impact approximation to be valid. 

W 	= 9 x 103Ne  sec
-1  

Previous measurements gave; 

W = 0.07a for Ne  = 4 x 1016cm-5 

So the approximation should be valid for distances AX from 

the line centre given by:- 
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This condition is well satisfied except in the far line 

wings. 

The large size of the strong collision term will have two 

effects on the line profiles 

(1) For the strong elastic collisions tc is large so that 

[from Section 5.4(0] the impact approximation is only valid 

nearer the line centre than if weak collisions alone were 

important. Thus divergences from a Lorentzian line shape 

could be expected nearer the line centre. 

(2) Inclusion of weak collision effects on the emitter, when 

strong collisions are occurring, is likely to lead to an over-

estimation of the total width (cf. Section 5.4(03. 

(3) A considerable uncertainty is incurred in the calculated 

width since the Lorentz-teisskopf expression will only give a 

rough approximation to the actual physical conditions. Firstly 

there is some uncertainty in the value of "min defined by the 

breakdown of perturbation theory. Secondly there should be a 

smooth transition between 'weak' and 'strong' collisions. 	The 

accuracy in the calculated shift is likely to be particularly 

poor since a large proportion of the collisions which contribute 

to the width (i.e. those collisions in the 'strong' term) are 

assumed to give no shift. 

To further investigate the importance of strong collisions 

the/Amin  cut off used by Griem for Het i:ref.10] was inserted in 

the calculations. Thisfmin  was simply the original value 

multiplied by a factor /1.55. 

125. 
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For both X4806a and /.1880R the strong collision contribution 

to Wa (alp min) was increased by a factor 1-55 as expected. 

However the weak collision term was reduced to such an extent 

as to keep the total width nearly the same as before. 

This confirmed the possibility that much of the weak 

collision broadening was in fact caused by electrons for which 

)191rpmiti  rather thanp/Omin. The importance of strong 

collisions is thus further emphasized. 

5.4 (v) Validity of straight line classical path approximations  

(a) Since most of the broadening has been shown to be caused by 

electrons with)/1,190min  the validity of Al is suspect. 

The extent of a perturber 1,avepacket, 	S/AP 

where AP is the spread in momentum of the wavepacket 

L n/mV 

From Appendix I we can express 

15  min = (11/mV)X (z aa
minAzar-E0 

i.e. imin/L X(Zmin/fEal-Ei)) aa,  

Evaluating the R.H.S., in the case of X4806a, for electrons 

with 2mV2  Aur kTe  :- 

X = 2.8 x 104cm-1  

Zaal = 0054 (with 30 perturbing levels in the 

calculation) 
lEar_Eal = 7,2 x 103cm-1  

i.e. Anin/L 2,1 
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eor X4880R flmin/L < 2.5 

Thus those electrons which cause most of the broadening 

cannot be adequately described as classical particles. 

(b) We will now consider the effect on the calculated width 

of using hyperbolic orbits for the.perturbers. 

The scattering angle, e, for a (classical) electron with 

impact parameter? is given by:- 

cot(0/2)) =)mV2/e2 	(for singly charged ions) 

Evaluating 0, plmin  and imV2,-.  kTe  :.• 

0 96? 

Thus the electron orbits are strongly curved and assumption 

"7 is invalid. 

For electrons which cause weak inelastic collisions, 

?>? min and 2miV2  > jEa-Em'i , the scattering angle will 
generally be less than the above value. 

The inclusion, in the calculation, of hyperbolic paths 

(which should strictly include quantum mechanical corrections) 

means that the perturbers will come in closer to the emitter 

than if Coulomb effects were neglected. Thus the strong 

collision term would be altered. 	For those collisions still 

considered to be 'weak1 , tc <(1/w so the emitter can be assumed 

to be effectively unperturbed during the duration of a collision. 

Thus, due to the partial cancellation of the radial component 

of the electd.c field on the emitter during a collision, the 

broadening is decreased. 
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For slow electrons tc 	1/w so the radial components of 

the field reinforce and the broadening is increased. This 

effect is most pronounced for electrons with)0 4:pmin  since the 

orbits are most strongly curved in this case.This is somewhat 

compensated by the increase of perurber velocity at the apex 
of the hyperbola making inelastic collisions more probable. 
However, overall, the strong collision width should be increased. 

"the decrease in width for weak collisions should be small, 
Vinin so 0 small). Thus the total width should he increased, 

5.4(vi) Lower level broadening  

To test assumption A4 the widths and shifts of the lower 

states of wod and >alga were calculated independently of 
the upper states. The ratio of lower to upper state widths 

were:- 

Line WL/Wir 

4806 048 

4880 0.47 

Direct addition of Wu  and WL is liable to give'an 

estimation of the total width, Wa, since the addition should 

be done coherently using 5.6. 	In particular the 'strong' 

collision term would be overest imated. p min should be 
defined by:- 

ruu(t+At,t)u*L(t+At,t)-i3 

when upper and lower states are 

compared with, 

included in the calculation 

[06(t+At,t)...13 

for the upper state only. 

  

1 
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Nevertheless the comparable sizes of Wu  and WL indicate 

that assumption A4 is invalid. 

Thus conclusion is supported by the shift of \0406.2 

measured by Burgess [ref.44]. This was small and to the blue 

at Te"/ 201000°K - a result confirmed later by Oertel (private 

communication). The calculated shift of the upper state of 

X 48062 was small and to the red (fig.5.3). However the 

calculated shift of the lower state was larger and also to the 

red so inclusion of lower state interaction in the calculations 

would give a net blue shift. 

Neglect of lower state interaction is therefore liable to 

give an appreciable underestimation of Ada and cause considerable 

error in da l  especially if the calculated shift of the upper 

state is small. 

5.4 (vii) 	Ion broadening  

Values of a, the ion broadening parameter, were tabulated 

in Section 5.4(ii) forX48062 and )0,8605t. 	Use of 1,12 shcffs 

that ion broadening is completely negligible. 	This is still 

true for our measurements where doubly ionised species are 

important and therefore an increase in broadening by a factor 

2/3 can be expected [ref.2]. 

Also both lines were well isolated at the conditions studied 

i.e. for X4800%, 

W x „074° 

whereas the nearest strong line (Wile) is ,̂422 away. Thus 

assumption A6 is valid. 
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5.5 14-S coupling approximation 

For all calculations the relevant matrix elements have 

been evaluated by assuming L-S couplimg. As these are not 

very 'good' quantum numbers for some All states it is worth 

while re-estimating libc employing more appropriate wavefunctions. 

Using the results of State et al [ref.123 we can express 

the upper state of X48068 as a linear sum of pure L-S-coupled 

wavefunctions(3p44p configuration):- 

yij=5/2  [(34041,c) = 0.983 y(01014°5/2/ 

-0.178 " [(31))40°5/21 

+0.036 y L(1D)20°5/2 ] 

+ terms with smaller coefficients 

artY n 

The matrix element coupling a level defined by EOP is 

then : 

neglecting second order terms arising from a similar splitting 

of level E0,1. 

The (nearest) perturbing level scheme for X48068 is now:- 

3d2F e  (163,000) 
approx. 

055,000 	4p '°5/2('1) 0410°5/20/2) 	 D° 	upper 
' 	 state 

X4806 

(148,000) 	3d4P 

(142,000) 3d4F ft 



The relevant matrix elements and corresponding energy 

differences are :- 

a2I2 12 1 yil ›. 2  

1(a2 y2 I 	2  

1 \ a3Y3 120/"IN 2  • 

Oiaitting terms such as(-1,3  j Rlyil)' which vanish as we now 

have pure L. wavofunctions. 

The quadratic Stark coefficient for the nearest perturbing 

levels only is :- 

Ca(IL.S) 	ai21011  I 12. I' 
	2 ltEcf.-E(yi *), 

a22  Kr2 I 21 y 	2 /(E ..E( ye I)) 

+ 2a1a2(kr1 R ly 	f:\yiR t r i>14,Ect..E( y I )) 

2 
a2 1012 I 2 	/(Ea-E4 9/")) 

a32 1<Y13 -111 r") 5  /(Ea-E( 	)) 

Compared with the expression used before :- 

Ca(L.S) o< K 1 kali? 1> 2  /(Ea-E( r)) 

Evaluation of these expressions gives:.. 

Ca (114.S) = 0.98 Co{ (L.S) 

131. 
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Inclusion of more distant perturbing levels reduces the 

difference. 

A similar calculation for ),48805 shows that the difference 
in this case should be< 3%. 

Thus divergences from L.S coupling will not cause serious 

errors in the calculated values of .-rh and doci 

5.6 Line widths within a multiplet  

To justify the assumption made in Chapter 3 that all lines 
within a multuplet were equally broadened, each multiplet 6 

line width was calculated separately. The results are 

tabulated below :- 

Line Ju Wu* Wu/4806 *VW4806 X2Factor 

4806 2k 5.0' 2i 3.9 1,00 1.00 1.00 

4933 12  5.2 401 1104 1.04 1.05 

5062 1f 5.5 f 4.3 1.10 1.10 1.10 

4848 a 4.9 li 4.0 0.98 1.00 1.01 

- (*V in units of 10°35? for We  = 101  cm
3)  

The values of Wu and WT = 	WL (normalised to the values 

for )\iglo6R) agree well with the assumption of equal line widths 

(in frequency units). This result arises because the perturber 

level configurations are so similar for the upper and lower 

states of each line. 

Correspondingly, even though many breakdowns of the theory 

occur, we should always expect equal line widths. 
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5,7 Summary of results  

For convenience it was necessary to discuss the validity 

of various assumptions made in the theory in a different order 

from which they naturally arose. The results of the calculations 

are therefore summarised, in order, in the following Table. 

For clarity )\4806R only is considered. 

Asstv.plUea lathematical 
representation 

Comments 

Al 'Classical 
Paths' L 4 f,  Invalid L '-;= 0.5)10 

A2 'No back 
Reaction' 

2a-2001< 	kTe  Invalid 
lEa-Eallc" kTe  

A3 'Nearby sub- 
states, 	Ea' 

lEd-Es'i 	4 
lEa-E01 

Invalid. 	Lower 
state, EO l is an 
important perturbing 
state. 

:Al}  'No lower 
state inter.* • 
action' 

WL 4f., Wu  
Invalid. 

WL 	= 	o.8 Wu 

A5 
'Iapact 
Approximation 

W4K Wp 
One strong colli- 
sion at a time 

Validity restricted 
due to large number of 
strong collisions. 
also width may be 
overestimated. 

46 'Isolated 
Lines' 

'No ion 
broadening' 

'XI-  )\ 	.511. 

WT ai W 

Valid. 

Valid. WT = 1.01 W 

A7 'Straight 
Line Paths' 

Scattering angle, 
0.small 

Invalid. 	9 a(96°  
for ;A.Timin  and 
ymit-'9  '''' 	kTe 

--....._ 
'Small strong 
collision 

width' 
lis  4.4, 	d 

Invalid. 	Ws  ~ 	0.6/ 
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The comments hold good for)4880a also, though the 

approximations are generally slightly better in this case. 

To summarise, the validity of many of the assum2tions made 

in the theory has been shown to be limited. Accounting for 

some of the theoretical difficulties could be expected to 

increase the calculated width and therefore reduce the 

divergences with experiment. 

In the following three Chapters further experimental 

measurements of ri.(Te) are described. 	The accuracy of these 

values was increased, compared with the results in Chapter 4, 

by improving the independent diagnostic techniques for 

determining Ne and Te,. 

The measurements were performed on an instadMised 

pinch thereby avoiding several sources of inaccuracy incurred 

in obtaining the results in Chapter 4 ---In particular large 

optical depth and the measurement of only the axial Ne, 
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CHAPTER 6 

INTERFEROMETRIC MEASUREMENTS OF Ne ON AN 

UNSTABILISED Z-PINCH DISCHARGE 

6.1 Introduction 

The suitability of an unstabilised 2-pinch as a source 

for studying line profiles has already been briefly discussed 

in Chapter 3. To avoid self absorption of the emitted 

profiles it was necessary to observe the plasma column side on. 

Thus it was desirable that measurements of Ne should also be 

made by viewing along the plasma diameter [cf. Chapter 4]. 

That such a measurement is inherently possible by means 

i of laser interferometry can be seen from the results given in 

Chapter 3; i.e. at the condition 2.0 kv, 0,25 torr 

8 x 1017cm-2  

(Using the measured fl(Te) from chapter 4 and L from framing 

camera photographs.) 

Thus one might expect "N." 41 fringe shifts up to peak 

compression using a Fabry-Perot laser interferometer (at X63288) 

to measure Ne. However there are several additional difficulties 

as compared with the Ne measurements described in Chapter 4 :- 

W The 'lifetime' of the unstabilised discharge is much 

shorter than the Bz stabilised discharge so that a faster time 

response system, than in Chapter 4, is necessary. This rules 

out use of the Ashby-Jephcott system [ref. 4i ]. 

(2) Much more optical pick up could be expected due to the 

much higher values of Ne attained. 
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(3) The laser beam would have to be transmitted side on 

through a Pyrex tube rather than 
through the plasma via Brewster windows. The beam would 

therefore be reduced in intensity by refraction and because 

of the crazing of the tube walls after several discharges. 

(4) There is a greater possibility of absorption of the laser 

beam by the plasma. Also severe Ne gradients might be expected 

so that refraction of the beam out of the plasma could be 

important. 

In the rest of this Chapter it is shown that these 

difficulties can be overcome. Moreover, an attempt is made to 

show that the value of Ne determined is the same as that which 

characterises electron impact broadening. 

6.2 Comparison of  luminosities of interferometer systems 

There are cwo interferometer systems which are inherently 

capable of detecting the rapid changes of Ne expected [ i.e. 

from Fig.3.1]. 	Because of a large expected reduction in 

intensity of the laser beam [point (3) above] it is worth 

comparing the luminosities of these systems :- 

(a)  Ealar:129:Eat 

This system is shown in rig. 601. 

A 
1 	2. 

Laser Li 
R 41: 
1 1 

14. 	d 	>i< 	 

Fig. 6.1 

*a* r. Y  4.0. 

Detector 

Aperture 
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If the laser intensity is Io and the overall transmission 

of the tube walls is D the transmitted intensity received by the 

detector is :- 

I = 101'12/(1-R02  x 14i+C4R1/(1-R02) sin26 

This is the well known Airy formula [ref.20] except that:- 

RI = R 2 ; 	R = 'TT; 

and 	T' 	T 	T = 

Taking typical values of R and T (Chapter 2) 

R = 0.90 	; 	T = 0.07 

Thus, 	E = 0.50Io and NRAL,  30 

While for 't, = 0.80 :- 

R' = 0.58 	= 0.056 

Thus, 	11/401 E  = 0.02Io and N/R or, 6 

Consequently a considerable reduction in performance of 

the system is obtained when the tube is inserted in the cavity. 

(b) 	Mach -Zehnder 

The best system, which would make use of beams from each 

end of the laser, is shown in Fig.6.2. 

Laser 

Fig. 6.2 



Referring to Fig. 6.2, 

= IRR 0 	• 	r  I2 = IRR o 
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I t  
therefore Saddle to peak ratio at

- 

 detector 

- 112  Wi; 	v(g = o if Rtlii 

For T, = 0.80 and R = 0.93 this condition is satisfied 

for RI  = 0.4 and 	= 0.5 (Chapter 2). 

In this case the peak transmitted intensity is, 

= Rt 

(a 
,2 

+ a2)2 I 	+./TRd2  
1.410 

The peak intensity recorded by the detector should 

therefore be r‘r7Ox that for the Fabry-Perot system. 

6.3 	Initial measurements of Ne 

Since only a few fringe shifts could be expected with the 

Fabry-Perot [Section 6.1] this system was initially preferred 

to the Hach-Zehnder. If ehortage of light proved to be a 

problem the later system could be employed. 

For convenience, measurements were made side on to the Bz 

discharge tube but no stabilising field was applied. A photo-

graph of the apparatus is shown in Fig.6.3. 

The apertures AI  B, C [Fig.6.1] were of 1mm diameter. 

A lens in front of A was sometimes found to be desirable to 

avoid excessive divergence of the laser beam by the discharge 

tube. 	An R.C.A.7625 photomultiplier with a response time 

3n see was used as a detector. The overall response tiEe 

of the photomultiplier 	C.R.O. was ,fte15 n sec. 





A thin film products filter of peak transmission 70% and 

bandwidth 5R was found to render optical pick up negligible under 

all conditions to be described [of Section 6,1 (2)], 

Setting up was initially performed by varying the optical 

path diffe_._mce in the cavity 2 to 3 by using the vibrating 

mirror of the S.F.P. in place of mirror 3. 	It was found that 

with a detector signal "0,50m volts a fringe modulation 'V 70% 

could be achieved. In later measurements setting up was more 

conveniently done by using a fixed mirror 3 and connecting its 

mount mechanically with a rotary pump. This gave sufficient 

vibration of the mirror to allow setting up of a fringe pattern 

on a slow time base ("1/2m sec/cm). 

Initially fringe sequencies were recorded with a filling 

pressure of 0.20 torr and bank voltages of 1.5 kv and 2.0 kv. 
Turning points in these could be identified as corresponding 

to peak All emission and therefore the number of fringes to 

peak compression found. The values of Ne calculated from 4.3 
are tabulated below. The plasma diameters for Bz=0,recorded 

in Chapter 4 were used for L. 

The meis.sured values of Ne are compared with those 

measured on the stabilised pinch at the same initial conditions, 

[Chapter 4] and taking into account the different compression 

ratios from the plasma diameters with and without Bz 

stabilisation, i.e. 

N.„! = Nel(d//d)2  (where 1  refers to measurements 

with Bz stabilisation.1 

Although the agreement between measured and estimated 

values of Ne were quite good it was preferable to have a better 

defined value of d than that from the continuum measurements. 



For this reason an attempt was made to obtain radial 

distributions of Ne. 

Filling 
pres- 
sure 
0.20 torr 

Measured 

Ne cm-3 

Calculated 
 3 

Nel(dI/d)
2  cm 

1.5 kv 4.4x1017  4ax1017  

2.0 kv 9.2x1017  7.1=1017  

6.4 Abel inversion of laser measurements  

Previously an effectively rectangular distribution of 

electron density Ne(r) was considered with the width of this 

distribution obtained from the continuum measurements. 

For a non-rectangular but cylindrically symmetric 

distribution of Ne, the optical path difference for n Fabry-

Perot fringe shifts [for measurewents at a height d above the 

tube centre] is given by:- 

1 41 . 

- +1 	> optical path 



S (d) 

	

JC 1 
	 1 

- 
(11(A)-1)d1  =k2 /21Ic 

2
111 4) 	Ne(r)d1 

	

-1 	 -1 
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= n(d) X/2 	R  
,, 	. d  therefore n(d) * aTITTAn 4/1  Ne(r)rdr/tr2  -d2  ) 

This is completely analogous with the relation for the 

observed intensity, at a height d, in terms of the radial 

emission coefficient [ref.36]. The only difference is that we 

require absolute values of Ne(r). 

The above Le.lation can therefore be solved by the well 

known Abel inversion technique [ref.36] giving 
R 

Ne(r) = Gong n1(x)dx4x2-r2)1  

Therefore to obtain the radial distribution of Ne, Ne(r), 

measurements of the fringe shifts, N(d)1  to peak compression 

were performed at different heights, d, across the plasma column. 

These values were then Abel inverted using the basic computor 

programme of Key [ref.37]. This necessitated slight 

modification of Key's programme :- 

For n(o)fringes up to peak compression at d = 0 and 

(arbitary) radial values of Ne, 

no, n,.......nifor intervals dr 

[noNe(o)/n0 	n?Ne(o)ln0 	....]dr = 1.69 x 1017n(o) 

rn 
i.e. Ne(o) 410/ 	ni) x 1.69x1017n(o)/dr 

1=o 

The programme was therefore modified to output absolute 

values of Ne(r) by use of the above expression, 

1=0 
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i.e. Ne(r) = n.k i 	at 
where k = 1.69 x 1017n(o)/ :1E n.dr i=o i 
and r = idr 

Distributions of n(d) versus d for discharges at 1,5 kv and 

2.0 kv (0.20 torr) are shown in Fig.6.4. 

The results obtained from Abel inversion for 1.5 kv bank 

voltage are shown in Fig.6.5. 	To obtain some idea of the 

accuracy of the results three cut-offs were used, as indicated 

on Fig.6.4. 	These were actually extended out to d = 2.5 cm. 

The best fit n(d) versus e curve gave on inversion, Ne(o) 

= 4.3 x 1017cm-3. For r 40.4 cm the inverted distributions 
exhibited an axial dip in Nerk,5% of thepeak Ne. Since this 

occurred with all three cut-offs it seems most likely that this 

was a real effect rather than an effect caused by inaccuracy of 

the Abel inversion technique. Therefore if pressure balance 

is assumed the core temperature must be rather higher than for 

r > O.& am. The possibility of a hot core to a plasma with 

rather similar Gross conditions was first suggested by Burgess 

[ref.li,also see Chapter 4]. 	The results recorded here would 

therefore support this hypothesis. However, a discrepancy over 

plasma dimensions of the size noted by Burgess could not be 

accounted for by the values given here. 

The three inverted curves gave a weighted mean for Ne(o) 

= 4.4 x /017cm-3  ± 9%. 

For 2.0 kv bank voltage and 0.20 torr filling pressure the 

result was :- 

Ne(o) = 8.4 x 1017cm-3  9% 
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These results agree very well with the initial estimates 

given in Section 6.3 though the widths of the Ne distributions 

are narrower than those of the continuum distributions. This 

is consistent with Te falling off at the edge of the plasma. 

The largest error in Ne(r) obtained by this method was set 

by the inability to achieve a measurable number of fringe shifts, 

n(d)1  for large d, This could be overcome by using a quartxtube 

and monitoring the laser at )0.3911. 	In addition the accuracy 

of the Abel inversion technique could be improved (see for example 

ref.45). 

For large d incoming shock fronts can cause turning points 

in n(d) versus time before the time of peak compression. 

However comparison with continuum measurements enabled inter- 

pretations of results for large d to be made without ambiguity. 

If necessary turning points could also be detected unambiguously 

by fast modulation of one of the plates of the Fabry-Pelrot cavity 

(as in the inLtial setting up pr, cedure). 

Thus, inherently, there is no reason why radial distributions 

of Ne could not be measured much more accurately than 10% (say 

to w2%). 

6.5 Contributions to plasma refractive index 

It has previously been assumed that contributions from 

free electrons dominate the refractive index of the plasma. 

An attempt will now be made to justify this. Bound electrons, 

in fact, also contribute to p so we can write :- 

(11-1)TOTAL - (11-1)F. E. 
	("4-1)13.E. 
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Where F.E. = free electrons 

B.E. 	bound electrons. 

The free electron contribution can be expressed by the 

classical formula [ref.46] 

* 4-0/2TiWNe F.E. 	 0.. 6, 

It is necessary to show that :- 

(//-1)F.E./(11-1)B.E. = 11.4.< 1 	... 6.2 

R will be evaluated for the conditions, bank voltage 

1.5 kv and filling pressure 0.20 torr. The conclusions 
obtained will, in fact, be generally applicable under all the 

plasma conditions studied here. 

The analysis is somewhat simpler for a probing wavelength 

A 5.39 which will therefore be considered first. 

(1) 	= 339  

For a bound transition betr=len an upper state m and a 

lower state n [ref.46] 

(W )-1 = e2/2 0  ) (141e-tilt ) Nn fmn 	Oee 6;3 

where W is the probing frequency. 

This formula holds for [ref.46] 
W 	Y mn o 

where y is the classical dipole damping constant. 

In our case the line shape is dominated by els.ctror Impacts, 

It is, however, still dispersive but the half width is 211 so 

the above inequality becomes 

• • Ct 	6  •) Winn N01 -;;;,,, 2W 
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Converting 6.3 to wavelength units and summing over all 

upper states m and then t.4.11 lower states n :- 

(11(A)-1)B.E. = 	 i°0/2T4 A2  Nn fmn41- (A/ mn)2) 
.n 

04. 6.5 

When m is lower than n,fmn is replaced by -fnm where 

fnm is the emission oscillator strength. 

From 6.11  6.2 and 6.5 :- 

,(--- 

i 
R = Z.  .< (Nn/Ne) fmn41-(Ablmn)2i 

l n n m 

Assuming L.T.E. 

=01z/BzNe, fmn gne -Wn/kTeiti_(wilin)2) 

... 6.6 
For A mn A • e 	this relation breaks down. 	In this 

case the relation for classical radiation damping can be used, 

[ref./163, but with the damping constant Y = 2W. 	Then 

(11(a)-1) 	= (r ‘3,4fe, (AA/00+1,11)f No_e-hv/kTe4  

Yimn 	o 	
wri n 

 

... 6.7 

where AA 	A - "inn 
The relation 6.6 for R together with 6,7 for the cases 

must be summed over all species. 

In the case under consideration 

Ne = 4.4 1017cm-3  

and 
	

Te = 31,000°K 
	

[see Chapter 7]. 

Corresponding to the above values;  from referance 

42 (and assuming LoT.E.) 



No 	1.5 x 1014  
N, = 	4 x 1016  
N2 = 	2 x 1017  

Some simplification of 6.6 

6.8 

can be made as the suns is 
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dominated by the resonance transition 
mn involved. Even when n is such 

/N./10
-6

, the maximum wavelength )1k mn  

in spite of the small 
-Wn/kT that V 	falls to 

that can occur [in the 

case of AIII for example] is ""3,000R. Thus the maximum 

possible value of if 1 
erWn/kTe 41_(A4 mn)2)in this case is only 

10-4to 10-5  that value for the resonance transition. 

R can therefore be roughly estimated by taking X mn  
as constant, equal to the resonance wavelength. 

)%/A mn)2 	1 

Therefore 	RA•+NZ A 2  /BzNe )N2 )g 2 h/kTe 
mn 	n n 

Using the Thomas-Kuhn-Reiche rule [ref.28] 

In this case 

min mn 

nn 

and 	R -Nz X2  /Ne X2  mn 

Z = 1 

000 509 

Summing over all species and using the data from 6.8 and 
reference 47 for the values of X mn 	R/4'.•.4 X 10.4  

Therefore the Plasma refractivity at X3.3911 is dominated 
by the free electron contribution. 

Thus Ne can be determined by a relation of the corm 

Ne 	 .2 = k nI I 
	( X I 	3.39p..) 

as has previously been assumed. 
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(2) 	X = 63288 

Except for X inn", 63288 relation 6.9 can be used to 

evaluate R. 	In this case 

RA."10 2  
However for wavelengths at which resonance effects are 

important, A cv 63288, the populations NR are generally much 

higher than for X 3,3911. It is therefore worth considering 

the case v.v6328R separately by use of 6.7. The most 
important lines for which A"e6328R are emitted by AII. Thus 

on substitution of the relevant quantities for All into 6.7 
we obtain 

(n(X)-1) x„.4;63. 8V(Ii(X)-1)F.E.  

-58 	214
fmn 

 g 
n 
 8WnikTe/02; 672) 

x (1 - B-hVran/kTe) 

where Axis in 2 

The nearest line to the probing wavelength X6328R, is only 

= 0.31E away and might be expected to dominate in the above 

relation. 

fmn was calculated for this All line (4 f 22 	2  - 6g 1F..1) 

using the Coulomb approximation [ref.31] giving :- 

fmn = 7.8 x 10-3  

A X will be altered by shifts of the plasma line but on 

upper limit to the above expression is given by :--- 

-14n/kT 
(n°°-1)AII line/(n6)-1)F.E.A4' (-58/4X) fmngne  

x  (1-e-hy/kT) 
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(where A)' = 0.312 the unperturbed separation) 

4 -7 x 10-4  
Contributions from other lines near the laser wavelength 

depend on their relative fmn/Avalues but are usually far 

less than this. The total contribution from nearby plasma 

lines is therefore most probably much less than 1%. 

In conclusion the contributions to the plasma retractive 

index at ),6328a from sources other than the free electrons 

should not amount to more than one percent, i.e. much less 

than experimental errors. However we expect the contribution 

at X3.39p. to be even smaller. 

6.6 Experimental investigation of free electron contribution 

to plasma refractive index (6328) 

From the above discussion 11, can be expected.to be 

completely dominated by free electrons at X3.3911, 

% 
i.e. Ne A, 2 = k ndi s  

where n, = number of fringe shifts at )0.3911. 

For the same Ne atX6328a we have 

NeX2  + A = k n
22 

where A is the contribution from bound electrons 

i.e. A/Ne 	= (n2\l/n1 X 2)- 1 

This ratio, from Section 6.5 is probably small and 
negative. 

To verify this experimentally measurements were made at 

one plasma condition at both X and X2. To allow measurements 

to be made at X3.3911 two quatz windows of aperture 1.2 cm 
were araldited on to the centre of the tube, diametrically 
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opposite each other. Measurements at ).65235 subsequently 

showed that these had no detectable effect on the radial 

distribution of He. 

For measurements at 3.3911 a liquid Nt cooled detector was 

used. The time response of this detector plus amplifier was 

only"f1p sec so that measurements could not be made at voltages 

above 1.25 kv (et0.20 torr). 

At this condition fringe shifts up to peak compression 

were 

6323R n2 = 	2.75 + 0.25 

X3.3911 n, = 	15.5 0.25 

giving A/Ne X22  = 0.05 + 0.10 

Which confirms the conclusions of 6.5 to within experimental 

error. 

Having confirmed the dominance of the free electron 

refractivity the absolute magnitude of p can be estimated from 

6.1, i.e. at 1.5 kv (0.20 torr) 

( p. - 	= 7.9 x 10-5  ( \652a) 

so the approximation used in the calculations, 

- 1) "sw, 	2(11-1) 	(see ref.46) 

was well justified. 

6 . 7 Discussion 

   

In the analysis of 6.5 a sharp differentiation was made 

between 'free/ and 'bound' electrons by using the Delye 

expression for depression of ionisation potential in &their,. 
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equation to cut off ;. g
n
e
-Wh/kTe 

The question now arises as to how the 'free' density 

achieved from laser measurements compares with that which gives 

rise to Stark broadening. 

Griem [ref.1j8] considers the electron density Ne' obtained 

by the laser measurements (using 6.1) as being larger than that 

from Saha's equation due to the inclusion of very weakly bound 

electrons. The extra electrons he considers are those between 

the (Delye) reduced ionisation limit and a level approximately 

the photon energy, hc/X, lower than this. However since it 

has been shown that all bound electrons contribute only eege 1% 

to the refractive index this term must be much less than 1% of 

Ne. 

Further, Griem considers that those bound electrons whose 

Bohr radius exceeds the mean distance between free electrons or 

ions should be counted as 'broadening' electrons. 	Again this 

term is much less than 1% Ne. 

Therefore it seems unlikely that uncertainties in the 

'definition' of Ne could cause errors of more than '16,1% in 

applying the laser determined Ne to characterise Stark broadening. 

These errors are very small compared with those from experimental 

sources (i.e. -e,, 10% in Ne and "66'10% in W). 

To summarise, the feasibility of making aceurate 

independent measurements of Ne in an unstabilised Z-Pineh 

plasma has been demonstrated. 	The fact that refraction of the 

laser beam out of the plasma does not occur under the conditions 

we have studied means that gradients of le and therefore Ne are 

small along a length of plasma 	1 mm. (i.e. the 'width' of 

the laser beam). 	Cerresnondingly the plasma can be considerec: 



1514. 

uniform along the length viewed in the line profile measurements. 

In addition the radial distribution of Ne can readily be 

obtained by straight forward Abel inversion. 



CHAPTER 7 

ELECTRON TEMPERATURE MEASUREMENTS 

7.1 	Choice of Diagnostic 

The method of measuring the elecAron temperature of a 

plasma from the widths of optically thick line profiles, as 

described in Chapter 4, is only sensitive in certain temperature 

regimes. Moreover misinterpretation of results can be caused 

since the absorption at the centre of a line is a two valued 

function of temperature. 	It was therefore desirable to use a 

different diagnostic technique which was not subject to these 

limitations. 

The method chosen was the measurement of the relative 

intensities of two lines emitted by different ionisation stages 

of an element. This ratio is a very sensitive function of Te 

[Ref. 501 but the regimes of Te in which a reliable theoretical 

relation can be given for the function are rather limited [ Ref.50] 

If the plasma is in complete L.T.E. the intensity ratio 

of lines of frequency V and V from successive ionisation 

states is given by [Ref.50] 

(27m kT )3/2 	WI + E 2 
4
1At

mn
g
m 	(.1 	

, 
rrl 	z 	Z n ) 

Aningm  
N h3 	

kTe 
e 

Whether or not a model of complete L.T.E. can be applied 

to the plasma conditions studied previously will be disscussed 

later. 	It can be seen that the ratio, for L.T.E., also 

depends on Ne. Since this parameter was in any case measured 

accurately on the B2  stadlised pinch (Chapter 4) and =stabilised 

pinch (Chapter 5), no further restrictions was involved. 

155. 

If 
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The observations of lines from All and AIII was favoured 

since the intensity -of AI lines would be very small at values 

of Tev"30,000°K (Chapter 4) and they would in any case be too 

broad to be well isolated. 

The AIII line /0344.7a and All line 0350.9 were 
selected for the intensity measurements. These lines were 

bright and well isolated under all conditions studied, as seen 

from the spectra taken (Chapter 4). Also the lines are 

Separated by only\oN 5a and the mean wavelength is at the peak 
response of an R.C.A. I,P.28 photomultiplier. 	It was therefore 

not necessary to make even a relative calibration of the 

detecting system at the two wavelengths. 

7.2 Preliminary measurements of line width and shift  

The instrument used for recording the line intensities was 

a Hilger medium quartz spectroscope fitted with an E.720 photo-

multiplier unit housing an R.C.A. IP.28 photomultiplier. This 

unit was fitted with a manual drive which enabled it to be used 

as a scanning snectrometer. One revolution of the scale 

(calibrated in degrees) attached to the drive corresponded to 

a 1mm translational movement of the exit slit. 

Since the far line wings of a dispersive profile 

contribute a significant proportion of the total line intensity 

it was desirable to have the spectrometer exit slit as wide as 

possible to accept most of the total intensity of each line. 

However, since the exit slit width in this case was 

limited to a relatively small value 	corresponding to the 

separation of the two lines), it was necessary to obtain 

information about the width and shift of each line at each 
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condition at which Te was to be measured. Estimates could then 

be made of the proportion of the total intensity of each line 

accepted in each measurement. 

Th' line profile measurements were carried out as follows :- 

The instrument was focussed photoelectrically on )0341,5R 

HgI emitted by a low pressure mercury lamp with entrance and 

exit slits set at 5 microns. A calibration was made using a 

Hg lamp and a check made that the instrument was also in fotus 

at )435a. The widths of the Hg lines could be neglected 

compared with the instrument width obtained. 

The All and AIII lines were scanned across on a multishot 

basis at a condition previously studied (1.5 kv 0.20 torr) 

with a time response of the detecting systemvN0.15 u sec. 

Care was taken to accept the same solid angle as in the 

instrument profile determination. 

The intensities at different points across the line 

profiles were estimate from the C.R.O. traoes at the pinch time 

(known from Chapter 6) and 2 u sec later when Ne bad fallen to 

a known value. The results are shown in Fig.7.1. 

The profiles well in the afterglo agreed well with the 

)0341.5 HgI instrument profiles and their separation gave a 

dispersion of 21.5 0.5  A/mm. This figure agreed with the 

Hg line calibration. 

The measured line widths and shifts at the pinch 

(assuming unshifted afterglo profiles) are given in the table 

below. 	Also quoted are Ne (from Chapter 6), Te (anticipated 

from Section 7.3) and the theoretical upper state widths and 

shifts (calculated using the programme described in Appendix I). 
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Ne = 4.4 x 1017  cm-3  + 9% 
Te = 31,000°K + 1,000°K 

Line (E) ExperimereJal 
W (R) 

Theoretical 
Wu 

Experimental 
d 

Theoretical 
du 

3350.9 
All 1.30 + 0.09 1.41 + 0014 1.01 + 0.13 + 0.85 + 0.09 

3344.7 
AIII 

0.10 +0.05 0.14 + 0.02 0.04 + 0.01 0.19 +0.01 

If the good agreement between experimental and calculated 

values of W and d/W for the All line is assumed to extend to 

other conditions then (from the calculations) W and d/W should 

be fairly in sensitive functions of Te. Thus, at every 

condition at which Ne is known, W is given by 1.30 Ne/40.!k  x 10
17 

and d/?I is the same as in the above Table. Compared with the 

All line the width and shift of the AIII line is negligible. 

Thus good estimates could be made for the best poLition of the 

exit slit, and consequently the proportion of the total intensity 

of each line accepted, in each measurement. 

7.3 Intensity ratio measurements 

In the measurement of the line intensities the entrance 

slit was set as narrow as possible consistent with a reasonable 

signal to noise ratio, (the width was 511 except at conditions 

4 and 5 below when a 1011 slit was used). The exit slit was 
set at 2001 (corresponding to 4R) and placed symmetrically 
with respect to each line for all measurements. Backlash 

errors were avoided by first centring on X3341.58  HgI. 

159. 
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estimate of the continuum intensity at each condition was made 

using a 50u slit centred on X3343 . 

The results obtained and the corresponding values of Te2  

assumino L.T.E. and using 7.1 are tabulated below. Ne was 

obtained from Chapters 4 and 6 and appendix 3. Values of 

were calculated on the Coulomb approximation [ref.31]. The 

depression of ionisation potential of AII, AEoo t  was calculated 

using the DeLye expression [ref.51]. 

Condition, Tube 
vol- 
tage 
kv 

Magnet 
vol- 
tage 
kv 

AIII/AII 
line 
ratio 

Ne an 
Te (°10 
assuming 
L.T.E. 

1 1,0 1.0 0.8 f1.2x101  24,000 

2 1.5 1.0 5,2 1.0x1016  28,903 

3 2.0 1.0 7,1 5.8x101€  50:903 

4 0.5 0 0.1 7x10
15 

.4:20,000 

5 0,75 0 2.5 3.6x10
16 27,000 

6 1,0 0 3.5 1.1x1017  29,600 

7 1.5 0 1.6 4.4x1017 31,050 

8 2.0 0 1,1 51,900 9,2x1017  

Before dismissing the errors in the measurements t-ie extent 

to which a model of complete L.T.E. can be applied to the 

conditions studied will be examined. 
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7.4 Validity of L.T.E. 

In a homogeneous time independant plasma complete L.T.E. 

corresponds to :- 

(1) The free electrons being describable by a Maxwell-

Boltzmann distribution characterised by Te. 

(2) Ne being so high that electron collisional population 

and depopulation rates of all levels completely outweigh 

their radiative counterparts. 

Considering free electron states first, the satisfaction 

of (1), following Wilson [ref,52], corresponds to :- 

t 
	 ... 7.2 ee 	

t
en 	

t
part 

The electron-electron relaxation time, tee, is given by 

Spitzer [ref.53]. 	For conditions in the above table it lies 

between 5 x 10-12  and 2 x 10-13  secs. 

The energy heating time of the plasma, ten, and the particle 

containment time -part, can be roughly estimated from the Ne 

versus time curves, (e.g. Chapter 4). 	Under all conditions 

7.2 is easily satisfied. 

The satisfaction of (2) for free electrons corresponds to 

t'ee 4 trad 
	 ... 7.3 

The radiative decay time for Bremstrahlung, 	rad: can 

be estimated using Cref.527. 

t o RAD 
	Ne

-1  
ev 1.4 10" Tei  

This lies bawmnix 10**3  and 3 x 10-5  at the conditions 
studied so • 7.3 is also readily satisfied. 

Thus under all conditions the free electrons have a 

thermal (L.T.E.) distribution. 
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For bound states it is necessary to estimate the critical 

Ne below which condition (2) is not satisfied. 

Ne 

There are, to date, three expressions for this critical 

g 
(1)  Ne = 9.2 x 10" Te21Pr(plq) rGriem ref.51] 

(2)  Ne 	1.6 x 1012  Tel0 (P50 [McWhirter ref.54] 

(3)  Ne = 5.6 x 10" Te2W3(o0) [Wilson ref•52] 

... 7,4 
Where W (p,q) is the resonance level energy and 

W (w) ionisation energy of the particular ionic stage considered 

(itte.V). 	These relations were all derived for H
2
-like species. 

Applying them directly to All and AIII species we get (with 

Te = 30,000°K) for the critical Ne 

Critical Ne 

Criterion All AIII 

1 3.9 x 1017 4.5 x to17 

2 6.8 x 1017 7.8 x 1017  

3 2.0 x 10
18  6.5 x 10/8  

L.T.E. is always more difficult to satisfy for AIII and 

therefore th_s case only will be considered. Since the 

critical Ne given above ranges over a factor of 10 it is worth 

deciding which to use. 

?,ondition (3) was derived by considering the 'thermal 

limit' in an ion, down to wIL:ch thermal equilibrium (which as 
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seen above usually holds for the free electrons) extends. 

The ionisation potential for this limit Wt  was then set = W 

(co) for the thermal limit to extend down to the G.S. of the 

ion, i.e. to give complete L.T.E. 	Since the approximations 

involved were based on Wt 4 Wi this would seem a dubious 

procedure. 	It was justified in (3) since it gave essentially 

the same result as the criterion used in (1) and (2) that the 

radiative decay rate from the 1st en -tied states of a H2  like 

ion to the ground state should be much less (arbitarilly taken 

as 10%) than the collisional decay rate. Much the same result 

is obtained in such a case since W (p,q) is not greatly 

different from W(oo). This is not the case for AIII where the 

1st excited state is very non-hydrogenic (i.e. n* = 2.1 

whereas n = 3). 

We can certainly say that if criterion (3) is satisfied 

L.T.E. holds. 	Nevertheless, this condition is probably too 

stringent. On the other hand since the 1st excited state in 

AIII is so low conditions (1) and (2) (derived for H
2
like ions) 

could give an underestimate of the Ne required for complete 

L.T.E. since there could be a larger energy gap than Vi(plq) 

for which the criteria would to more stringent, 

Condition (3) will therefore be taken as the one to be 

satisfied. 

In fact this criteria can be relaxed since radiative 

population of the ground state is conterbalanced tc some extent 

by absorption of photons and re-eryitation. 

The radiative population rate of the G.S. is thus 

reduced by approximately :- 



OD 

R = 	By  ti-e 	6,A4 
dV forr-a dispersive 

-co 
-46 

co  BV to4+(VVW)21dyt line shape 	705 

(Assuming the plasma conditions are near L.T.E.) 

For t
o 

large this reduces to :- 

1144 7.6  R 4//tto  

(Roughly evaluating 7.5 for -2W <\) .< 2W) 

If we consider the 1st excited state as being the most 

effective at populating the G.S. then to  must be evaluated 

for the resonance line. Now for the upper state of the 

5344.7R AIII line (from Section 7.2) :- 

W = 1 x 10-1R 	at Ne = 4 x 17cm-3 

g = 3.9 x 10-28 t and Te ."4  30,000°K 

The convolution of these two profiles gives very nearly a 

dispersive profile of - width 1.1 x 10-1A, 

For such a line, therefore, we would assume a Stark profile 

in the estimation of to 	
This assumption will also be made 

for the AIII resonance line, 	in addition the width of this 

line will be taken to be the same as the )034_A.7 line. 

Both •,,ssumptions may not be very good since the ion will 

be less polarisable in the ,upper state of the resonance line 

compared with the upper state of the 3344.78 line and the Stark 
broadening consequently smaller. However, the assumptions 

will lead, if anything, to an underestimation of I;o 	Taking 

f 	for the resonance line arbitarily as 1 and using 3.4 we have 
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= 2.52/p p  

7.05 x 10-3  Ne 1/3cm".1  [ref.56] 

cm 	' Lref.56] 
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^110 17 	For condition (7) above. 

However, we cannot assume that the critical Net  given 

above, can be relaxed directly by the factor 447n 	7.5 x 10-2  

because radiative population of the G.S. from the second 

excited state is now important. For this transition t o' 

calculated as above is All so this line is therefore probably 

not appreciably reabsorbed. We shall therefore follow Griem 

[10 .and assume that criterion can be relaxed by about 

order of magnitude to give :- 

Critical Ne = 6.5 x 10
17 

Thus on the basis of complete L.T.E. the line intensity 

ratios for the conditions Ne = 4.4 x 1017cm-3  and Ne = 9.2 x 1017  

cm-3  were calculated from 7.1 (Fig.7.2). 	It should be noted 

that although the former Ne lies slightly below the critical 

Ne an uncertainty in the population ratio AIII/AII of 50% 

leads only to an uncertainty inle‘296. Thus we expect 

negligible theoretical errors at the above values of Ne. The 

line intensity ratios were calculated using two expressions for 

AEoo 

(1) Debye Expression AW
2 

(2) Unsold Expression AW 2  

While there ist  as yet, no conclusive evidence as to which 

expression should be used [ref.55] the differences in Te 

obtained for a given intensity ratio are only ^a2% so the Debye 

expression will be employed in subsequent calculations. 

Two further criteria must be satisfied for L.T.E. when the 

plasmas are time dependent and inhomogeneous:- 
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(1) Changes of Te wie small during the times over which 

ionisational and exitational equilibrium are established. 

The latter time is given by Griem [ref.51] as :- 

1:1 " 	107(z+1)3N 	/(f Ne(N +N z+, 	mn z z+1 

Ain-linYkTe x0,11-Vw:)(kTeiwid 6 	stt. 

Where fmn  refers to the resonance transition of charge state 

2. 
For the case of AIII and All ionisational equilibrium 

(z=1) and conditions 7 and 8 

10-8  secs 

This is obviously small compared with times ow 1i sec 

(from the AIII and All intensity versus time traces) during 

which Te is nearly constant. 

(2) Ions muxt not move into regions of very d;fferent Te in 

the times for equilibration as given abov3. The distance moved 

by an ion in auch a time is given by Griem [ref.51] as :- 

14 iN 	
, 1, 	(W-W)/2kTe 

d Ad(7 x 10 /A l(kTe/W-)20/ -W)/f W)4  e m  n  H 	m n mn H 

102N-  ems 

Here dew 4 x 10-3  cons so this condition is again easily 

satisfied as can be seen by inspection of the radial Te 

distribution (see Chapter 8). 

In concIrvaion the plasmas studied at conditions (7) and 

(8) above are describable by the L.T.E. model. Uncertainties 

in Te from theoretical difficulties shou.74 be only 4443% at 

these conditions. 
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7.5 Estimate of Te for plasmas not in L.T.E. 

The majority of the plasma conditions studied (above table) 

cannot be adequately described by a model of L.T.E. 

In addition Ne is too high for coronal or semicoronal 

equilibrium to hold. Wilson Cref.52] gives a criterion for 

the latter case which becomes :- 

Ne 	2 x 1014  for AIII at Te  = 30,000°K 

Therefore a detailed analysis of the rate equations 

populating the upper state of each line should strictly be 

performed. 	Since this is impossible in general the following 

procedure will he adopted :- 

The neglect of radiative processes (especially radiative 

decays to the ground state) when Ne  is less than the critical 

value at which L.T.E. ceases to hold, Ne, should lead to an 

overestimation of N(Z+1,P)/N(Z+10) on using the L.T.E. 

relations, 

However, h(z,p) can be related accurately to N(z+10) 

since L.T.E. Ls much easier to satisfy for AII. Therefore, 

for the conditions 	Ni  ?:Ng, H(z+1,p)/14(z,p) and hence 

WI should be overestimated. Consequently Te should be 
underestimated. 

Therefore for He  < N, a model is required which, if anything, 

will lead to an underestimate of N(z+1,p)/N(z+10), Then 

Te  can be estimated from the extreme values frog this model 

and L.T.E. . 

If the population processes for this model are assumed to 

occur via intermediate states i them., in the steady state and 

assuming optical thinnea5;- 
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no 	n(z+1,i) X (i,p) = n(z+1,p) i CA(p,i)i-noX(P,i)] 

... 	706  

For state p, sum.ing over all possible i. 

If the populations of the levels i are assumed to be 

governed by a Coronal type relation :- 

non(z+1,g) X (g,i) = n(z+110 A (i0) 	... 7.7 
Then, from 7.6 and 7.7 

n(z+1,p)/n(zi-10) = no  j X (g,i)X(i,p)/A(i,g) 

[A(p,i)+no  X (pli.)7 

7.8 

Use of 7.7 should result in an underestimate of the ratio 
in 7.8 since self absorption alid radiative and collisional 

population of state i has been neglected. 

Inspection of the AIII term scheme shows that in 7.6 the 

most important i are below p. 

For these i c comparison can be made of the terms A(p.i) 

and no  X (pli). 

The de-excitation coefficient X(p,i) can be related to the 

excitation coefficient X(i,p) by [ref.54] :- 

X(p,i)/X(i,p) 	 .0. 7.9 
The excitation :oegf:PiCirigen:): 

X(i,p) =t8.5 x 10-4a f(i,p)/Teiwu,Ae Wilp)/kT 

(Where W is in e.V, To  in °K) 	... 7.10 

The Gaunt factor g can be taken = 0.2 from Allen [ref.5]. 

f(i,p) can be related to A(p,i) by [ref.5] 
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f(1.113)/A(P,i) =(g(p)/g(i)) )qp/6.7 x 1315 
	

... 7.11 

(where ^ is in a) 

Thus from 7.9, 7.10 and 7.11 :- 

neXip,i)/A(P,i) = 2.54 x 10-2° )4.13  neAlgi,p)T01)= R 

7.12 

For lip = 3344.78, AIII this ratio is :- 

R = 4.4 x 10-16  ne  

Generally, for the strongest transitions p 4 i, R > 1 

at Ne  1016cm-3  (as in the conditions studied). Thus 7.8 can 

be simplified to :- 

n(z+1,p)/n(z+1,g) = ne 	X(g,i)X(i,p)/A(i,g) 

X (p,i) 

Using relations above this can be reduced to :- 

ft(z+1,p)/n(z+1,g) = 2.6 x 10-2° 
op)  411(p,g)/kTe 

1 	 
g(g) Tee  

,' 

x  2 	2 

Arp 0 'al) )kig/W(p li)14,g) 

X 	'  
A(p.i) 4p/W(pli) 

... 7.13 

... 7.14 
Examination of the sums in 7.14 using values of A(pli) 

calculatcvd on the coulomb approximation [ref.31J shows that 

the dominant term is that where i is the lower state of 

)0344.78. The expression is then essentially independent of 

transition probabilities and reduces to :- 

n(z+1,p)/n(z+1,g) = 2.2 x 10 -16ne le7W(p,g)/kTe /Te  l 	000 7.15 

Seaton [ref.57] considers his relation for the cross section 

(equation 7.10) to be good to a factor ,̂d 2x so the above 

relation should involve a similar uncertainty. 
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It is now necessary to relate n(zsp) with n(z+10). This 

can be done using Saha's equation if the thermal limit [ref.52] 

extends down to level p under all conditions. Wilson [ref.52] 

shows the thermal limit is at a level of binding energy Wt 

when :- 

= 3 x 10-28  Wz(kTe)-1Ne2  

Substituting Wt = W(z+10) W(z1p) (e.V.) and kTe  = 3 e.V., 
the limit should extend down through level (zs p) for Ne  > 1015  

cm-3  - a condition satisfied in all cases which wan: studied. 

Thus the appropriate Saha equation can be used [ref.50] 

23/2 NeN(z+10)/N(z,p) = 29,z4.10/golp (mkTe/2 h ) 

-(Wz-Wp)/kTe  

Combining 7.15 and 7.16 and inserting the relevant 

valuesgequation 1001) we get 

I'/I = iTe  e 4WItto-Wz-AWz-Wid/kTe  

Where lit m  = W(z+12p) 

Wm  = 

Relation 7.17 holds best for low Ne. Therefore a smooth 

transition will be assumed between II/I for Ne  = 2.2 x 1016cm-3 

(the lowest Ne  measured) given by equation 7.17 and II/I for. 

Ne  = 4.4 x 1017cm-3  corresponding to L.T.E. (see Fig07.3) 

/E 	
• `% 

• 

7.16 

Amn and )) 

... 7.17 

'2.2x 101 6 404X10 17 
.; 	• 	Ne 

Fig. 7.3 



172. 

The temperature at each Ne  will be taken as that corres-

ponding to matching the observed II/I to that given midway 

between this smooth transition curve and the L.T.E. value. 

The theoretical error in Te will be taken as the difference 

between this Te  and the L.T.E. value. Results obtained are4- 

Condition 
1 
Te  (L.T.E.)°K 

--- 
Te (L.T.E.-ICORONAL1)°K 

1 24,000 27,000 + 3,000 

2 28,900 31,500 + 2,500 * 

3 30,900 32,500 + 1,500 * 

4 <20,000 < 20,000 

5 27,000 29,500 + 2,500 

6 29,600 30,800 + 1,200 

7 31,050 31,100 + 1,000 

8 31,900 31,900 + 1,000 

Errors from other sources comprised uncertainties in the 

line wing correction ( ,̂1 10%), in the continuum corrections 

("40%) and in the calculated transition probabilities 

(probably not greater than 20%) - in all leading to uncertainties 

in Te  of only n+3% 	In addition errors arose due to inhomo-

geneity of the plasma column. %certainties in the axial 

value of Te  were therefore ^.4 5% (see Chapter 8). Therefore 

further errors 04' 6% must be added to the systematic errors 

from theoreical uncertainties given In the above table. 

7.6 	Plasma polarisation shift 

One indirect result obtained from the above work was that 

the measured shift of X5350.92 provided further evidence 

against the existence of a plasma polarisation shift as 

( * 
	

Note that these values agree ,Toll with these given at the 

end of Section 4.10) 



Predicted by Berg et al Cref.13] 

Experimental 
shift d (R) 

Calculated electron 
impact shift dI 

Calculated polar-
isation shift 
[ref.13] dp  

1.01 + 0.13 0.85 + 0.09 -0.62 + 0.06 

(account is taken of shifts of both upper and lower levels in 

the estimation of dp). 

Similar conalusions were reached from earlier results by 

Day and Griem [ref.71] and Burgess and Cooper [ref./AL 

A revised model of the polarisation shift given by Griem 

[ref.72] would give for .X3350,9a 

dp  = -0.04a 

This could easily he aacOunted for within the results of 

the table above. 

It would seem likely, however, that if instead of using 

a time averaged potential as in ref.72 a time dependant poten-

tial were used with the correct hyperbolic paths for the 

electrons then dp would be included in the electron impact 

shift. Use of this model would then also include broadening 

effects. 
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CHAPTER 8 

FURTHER MEASUREMENTS OF  All LINE BROADENING 

PARAMETERS 

8.1 Width measurements 

Line profiles of several Ail lines were recorded at peak 

compression of the unstabilised plasma using the 5.F.P. 

The initial conditions employed were 1.5 kV bank voltage and 

0.20 torn filling pressure of argon since this discharge wss 

examined in detail in the measurement of Ne  (Chapter 6) and 

Te  (Chapter 7). 

After each line profile shot a laser fringe sequence was 

recorded, integrating along an axis through the centre of the 

discharge tube. No detectable difference in the number of 

fringe shifts to peak comTpressior was detected for any shat. 

The measured line widths are tabulated below. Also 

included is the All line used in the measurement of Te  

(Chapter 7) 

174. 

VZ) 

Ne 	= 	(4.3 4- 0.4) x 1017cm"3  

Te 	= 	31,500 	1,000°K 

Transition 

484P  2i 	4P4P°2i 

484rt 	4134P°if 2 

2 	2 o 

0.89 

0.97 

1.08 

0.74 

1.30 

0.13 

.1- 0.10 

2 0.15 

± 0.10 

.4- 0.09 

Pli — 4P D 2f 

4s4p
22 

t 	41311D 1  

2F0 	2 
4P 	2i 	4d Fai 

4806 

5062 

4880 

4266 

3351 
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8.2 Distortion of profile due to plasma inhomogeneity 

The recorded line profiles were obtained by integrating 

the radiation from an inhomogeneous plasma. The effect of this 

was estimated as follows. Consider the radiant distribution of 

Ate  and Te  in fig.8.1 :-
Ne (r) 

Te(r) 

1 

 

  

   

0 0 
Fig. 8.1 

The normalised Stark profile emitted by a plasma element 

at radius x' is, assuming optical thinness 

L (N, x') = (1/7T0(0/+ 4X-00021 

Where 	'or = OCTe(x.)]Ne(xl ) 

d/W = d/W [Te  (x') only] 

= F[Te(x1 )] 

i.e. L( Ix.) = (1/TMETe(x.)1Ne(x.)) 

	 ..FtTe(V)3)2  
1 t( Tre(XINe(X.) 

... 8.1 

The total intensity emitted by the element (x', Ax') is 

I(x. ) = k N, (xt )e -.14b/kTe(x.) *00 8.2 

where k is a constant. 
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Therefore the distribution of intensity from this element 

is given by :- 

I( X,;c9 = I(x') L( 	... 8.3 

N
1 
 (xi) can be related to Ne(x1 ) and Te(x1) through the 

equations cf charge neutrality and Saha :- 

N1(x9 ) + 2N2(0) 	Ne(x0 

and N2(x')Ne(x')/N1(x') 	= G[Te(x4 ), Ne(x')] 	..0 8.5 

Thus from equations 8.1 to 8.5 we can obtain I( X,x1 ) as 

a function of the variables Te(x'), Ne(x/),C1[Te(x1 )] and 

FETe(x0]. 

The observed distribution of intensity is obtained from:.. 

'
OBS

( X) = 	1( 'X,x,), 

assuming acceptance over a small solid angle. 

The calculations of IoBs( X) was programmed for an Elliot 

803A computor. Input consisted of the values of Ne  and Te  

for 25 values of the radial distance x'. 

The ou'put consisted of both the observed profile, Ioas 

and the profile corresponding to x'=O, /CENTRECX).  These were 

normalised to the same peak intensity. A brief description 

of the computor programme is given in appendix TI. 

The radial distribution of Ne  was already known (Chapter 6). 

the radial distribution of Te  was inferred frog the known 

continuum distribution (Chapter 4) and the rel-_ttion, 

I 2(r) cc Ne(r) Te  4(r). 

(Te(r=0) was nomalised to the value found in Chapter 7.) 

These distributions are shown in Fig.8.2. 
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Since the error in Te(r) was 40. 4x that in Ne  (i.e. ev40%) 

calculation of IMS(X) was also done for three distribution of 

Te(r) approaching Te(r) obtained from Ic(r). (See fig.8.2.) 

The profiles IOBS()  and  ICENTREW  for X4806X are shown 

in fig.8.3. 	To obtain, if anything, an overestimation of the 

distortion caused by plasma inhomogeneity Griem's values of 

d/W were used. These were more rapidly varying functions of 

Te  than the results in Chapter 5. 

For both Te(r) distribution 3 (fig.8.2) and that from Ic(r) 
the profiles /oBsW and I CENTRE(  X) cofincide to well out in the 

line wings. Thus the use of Ne(r=0) and Te(r=O) to 

charActerise the observed profile is well justified. 

It should be noted that Doppler broadening is completely 

negligible for Ne  >1.3 x 1017  (from Section 3.3a and Chapter 4). 
Thus the line shape can be assumed to be dispersive (8.1). 

Also the All line intensity is small for r>0.6 ems so the 

value of Te  estimated in Chapter 7 was fairly representative 
of the axial Te. 

8.3 	Measured values of C (Te 

Values ofa(Te) corresponding to the results tabulated in 

Section 8.1 are given below (Table 8.1). A comparison is made 

with Griem's values of (Te). Also included are the relative 

width measurements described in Chapter 3. Values of 1l for 

these lines were obtained by normalising W to that of X5062 

and using the measured fl for this line from Section 8.1. 

Te  was assumed to be the same for the two discharges. Systematic 

errors inn from this procedure amounted to ev10%. 



TABLE 8.1 

Multi- 
plet Line Transition 

4  Lower - Upper Experimental I Grieco 

1 4460.6 3d4D2 - 4p41S 14.0 + 2.4 4.1  

2 4023.9 3d4D3i 	---- 41,41D3i 15.8 + 2.7 4.3 

4806.1 

4933.2 

4s4P2 	--- 4p415°1  1 	.02  
o 4s4Pli. -- 4p4  Pli.  

+ 20.2 	3.6 

21.4 + 3.7 

8.2 

8.6 
6 

4847.8 4s4Pl 	....- 4p4i1 18.8 + 3.3 8.3 

5062.0 40c  4s 4- ri 	--- 4p 	li 22.0 + 3.1 9.1 

4348.1  4s4P21 	4P4D3t ..--- 1105 + 2.0 4.7 
7 

4266.5 444p2i 	4144E14 ....... /6.8 + 2.8 4,5 

10 3850.6 484P22 --. 4p4S4 26.0 + 4.5 4.3 

14 4879.9 o 4p2  Da 24.6 + 3.4 7.7 
2 	..... 

109 3350.9 4p2Fo/  ..... 4d2FaAl  22  29.6 + 3.6 
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These results will be dis;:ussed in the following Chapter. 



CRAFTER  9 

DISCUSSION OF UORK ON IMPACT BROADENING 

9,1 Discussion of /II Results  

The improved agreement between theory and the experimental 

results of Chaptcr 8 (Table 8.1), on including more levels in the 

calculations and adding the lower state width directly, is 

indicated in Table 9.1 :- 

TABLE 9.1  

Average 
values of:- 

r)5 levels 0 u nu + a L 
IT F. hi"' CIE 

Total of 

11 lines 
0.35 + 0.07 0.61 + 0.12 0.95 + 0.20 

These calculations were performed using matrix elements 

1„ (al, -1)4r2  to couple each perturbing level. Due to the 
breakdown of many approximation made in the theory no further 

calculation._ of n using the correct coupling strengths, fowl  

were made for most of the All lines studied. Calculations for 

three All lines using both coupling prescriptions indicated that 

the general conclusions that can be reached are identical but Cie 

absolute magnitude of(ciu +11LYI1E, given above, is likely to be 

in error by a factor of about 2x. 

Thus the inclusion of more than 5 perturbing levels is 
essential in calculating ft for most All lines. 	In addition 

lower state broadening must be account for, i.e. Assumptions A3 

180. 
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and A4 [Section 5.7] are generally invalid. To investigate the 

remaining source of error in the calculated maues of C} it is 

instructive to study the validity of other assumptions (given 

in Section 5.7) for all the All lines which were measix-ed. 

That the 'no back reaction' and 'small strong collision 

term' assumptions are also invalid can be seen in Table 9.2 :- 

TABLE 9,2 

Multiplet Line (Ea-FaWkTe  * Strong collision 
Te = 20,000°K term M 

1 4460.6 0.51 48 

2 4013.9 0.67 6o 
4806,1 0.51 48 

6 4933.2 0,53 48 
4847.8  0.58 48  
5062.0 0.53 48 
4348.1 0.67 Go 

7 4266.5 0.70 6o 
10 3850.6 0.92 62 

14 4879.9 -0.54 0- 
109 3350.9 .0,21 36 

(* al refers to the nearest perturbing level to the upper 

state a) 

The larger Ira - cO(/kTe the worse the no back reaction 

assumption becomes. That the strong collision term is also 

larger when this quantity is large is not surprising. When 

lEa-Emst is large compared with kTe  only fast electrons on the 

tail of the i.iaxwellian distribution can cause inelastic 
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collisions. Consequently most of the broadening is caused by 

strong (elastic) collisions with )414)0min. 	It follows that 

the use of straight line classical paths becomes more unjustified 

in this case. 	To summarise, assumptions Ai, A2, A7 and AE 

all break down for the All lines studied, the validity being 

worse the larger is lEa-Eciej/kTe. 

The importance of the size of Ea-Ea' is also exhibited in 

the other theoretical assumptions. Thus if the perturber level 

separation is small for both upper and lower states a direct 

addition of flu and(IL should give a good estimate of the total 

width since inelastic collisions would be dominant. The 

estimate would be particularly good if transitions between Ea and 

Ep (and vice versa) were unimportanil, e.g. if the line were 

'forbidden'. 

Neither situation is true in our cases. However some 

conclusions about the impo,-tance of lower state interactipn can 

be reached even iffEa-Eal'is large. 	Thus for a 'normal' emitter 

we expect the density of states to be larger above a given level 

a. This density would be higher the more weakly bound is the . 

state a. Therefore if Ea-Ea' is negative we expect Ep-Ept to 

be negative and jEp Epd< jEa Ea'). 	In this case lower 

state broadening would be small compared with the upper state, 

especially for a tightly bound lower state. 

This argument does not hold if Ea' is below Ea as is often 

the situation for All lines. 	If the most important perturbing 

level to Ea is Ep then for Ep the nearest perturbing level :Is 

at least as near as Ea. In this case upper and lower state 

broadening would be comparable. 

Thus the sign of (Ea.,.E119 )/kTe should be of relevance in 

determining the importance of including the lower state in any 
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calculation of the line width. 	Consequently this sign should 

enable one to distinguish the relative effect of breakdown of 

assumptions Al, A2, A7 and AB on one hand and A4 on the other. 

To test this hypothesis the results of Stark broadening 

measurements on other singly ionised emitters will be considered. 

9.2 Other singly ionised emitters 

Two other sets of results on All are available, Kazing 

[ref.98] studied many All lines before the Griem theory was 

developed. Re was not measured but the results are internally 

consistent with ours for Ne = (1.3 0.2) x 1017cm'3. Oertel 

et al [ref.99] studied three All lines. 	His value of fl  for the 

line studied in common [ )406R) is in good quantitative agree-

ment with that presented in this thesis. This is of interest 

because of the different experimental techniques used. Oertel 

et al used a T-tube source filled with argon seeded helium. He  

was measured from the width of a HeI line whose broadening parameter 

had already been checked [fig.1.1]. 	Te was determined using 

the relative line to continuum intensity technique. 

The first quantitative results on a singly ionised emitter 

were obtained by Day and Griem [ref,71] who found good agreement 

between theory and experiment fox NIT. 

Recently more results on singly ionised emitters have become 

available, i.e. on Call, studied by J.R.Roberts [ref.100] ane 

Yamamoto [ref.101], ON by J.R.Roberts [ref. 100] and STY by 

Bridges and Wiese [ref.100]. 

Including all available results the ratio of experimental 

line width to calculated upper state width is plotted as a function 

of (Em...EmO/kTe (where Te  is the temperature at which each 

measurement was performed) in fig.9.1. 
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As suggested in 9.2 the agreement with theory tends to 

become progressively worse as (Em-E00)/kTe  becomes larger. 

Some rather large discrepancies from this trend need considering s  

however. 

Firstly Yamamoto's Call line width appears to be too low. 

This could possibly be accounted for by the neglect of large 

temperature gradients in the arc source used by this author. 

Secondly the NII line for which Em-Em' is positive is in 

far better agreement with theory than expected. However 

the second perturbing term to the upper state of this line is 

slightly more strongly coupled than Ea' and an equal distance 

above Et,c,Thus consideration of one Ea' is unjustified. 

Thirdly the NII lines for which (Ea-EmO/kTo  is large and 

negative are in unexpectedly good agreement with theory. 

Calculation of fl  L for these lines shows tht(IL/flu  is in 

fact much lower than obtained w3+171 the All lines. 	Nevertheless 

even accounting for this we should still expect much larger 

experimental than calculated widths. 	It therefore seems 

possible that a systematic error exists in these results. 

On the basis of the above discussion the general applicability 

of Griemls theory will now be considered. 	In particular it is 

worthwhile noting why good agreement with theory was obtained 

before Ali was studied. 

9.3 General applicability of Stark broadening theory.  

For clarity several simplifying assumptions will be made. 

Firstly lines in the visible and near u.v. region only will be 

considered. 	If the wavelength of a line is sufficiently small 

lower state broadening will always be negligible. Secondly 
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To  will be assumed to be such that the line considered is 

reasonably strong and Ve to be of the order normally achieved 

in experimentation. Variation of these parameters can readily 

shift the regime of applicability of various assumptions. 

Thus if Te  is sufficiently high practically all collisions will 

be inelastic. 	If He  is sufficiently high /Pp can approach 

P min  and all collisions will be strong. 

Four main regions of (Em-Eal)/kTe can be distinguished :- 

(1) I Ea 	Eat   1 	‹: ti ( 

olv kTe 	D 

e.g. H
2
, H

e
+ 

Li
++ 	

some Cs lines. 

Here inelastic collisions are dominant and the neglect of 

the back reaction is well justified. 	Also the strong collision 

term is small and straight line classical paths are a good 

approximation even for charged emitters. For most (visible) 

lines lower state broadening can be neglected. 

However some additional complications arise. Electrons 

with very large)/ can readily cause inelastic collisions so a 

shielding cut off —p  D must be inserted in the calculations. 

Also large ion broadening and the overlapping of lines must be 

considered. Nevertheless, as expected, the agreement between 

theory and experiment is generally very good for the line cores. 

l  ' (kTe  r'<rea  -. Ea'I  < 00 2 
kTe 

e.g. Some CII and NII lines, HeI, some AI, oT and NI lines. 

In this region the lines are isolated, ion broadening is 

fairly small and there is no need to consider Debyo shielding. 

(2)  

I'D 
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Most approximations are still quite good. The majority 

of the heavy element lines studied before /*II fall in this 

region so the good agreement with theory is not surprising. 

(3) Ea - Eul  :11; 0.2 

kTe 

e.g. most strong AII, AIII, SII lines. 

The agreement with theory becomes progressively worse as this 

quantity becomes larger. Strictly Ea-Ep must also be compared 

with Ea -Eml. For large Ea-Ep lower state interaction is negligible 

though other approximations still hold badly. 

(4) Ea - Bat  

kTe  

e.g, Sevoral NII linese 

For visible lines there should be slightly better agreement 

with theory than in case (3) due to smaller lover state 

interaction. 

9.4 Further theoretical work 

While most of the theoretical difficulties arise from large 

perturber 'extra separation it is not possible, within the present 

computational prescription, to account for this in a gross manner, 

i.e. the breakdown of the straight line path, small strong 

collision term (etc) assumptions each have to be treated 

separately. 

Griem [ref.100] has recently recalculated the widths of the 

measured singly ionised lines fig.9.1) accounting for lower 

state interaction and hyperbolic perturber trajectmnles. Much 

better agreement with experimeflt was apparently obtained, the 

average ratios of f/e/f/E being 1.1 coipared with 0.5 for the 



previous calculations. 

Griem also found the ratio fle/fIE uniformly high for XII 

and CII. 	The inconsistency of the NII results was also 

apparent from fig.9.1 but here the CII results fitted the expected 

trend. 

In spite of the improved agreement between calculated and 

experimental widths several objections can be raised to these 

new calculations. These will now be considered in some detail. 

The new calculations of Griem are performed as follows. 

It is initially assumed that complete degeneracy exists between 

Ea' and Ea and EA' and Ep. This allows the 2nd order ('weak 
inelastic') term in the perturbation expansion of the S.1 matrix 

to be evaluated exactly for hyperbolic perturber orbits. 	(In 

the same way as the Hell calculations of ref.103 were performed.) 

Divergence of the? integral occurs for large, (c.f. section 9.3 
(1)7 so Griem reinstates +he non 1^generacy and cuts off the 
integral at 

F = 	V 	(V02  max V 1 

The (V'/V)2  term accounted for acceleration of an electron, 

with velocity V and impact parameterfi to V' at the apex of 

the hyperbola. 

For close collisions, where higher orders of the S-1 series 
are appreciable, Griem defined a P 	by the breakdown of 

min 
perturbation theory and obtained a strong collision width, as 

before, 

IvS  = riNvi(v) p 2 
GL  /min 

Throughout the calculations a mean velocity, V, was used. 

188. 
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For more than a few nearest perturbing levels terns in the 

expression for the weak inelastic width were found to go negative 

and therefore rejected. Consequently most of the width was founl 

to lie in the strong collision term. 

In discussing these calculations we will first consider the 

weak inelastic width. 

The assumption of degeueracy seems a rather dubious 

approximation since, as shown above, most of the theoretical 

difficulties arise from exactly the opposite situation being 

trues 	We will investigate this assumption initially using 

straight line paths for the perturbers. The modifications incurred 

for hyperbolic orbits will be considered later. 

As in the calculations described in Chanter 5 we can define 

a minimum cut off by :- 

Z min  
/min 	uo: 

as 

Similarly a maximum cut off can be defined by 

-max 
max 

= 
4aa/ 

accl 

This is the Grieln cut off for Z max im
al 

Physically Zeal?, 1 corresponds to mainly elastic collisons 

so this cut off is reasonable, 

i.e. V p / max =  is equivalent to m 
Vrilax x /Is u cat 	$1 	w

a a t 
or saying electrons with energy , Iircta: cannot cause inelastic 

collisions unless their angular momentum 

= 14 
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In the calculation of the electron impact broadening of 

hydrogen lines [ref.109], where degeneracy does exist, the weak 

inelastic contribution is of the form :- 

	

inax R In 	where R is a matrix element. a fl min 

mini.e. 	e 	R in 	in our case. 
Z
acto 

This expression can be alternatively derived directly from 

the calculations in Chapter 51  

i.e. 	-4
a 	

R 
60 

a(imin  ) 
aa' 

for weak inelastic collisions. 

For complete degeneracy Ta 	0 so Z 0. 
as 	as l 

In this case the small z limit for la  (ZTP )jcan be used, i.e. 

a(Z) =-7  1n4 rref.10]. 	This limit is equivalent to all 

perturbers causing inelastic collisions and is reached if V is 

large even when Ea and 4,0 are not degenerate. 

The 'hydrogenic' approximation will now be compared with 

the previous calculations (Chapter 5) for A4806°. With one 

perturbing level in the calculations the Ihydrogenici case 

gives tic, only es.1 11,.% lower than before. 	The reason for this can 

be seen by comparing the values of a(Z) 

2; AS) = Int a(Z) [ref.L.J a(Z)/aH(Z) 

0.8 0022 0.48 2.15 

J.6 0.)1 0.71 1.39 

0.4 0,92 1.08 1.20 

0.2 1,61 1,81 1,12 

0.1 2042 2.52 1,04 
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In the previous calculations most of the broadening occurred 

for Zgl.4;00 which corresponded to(1/4.rnv2 Te. In this 

region a(Z) and ln(1/21do not dif-fer appreciably. However if 

the next nearest perturbing level is inserted in the calculations, 

min 
aa " 

as " zmin 
aa 9  aa 

EA9Pendix I3 = 2.73 ein  as 

and In 1 nin 
aa" 

is negative for 2.78 2min > 
as e 

min 
If more distant levels are included In 1/elan is only positive 

for very small Zglki (corresponding to large V). The contributions 

of different perturbing levels to W
a 

can be seen in fig.9.2 

W 	for cITierenz 	clro2. -eriic case. 
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Effectively the only difference from the previous 

calculations (Chapter 5) is that the elastic cut off is more 

drastic. Thus only very fast (small z) electrons can cause 

weak inelastic collisions to distant E
f
.  . Instead of slower 

a 
electrons becoming gradually less effective at causing inelastic 
collisions, as in the previous calculations, there is a sharp 

cut-.off for 
Zixa" 

Zeta" etc, = 1 corresponding to 
"max = 12 min' 

The :Ihoice of a cut off for elastic collisions is rather 

arbitary so what appears to be a drastic approximation (i.e. 
E
a
'zr Eat) is not completely unphysical. 	(For example two P / min 

cut-offs were employed in Chapter 5 though the 'transition' 
from fast to slow electrons was smooth in each case.) 

The contribution of each perturbing level to Woc  is normally 

taken as proportional to the area under each curve of the form 

given in fig.9.2 (cR Chapter 5). 

We can therefore see why the 'weak inelastic' terms in 

Griem's calculations become negative for distant Flt. However 

his explanations  that this occurs because the degeneracy 

assumption is only valid marginally, is misleading since 

tEa Eall /kTe  is A0 1 for all singly ionised lines of interest 

(see fig.9.1). 

While the calculation is physically quite reasonable the 

neglect by Griem of the 'negative' terms is incorrect. Firstly 

the parts of these terms which are positive, kat, Zaae etc 41, 

correspond to weak inelastic collisions and should be retained. 

Secondly the negative parts of these terms should be rejected 

but nevertheless some account taken of large 4umt. 	In fact 

Griem has completely neglected all elastic contributions tc the 

width, as we shall show later. 
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It is now necessary to consider how the above discussion 

is modified if we use hyperbolic perturber orbits. As noted 

above Griem accounts for this by increasingfimax  to(V/Wacc4(VI/V)2  

This can presumably be explained as follows. For a given /, 

and V inclusion of a hyperbolic path increases V to V' at the 

apex of the hyperbola ands  for constant angular momentw,f  is 

reduced to 1)V/VI. Both effects make the perturber more/  

capable of causing an inelastic collision and the cut off is now 

given by 

j'y /v+ 	(v/ mmi)(vi/V) 

Theracut-off is reduced since partial cancellation of the 
f min 

eleist15.Ec fields for a close (strongly curved) trajectory tends 

to reduce the broadening effect of a fast electron compared with 

the straight line orbit case. 

The ratio/max/ P 	is therefore increPsed. The effect / min  

X of this for the nearest 	A for 	4.8065 is to increase the 

broadening ",15% over the straight line path case. For further 

40  the terms become negative at larger 4mme (i.e. smaller 
vegIcities) than before. However the objections to the 

treatment of these terms still apply. 

The strong collision width will now be considered. Again 

this can be derived from the previous calculationss  

i.e. 	W = 	2 v D 
/ min 	

(Appendix I) 

(omitting integration over the fiaxwell velocity distribution) 

where 

For ast 

n  = 	( 2/3 	( h /mv) 

:6
mat

"0 0 	and 

ac[A(z ma?  min)+ 1111241111 
 0 

 aI 

A(Z 	1 
acts 

B(zato ),%,  o 

=(2TT/3v)(tI/m)2  N at a' 
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The lower state strong collision width can be added directly 

since the expression is for inelastic collisions only, 

= (2T i3v)( fi ) 2  rl + R as 01 fo 

This expression can be compared with that given by Grim 

W a 217/3v (t1 /m)2  N 	3 -(3/2)  (e2/ 1v)2) 

E 3 is equivalent to the sum of matrix elements, 

so the expressions are identical apart from the 4/2)(0/6)2  

term which arises becauseP 	as seen above, is smaller for 
/ min' 

hyperbolic orbits. 

The strong collision term therefore takes no account of 

elastic collisions (large :6 	). 
am' 

Finally it is worth considering the acc.iracy obtained by 

using a mean velocity, V = (8kTe/ trm)2  in the width cal-ulations 
Employing this for the one level /degenerate' case for ),4,806a 

(Oyes a 30% lower width than when integration over a Maxwellian 

distribution is performed. 	Including distant levels would 

initially tend to decrease this discrepancy since progressively 

higher velt,cities are causing the main contribution to the 

elastic width. This will not, however, occur in Grieals 

calculations where distant levels have been rejected. 	In 

general we expect the use of V to be rather inaccurate in a 

calculation which is biassed in favour of high velocity perturbers 

and moreover accounts for acceleration along hyperbolic paths. 

Since, in spite of the above objections, Grier obtained 

good agreement with experiment, it is worth considering the main 

source of his calculated width (i.e, the strong collision term) 

further. 



Now on the previous calculations, if we simplify by 

considering only one perturbing level, 

/min cc Rix 
 CA(ein) + iB(imin)11 act ' 	occl 

ac R 

to within a% for ein  <7, 0.5, or over the range for which most 
au,  

broadening occurs, i.e. even though the relative contributions 

of elastic and inelastic collisions to this term is a function 

of velocity (or Z) the total contribution is practically 

independent of V and we get the same result for straight line 

path as assuming the strong collisions are all inelastic. 

It should therefore be expected that incoherent addition 

of the upper and lower state strong collision widths given in 

Chapter 5 should give a total width comparable with Grietals. 

(or perhaps slightly higher since 	min  is not lowered by 

hyperbolic path considerations.) This is not in fact the case, 

though previous calculations using incorrect matrix elements did 

(see Chapter 5 and ref.110). 	It is therefore instructive to 

compare the matrix elements (13R00 	ELI} with those 

given by Gr'em. 

Consider a transition from a, 1 to p, 1.4. All the relevant 
matrix elements are given by:- 

R(/11.400,1+1) 	(Z+1)(21+5)4r 

R(cc,1 	00,1-1) = 1(21-i) °-- 2  
2 

R((3 ,1.1 -4 pod.) a 1(2,4+1) tr,,' 

R(po...1-) pit,1.2) = (1..1)(21-3)'32  

0 • (.5a.-o 0 pi R +IRp 	= (1+1)(21+5) q-1.2  + 412  C5-1  + (1.01)(21-3)C?  . 	 2 	3 
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- assuming array splitting is =all, an approximation which is 

in fact never valid for the lines we consider. 

Griein's expression can be reduced to:- 

[412  CY P 	2  a 	l 	Pt 4120 	41p (3' Cr2  ] a 	0 a al  

This expression is incorrect as the sums here are over 

different levels. an expression of the form 412Gr2  should 

correspond to coupling between an array and a level. 

2 
Thus matrix elements of the form 1,(212-1)Cr appear to 

have been incorrectly used to couple levels (cf. Chatter 5). 

The extent of the overestimation obtained can be seen by comparing 

the strong collision width using Griem's expression with that 

involving oscillator strengths which are the correct coupling 

strengths between levels. For )018068, using 3 perturbing 

levels a' and 31 g (as used in ref.100)„ 

a(strong) =.021 a 

whereas Griem's expression gives Fix(strong)= .089 . 

(For Ne  = 1017cm 3, Te  = 30,000°K) 

The use of only three perturbing levels for the upper and 

lower state seems rather arbitary. 	As seen above, due to the 

assumption of degeneracy, the contribution of each perturbing 

level to Wa(strong) depends only on its coupling strength and not 

on its separation from a or I. 	Inclusion of all perturbing 

levels in the strong collision term would increase W
a 

by a 

factor es"/„.x. 

In conclusion, it does not seem likely that these new 

calculations can adequately explain the large experimentally 
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measured widths. 

To ascertain what improvements can be made to the 

calculations we will consider the elastic contributions to ii  
(strong) in the case of A48062.. The proportion of elastic 

contributions to the strong collision width found in Chapter 5 
can be obtained by using, 

Amin =  (2/3)4/m4 2R B(Zinin )tk  at 	as °.  

4. 	I 
rather than prain  (2/3)201/nniSEA(2Lcirt) 13(2,min)31 i• 

aa. 

Thus we find ~57% of W is due to elastic collisions. a 
Inclusion of hyperbolic paths reduces the magnitude of Wa 

(strong) but also increases the number of inelastic collisions. 

In this case ^V% of 'Al
a 

is due to elastic collisions. 

Consequently elastic collisions should be considered in the 

strong collision term, even when hyperbolic paths are used. 

This is emphasized by the fact that we expect a large increase 

in width for the elastic term with hyperbolic perturber paths 

(see Chapter 5). Further, inclusion of these should enable 

a shift to be estimated. On the new Griem theory all collisions 

are inelastic so no shift is obtained. 

The programme described in Appendix I could readily be 

used as a basis for calculations accounting for lower state 

interaction and hyperbolic paths, To include inelastic 

collisions involving the lower state energy differences --

1E0.-21301  together with the relevant coupling strengths, wculd 

have to be included with the upper state terms. This would 

give the exact inelastic width for straight line orbits and 

would be determined in a coherent manner. The negative f min 
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sign for the lower state energy differences would also ensure 

a shift in the correct direction. The strong collision term 

could then be modified to give, as the adiabatic limit, the 

Lindholm theory with hyperbolic orbits, i.e. as far as the width 

is concerned only the functions B(ZTP) (Appendix I) would have 

to be modified. Unfortunately this calculation should strictly 

be done quantum mechanically. 

The use of straight line paths for the weak inelastic collisions 

is probably not too bad since the orbits are not strongly 

curved for 11> ?mine In any case this should give a better 

estimate than Griem's calculations, since no terms need be 

rejected. Further, since we expect most of the width to lie 

in the strong collision term, uncertainties in the weak inelastic 

term will not reflect strongly in total width, However it would 

probably be necessary to have a (velocity dependent) reduction 

off min  for hyperbolic paths. 

More refined calculations could be done with all the 

functions A(Z), B(Z), a(z) and b(z) modified for hyperbolic 

orbits. 	It would also be of interest to modify the inelastic 

collision cross section for threshold effects, t2 11  mv2 	Ilaat) 

which are obviously of importance for the liners discussed here. 

Finally it should be noted that other techniques are ailail-

able for deriving the shift and width of an impact broadened 

line. 	In particular the Density Matrix formalism developed. 

by Davis [ref.1023 enables the expression for the shape of 

an isolated line to be obtained. This technique is considerably 

loss laborious, mathematically, than the treatment using the 

autocorrelation function which was described in Chapter 5, 

ioreover it does appear to provide a basis for investigating the 

effect of neglecting the 'back reaction1. However it is not 
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at present apparent that any simplification in the actual 

calculation of widths and shifts would be obtained by using this, 

or other, techniques. 

9.5 Further ex.oerimental work 

The considerable difficulties in calculating Stark widths 

of isolated ion lines means a systematic experimental study of 

the validity of various approximations made in the theory would 

be of great value. The following experiments would certainly 

be of interest:- 

(1) It is difficult to understand why some NII line widths agreed 

well with theory (see fig.9.1) and a check of these seeas to be 

desirmble. 	the NII results are not wholly indicative of 

a systematic experimental error a check of the width of FeI 

3C 9R used as an :We diagnostic would be useful, in particular 

comparing 1:e obtained from this line width, a lasor technique and 

absolute continuum intensities at different densities. 

(2) Measurement of It for the AI red lines should provide 

information on the 'no back reactions assumption since here 

Em-Eas is large (and -ve) and there are no difficulties with 

hyperbolic •3rbits. 

(3) To study the effect of lower state interaction lines with 

the same upper state and increasillgly lower energy or 'forbidden° 

lower states could be observed. There are some neutral lines 

for which lower state broadening should be appreciable and 

therefore agreement with theory is surprising (e.g. AI blue 

lines). 

(4) The importance of elastic collisions for ionised emitters 

could be deduced from AIII line widths. Here the perturbang 
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levels are rather distant and we expect inelastic collisions 

to be relatively unimportant, 

(5) 	It would be of interest to compare the experimental and 

theoretical variations of fl with Te and Ne0 On Griem/s latest 

calculations [ref,100] one would expect f2 to decrease with Te 

for ionised lines, This would not be the case if elastic 

collisions were important. The differences would be especially 

apparent at low Te. The variation ofn with re  should show 

up any divergencies from a Lorentzian shape or overestimation 

of width due to the importance of strong collisions, Nigh 

density studies (which are ideally suited to a Z-pinch, as seen 

in Appendix III) where p ryN•prlin  would enable the strong 
collision regime to be observed, 

(6) Finally, it should be apparent from the previous chapters 

that all shift calculations are likely to be very inaccurate. 

Therefore any shift measurementsi  particularly as a function of 

Te, would be of interest, 



CHAPTER 10  

MEASUREMENT OF N AND Te  IN AN R-F INDUCED PLASMA 

10.1 	Introduction 

In this Chapter some preliminary diagnostics of an. 

:lectrodeless R-F induced plasma in argon are described. 

The purpose of this work was to obtain values of Ne  end 

Te  pertaining to the plasma to determine whether the source 

was suitable for making more accurate Te  measurements which 

could be used in the determination of AI oscillator strengths. 

In particular the extent to which the plasma could be described 

by a model of L.T.E. was to be examined. 

The plasma was excited in a quartz tube of internal 

diameter 5 ans by a five turn water cooled coil powered by a 
iRapdyne' oscillator working at 4,5 Mc/s and GrK.vil 	A photo- 

graph of the plasma torch in operation is shown in Fig.10.1 

The plasma torch used was developed by P.D.Johnson 

(Spectroscopy Dept.I.O.) and fuller details will appear in his 

thesis (to be published). 

10.2 Measurement of Te 

Line profile scans using the S.F.P. fa iled to detect the 

presence of any of the strong lines of All (e.g. )0006a) but 

AI line radiation was very predominant. For these scans 

the optical set up of Fig.2.9 was used. The plasma torch was 

extensively shielded to keep 4.5 Mc/s pick up on the C.R.O. to 

a negligible value. 

201. 



R .14 

.13 

1 2 

.11 

•10 

09 

-08 

-07 

.06 

.05 

.04 

.03 

-02 

-01 

J.. 

Probable error/ 
Measured ratio R 	 limits in 

theoretical curve  
I 

6 	8 	10 	12 
Te(°K x103) 
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Though the above result indicated that Te < 15,000°K it 

it was necessary to obtain a better estimate to substitute into 

the criteria for L.T.E. (Chapter 7). 

To obtain this estimate of Te  a measurement of the intensity 

of the AI line It4259R relative to the nearly continuum was 

performed. 	This ratio is a comparitively rapidly varying 

function of Te (see below) so that uncertainties in Amn for 

,,42598 are not too serious a source of error. This was 

important as this work was preliminary to a more accurate 

measurement of AI oscillator strengths (P.D.Johnsons  Ph.D. 

thesis - to be published). 	In addition the complication of 

making relative intensity calibrations - as is necessary in 

the Boltzmann plot method for obtaining Te-was avoided. 

The theoretical line to continuum intensity ratio can be 

derived as a function of Te as follows :- 

The line intensity, 	, negiecting stimulated emission 

is :- 

Imn 
	nmAmn  hlimnATT energy time-lvol-lsolid angle-1  

Usihg Boltzmann's equations, Saha's equation (i.e. initially 

assuming L,T.E.)and the relation for quasi neutrality (n1 = 

ne  since n2  must be negligible as All lines were not seen in 

emission) then 

Imn  = CgmAmnh\hnnh3/8Tr 111(2rtmek)3/21 ne2Te-3/2 e 

.00'10.1 

To evaluate the bracket above U1 was taken from ref.42. 

(U1  is a comparitively slowly varying function of Te.) 

The value used for Amn  was the mean of Olsens value 

(0.25 x 107sec-i  9%) Eref.58] and Dray/ins' value (0.40 x 107 
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sec-1 + 15%) [ref.59], i.e. Amn  = 0.32 x 107sec".1  

This value lies outside the quoted error limits of both 

authors but agrees well with the latest measurement (0.31 x 107  
-1 	0  sec + 5A) by Coates and Gaydon [ref.68] 

Substituting the values for Amn, U1  etc. into 10.1 we 

have :- 

Imn = 3.86 x 10-30ne
2
Te 	2 0 -3/2 + 3-AW0-Wm)/kTe  

Watts.cm.-3  sterad-1 

(Te in °K) 

... 10.2 

The error in the constant is probably 5-10%, mainly from 

Amn• 
The total continuum 'emission coefficient (free-free + free-

bound) on the Unsold theory [ref.3] is given by 

si  = 5.11 x
-46

Z
2nineTe  

Watts,cm-3 sterad-.1sec, 	0,0 10.3 

We can again use n1  = ne  and take Z = 1. 

Also if we evaluate the continuum emission over a 

bandwidth near 1= 42998 we have a frequency interval, 

AV = (c/,12 ) AA f  A )%1 /4  =12. 

CO),  = 8.9 x 10-35  ne2Te-1  ••  

Watts.cm73  sterad71 	10.4 

Olsen [ref.60] has measured the absolute continuum 

emission from a D-C thermal arc in argon over a wide frequency 

range. He found that the functional dependence, given in 

equation 10.4.on Ne  and Te  appeared to hold well. 	In addition 

the theoretical frequency dependance held well in the visible 

spectrum. Nevertheless the absolute measured value differed 
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from the theoretical value by a factor w%5 x larger. 

If we assume in our case that the frequency dependence 

holds well then we have a frequency independent continuum up 

to 
)ijc  = 4.6 x 1014sec-1  

This corresponds to the interval between the ionisation 

limit of neutral argon and the 3d6 term between which the 

levels are reasonably well :smeared'. 	Beyond this the levels 

become effectively discrete and 10.4 must be multiplied by a 

factor,[ref.60], 

-(N)c 	)] / kT
e 	.4.. 10.5 

(Taking into account the fact thatVc  is lowered by the 

depression of the ionisation limit by AL1 0, where hAV 0  = Mo.) 

Therefore from 10.L. and 10.5 

Ev6V = 8.9 x 10-35  no2Te-1 	
h(V-Vc)/kTe x  

- Uatts. an.3  sterad. -1  

e -Awo/k; 

10.6 

Since reference 60 was published Olsen has re-estimated 

the absolute continuum intensity to be A/2.3 x; rather than 

5 x, the theoretical value [ref.61]. 	This agrees well with 

the figure of") 2.5 x quoted by Coates and Gaydon (private 

communication). We shall therefore multiply 10.6 by 2.3 

giving :- 

2.05 x 10 	ne  -34 	2Te  -i -11(V-1,0)/kTe 

e -AW0/kTe  

Watts.cm.-3  sterad. 1  

x 

... 10.7 

Thus we expect the 12 bandwidth continuum to )01259a 
AI line intensity ratio, from 10.2 and 10.7 :- 
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R = 4vA\i/Imn  = 0.53 x 10-4  Te 
E?  -(Ww.lin-W0)/kTe 	00. 10.8 

where Ink) = Wm-Wn; h V c m We 
This ratio, together with the probable error limits, is 

plotted in Fig.10.2. 

Equation 10.8 is independent of AW0  (apart from the 

dependence of U1  on this quantity). This result, arrived at 

by cancelling the terms P-6140/kTo  in 10.2 in equations, and 

10.7, is not strictly correct in the case of argon. 	Aldo  
for the continuum expression should be taken down to the Inglis 

Teller limit [ref.3] which is larger than the usual Debye 

expression for AW0  calculated from coulomb interactions in the 

plasma and substituted in Saha's equation. Nevertheless, 

the partial cancellation means that errors in the ratio from 

this source are extremely small ( < 1%) at values of Te  

A.." 10,000°K. 

The experimental determination of R was performed with the 

optical set-up of Fig.209 with the S.F.P. removed. 	The 

radiation from the plasma torch was chopped and detected by an 

R.C.A. IP.28 photomultiplier. The output of this was matched 

to an A.C. coupled L-type plug in unit on a Tektronix type 

555 C.R.O. 

The slit widths of the monochromator were measured with 

a travelling microscope and together with the dispersion 

measured from the instrument calibration corresponded to an 

acceptance bandwidth of AX r- 1.1R 10%. 

The entrance slit height was reduced to 2mm resulting in 

negligible curvature of the image . 

With this system it was fcund that 300 c/s ripple of 

amplitude %/k20% of the mean 	existed on both the line and 
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continuum radiation. This was undoubtedly due to harmonics 

from the R-F generator. 

The mean value of the continuum (measured at )012628) to 

line ratio obtained was., 

R = 0.085 20%. 

To arrive at this figure correction was made for the 

instrument function which meant that 80% of the total line 

intensity was accepted. 	(The line width and shape were 

obtained as described later.) Also the continuum measurement 

accepted some of the line wing. 

This value of R, from Fig.10.2, corresponds to 

Te  = 11,700 °K ± 700°K 

10,3 Measurement of Ne 

Ne  was estimated from the widths of Star* broadened lines 

emitted by AI. 

It was important from our point of view that this method 

did not rely on the assumption of L.T.E. but only that the 

electrons had a Maxwellian distribution - a condition easily 

satisfied (Chapter 7) at the temperature given above. 

However, the results of the previous chapters showed that 

considerable discrepancies were likely to exist in the calculated 

values of C2 (Te) for heavy element emitters. Fortunately, 

in the case of AI lines, these parameters had been checked by 

Griem [ref.1.5] using the experimental results of Gericke 

[ref.14]. 	In this comparison of experimental and theoretical 

values of n(Te) Griem had to revise the plasma conditions 

quoted by Gericke on the basis 	a more recent (calculated) 
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value of a line transition probability. The absolute intensity 

of this line ( X434e, AII) was used to obtain the plasma 

conditions. 

Gericke used Amn  = 6.77 x 107sec-1  

Griem used Amn  = 12.8 x 107sec-1  

A more recent lifetime measurement [ref.62] has yielded, 

Amn = 10.1 x 107sec-1  

The error in this quantity being only '.."62%. 

If we therefore re-estimate Gericke's plasmas conditions 

using this value we obtain:- 

A 	12.8 x 107sec-1  A = 10.1 x 107sec 

Te  11,400°K 11,520°K 

ne  496 x 1016cm-3  5.05 x 1016cm-3 

The Delye theory for depreosion of ionisation potential 

and pressure correction [ref.51] was used in this re-estimation. 

On this basis the measured widths and calculated widths 

(using ne  = 5.05 x 1016cm-3) become (c.f. ref.15) 



Al 	,(R) 2W 
measured 

2W 
calculated 

4345 1.1 + 0.1 1.3 
4335 1.5 + 0,3 1,4 
4333 1.1 + 0,1 1.3 
4300 1.0 + 0,1 1.2 

4272  1.0 + 0.1 1.1 

4266 1.1 + 0.1 1.2 

4259 1.2 + 0.1 1.4 
4251 0.7 ± 0.2 1.1 

4201 1.0 + 0.1 1.2 

4198 1.0 + 0.2 1.3 

4182 1,2 + 0.1 1.3 
4164 1,0 + 0.1 1,1 
4159 1.1 + 0.1 1.1 

The mean ratio, R, of calculated to measured widths for 

these lines is : 

R = 1.16 

Therefore to obtain Ne several line widths were measured 

to reduce random errors and an empirical correction made from 

the above tabte. 

Two photomultriplLers were used for the line width measure- 

ments. An R.C.A. IP.28 with an 5-5 photocathode for the 

3p54s - 3p54p series in the blue and 3p54p - 3p55d in the 

visible. 	For the 3p54s 3p55p series in the red an R.C.A. 

6217 with a S-10 photocathode was used. 

Initially the strong red lines 69652. and )\76352. were 
scanned. A typical scan of :4065a emitted by the plasma torch, 

209. 
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together with )05438R from a low pressure Cadmium lamp is 

shown in Fig.10.3. 

The evaluation of this scan was carried out by means of a 

Voigt analysis (Section 1.4). Taking Ti = 10,000°K and a 

corresponding Doppler a  - 1/e width, g = 0.0478 the measured 

electron impact width was, 

W = 0.0178 + 0.01 

Taking Griems value of f/(Te) Cref.153 

Ne  = 4 x 1015 cm-3 + 50%. 

Since the measured line width is rather small it is 

worth estimating the extent of broadening from other sources. 

Van Der iaals broadening can be calculated from eauation 

1.3. 	The neutral perturter density, No, can be estimated 

from (atomospheric) pressure balance and the assumption 

Ti .= Te. 	This gives:- 

No= 7 x 1017cm".3  

and a corresponding Van Der Weals width of, 

w+. 1.0-3a 

Natural broadening gives a width, 

Wx%-.N10-3R 

and in addition ion broadening would account for %.0,..4% of the 

total line width. These contributions can therefore be 

neglected. 

The instrument width in the above scan was characterised 

by, Wi  = 0.028 + 15% and ()I  = 0.0138 + 15%. 

Thus the expected line shape was, on using 10,14 and 1.15, a 

Voigt D/G = 0,72. The good fit of this to the observed profile 
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Fig.I0 .3 Line profile scan : upper: X6438.5 A Cd I(low pressure lamp) 

lower : X6965 A A I (plasma torch) 

Fig. 10.4 Line profile scan : X6965 A AI (enlarged portion of Fig 10.3) 



is shown in 

The rather tenuous nature of the plasma meant there were 

several disadvantages in studying the red lines in spite of 

their being strong and very well isolated. 

Firstly the CdI line was not 'unbroadened' at the small 

AX, used. 	Secondly, the Doppler width was large. This 

meant that the assumption Ti = Te  has to be made to estimate g. 

Even assuming g is known exactly the subtraction of this from 

the measured B considerably reduced the accuracy of Ti. 

Further fl (Te) had not been checked for the red lines. 

For these reasons attention was concentrated on the blue 

lines for the measurement of Ne. The parametersn (Te) for 

these are much larger than for the red lines. 

e,g. For 4259a, Ne  = 4 x 1015cm-3, Te  = 10,000°K 
fl (Te ) = 0.126 x 1.0-3a 

• • 	W = 0.052 

and 	g = 0.032 

So that competing broadening mechanisms are relatively 

less important. 

The Stark a - a widths and corresponding values of Ne  
(from the previous table) obtained by scanning several blue 

lines are tabulated below :- 

212. 
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Line 
in R 

Upper level 
Moorers no- 
tation ref.35 

vim units of 1015cm-3  

4158 5p5  0.040 ,44.2 + 20% 

4198 5p6  0.030 30 + 20% 

4200 5p2 0.030 3.4 + 20% 

4259 5p10 0.043 4.1 + 20% 

4266 5p5  0.025 3.2 + 20% 

4272 5p4  0.035 4.0 + 20% 

4300 5p3  0,026 3.0 + 20% 

4335 5p8  0.042 4.0 + 20% 

The values in the last column represent an average value 

of Ne  obtained by integrating the line profiles through a 

possibly inhomogeneous plasma column. 

In order to obtain some idea of the radial distribution of 

Ne  a line profile (X 5495a) was scanned at different positions 

across the plasma column. This line was chosen because of its 

large broadening parameter so that Doppler broadening could be 

neglected. 	In addLtion a larger scanning aperture could be 

used (see equation 2.4) with a consequent increase in light 

gathering power over the previous measurements. 

The measured values of W as a function of distance across 

the tube, d, are shown in Fig.10.5.• 	Since the variation of 

W with d only was required the fact that the broadening para-

meter of X5495a had not been checked was unimportant, 

The fall off in W versus d is seen from Fig,10,5 to be 

rather sharp. We should therefore expect imhe4cgeneity of 
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Fig. 10.5 	X 5495X AI Line Width, W, as a function of distance 
across tube,(plasma torch). 
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the plasma column to be relatively unimportant and the mean 

value of the plasma electron density to beffrom the previous 

table :- 

Ne  = 3.8 x 1015  + 20% cm-3  

(The 30495a scan gave Ne  = 4.1 x 1015  + 20% suggesting that 
the calculated value of la (Te) for this line is reasonably 

accurate.) 

Attempts were made by single shot line profile scans to 

determine the effect on Ne  of the 300 c/s ripple observed on 

the radiation (Section 10,2). 	Within the limits of 

experimental error E+ 20%) no variation in Ne  could be detected. 

10.4 Validity of L.T.E. 

Using the criteria given in Chapter 7 we require :- 

Ne > 2 x 1016cm-3  

for complete L.T.E. to hold. This estimate takes into account 

reabsorption of the AI resonance lines. The measured Ne  shows 

that this criterion is not satisfied by a factor ,,N3 x. 

However, the 'thermal limit' Eref.52] extends down through 

the first excited state of AI for Ne 2 g 1015  so that all the 

excited states should be in thermal equilibrium with the 

continuum and only the G.S. population be different from its 

L.T.E. value. 

Further, using the relations in Chapter 8 the effect of 

plasma inhcnogeneity and time dependence (from the 300 6/1; 

ripple) should be negligible. 
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1.0.5 	Discussion 

The above conclusions show that the assumption of L.T.E. 

in the determination of Te  (Section 10.2) was likely to give 

an overestimate of the ratio NI/No (c.f. Chap:e,' 7), 	By a 

similar argument to that given in Chapter 7 this should not be 

more than a factor 	50%. Consequently from Fig.10.2 a 

lower limit to Te 10,000°K is obtained. Use of this figure 

in the L.T.E. validity criteria does not alter the general 

conclusions of Section 10.4. 

If atmospheric pressure balance and L.T.E. is assumed, then 

using the measured Ne  we obtain :- 

Te  = 8,800°K + 200°K 

The differences in Te from the two methods could be 

accounted for by plasma inhomogeneity. 

Later results by Johnson [ref.63] for the excitation 

temperature of the plasma obtained using a Boltzmann plot 

confirmed the above results. The axial Te  in this case was 

9,000 + 500°K. 

Dymshits and Koretskii [ref.64] also obtained similar 

values of temperature for an R-F induced plasma in argon. 

However Reed.[ref.65],on a rather similar torch to the one 

we have described, obi-Ained peak temperatures ('19,000°K) 

considerably higher than the values derived above. This was 

in spite of the lower power input used by Reed. The latter 

author obtained Te  from application of the Fowler-Milne method 

[ref.3] to the AI A7655R line. However the use, by this 

author, of R2A line intensities rather than total line 
intensities seems rather dubious. 	At the temperatures Reed 
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quotes the 17635R line would certainly be optically thin and 

Stark broadened. 	In this case the total intensity, 

IcK peak intensity x line width 

i.e. 	IOC Ip  Ne 	cc Nif(Te)ocNef(Te) 

so 	Ip = f(Te  only) 

Reed obtained a temperature drop of ',sr 19,000°K to 

n.010,000oK over radial distances of about 1 centimetre. Such 

temperature variations would be accompanied by sharp variations 

in Ne and therefore we would expect the distribution of I to 

differ considerably from that of Ip. Nevertheless Reed found 

that values of I (as a function of distance across the tube) 

were at most 4 different from Ip. 

The following explanation seems likely :- 

An off-axis peak in the radial distribution of Ip  

was mis-identified as a Fowler-Milne type peaking. Such a peak 

would not be very pronounced with the temperature distribution 

obtained by Reed using the Fowler-Milne method. The temperature 

distribution (as a fs.nction of radius) could therefore have 

been fairly flat topped, (albeit possibly with an off axis peak) 

with a central temperature of the same order as we have obtained. 

In this case Stark broadening would not be the dominant broad-

ening mechanism (c.f. the X 69658 line widths in Section 10.3) 

and the distribution of I not differ appreciably from that of 

Ip. 	Weight is added to this argument by the 'average gas 

temperatures' quoted by Reed. There were estimated on the 

basis of power-input and the heat capacity and ionisation 

energy of argon and were, in fact, of the same magnitude as 

our results (i.e. AV 9,000°K) 
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Further, in the determination of the radial distribution 

of Ip, the Abel inversion technique of Nester and 02,Sen [ref.66] 

was used. Such an inversion is critically dependent on the 

quantity I'(x). With relatively course steps in x for the 

numerical 	integration of Abel's integral it 4.-  not unusual 

to obtain 'overshooting' of the Ip(r) versus r distribution 

to give the impression of an off axis peak. 

Thus while there may have been an off axis peak in 

temperature in Reed's device it seems probable that his quoted 

temperatures are incorrect. 

In the measurement of Ne, Section 10.3, it was assumed 

that the line profiles were optically thin. While application 

of equation 3.4 (with U1, N1 replaced by Uo, No) show3Chis to 

be true of the blue AI lines for )0965a we expect t 0'^'0.3 

corresponding to eh,1096 broadening by reabsorption. For 

X 7635a, t 0  ""' 1.3. 
These conclusions led to accurate temperature measurements 

on the plasma by estimating the self-absorption at the centre 

of X7635R (P.D. Johnson - Ph.D. thesis, to be published). 

10.6 Check of n (Te) for \415492, AI 
It is worth recording here a check of the broadening 

parameter of ),4159a which was made some time after the 
above results had been taken. This work was performed on a 

double diaphragm shock tube [ref.67] at the instigation of 

Dr. P. B. Coates and Professor A. G. Gaydon, of the Chemical 

Engineering Department, Imperial College. The experimental 

work was done with Dr. Coates. 
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Since the occurrence of the shocked plasma opposite the 

viewing window could not be accurately predicted, after the 

sparking of the explosive mixture, the triggering system 

used for a linear pinch (Fig.2.9) could not be employed. 

However the shock velocity, for given initial conditions, was 

extremely reproducible. Therefore a pressure signal taken 

before the shock had reached the viewing window was used, via 

a delay unit, to trigger the C.11.0. 	The light output from the 

shocked plasma in pure argon could thus be recorded, via en 

IP.28 photomultiplier, reproducibly on the screen of the C.R.O. 

The S.F.P. was run continuously to modulate this light output. 

The set-up of apparatus, together with the initial filling 

pressures of the tube used in this experiment, are shown in 

Fig.10.6. 

In this way the plasma broadened line profiles could be 

recorded though the position in time of the fringe of maximum 

finesse could not be predicted. Since the value of Ne, 

calculated from the shock velocity, was constant to '4'10% for 

at least 20ps this was not a very serious limitation, A scan 

obtained on )69655i is shown in Fig.10.7, 

Fip.10.7 - Scan of )5.9658, AI, emitted by Double Diaphragm 

Shock Tube 
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In this example a complete scan (c.f. Fig.2„1) consisted 

of four fringes with the outer ones of poorer finesse than the 

central two. 

The plasma conditions in this experlment, calculated 

from the shock velocity of Mach 11.3 (c.f. Coal.c.s and Gavdon, 

ref.68) were :- 

Te  = 10,200°K ± 50°K 

Ne  = 2.05 x 1016cm-3  

No = 8.6 x 1017cm-3  
The  width of the Stark broadened line X 41598 AI measured 

with the S.F„P. was, 

11,4= 0.23 ± 0.05a 

(Doppler width could be neglected) 

This leads to:- 

Ne  = 2,4 x 1016cm-3 + 20% (using Griemis f ;Te) 

value from ref,17) and :- 

Ne  = 2.1 x 1016cm-*3  ± 20% (using the table on 
page  209) 

i.e. Excellent agreement between Ne  calculated from the shock 

velocity and Ne  from the line width using the corrected value 

of f/(Te) given in Section 10.3. 

It therefore seems unlikely that any serious error arose, 

from theoretical considerations,in the Ne  measurements on the 

plasma torch. 

It was not possible to reach a similar conclusion for 

X6965a. 	Calculation of the optical depth of this line,„ 

assuming wholly Stark broaden4d)led to an optical depth of 
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1.68 at the line centre (assuming Griem's .1 (Te)). This 

would lead to increase in line width due to reabsorption 

r,1 50% (see Chapter 2). However the Doppler width was not 

negligible so the procedure given by Renner [ref.61] should 

really be used. Unfortunately the F-P plates Lsed for this 

work were rather poor, a finesse "i7-8 only being achieved. 

This was not good enough for the high resolution necessary for 

deteiled analysis of the )ik6965R line. 

Nevertheless this work showed that time resolved line 

profile measurements could readily be made on a shock tube 

source. 	It should also be possible to make accurate laser 

interferometric determinations of Ne  on the shocked plasma 

(c.f. Chapter 6). Further, due to the high uniformity of the 

plasma (over a path length of 6.2 ems with a boundary layer of 

only's...1mm) an Abel inversion, as in Chapter 6, would not be 

necessary. Compared with arcs, which suffer from large 

temperature gradients, the shock tube would appear to have 

several advantages for use in the study of the broadening of 

neutral atom lines. 



CHAPTER 11 

)DPPLER SHIFT MEASUREMENTS OF THETA PINCH ROTATION 

11.1 Introduction 

In this Chapter are described some experiments on the 

measurements of plasma rotation in the theta pinch. As in the 

work in the previous chapters the main diagnostic technique 

used was Fabry-Perot interferometry. 

The phenomenon of theta pinch rotation has been the 

subject of much attention both theoretically [ref.73] and 

experimentally [e.g. refs. 74, 75, 76]. 

Theoretical mechanisms for the origin of rotation in an 

electrodeless discharge have been summerised in a comprehensive 

review paper by Haines [ref.73]. The outcome of his work has 

been the retention of five theories which could in part cV 

together account for rotation in the particular case of the 

theta pinch. 

However, when this work was started experimental observation 

had almost entirely relied on high speed photographic observation 

of the instabilities associated with the rotation. On the other 

hand the experiment to be described was an attempt to measure the 

mass rotational velocity and angular momentum of the plasma. 

This work was based on a suggestion by Dr. J. Cooper w1-4/e 

a consultant at the Culham Laboratory. The experimentation 

was performed by the author in conjunction with Dr. M.Keilhaker 

and, together with work performed at Gerching, was published 

in ref.85. Only the experimentation and analysis performed 

by the author, while at Culham will be described here. 
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Direction of observation 

11.2 Doppler shift measurement rf rotation 

The determination of the azimuthal velocity of a plasma 

by means of observing the Doppler shift of radiation emitted 

by that plasma should provide a method of measuring rotational 

veolocties with far greater precision than by photographic 

techniques. Apart from this, however, it should be possible 

to study the rotation before the photographically detectable 
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rotating instabilities ensue. Such a method would therefore 

seem desirable from the point of view of comparison with 

several theoretical models postulated to explain the origin of 

rotation. 

The feasibility of measuring the mass rotational velocity 

of a plasma, assuming it rotates as a solid body, can be seen 

with reference to fig. 11.1. 

Fig. 1101 

V = Ve  cos@ = rev cos 4 = row 

i.e. At a given distance from the centre all the ions of a 

particular species will be travelling with the same velocity 
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along *ho direction of observation and the radiation therefore 

suffers a constant Doppler shift, 

AX = ),v/c ow/c 	 11.1 

Thus on plotting A versus ro  we expect, 'or a rigidly 

rotating plasma, a straight line the slope of which gives w. 

This is the principle on which the measurements to be 

described were based. 

11.3 Measurement of line shifts using a Fabry-Perot Etalon 

By high speed photographic techniques plasma rotational 

velocities of up to 6 x 107rad sec-1  have been detected [ref.76] 

For a plasma radius = 1 centimetre this would correspond to 

values of V up to 6 x 107  cms/sec., i.e. at \3000St a Doppler 

shift AL,  10R. We would therefore require for Doppler shift 

measurements a detecting system of variable resolution capable 

of recording line shifts from 0 to 105t. Further the high 

temperatures attained in A pinches limit the measurement of 

shifts to those lines emitted by impurity ions. Since these 

ars only present in low concentrations we also require a 

detecting system of high luminosity. These two requirements 

indicate the desirability of using a Fabry-Perot interferometer 

[ref.86]. 

The method of measuring shifts used here was to cross one 

of the Haidinger fringes produced by the Fabry-Perot with a.. 

8 channel fibre bundle array, each bundle being connected to a 

photomultiplier. The signals recorded on each photomultilalier 

then anabled a histogram of the line profile to be built up. 

Since no moving parts were involved a very high time resolution 

could be attained. 
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The use of only 8 resolution elements meant that measurement 
of line profiles was rather in-accurate but, as will be shown, 

the limitations were less severe for the measurements of shifts, 

The technique outlined above was generally similar to that 

of Breton et al [ref.77] for the measurement of line widths. 

However the use here of a tilted Fabry-Perot, rather than a 

manochrometer, as the dispersive element gave a slight 

complication in the method. 	It is therefore worthwhile 

considering the optimum conditions for use of the interferometer 

Firstly, as noted in Chapter 2, it is best to have 

A\1B/2 

or 	d/2 if the line shift is > the width B. 

The maximum dispersion will then be attained if. 1  just 

covers the length of the fibre bundle array (see fig.11.2) 

There are two ways of doing this :- 

(1) By using an inner Haidinger ring and a suitable value fi 

for the focus length of the image lens. 

(2) By using an outer ringamilla lens of focal length f2 > fl. 

The conflicting advantages of method (1) or (2) can be 

seen with reference to fig.11.2. 

Centre of fringe 
pattern 

ti 

Ring 	P+1  
p-1 Fibre 

bundle array 

Fig. 11.2 Haidinger fringe pattern crossed with 

fibre bundle array. 
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Any ring, P, of the Haidinger pattern can be focussed 

on the fibre bundle array by means of tilting the F-P through 

an angle Op. 

Then if B is the luminance of the source the flux received 

by each photomultiplier is :- 

0 = Bt A dOs cos Op/f2 
	

0.1,1! 11.2 

Where A is the area of the F-P plates. 

s is the area of one channel. 

This is a maximum when 0 and f are a minimum. 

However, f determine the extent of the ring spacing (fig. 

11.2) or Oki, which must be matched to the width, s, of the 

fibre bundle array. 

i.e. S 	f(Op+i - Op) (where 0 is small) 	*O. 11.3 

p is defined by :- 

2d = n\ 

24 cosOp = (n-p)h 

or for Op small, 

Op2  = p 

9 	2 
-  90 9141 	OP

2 
 *4P.  20P (01)+1 	013)".' 

From 11.2, 11.3 and 11.4 :- 

,14 	Ao.s/4s2 )( X Al) p4  

$41i 11.4 

044, 1105 

The only variable in 11.5 for a given A is p. For 

maximum 0 we therefore require p to be a minimum. (Hence 

advantage of viewing the centre spot in a S.F.P.) Further, 

there is a loss of contrast obtained by using the F-P off axis 

(p large). 	However this is usually not important Cref.783. 



one fibre bundle 
channel 
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Conflicting with the above requirement for p small we have 

two considerations :- 

(1) Curvature of the ring on each rectangular channel causes 

the light flux corresponding to the wavelength interval 

ideally accepted by the channel to be different from the 

theoretical value. The effect of this can be seen with 

reference to the figure below 

H  Glia  ring 	xr1/10 

yr1/20"  

Curvature for fringe p, 	= f9p(1-cos Y/2) ".• fQpY2/8  

Yrw x/f9p 

p AW x2/8f9p $c  

The relative curvature, 5 = 316./yrvx2/8yfOp 

• Using 11.3 and 11.4, 3 	x2/6ysp 

For the p-Articular array considered, 

y = 2x = 6/10 

• • 	" 1/32p 

Thus for this quantity to be .4. 1% we require p ?,r3. 
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(2) 	Non-linear dispersion r.,f the F-P should also be considered. 

The inverse dispersion is given by :- 

D 1  = 4/c143p = )1,tan9p 	11.6 

5(041)/D-1  = sec2Ap$Ap/tonOp 

AV SAp/Ap 

Taking Sgp = 91:14-1 - Op we have, using previous 

relations :- 

S(D-1)/D-1  /4,,  1/2p 
i.e. If p = 1 the dispersion across the length of the array 

(s) only stays constant to/4-0'30%. 	This effect can easily be 

accounted for though in practice excessive non-linear dispersion 

is inconvenient. 

To summarise the above results, it is seen to be best to 

work on the 3rd or 4th ring. Thus if Alq 4th_ring is  used 

the dispersion over the light pipe array is constant to ^/10% 

and the effect of ring curvature is "0,196. To achieve these 

benefits the light flux received is reduced by a factor of 2x 

from its maximum value (11.2). 

A great increase in light gathering power (/'., 200x) could 

be achieved by using concentric circular fibre bundles. Such  

an array has in fact been made recently Cref.793 but one was 

not available for this experiment. 

11.L Experimental measurements 

The experiment was performed on the 10011Y bank tOZVAI.Of 

at Culham Laboratory, Relevant technical data of this device 

is given below :- 



Bank voltage 	: 15 kV 

: Bank energy 	22.5 K.J.  

Pre ionisation 	1st and 2nd j'-cycles of bank 

Working a  cycle 	3rd 

Peak current 	: 1.2 M.amp 

Peak B2 field 

Period 	

40 K.G. 

eriod  7.2  

Coil length 	21 ems 

Internal coil diameter: 5.5 ems 
Mirror ratio 	: 2j1 

External tube diameter: 5.0 ems 

Filling gas 	: D2 

Filling pressure 	: normally 0.06 torr 

(a) Choice of working conditions 

In this experiment the &talon plates aad fibre bundles 

(supplied by Dr. M. Keilhaker) were of glass, limiting measure-

ments to the visible spectrum. However observed rotation 

had been in the later stages of the discharge (e.g. ref.76) 

when the temperature was high and consequently most of the line 

radiation was emitted in the U.V. by impurity ions. 

Therefore an attempt was made to find conditions where 

the photographically observed rotation showed up earliest 

and a strong impurity line chosen such that shift measurements 

could be made as late as possible in the i-cycle. The best 

possible comparison could then be made between Doppler shift and 

photographic observations. 

Streak Camera photographs were taken of the plasma by 

viewing through a slot at one end of the discharge tube. This 

was slightly off axis to render the asymmetric rotating 
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instability [ref.76] more easily observable. End on framing 

photographs were taken with the same camera. All photographs 

were monitored with a pulse corresponding to the streak (or 

framing) time displayed on the same C.R.O. as a di/dt trace 

of the dischal-ge. 	Typical photogtaphs are shown in fig.11.3. 

Rotation was observed to show up earliest at a filling 

pressure of 0.060 torr. Later (see Section 11.4d) this was 

shown to correspond to the plasma trapping a small amount of 

reverse trapped flux - a conclusion consistent with the findings 

of other workers [ref.80]. 

To decide on a suitable impurity line for the experiment 

the set up shown in fig. 11.4 was used to simulate the amount 

of light flux received in a shift measurement, 

For &Xi = 1R and p = 4, f was set according to 11.3 
and 11.4. 	Equation 11.2 was then simulated with, 

A' = At cosep 

where t is the &talon transmission of the F-P. 

Filters of 1OR bandwidth were available for several 

strong well isolated impurity lines identified on time integrated 

spectra taken with a Hilger Medium Quartz spectrograph. 

The line selected for study was CII X42672„multiplet 6. 
(Actually a doublet of separation 0.258.) The light flux 

received from +his line was further increazed by adding known 

proportions of CH4 to the D2 filling gas via a mixer. A 

1% ratio of atomic C to H was found sufficient to give a 

suitably large signal to noise ratio on each P-M. over a time 

scale e•-• 11/sec. 	The signal on \4267R was also very 

reproducible from shot to shot, 
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(b) Calibration of the detecting system 

Two methods were used for the relative calibration of each 

light pipe - P-H. system. 

Firstly calibration was performed with a D.C. carbon arc 

pulsed by a rotating mirror as a light source. For convenience 

the E.H.T. voltages of the photomultipliers were adjusted so that 

each light pipe system gave approximately the same signal when 

the array was uniformly covered with light. 

Secondly, to 

which shifts were 

was used to allow 

This was the same 

F-P was removed. 

illuminated by an 

more accurately simulate the conditions under 

to be measured, the set up shown in fig.11.4 

calibration using the plasma as a source. 

as for the shift measurements except that the 

Since the length of the array, sl  was 

effective plasma length sfl/f the uniformity 

of the radiation from this length could be checked. The 

apparatus in fig.11.4 was mounted on a table which could be 

raised vertically so that the check could be made at the 

different values of ro used for the shift measurement. 

The 8 photomultipliers were connected to 4 double beam 

C.R.Ols via double screened cables such that the response time 

wao",20n sec. The C.R.Ols and P-H power packs were housed 

in a screened room. 

Results obtained were as follows 

With 	= 4.0 the relative sensitivity of a particular 

channel,measured over several shots at one height ro, agreed 

to + 4%. At different ro  the sensitivity of a channel was 

consistent to + 5%, The mean values of the sensitivities of 

the channels averaged over all shots agreed with the carbon arc 

calibration to + 3%. 
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Typical calibration shots on two channels are shown in 

fig.11.5. 

(c) Measurement of Doppler shifts 

The measurement of shifts was carried out using the set 

up of fig.11.4 with the F-P mounted between f and ft. The 

F-P mount was supplied by Dr. D. Bradley. 

Since in this experiment we were limited to only 8 
resolution elements per A)kle  it was not particularly important 

to have a finesse greater than 8. The F-P plates were measured 

to be flat to X/40 over a 2" aperture at 4358a. Silver 

coatings with a MgF2 protective overlayer gave the characteristics:- 

Mean = 0.16 + 3% 
11 R = 0.78 + 4% 

giving NR = 12.5 ± 12% 

and 	E Al 53% (this figure was used for the simulation 

experiment in (a)). 

The overall finesse obtained by microphotometering a plate 

of the fringe pattern at )0058a gave :- 

N = 11 + 1 

We could therefore expect N > 8 at 42675Z. 

Oil  for the results to be described was 2.54a + 4% 
(at X4267a), measured from the diameters of successive 

Haidinger rings at )143588 (Hg I). 

To obtain the 3rd or 4th ring of the X4267a pattern 

on the centre channel the )01358a line was first focussed in 

this position and a slight adjustment made to account for the 

variationof Op with 
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In the measurements taken the line width corresponded to 

Ad  A A 1/3- 
A typical series of traces recorded by the photomultipliers 

in one shot at a given ro are shown in fig.11.6. TO enable 

accurate time correlation between traces a bright up pulse was 

applied to the time base of each C.R.O. 

The line profile aA any given time was obtained as followsi- 

Firstly., the relative intensities on each channel were 

obtained after correction for relative sensitivities, The 

wavelength interval, A)1,11, accepted by each channel, n, was 

from 11.6 :- 

n 02 
Al tqned0 

Xone 

1 &cif 2 
	

11.7 

Where In  = distance of centre of channel n from the centre of 

the circular fringe system (found with a mercury line, )1/4 4358 ). 

the line profiles obtained are of the form shown in fig.11.7 

The area corresponding to each channel is proportional to the 

intensity recorded on that channel. 

In practice a source could not be found which would give 

an origin of wavelength so only relative values were obtained, 

(taking the origin, arbitarily, as the start of channel 6). 

The median of each line profile was obtained such that equal 

wavelength intervals, dX, either side of the median corresponded 

to equal intensities (fio,11.7). 	This is the definition for a 

profile which is not necessarily symmetric [ref.81] such as 
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expected in the case of )4267R (which is a doublet with 

components of different strengths). 

Measurement of shifts in this manner were made at the 

three times indicated on fig.11.8 at different heights across 

the plasma. 

d A d A 	 	>t< 	 
Fig 117. Median of assymetrical profile . (area A = area 13) 

Fig 11.8. Time correlation of shift measurements and streak photographs. 

The results are shown in fig.11.9 and typical line profiles 

in fig.11.10. 	Initially some trouble was experienced with small 

drifts of the line profile to smaller channel numbers (i.e, to 

longer wavelengths.) This was probably due to gradual relaxation 
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of pressure on the F-P plates. To randomise out possible 

errors from this source the tube was scanned in the order 

indicated by the numbers on the points in fig.11.9. 

At each time a 'best fit' straight line was drawn through 

the measured shifts by means of linear regression analysis 

(see fig.11.9). The angular velocity at each time was 

calculated from the graaient of the line and equation 11.1 

and the error in this quantity estimated from the statistically 

calculated standard deviation. Results are shown in Table 1 

below. 

TABLE 1 

Measurement 
Time from zero driving 
field Ord 1-cyclehtsec 

Ni 
units of 104rev sec

-1 

Doppler t1  Initial implosion,0.45 50 4- C47 

shift t2ev1st pinch, 	0.651 6.1 + 045 

t3v2nd pinch, 	0.951 9.5 ± 0.9 

Streak t4 Start of Instability 

2.25 190 + 20 

A streak photograph was taken with each line profile shot and 

the mean angular velocity calculated from these is also shown in 

Table 1. The streaks were interpreted on the basis of two 

rotating flutes, i.e. 	so that each flute would appear in 

the streak viewing slot 	once every 2 period of rotation. 

Measurement of moment of inertia of plasma 

To obtain the angular momenta associated with the above 

values of W it was necessary to estimate the moment of inertia 
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of the plasma at each time from :- 

mk2  

The mass per unit length of the plasma, MI  was estimated 

using the double magnetic loop technique of Green Eref082]. 

An integrated loop signal correlated with a di/dt trace is 

shown in fig.11.11. Green shows that :- 

M 	t 2/4f( 2 
	

Basin2vrt, 	2/4it  2 	... 11.8 

WhereS is the period of the radial plasma oscillations (found 

from eig.11./1), and B is the driving field (nearly sinusoidal). 

Variations of M with time for two initial filling pressures 

are shown in fig.11.12. At Po = 0.045 torr M gradually falls 

off due to end losses. The mean value of M at early times was 

normalised on this plot to the value of M corresponding to the 

initial filling pressure. 	(Taking into account t% C impurity,) 

Thus from 11.8 :- 

Bo  z. 36 K Gauss 

The value of Bo  calculated from thepeak current was, 

Bo  = 50 K Gauss 

In fact collector-coil discontinuity effects could easily 

account fcr a drop /Iv 20% in the calculated Bo Eref.83]. Thus, 

in the calculation of M for Po  = 0.06 torr, the lower value of 

Bo  was employed. 

The variation of M with time for Po = 0.06 torr shows the 

strong axial contraction typical of a reverse trapped flux 

configuration ErefA80. Later M falls off due to end losses. 

At times t1 and t2  (fig.11,12) M has to be interpolated knowing 

M(P0), 

241. 



double 
probe 

time 

1 scale I,“sec 

	 part of complete trace showing 
inductive effects of plasma. 

di 
dt 

-2 

•1 

Fig. 11:11 Double probe signal and
dt   

monitor. Po: 0.045 torr. 
.7" 

E 

E 	-6 
04 

Lin

e 
 mas

s  

.4 
t, 

   

   

   

Po  :0-06 torr. 

t,  

•3 

line mass corresponding to initial pressure Po 

T _ - - - - - - - -1- 	- - - 	- - - - - - - - - 
T  

1I\ 
	Po  : 0:045 torr. 

1 
	

2 	 3 

Time from zero driving fieldOsec) 

Fig. 11.12 Variation of plasma line mass with time. 



streak diameter 
>1 

05 	1.0 • 	1.5 	r(cm). 

continuum scan 
— Abel inversion 

213. 

The radial dimensionsof the plasma were estimated from 

the Abel inverted continuum distributions using the method 

described in Chapter 4. These dimensions were checked with end 

on framing camera photographs (fig.11.3). The distribution at 

t3 is shown in fig.11.13. At t4  the evaration of the 

rotating flutes was estimated from the streak photographs. 

The estimated radius of gyration at each time is tabulated 

below:- 

Fig 1 1.13. 	Radial distribution of continuum intensity at time T, 



TABLE 2 

Time Wadius of gyration, kcms 

t1 : 1075 + 0.2 

t2 1  2' + 0.1, 
t3 0075 ..1; 	0.1 
tik  o8 ±0,1 

The corresponding values of angular momentum at each time 

are given in Table 3 

TABLE 3 

Measurement Time Angular momentum per unit 
length (e.g.s. units) 

t1 0425 + .07 
Doppler 

shift 
t2 0.25 + .07 

t3 0.27 + .08 

Streak 
photograph 

t4  2.9 	+ 1.0 

11.5 Discussion 

The fact that a straight line could be drawn through the 

measured shifts meant that the plasma was indeed rotating as 

solid body. 	Any spread of velocities due to different 'layers' 

of plasma rotating with different W would be reflected as a 

broadening of the line profile. The observed line width B 

(fig.11.10) was . ,̂00.65a. The instrument function was approxi- 

matelyLorentzian with 	width. c).13. Knowing the CII 

2411. 
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doublet separation and relative intensities of the components 

the width of a Gaussion broadening mechanism could be roughly 

estimated, i.e. ge*/ 0.28g. This would correspond to an ion 

temperature AW 25 e.V. Such a value is not unreasonable for 

conditions at the 1st pinch so that any spread of rotational 

velocities must be small. 	In addition the observed direction 

of rotation at each time was *ha same as that predicted by all 

theories [ref073], i.e. the direction in which an ion would 

move in the driving B2  field. 

Since the above conclusions rely implicitly on the 

assumption that the shifts detected were due plasma motion Li 

is worth considering whether any other source of shift could 

give the observed results. Two other causes of line shift, 

i.e. Stark and Quadratic Zeeman shifts would give values of A 

symmetrical about the tube axis since Me, Te  and the magnetic 

tield are to a first approximation. 	(This was confirmed by 

the symmetry of the radial CII line intensity and continuum 

distributions.) Thus shifts from these effects would not vary 

linearly with ro. Reasonable estimates show that in any case 

the shifts would be far smaller in magnitude than the observed 

values. 

While the above reasoning shows that Stark and Zeeman 

effects are unimportant there is an appreciable shift in time 

of the line profile (fig.11.9), i.e. at the tube centre, 

t1 to t2, A\ = -0.04 + .01R (to blue) 

t2  to t,„ A\ = -0,07 + .01g (to blue) 

Three possible causes need to be analysed :- 

(i) Radial implosion and oscillations of an optically thick 

plasma : 
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radiation 
does not reach 
Fabry-Perot 

direction of 
ro 	observat3.on 

If the plasma were optically thick to the CII line a net 

inward velocity, VI, would be obtained. 

V,  = v4-(ro/r)2] 

i.e. ro  = 0, 	= XV/C 

From t1 to t2  we expect VA1,3 x 105  cms/sec. The observed 

implosion velocity, from the streak photographs, isey 4,5 x 106  

cms/sec: i.e. while the observed shift is in the right direction 

the magnitude of the estimated velocity is far too low indicating 

that the plasma is not appreciably thick to the CII radiation. 

In fact evaluation of to  taking N0  = 1017cm'5  and knowing 

that the number density of CII ions should be only Ai1%.of this 

value gives , 	0  4 1 at all reasonable values of Te. It 
is therefore extremely unlikely that optical depth is important. 

(ii) Plasma rotation and drift  

Consider a plasma rotating with angular velocity W at t1 

and drifting with velocity VD towards the collector plates 

(due to collector plate-coil discontinuities, ref.83). 	If at 

t2 the angular velocity is W + dW and the plasma has drifted 

a distance x then the measured shifts at height r above the 

plasma centre 	X I  are :- 
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t1 : A X 1 	)kWr/C 

t2 : A 2 = 	X(ii+dW)(r-x)/C 

Shift in time, AX2-A\1 = )011Wr/C 	ki/Ddt(1i4dW)/C 

This relation does in fact give the observed variation of 

shift in time as a function of r, 

Shift at r = 0 = - XVDdteti+dW)/C 

Substituting the measured values of dt, li+dW we get :- 

t1 to t2 : VD = 3.5 x 106  ens/sec + 1.0 x 106  

t2 to t3 : VD = 2.8 x 106  ens/sec + 0.6 x 106  

However the maximum drift velocity measured from streak 

photographs,~0.6p.s after t3, gives :- 

VD = 6 x 105  ems/sec + 2 x 105  

so this mechanism cannot entirely account for the observations. 

(iii) 	Radial plasma drift  

If the discharge tube axis is not coincident with the 

magnetic B2  axis then plasma drift could occur which is not 

necessarily to the current feed in point. The measured shifts 

in time would correspond to a resolved drift velocities 

towards the direction of observation of :- 

t1  to t2 : V = 2.8 x 105  ems/sec + 1.0 x 105  

t2 to t3  V 	4,2 x 105  ens/sec + 0,6 x 105  : 

and corresponding drifts in this direction of 0.06 ems and 

0.13 ems over each time interval respectively. Drifts as 

small as this are not contradicted by the streak measurements. 

Thus the observed shift in time could be accounted for by 
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a drift of the plasma towards the direction of observation 

possibly with a small upwards drift (2) superimposed. Such a 

drift has been observed photographically by Bodin et al [ref.87]. 

It is now necessary to check that velocities measured on 

the CII ions are representative of the plasma as a whole, 

i.e. We  x BD (D a deuterium ions) 

To do this the change of momentum by elastic collisions 

must be considered/  

i.e. 	nor% dWe/dt = I (WD - We) 
	

... 11.9 

Where W refers to gross translational velocities and Y is the 
effective momentum exchange cross section. 

i.e. Taking V = W 	where v is a thermal velocity 

1(.464MDMe/Mg+Me)(8/17(kTD/MD kTe/Me) IW 	2D-Wej )2  

x nDnArrel), 

assuming d(Vrel), the effective ionic collision cross section, 

is roughly constant. 

From 11,49-  Wen., WD after a time, 

t ^ce neme/Y 

Taking nr, = 5 x 1016cm-3  
nc  = 5 x 104  -3 

Te AV 10 e. V, 

and 6-  dov 30 (Ze2/111Vre12)2  from Allen ref.5 
1. 

with V re1/1 (5kTD/mD)2 

we get, t fw  111 sec. 
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Thus the measured rotational velocities should be roughly 

representative of the deuterium plasma. 

To summarise the above discussion the plasma has been 

shown to rotate as a solid body in the early stages of the 

discharge, and in the direction predicted by theory. Neverthe-

less the measured velocities ^.° rotation differed considerably 

from those estimated from streak photographs (Table 1). To 

see that this is, in fact, in accordance with expectation it 

is necessary to distinguish between the different angular 

frequencies which would exist in a rotating plasma. That is 

following Haines [ref.73] 

17 	= Centre of mass angular frequency 

W 	= Ion guiding centre angular frequency 

141 = Ion diamagnetic azimuthal current angular frequency. 

These are related by, 

fl 	W+ Wi 	 11.10 

where (I is the quantity measured from Doppler shifts. 

It is now instructive to consider the stability of the 

rotating plasma by assuming a small perturbation of the form, 

f(r) e i(Wt m" 

The following condition [ref.73] then arises for 

stability :- 

< 2 n/wi < 1  
The fastest growing instability mode is m = 2 so the most 

stringent condition is 

-0.414 	2 a /wi  < 2.414 	 ... 11.11 
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At time t4 when fission has occurred the velocity measured 

is most probably that of the ion guiding centres, W. 11.11 

is then more conveniently expressed in the form :- 

-2.414 4( 2W/W1 4: 0.414 	 11.12 

Thus the stability criterion can be applied to times t1 

to t3 by equation 11.11,and t4 by 11.12,if WI is known. This 

quantity can be estimated as follows :- 

The angular momentum, per unit length of the plasma, 

associated with the ion diamagnetic current can be simplified 

to [ref.73] 

Li 	= 
	(milli e)ci 	 00* 11.13 

where 0 is the reverse trapped flux 

ti is the proportion of the total current carried by the ions. 

Both these quantities are referred to the time at which the 

plasma originally aquires its angular momentum. 

We can express 	ar TiATi+Tel 

Before the CII radiation is burnt out we can approximate 

the conditions to L.T.E. and take TidNeTe  or Tlev0.5. This 

should be roughly true as indicated by Bodin et al [ref.76]. 

0 can be calculated on the assumption that at the start 

of the radial implosion the plasma conductivity is high and 

there is no field diffusion. Thus 0 = trapped flux at 1st 

pinch. 

Assuming magnetic pressure balance at the 1st pinch, 

Trapped BT = Driving B = Bo sine 2iTt2/T 
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The area, A, of the plasma hole at the 1st pinch can be 

estimated from fig.11.13. Thus we obtain, 

0 = BTA ".,44 4, 20% K.Maxwells 

11.4 then gives :- 

Li ek.,0.74 c.g.s. units. 

Wi can therefore be calculated at all times from :- 

Li = MK2Wi, 

M and k being known from Section 11.4d. The results obtained 

are shown in Table 4 below. 

TABLE 4 

time Wi rev/sec 

t1 1.6 1.6 x 105  
t2 1.8 x 105 
t3  2.6 x 105  

tik  3.8 x 105  

Substitution of these figures into equations 11.11 and 

11.12 gives the following results :- 

Time Condition for stability 2.51/111 2W/Wi 

ti 

t2 

t3  

t4  

-0.414 4.2 tl/Wi 

< 2, 414 

,-2.414 < 2W/Wi4.0.414 

0.66 
0.68 

0.73 

...e 

o.' 

..e 

.de  

10 

Stable 

Stable 

Stable 

Unstable 
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Thus tho small angular velocities measured from Doppler 

shifts satisfy the criterion for a stable mode of rotation 

while instability is predicted at time t4. 

While these preliminary experiments confirmed that the 

plasma, in its early stages, is rotating rigidly it is not easy 

from these measurements alone to distinguish between the 

different theoretical models proposed to explain the origin of 

the rotation [ref.73]. 

However, the models of Bostick and Wells [ref.88] and 

Velikhov [ref.89] can be excluded by the results recorded here. 

On these models the plasma separates radially or axially into 

two parts which rotate in opposite directions. However the 

CII line shift measurments show that the plasma rotates as a 

single rigid bodyi  at least during its early stages. Further 

end on streak photographs show that the plasma is rotating 

uniformly along its length. 

Which of the remaining models [ref.73] is important in our 

case cannot be decided on the basis of the Doppler measurements 

alone since similar values of angular velocities and acceleration 

times are predicted. Nevertheless these values are not in-

consistent with the experimental results. For example Haines 

[ref.73] and Thonemann and Kolb [ref.90] show that the rotational 

velocity of the plasma at time t = Tv  should be, 

CITeviVo/i(Tv/TA)2  

where Vo  = Ilgo/ne  = drift velocity of electrons at t = 0 
Tv  = drift time of electrons around the plasma column 

TA = Transit time of the Alfven wave 

r = radius of plasma. 



For our conditions Tv"/C.05 

and 	npv ".• 2 x 104  rev/sec, while the 

measured velocity at the nearest time to this, t = 0.45 

was 	= 5 x 104  rev/sec. 

253. 



254. 

ACIXOWLEDGEMENTS 

The author would like to thank Dr. R. Latharnwho supervised 
this work throughout. 

Dr. J. Cooper, while at Imperial College, supervised the 
initial stages of this programme. 

I am indebted to Dr. D.D.Burgess for many stimulating 
discussions and for reading the preliminary draft of this thesis. 

Considerable help and much constructive criticism has been 
forthcoming from several members of the Plasma Physics and 
Spectroscopy groups at Imperial College. In particular I should 
like to acknowledge.Nessrst  A.E.Dangor and C.D.Vheeler, Dr.A. 
Folkierski and Wr.J.Troughton (Plasma Physics) and Dr.G.J.Pert 
and Messrs. J.Davis, S.Budd and J.E.Jenkins (Spectroscopy), 

iiost of the apparatus used was built by i4r.P.J.Daly and the 
electronics by Ar.L.Nyman. 

The author has worked with several members of other groups 
to whom many thanks are due:- kir.P.D.Johnson (Spectroscopy, I.C.); 
Dr. ii.iieilhacker, mr.G.N.Harding, Dr.H./t.n.Bodin and Dr.G.B.F. 
Niblett (A.E.R.E.Culham Laboratory); Professor A,G.Gaydon and 
Dr. P.B.Coates (Chemical Engineering Dept., 1.C.). 

Any defects in the appearance of this thesis are not.due to 
the typist who coped masterfully with my writing or to la..E.Jackson 
who spared no effort in preparing the diagrams. 

Nany thanks are due to Professor U.R,S. Garton for kindly 
allowing me to complete this thesis while a Research Assistant in 
his group. 

During this work (1963-1966) the author was in receipt of a 
grant from the S.R.C. 

Finally, I should also like to thank Miss Sylvia Holcombe for 
help and encouragement during the periods of stress incurred while 
writing this thesis and the :Manager of Lloyd's Dank, South 
Kensington, without whose help this thesis would not be in 
existence, 



APPENDIX I 

Calculation of impact broadened All  

line wiothm and shifts 

(1) Reduction of formulae for computations 

The widths and 

/2-071 (p.83, ref.2) 

<c( I I  a}= 

shifts are calculated from equation 

-(Vik - ida) 

'WIN (Win )2  fi(dvd))/7) f (v) 

441<c(l Ra/ a>1 2[A(Zaat)+iB(2aal)] 
at 

1 

Where &Ea' E Whay>/v 5p(Eal-Ea)/hv 	. 2 

Where Wa 	width of level a 

da 	= shift of level a 

and 4:0 Ra a>are the radial matrix elements connecting 
a and the perturbing levels a'. 	Thep integral .:-- 

j(d6) Rar[A(Zaal)+1 B(Zaat)3 

Where Rat E • I <hlRala v.> 1:2  

Becomes 	' Ra 0/1 	[A(z)dz/z + iB(z)4im/ z] ... 3 a Zaai 

255. 

on use of equation 2. 

The limits of/Oare 0 to oo but due to divergence 

smalli0  we cut off at/omin  which Griem shows is given 

min ;A(2/3)2(41/myl Rmt[A(Zmin)44B(Zminni 1  am/ 	aal 

at 

by 

4 



••• 8 

RatCA(Zmin) ()cat 

••• 9 
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This was chosen so that equation 1 tended to the 

correct expression in the low velocity (adiabatic) limit 

and also satisfied the high velocity limit where perturbation 

theory could be used throughout. Corresponding to this 

value of 0 	 :- 
/ min 

Zmin  
aa 

= 	 /v min ••• 5 

Hence thef integral is :- 
03 

[A(z)dz/z + i B(z)dz/z] 

Rat [a(inin) + i b(i
min

)] as t 	ast ••• 6 

Substitution into equation 1 gives :- 
min 

Wa -idc tA(4TTN/3)(t/m)21(dv/Of(v) Rat[a(Z 
aa 

 1) 
a 

+ i b(Zmin)] 	... 7 aa t 

This expression gives the contribution of weak collisions 

to Ir.)( and da. 

As a rough estimation for the contribution of the 

strongcollisions(,‹Addto the width, we use the 

Lorentz-Weisskopf expression :- 

Rat 
a fzmin 

aa 

«strong 
 Nildv f (v) 7v 2  min 

Using equations L and 8 :- 
ws
a
tron 

g:As.  (47113) N('1/m )2P (dv/v) f (v) I 

+ i B( inZm )] aal 



Adding this term to (7) we get :- 

Wa- ida WIN./3Xtilm ) 2/(dv/v) f ( v ) 

+ iB(Z:!7)]1+ a 

+ i b(t7)]) 

Which is equation 4.79, Griem. 
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• • • 10 

RalCA(imin) 
aa/ 

Raira(ein) arx  

This expression can be simplified for computational 

purposes by inserting a Maxwellian velocity distribution 
into (10), i.e. 

f(v)dv = 4Ti(m/217kTe)3/2 v2e 

We then get an integral containing 

To simplify put x = mv2/ch 

Then Wa-ida =(2/3)Ne(h/2DOkTe)3/2  

-mv2/2kTedv 	
a.. 

2 
: 	ve-mv /2kTedir 

••• 
00 

e-chx/2kTedx 

X=0 
••• 

11 

12 

13 

••••111 

---) refers to the bracket in equation 10. 
Writing this expression in terms of frequencies, 

V= w/21T, evaluating the constants and calculating Wa, 

da for N= 16 electrons /cc we get:- 

°° Wa-ida = 1.318 x 1010(1/Te3/2)fe -chx/2kTe dx 

040 14 

Thus the only assumption made about the plasma 

conditions is that the electrons have a Maxwellian 

distributicn. Since A9 = -p/A16A, if we change the sign 
of dat a positive shift (evaluated in frequency units) 

ell• OM) 



corresponds to a shift to the red. The final 

expression is therefore [in sec 1 

Wa+ida = 1.318 x 1010Te-3/2 c°  -chx/2kTe dx 

x=o 

x 21 Ra(Zniin)44B(Zinn  aal 	cal 

c°  = 1.318 Te -3/2I 
x=o 	

15( Re(x) + Im(x) dx 

The variable of integration is (from 4, 5 and 12): - 

1 
x = 	 in  (2/3)0a1- Eal/Zmil:)1ZRal(A(2ma )+iBein)31 I  am 	m 	at 	am' 

..• 16 
Where E . Ea' are in wavenumbers. 

The quantities A(Z), B(Z),a(Z), b(Z) have been 

calculated by Griem for a wide range of ZEref.23. 

(2) 	Evaluation of integral (equation 15) 

In the expression for x,(Eai-EalVimin  is independent 
aa 

of at, the perturbing level, from (5). Hence an arbitary 

value of ein is chosen for the nearest perturbing level aal 
(negative if Eat< Ea so that x remains positive). 

Thus x can be evaluated by doing the sum in (16) over 

all perturbing levels, and similarly the integrand in 

(15), knowing Zr"n  for all the other perturbing levels from aal 

(Eau - &Vein  
a" 

Where a" refers to another perturbing level. 
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a 

+:2Raf[a(Zmin) • (Zillin)]) as 	ast al 

= const. = (Ea' ma' 



Initially complete L-S coupling is assumed so the 

perturbing levels to a are found using the dipole selection 

rules:- 

AJ = 0, + 1, 	J=0•74,Y= 0 
AS = 0 
AL = 0, + 1 

AL = + 1 	(L refers to jumping electron) 

Odd :ii even level 

Two electron jumps are forbidden. 

The matrix elements Bat are then calculated using the 

Bates and Damgaard approximation, Cref.31] :- 

i 2 Rar = 	= 1, X21, -1)0-2 for 1 e. 
m 1, va, 44) . for 1 1+1 

where 1>  is the greater of the orbital quatum numbers of 

Ea or the particular perturbing level Eat. Cr-  evaluated 

on Bates and Damgaardsh method is given by :- 

' = 	(c / ,/412-1)x (2/n" )n* A0' 2  r (n*f +1 1-1) f (n*/-1)32  

1 
x 	(2/n*")

n*”
/[n*"2 rt  (*"+1" -1) r (n*H-1)]2 
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x cpt(n*edAcpfl(n*Iftlu) ( n*In*Ivip*t+n*upn*T+n*"+2-0.-p" 

rl(n*I-1-n*H+2-pt-pn),} 	... 8 

where Co = 1 

Cp = Cp-1 (n*/20[1(1+1)-(n*-p)(n*-p+1)7 	...9 

n* = effective principle quantum number of level 

a = 2 /124Eaa..P.a) 

1 	= orbital quantum number of valence electron. 

For n* and 1 the subscript 1  refers to Ea and " to Eat. 

The calculation procedure is shown in the flow dingram. 



Numerical 
integration 
of integral 
in 15 

Calculation of 
ion broadening 
parameter a 
from 17 
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FLOW DIAGRAM FOR CALCULATION 

Calculation of 
real: (weak' and' 

st..orlog collibionl 
and imaginary 
parts of 15 

OF Wa 	da and a 

INPUT 

Selection of 
perturbing 
levels 

Eat on L-S 
coupling rules 

Read input 
Ex„ 

all odd 

data 

and even 
levels, 

ti  

energy 
temperatures 

Ordering of 
these levels 
with nearest 

to 	Ea 
first 

Calculation of 
of Rat for 
all perturbing 

levels 
(from 19) 

Calculation of 

200 x values 

using 16 

Interpolation 
of A(z), E(z), 
a(z), b(z) 

values for all 
Zaat and all at 

IT 

Calculation of 
of Zaa/ for 
all other 

Eat 
using 17 

Subprogrammes 
for 

evaluation 
of 
Rat 

Calculation of 
Zaal for 

nearest Eat 
using generating 

functions 

/
7  strong and 
weak collision) 
contributions 
to Wa and da 
for each Xi/ 

 

Ion 
broadening 
parameter 

a 

Wa 

d 



(3) Details of programme  (Fortran II) 

Values of Wa, da and a can be calculated at 

7 temperatures for up to 10 levels in each run. 
addition the strong and weak collision contributions to the 

width, and weak collision contribution to the shift, are 

obtained as a function of x for each level and temperature. 

The programme can readily be modified to deal with any 

charge state of the emitting species. Provision can be 

made to evaluate Wa etc on inclusion of increasing numbers 

of perturbing levels in the calculations. A total of 

50 perturbing levels can be handled. 

In cases where array (1) splitting is appreciable matrix 

elements, 

R2 
mult 1 (41 .1) 2 

2I + 1 

must be used to couple each perturbing multiplet to the state 

considered. n2ult  can be obtained from ref.94. 

If muBtiplet splitting is also negligible matrix elements, 

1'may 

must be used to couple each perturbing level to the state 

considered. 
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APPENDIX II  

COAPUTER PROGRAeNE FOR CALCULATING THE STARK PROFILE EMITTED 

BY AN OPTICALLY THIN, INHOMOGENEOUS BUT CYLINDRICALLY SYM-

METRIC PLASMA  

(Simplified version for N1 = Ne  written for an Elliot 803A) 

For N1 = Ne  the relations 8.1 to 8,5 simplify to :- 

262. 

e-Wm/kTe(x1)/ )(1+ [CTe(x/)1Ne(xl) 

-FETe(xl))] 2.) 

loss ( X ) = K 

25Axl 
= K=0 

	A(xl.) x 

. X  
While IC{ NTRE (A) = Re.'nikTe(xl fir!' (1 4. [cTe(x1=0))Ne(x2=0) 

-F[Te(x1=0)]] -) 

Where K = f4.(FCTe(30=0)])2104,WM/kTe(x1=0)  

These profiles are normalised to the same peak intensity. 

Input consists of Ne  and Te  for 25 values of x' in equal 

increments Ax.c/and F for 25 values of Te  in equal increments 

from 10.000oK to 25,00ooK and Wm the upper state energy of 

the line considered. 

A block diagram of the calculating procedure is given 

below:- 

KA(x1 =0)J 
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	AO. 

Selection of 

0 and F for 

Te  correspond-

ing to each x' 

Set X = 

flETe(xs=0)3 

xNe(x1 =0) 

Evaluation 

of K 

Vary 	from 

-100X to +100x 

in steps of X 

Output 

IOUSW 
=K2A(xl I ) 

Output 

CENTRE( ^) 
= KA(xl:).)%) 

Read Input Data 

wn 
25 values of Ne(x1) 

25 values of Te(xl) 

25 values of c/(Te) 

25 values of F (Te) 

Vary x' from 

0 to 25Ax' 

Calculate 

25Ax' 

x =0 A(xl,x) 



APPENDIX III  

FURTHER LASER MEASUREMENTS ON AN UNSTABILISED 

z-PINCH 

In Chapter 6 measurements of Ne  at two initial conditions 

only were presented. Here further measurements are described. 

These were carried out to investigate the versitility of the 

Z-pinch as a light source suitable for a detailed study of Stark 

broadening. 

For this purpose it is desirable that Ne  can be varied and 

conveniently measured over as wide a range as possible; the 

achievement of a given Ne  should, ideally, be readily predictable 

from known initial conditions of filling pressure and bank 

voltage. 	In addition the radial distribution of Ne  should be 

closely rectangular. 

To achieve a given Ne at peak compression two parameters 

can be varied, i.e. P and V. 

The measured variation with P of f Ne  dl through the 

tube centre is shown in Fig.l. Measurements at 0075 int and 

1.0 kV were made with the tube in a Fabry-Perot cavity as in 

Chapter 6 but the laser was operated at) 3.39p.. Measurements 

at higher voltages were made at X6328. 

The curves of /Ne  di versus P show a distinct maximum at 

each of three bank voltages. Since framing camera photographs 

on a basically similar discharge [Chapter 33 had shown the 

plasma diameter to increase monotonically with filling pressure 

we should expect a maximum in the axial Ne versus P variation. 

A similar peaking, which is in contradiction with the existing 

models of linear pinch dynamics, has been reported previously 
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Fig I. !Ne d' through tube centre versus pressure. (measurements at 'pinch') 
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by Burgess [ref.11], Zwicker and Shumacher Eref.1033 and Burgess 

et al [ref.104] on pinches with widely differing parameters. 

Peaking was also observed here with an applied Br, field, 

measuring the axial No directly by end on observation Cosm.. 

fig.1]. However refraction of the laser beam out of the plasma 

prohibited a quantitative determination of Pm. 

Further phenomena, which have not previously been reported, 

can be noted from these results. Firstly, there is an 

appreciable change in slope of theile dl versus P curves at 

some pressure Pc < Pm. Again this was also observed with an 

applied Bm  Engel]. Secondly, both Pc  and Pm  .gave a pronounced 

Jr  voltage dependance. Thirdly, the peaking of Ne  dl is accompanied 

by increasing development of a 'knee' in the ,(4e  dl versus time 

curves as P is raised. The time history of jie  dl at different 

pressures and two voltages is shown in fig.2. 

In an attempt to ascertain the comma of these phenomena 

time resolved measurements of 
0/1  N

e  dl were made at different 

heights across the plasma at one bank voltage (1.5 kv). Results 

at the 'pinch° are shown in fig.3. Abel inversion of these 

results gave the variation with P of axial Ne  shown in fig.4. 
This variation was very similar to that shown in fig.1 for the 

same voltage. Correspondingly we might expect the nressure, PM 

at which4/INe  dl maximises to be similar to that at which the 

axial Ne maximises for all bank voltages. 

The complete radial distributions of Ne  at different times 

up to the pinch, and at three pressures encomnassing Pm, are 

shown in fig.5. Since these distributions were not the monotonic 

functions of r expected of existing theories of pinch dynamics 

the finch time' or time to maximum compression has hitherto been 

taken as the time at whichAe  dl (through the tube centre) 
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maximises. Generally (see for e.g. fig.5) this appears to be 

the same as the time at which axial Ne  maximises, At each 

time the radial He  distributions in fig., show a distinct change 

in character as P is varied through Pm. At lower eressures 

the distributions at the pinch are similar to that at 0.6 torr 

though the plasma diameters are smaller and the axial dip in 

Ne  less pronounced. 

In attempting to explain the observed phenomena we shall 

consider, seperately, three pressure regions :- 

(1) P <Pc  

The linear rise of Ne  with increasing P in this region is 

in agreement with a snowplough model of the pinch [ref.105] 

assuming complete particle trapping and eonisation and (as 

observed) comparatively small variations in the plasma radius. 

(2) < p <Pm  

As P is increased from Pc we should expect Te  to fall and 

consequently increasing penetration of current into the 

collapsing sheath. Haines gives the characteristic penetration 

time as tpenevuer-  12/ 15 where 1 is the radius and a-- the 
conductivity of the sheath. 

, For P = Pc, Teti 50,00v
o  K (from time resolved measurements 

as in chapter 7) and 1-we /_ ems, i.e. 	tPene*".' 2 usec. while 

tp 1211S. 

Consequently a model of an infinitely thin current carrying 

layer is no longer applicable. After sufficient time the 

current density maximum may no longer be at the surface of the 

sheath. 	In this case the magnetic driving force on a plasma 

element (r, dr), Fr  cc .Yr  Sr 	Jr  211r dr (see fig.below), ri 
may be a maxim= for r1 < r < r2 : 
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Jr  (current 
„/„.// 	density) 

       

       

   

0 	 r2 

Collapsing current sheets 

Thus the current sheet would become increasingly diffuse 

and could eventually separate into two regions. The plasma 

striking the axis first could carry an appreciable part of the 

current due to its high conductivity leading to a situation 
Jr  

I 

	Bt a 

 

B 

	 r 
0 

The inward pressure on the remaining shell is, assuming 

high conductivity//vB 
2 	

B
t
2/81T 	NekTe 	If the 

trapped flux is constant Bt ec 1/r2  whereas Bette h/r. Thus for 

decreasing r the inward pressure can go to zero leading to an 

equilibrium situation of a plasma with a hot core surrounded'by 

a cooler, denser layer, the kinetic pressure being uniform over 

the whole plasma. 

(3) 	Pm  

As the pressure is increased the conductivity of the plasma 

should fall and the trapped field Bt be more easily penetrated 

leading to a rather diffuse plasma at equilibrium. 	In 



272. 

addition incomplete particle trapping could be a contributory 
factor to the observed fall off in Ne. A mechanism by which 

this could occur is the inverse skin effect, studied theoretically 

by Haines [ref.106]. Thus if the total discharge current 

decays after current diffusion into the plasma has occurred, the 

current density maximum will no longer be at the surface of the 

plasma as noted in (2) above. Eventually the current may 

become reversed at the surface. In this case the J "D force 

would tend to drive the plasma carrying reverse current away 

from the axis. 

We can obtain an estimate of the time at which this should 

occur from the expression quoted by Haines for the current 

density at radius r and time t in a cylindrical conductor of 

radius a carrying a total axial current sin w't. 

If we neglect the transient terms, which decay with a time 

constant t Pen 	2us„ the current density is zero at r, t when :- 

tan (w 
ber(rv2  x)ber

o
1w2 	x)bei

o
'w2  ( 

bei(w2  x)ber
o 	bertw2  x)beio

lw 

where w = }Lora 	y = quara
2
; 

r/a 

The discharge current waveform in the present case is 

critically damped with a single dip due to inductive effects of 

the plasma. Up to this dip the current waveform is nearly 

sinusoidal with, 

or,/ 105sec 

Taking the same value of G" as before, 

w ^,/ 3 
Solving the above relation we get zero current density at r = a 



after a time, 

t 	28u sec 

The observed time to pinch at Pm was, 

tp 	21u sac 

A simple model of the inverse skin effect therefore gives 

reasonable agreement with the observed times. A more quantitative 

treatment would be computationally rather lengthy as the 

variation of sheath thickness, radius and conductivity with tie 

would have to be considered. However we can make one 

quantitative prediction from this model, i.e. we should expect 

t at Pm  to be constant, independent of voltage. This follows 

because at a given pinch time and therefore collapse time the 

relevant temperatures and sheath thicknesses should be 

independent of voltage. in fact tp for P = PM was experimentally 

observed to be independent of voltage Efig.23. 

The voltage dependance of P,,, if the snowplough model of 

the pinch were valid up to this pressure, could be derived from:- 

snowplough 
tp 	cr. (P/Ir')'r = const for P = Pm  

i.e. Pm  = V2  

Similarly we should expect, 

P at V2  

The experimental observations are in good agreement with 

these relations as seen in fig.6. 	This agreement seems surprising 

in view of the marked divergencies from the Snowplough theory 

for P> Pe. Nevertheless both the pressure and voltage 

dependence of tp are the same as given on this model as seen 

in figs. 7 and 8. 
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The tpcx*Pi;  curves intersect the origin at a podtive 

pressure which decreases with voltage from P .01 torr 

at 0.75 kv. This is presumably due to poor trapping at very 

low pressures. Divergences from linearity also occur at high 

pressures ( >P6). For example at 1.0 kv the pinch time 

appears to become independent of pressure. However in these 

cases the plasma practically fills the whole tube even at.peak 

compression so the concept of a pinch is not well defined. 

Again the tp versus V - curve diverges appreciably from 

linearity at low voltages, but at 0.5 kv the plasma again 

practically fills the tube and also 	dl (through the tube 

centre) and the total discharge current are constant to /v105f,  

for 50 usec so again there is no pronounced 'pinch/. 

It should be noted that tp doers not correspond to the time. 

tb ,of the dip in the current waveform but approaches this as 

either P or V is increased [fig. 8 and W. The tb-tp  curve 
appears to show changes at Pe and Pm  but these are more or less 

within experimental error. 

The voltage dependence of axial Ne  at tp  follows the trend 

we would expect from the previous results. Ne  versus V2  for 

P = 0.2 torr is shown in fig.10. The relationship is closely 

linear at high voltages as predicted by a snowplough model of the 

pinch. However when V is less than that value for which Pc  

0.2 torr the axial Ne  becomes increasingly less than the value 

expected on this model, the discrepancy being most appreciaLle 

when V V(Ppi = 0.2 torr). 

The importance of the inverse skin effect in inhibiting 

pinching at high pressures is supported by current density 

measurements of Frayne [ref.107]. At high P the current sheath 

becomes increasingly diffuse and appreciable current flows on 
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the axis before peak compression. Eventually the current flows 

mainly in two regions similar to the Ne regions in fig.5, i.e. 

axially and in a coaxial sheath. 	(It is the axial region of 

Ne  which gives rise to the pronounced knee in the curves of 

fig.2.) The coaxial sheath is prevented from reaching the axis 

and later expands as a hollow shell (see reg.107) as we would 

expect for the model for Pe < 	Pm. In addition appreciable 

reverse current was detected at the outer edge of this sheath 

well before peak compression. 

A similar situation was found by Zwicker and Shumacker. 

However their explanation of the peaking, that at Pm  the time 

to pinch becomes greater than the time to peak (total) current, 

teas not hold in theme experiments where tp is always greater 

than the time to peak current. Nevertheless it would seem that 

a model of the inverse skin effect could explain their results. 

In Burgess' results [ref.11], on a rather similar discharge 

to the one used here, Pty, appeared to show no voltage dependence. 

In this case Ne  was measured from the width of a Stark broadened 

All line. The substantial inhomogeneity of the plasma at high 

pressure would tend to give a lower line width than that 

corresponding to the axial Ne (c.f. OhaKoter 8) and Pm  Mould 

appear shifted to lower pressures. 	It seems likely, in this 

case, that a V2  dependence, as found in these results, could be 

accounted for within the limits of experimental error. 

Burgess et al [ref.104] made measurements of.Pi.1  using 

different filling gases, They found Pm = 0t!2, .28, 628 torr 

respectively in argon, helium and hydrogen. On the nbove 

results we should expect tp to be a constant for a given 

1
eCPil and therefore Pm oc 1/N. This is in rough agreement with 
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experiment since for these gases 1/A is in the ratio /:10:20. 

The results of spectroscopic importance can now be 

swiimarised. Assuming P < Pe  or Pm  the radial distribution of 

Ne  at the pinch is reasonably rectangular. Furthermore, at 

least for this discharge, the time to pinch and peak Ne can 

be accurately predictedlas a function of P or V, from simple 

relations once normalisation to one or two conditions has been 

made. Again Pm  can be predicted roughly after it has been 

found for one condition. The quantitative measurements of 

Ne  recorded here cover a range from 1016cm-3  to 1.7 x 101161'3 

The only other source widely used for similar studies, the 

electromagnetic T-tube cannot produce plasma with Ne 	x 
10"cm"3  and neither can Te  be varied over as wide a range as • 

with the L+-pinch, 
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Abstract — Résumé — Amnyramta — Resumen 

DOPPLER SHIFT MEASUREMENTS TO INVESTIGATE PLASMA ROTATION IN THE THETA PINCH. Where-
as so far experimental investigation of plasma rotation in the theta pinch has been based on the photographic 
observation of instabilities associated with this rotation, this paper describes experiments to determine the 
mass rotational velocity and the related angular momentum from the Doppler shift of impurity lines. 

As these shifts can be small compared with the line widths, a Fabry-Perot interferometer was used in 
the first experiments (carried out at Culham Laboratory on 22.5-kJ theta pinch). A suitable line (C II, 4267 A) 
was selected by a 104 interference filter and the line profile recorded photoelectrically via an eight-channel 
fibre bundle array which was crossed with one of the Haidinger fringes produced by the Fabry-Perot. The 
Doppler shifts measured at different positions across the plasma diameter showed the plasma to rotate as a 
rigid body. The first detectable shift of the C II line, corresponding to an angular velocity of 5 X10 4  rev/s, 
was measured during the first implosion of the plasma. 

As the C II line was burned out after one microsecond the Doppler shifts of the C V 2271 A line were . 
measured in a second experiment carried out at Garching on a 32.5-k! theta pinch. The profiles were recorded 
usiqg a high resolution monochromatar and a profile-dividing mirror system. In this experiment rotation was 
only observed at pressures below 30 mTorr D2  and was then again in the direction of the ion current. It was 
possible to induce rotation and instabilities at higher pressures in an otherwise stable plasma by superimposing 
a stationary transverse magnetic field. In this case rotation seems to start in the direction of the electron 
current but the instabilities showing up later still rotate in the ion current direction. On the other hand the 
tendency of the plasma to rotate (at pressures of Ds below 30 mTorr) can be reduced and rotational instabilities 
suppressed by superimposing a transverse field of the same polarity that causes "opposite" rotation for a usually 
non-rotating plasma. The results are discussed in the light of existing theories on the origin of rotation and on 
instabilities. 

MESURES DU DEPLA CEMENT DU A L'EFFET DOPPLER A PPLIQUEES A L'ETUDE DE LA ROTATION DU PLASMA 
DANS LA STRICTION AZIMUTALE. Alors que l'etude experimentale de la rotation du plasma dans la striction 
azimutale reposait jusqu'a present sur l'observation photographique des instabilites associees cette rotation, 
le memoire decrit des experiences visant a determiner, a partir du deplacement des raies des impuretes du" 
a l'effet Doppler, la vitesse de rotation des masses et le moment cinetique correspondant. 

Etant donne que ces deplacements peuvent etre faibles par rapport aux largeurs des raies, les auteurs ont 
utilise un interferometre Fabry-Perot pour les premieres experiences, effectuees au Laboratoire de Culham 
sur une striction azimutale de 22, 5 kJ. Ils ant isole, au moyen d'un filtre &interferences de 10 A, une raie 
adequate (C II, 4267 A) et ont enregistre photoelectriquement le profil de cette raie au moyen d'un dispositif 
en faisceau huit canaux traverse par Tune des franges de Haidinger produites par l'interferometre de Fabry-
Perot. D'apres des mesures des deplacements dus a l'effet Doppler effectuees en differents points du diametre 
du plasma, ils ont constate que la rotation du plasma est semblable I celle d'un corps rigide. Le premier 
deplacement de la raie C II qu'il a ete possible de detecter, deplacement qui correspondait 5 une vitesse 
angulaire de 5.104  tours/s, a ete mesure pendant Ta premiere implosion du plasma. 

Etant donne que la raie C II a disparu en 1 us, les auteurs ont mesure les deplacements Doppler de la 
raie C V de 2271 A dans une deuxieme experience e'ffectuee k Garching avec un appareil I striction azimutale 
de 32,5 kJ. Ils ont enregistre les profils au moyen d'un monochromateur a fort pouvoir de resolution et d'un 
systeme de miroirs qui separe les profils, Dans cette experience, une rotation n'a ete observie qu'I des pres- 
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sionsinferieuresa30mTorr de deuteriumetl'aete egalement dans la direction du courant d'ions. 11 a ete 
possible de provoquer une rotation et des instabilites A des pressions plus elevees dans un plasma normalement 
stable, en superposant uansversalement un champ magnetique stationnaire. Dans ce cas, la rotation semble 
demarrer dans la direction du courant des electrons, mail les instabilites qui se manifestent ulterieurement 
tournent encore dans la direction du courant des Ions. Par ailleurs, on peut diminuer la tendance du plasma 
A subir une rotation (aux pressions inferieures A 30m Torrde deuterium) et on peut supprimer les instabilites 
rotationnelles en superposant transversalement un champ ayant la mErne polarise que calui qui entraine une 
rotation <copposee>> pour un plasma normalement non tournant. Les auteurs discutent les resultats obtenus, 
en fonction des theories actuelles sur l'origine de la rotation et sur les instabilites. 

113MEPEHI351 210111111EPOBCK01-0 CMEMEH1151 JIJIA HCCJIEZOBAH1451 BPAIlIE111451 
rIJIA3Mb1 B TETA-HHH4E. ):Io CHX nop axcnepitmewranbisme HccnencosaHnst Bpautemig nnaamm 
B Tera-nmrHe OCHOBMBa.TD1Cb Ha cDoTorpacjniHecHom Ha6mo11erur HeycTofiHmeocreri, CHA3aHHLIX 
C 3111M Bpattleriviem. B HacToHutem AoHna4e onnomeamTcs 3HcnepHmeHrm no onpextenemmomaccoisoci 
CKOPOCTH epaulettes 14 CBH3aHHOPO C Hen momewra Honst‘secrea aBHACCHHA Ha OCHOBaHH14 ACHIII/lep0B-
cKoro CMelaeHHH /11111146 npnMeceil. 

ITOCKOJIbKy 3T11 cmenteHHH moryT 6b1Tb HeeenHHH n0 cpaeriemuo C 11111pHHO6 nHHHIi, B nepemx 
3HcnepHmeHTax, nposeAeHHmx B Ka/I3MCK0c/ na6oparomin Ha Tera-nHHHe C 3nepriierr B 22,5 KAN( 
mcnone3oBancH HurrepcpepomeTp 4.a6pH-Repo. cl,aneTpom a 10 A rJmna em6paHa noAxoArneast ./114HIIR 
(C II 4267 A) H Dp0I1/14.71b JIHH111{ 3aperHCTplip0BaH (poToanetcrpvpsecnsm cnoconom C HOMOIllb1) DOC', 
mincaHanbrroil pa3aenwreneHoil cHcremm, HoTopas nepeceHanace 0./1H0ii H3 nonoc XaRAHHrepa C 
HHTepcpepomeTpa 4,a6pH-Irepo. AonnnepoecHme cmemeHHH, H3mepeHHme B pawnrynmx nonoweruffix 

AnameTpy nna3mm, noica3anH, HTo nna3ma epautaeicst Kat( Teepitoe Ten°. Tlepeoe o6Hapywermoe 
cmentemse /114141414 r T T ." COOTBeTCTBy10111eil yT.TIOBOri CKOpOCTH 5 X 104  o6op icee, 6mno H3mepeHo 

Tenerme nepeoro C)scaTMa nna3mm. 
ITOCKOJILKy /114/4/151 C II neperopana 4epe3 opHy mnepoceHyHAy, AonnneposcKoe cmemeHne 

.11HHHH C V 2271 A 6buto 143MapaHO BO BTOpOM 3Hcnepemeire, npoeeHeHHom B rapxHHre Ha TaTa-
mmve C aueprneil 32.5 Hex. rIpocInanH penicTpirpoeanHce C nomouielo monoxpomaropa C BbICOKOR 
pa3peularomeir cnoco6HocTbio H 3epHanerto4[ cHcremm, ,Henseeri npocfmnb. B Aarnrom 3HcneptimerkTe 
epameHHe Ha6nioAanoce nHum, npH Aaeneruni HH/Ke 30 mTop D2  H 3aTem BHOBb B HanpaeneHnH no-
Toxa HOHOB. OKa3a/I0Cb BO3MOIKHDM BM3DaTE. epauleHme H HeyCTOr114HDOCTH npH 60/Iee BbICOKHX 
Haenernifix B nna3me, ycro414Heoir B Apyrtix OTH0111e1114HX, C nomoieelo HanomeHHH nocrommoro no- 
nepeHHoro marrerrHoro not 	B 3TOM cnyvae npeAcTaensieTcH, 41.0 epanieHne HaHHHaercH B Ha-
npaeneHHH noToHa 3./IeKTPOHOB, OaHaK0 HeyCT0/1411BOCTLI, aoHensmouweca now(Hee, ece paexo epa-
watorcH B Hanpasneetes noroxa HOHOB. C Apyroct cTopoHm, TermeHune nna3mm epautaTacH (npH 
Haenernixx HHiKe 30 MTOp B2 ) MozeT 6111Tb ymeHemeria 14 HeyCT014- 411BOCTI4 epauleHHH ycTparieum 
nyTem Hanoxermg nonepemHoro nonH Tat ase nonHpHocTH, Koropaa em3meaeT "o6paTHoe" epauleaHe 
Ansi o6er4Ho0 He epamaroreeficH nnaamm. PeaynbraTm paccmarpHemoTcH B coeTe cyelecrayloutux 
TeopHil npolicxoacHeHHH epautermr H HeyCT014411BOCTaii. 

ESTUDIO DE LA ROTACION DEL PLASMA EN LA CONSTRICCION AZIMUTAL POR MEDICION DEL 
DESPLAZAMIENTO DOPPLER. Hasta la fecha, el estudio experimental de la rotation del plasma en la cons-
uicciOn azimutal se ha basado en la observation fotografica de las inestabilidades vinculadas a dicha rotaciOn; 
la ptesente memoria describe, en cambio, experimentos destinados a determinar la velocidad de rotaciOn de las 
masas y el moments) angular correspondiente, sobre la base del desplazamiento de las linen de las impurezas, 
debido al efecto Doppler. 

Como estos desplazamientos pueden se pequelios comparados con el ancho de las lfneas correspondientes 
los autores utilizaron un interferOmetro de Fabry-Perot en los primeros experimentos, realizados en el Labora-
torio de Culham con una constricciOn azimutal de 22,5 kJ. Aislaron una Ifnea adecuada (C II, 4267 A) me-
diante un filtro de interferencias de 10 A y registraron fotoelectricamente el perfil de la Ifnea con ayuda de 
un dispositivo de haz de ocho canales, atravesado por una fase de las franjas de Haidinger producidas por el 
interferometro de Fabry-Perot. Los desplazamientos debidos al efecto Doppler, medidos en distintos puntos 
situados sobre el diametro del plasma pusieron de manifiesto que este gira como un cuerpo rigid°. El primer 
desplazamiento observable de la linea C II, que corresponde a una velocidad angular de 5x104  rev/s, se 
mid16 durante la primers implosiOn del plasma. 

Como la Ifnea C II desapareci6 al cabo de 1 µs, los desplazamientos de Doppler de la libea C V 2271 A 
se midieron en un segundo experimento efectuado en Garching con una constriccien azimutal de 32,5 kJ. 
Los perfiles espectrales se registraron mediante un monocromador de elevado poder de resolution y un sistema 
de espejos separador de perfiles. En este experimento, la rotation se observ6 solamente a presiones inferiores 
a 30 mTorr de D2 , y tambien tuvo lugar en la direction de la corriente i6nica. Superponiendo un campo 



CN-21/54 	 317 

magnetic° transverse estacionario, fue posible inducir la rotacien e inestabilidades a presiones mas elevadas 
en un plasma de per sf estable, En este caso, la rotacion parece iniciarse en la direction de la corriente 
electrOnica, pero las inestabilidades que aparecen mas tarde giran en la direction de la corriente ionica. 
En cambio, puede atenuarse la tendencia del plasma a girar (a presiones de D 2  inferiores a 30 mTorr) y supri-
mine las inestabilidades de rotacion superponiendo un campo transverse de la misma polaridad que hate girar 
en sentido opuesto a un plasma habitualmente carente de rotacion. Los resultados se examinan a la km de 
las teorfas actuales sobre el origen de la rotation y sobre las inestabilidades. 

A. Introduction  

One of the factors that limit the lifetime of the plasma in 
theta pinch experiments is rotation and subsequent instability 
of the plasma. So far experimental investigation of this 
rotation has been confined mainly to measurements of the 
rotational velocities of thee instabilities by high speed 
photographic techniques [1-6] , i.e. limited to the later stages 
of rotation. 

This paper describes experiments to determine the azimuthal 
velocity of the plasma by observing the Doppler shift of radiation 
emanating from impurity ions.in such a plasma. Apart from the 
fact that this method provides a means of measuring rotational 
velocities with greater precision than is obtained by photographic 
observation, it enables the rotation to be detected and measured 
in its early stages before instabilities set in. It is thus 
possible to compare the time variation of the rotational velocity 
with the predictions of several theoretical models postulated to 
explain the origin of rotation [7-12] . In addition it can be 
checked whether the rotating plasma, before getting unstable, 
satisfies the stability criteria put forward by these theories. 

The first part of this paper describes the measuring systems 
'that have been used to detect the small Doppler shifts. The second 
summarizes the results on rotation and instability obtained by the 
Doppler shift measurements, by high speed photography and magnetic 
probe measurements made over a wide range of experimental con-
ditions. Finally these results are compared with the predictions 
of existing theories. 

B. Diagnostic Technique for Measuring Small Line Shifts  

As the expected shifts are only a few tenths of an Angstrom 
and the percentage of impurity ions must be kept to a minimum, the 
measuring system must have high spectral resolution together with 
maximum light gathering power and high time resolution. 

1. Fabry-Perot Interferometer  

For lines in the visible part of the spectrumt emitted while 
the plasma is only moderately hot, a Fabry-Perot interferometer  
was used (for the theory of the Fabry-Perot interferometer see31). 
Fig. 1 shows the opts al system. A suitable, intense impurity line 
was isolated by a lo A bandwidth interference filter to reject 
unwanted light in other orders and its profile recorded photo-
electrically via an eight channel fibre bundle array which was 
crossed with one of the off-axis Haidinger fringes produced by 
the 2-inch diameter Fabry-Perot (see top half of Fig. 1). The 
whole apparatus was mounted on a table which could be shifted 
vertically to scan across the plasma diameter. The relative 
sensitivities of the 8 photomultipliers and associated fibre 
bundle channels were determined by calibration with a carbon arc 
or with the C II line itself using the set up shown in Fig. 1 (but 
with the Fabry-Perot removed. The relative calibration could be 
assumed accurate to ± 4%. The spatial resolution, defined by the 
height of the fibre bundle array and the magnification of the two 
lenses was o.6 mm. 
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FIG. 1. Experimental arrangement for recording line profiles via an 8 channel fibre bundle array crossed with 
one of the fringes produced by a Fabry-Perot interferometer. 

In order to record a well-defined line profile the free 
spectral range AA, of the Fabry-Perot was chosen to be 
approximately three times the half width of the line to be 
measured (41,01.1= 2.54 ± 4% for the C II 4267 line). 

In addition, to obtain the maximum dispersion, the lengths 
of the 8 channel fibre bundle array should correspond to one free 
spectral range, so that the line profile covers most of the 8 
channels. This leads to the following condition (see Fig. 1) 

a = f (60 	- e ) - p+1 	
f 	(for small 49f, ) 

where d is the separation of the Fabry-Perot plates. Since s is 
proportional to the focal length f of the focussing lens this 
condition can be satisfied for any ring p of the pattern by 
means of varying f and rotating the Fabry-Perot about a vertical 
axis until this ring is focussed on the centre channel of the 
fibre bundle. 

The Fabry-Perot plates were coated with Ag. The reflection 
finesse at the wavelength used was 12.5 Itp% and the etalon 
transmission 53%. The plates were flat to A./4o at this wavelength 
giving an associated finesse of approximately 2o. Thus the overall 
finesse was > 8. It was not important in this experiment to have 
a finesse of much greater than 8 since we were limited by the 
fibre bundle channels to 8 resolution elements. It is worth 
pointing out that the instrument width limits the accuracy of line 
profile measurements but is less important for the measurement 
of line shifts. 

2. Monochromator with Profile-Dividing Mirror System  

During the later stages of theta pinch discharges the intense 
line radiation is due to high stages of ionization and is emitted 
in the UV part of the spectrum. Since with the Fabry-Perot inter-
ferometer observation was confined to the visible range by the 
use of glass etalons and of glass fibre bundles, a mirror system 
(developed by M.J. Bernstein L14] ) was used together wlth a high 
resolutiong high optical speed monochromator (f/12, 8.3 A/mm) for 
channeling off spectral profiles in the ultraviolet range. 
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FIG.2. Experimental arrangement for recording line profiles using a monochromator and a profile-dividing 
mirror system. L 3  profile-magnifying lens, 11 profile-dividing mirror. 

Fig. 2 shows the optical system. The plasma which is in the 
focal plane of lens L1  is imaged on the entrance slit of the 
monochromator via two mirrors Ml, M2 and a second lens L2. By 
moving L1  and M1  vertically, plasma light emitted along different 
chords can be focussed on the entrance slit, which was normally 
set to 4o p. The line profile which appears at the exit slit of 
the monochromator is magnified by a quartz lens L33  and imaged on 
a set of very narrow, beveled mirrors. These profile-dividing 
mirrors then reflect the various parts of the line profile on 
to a set of photomultipliers. For a relative calibration of the 
different channels the line under investigation itself was used 
by opening the monochromator slits sufficiently to illuminate 
each channel with the entire line intensity. The spatial 
esolution was 1.5 mm. 

All mirrors were Al-coated. The channel width chosen was 
about o.25 /photomultiplier. Asymmetric line shifts of about 
o.o5 R could be detected with this system. The reliability of the 
mirror system was checked by recording line profiles emitted by 
a stationary Hg-Cd lamp. 

C. Experimental Results  

Fig. 3 shows the time behaviour of the intensities of a CIII, 
C IV and C V line emitted by the plasma in the Garching theta pinch 
experiment, in which the maximum electron temperature is in the 
loo eV range. In order to detect line profiles during the whole 
half cycle of the discharge radiation from different stages of 
ionization had to be used. 

1. Investigation of Early Rotation Using a C II Line  

In the first experiment carried out at the Culham Laboratory 
the early stages of rotation were investigated by measuring the 
Doppler shifts of the C II 4267 line using the Fabry-Perot inter-
ferometer described before. In this theta pinch experiment (see 
first column of Tab. I for technical data) axial streak and framing 
photographs showed a rotation of the plasma throughout the 
operating range of initial pressures, i.e. from 45 F to 12o p Dp. 
The C II 4267 line burnt out before rotation became visible on the 
streak photographs. Therefore, in order to make the best comparison 
between the angular velocity observed from Doppler shifts and that 
observed on streak photographs, an initial pressure was chosen such 
that the rotation showed up earliest. This was at a filling 
pressure of 6o p D2  when the gas broke down just before the 3rd 
half cycle (no pre-ionization was applied) and the plasma trapped 
a small amount of reverse flux. 
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FIG. 3. Time behaviour of diamagnetic signal and intensities of C III, C IV and C V lines. Initial pressure 
20 mTorr D2. Reverse bias field 13z0= -1 kG. 
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FIG.4. Plasma rotating rigidly with angular velocity w. 

Provision was made for introducing known quantities of CH4 
impurity into the plasma via a gas mixer. It was found that 1% 
atomic C impurity was sufficient to give suitable signals with 
the C II 4267 line. 

In order for the Doppler shift measurements to give unambiguous 
results in terms of rotational velocities all regions of the plasma 
have to rotate with constant angular velocity (A) , i.e. the plasma 
has to rotate as a rigid body. In this case we have (see Fig. 4) 

0 = r 

V 	= r Woos& = roC0 

i.e. at a particular chord distance r from the centre, all the 
ions of a particular species will be gavelling with the same 
velocity v along the line of observation and the radiation is 
therefore subject to a constant Doppler shift. 

The magnitude of this Doppler shift is given by 

(1) 	 = 	_A r° C4)  

Thus on scanning across the plasma in the direction of rn  one 
would expect to see a Doppler shift varying linearly with ro  tind 
in opposite directions on either side of the centre. 

Fig. 5 shows the shifts of the C II 4267 line at various 
distances across the plasma diameter for three points of time (t1: 
during initial implosion, t2: 1st max. compression, t3: 2nd max. 
compression). The result is consistent with the interpretation 
that the plasma rotates as a rigid body. The direction of rotation 
is that of a positive ion in the driving magnetic field B . The 
angular velocities of the plasmall, found from the gradignts of 
the lines through the measured shifts by resorting to eq.(1) are 
indicated in the diagram. Rotation is already detectablg during 
the initial implosion. Its angular velocity is 5.3 x lo rev/s 
and increases slightly with time. The rotational velocity of the 
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FIG. 5. Doppler shift AX of C II 4267 line at various distances across tube. Arbitrary reference point for 
AX and distance across tube. 60 mTorr D2 . Small reverse bias field B00. 

Table I Technical data of theta pinch experiments 

Culham 
9-Pinch 

Garching 
9-Pinch 

Bank Energy (kJ) 

Bank Voltage (kV) 

Max. Bz Field (kG) 

Half Period (psec) 

Coil Length (cm) 

Coil Diameter (cm)  

22.5 

15 

40 (3rd h.c.) 

7.2 

21 

5.5  

32.5 
36 
57 (1st h.c.) 
4.2 

30 

7 

Preionization 1st and b2nd 
half cycle of 
main discharge  

high frequency 
theta pinch 

m = 2 instabilities as detected from streak photographs at the 
earliest possible time (at 2.25 psec) is 1.9 x to ° rev/s. This 
corresponds to an increase in angular momentum per particle by 
a factor 3 (taking into account the measured change in plalima 
diameter). 

21 
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2. Investigation of Rotation over an Extended Time Scale Using a 
C V Line  

To investigate the later stages of rotation the Doppler shift 
measurements were continued at Garching on the C III 2297 and, • 
in particular, on the C V 2271 line using the profile-dividing 
mirror system described before. These measurements cover the time 
period up to 2 psec when rotational instabilities start to show 
up on streak photographs. 

The second column of Tab. I summarizes the technical data 
of the theta pinch. Initial pressure was in the range 2o - loo F D2. 
Usually 1 - 2% atomic C were added to give reasonable line 
intensities. In all experiments reported here a reverse bias field 
Bzo  of 1 kG was superimposed. 

Streak photographs showed that in this experiment rotational 
instabilities developed only at a pressure below 3o F D2. Thus it 
was possible to induce rotation and instabilities at higher 
pressures in an otherwise non-rotating and stable plasma by 
superimposing a transverse magnetic field Btr and to study its 
influence on rotation. 

2.1 Measurements without superimposed Transverse Field  

These measurements were carri1ed out at an initial pressure of 
2oD2. The diamagnetic signal, B0 -signal and streak photograph µ 
in Fig. 6 show the characteristic behaviour of such a discharge. 
The m = 2 instabilities showing up on the streak photograph in the 
last third of the half cycle rotate at an angular velocity in the 
range 1 - 2 x lob rev/s. The time variation of the Be -field was 
measured by a probe which was placed between theta pinch coil 
and discharge tube and oriented and balanced to maximize the 
Bo /B* signal. The Be signal shows two regions of relatively 
well defined oscillations, one in the first and one in the last 
third of the half cycle. The oscillations at the beginning 
correspond according to ref. Lifg to the frequency of the 
azimuthally rotating electrons transporting Br-fields (e.g. small 
stray fields) for times which are short compared with the characteri- 
stic field diffusion time. The frequency of the oscillations in 
the last third of the half cycle agrees with the frequency of the 
m = 2 instabilities as observed on streak phdngraphs, thus indica- 
ting that the Br-field is now distorted by the m = 2 instabilities 

Doppler shift measurements show rotation of the plasma column 
long before it is detectable on photographs. Fig. 7 shows two 
C V line profiles measured at radial distances ro  = + 4 and - 4mm 
at time o.85 µsec. They show a line shift of approximately o.4 A 
corresponding to a rotational velocity of 1 x lo rev/s. The 
direction of rotation determined from such Doppler shift 
measurements as well as from stereoscopic side-on streak photo- 
graphs is again that of the ion current. 

Fig. 8 shows the time behaviour of the rotational velocity as 
determined from Doppler shift measurements, Be probe signals and 
streak photographs. Before discussing the results in detail 
two general remarks concerning these measurements should be made. 
First it is important to point out that the three diagnostic 
techniques measure three different types.of rotational velocity: 
During the early stages of rotation the BG probes measure the 
rotational velocity of the electrons, whereas the Doppler shifts 
give the one of the C-igns. After instabilities have set in both the 
streak photographs and Be probes give the rotational velocity COm 
of an instability of mode m. Secondly with respect to the question as 
to whether the measured velocities of the C-ions are representative 
for the plasma as a whole, i.e. of the deuterons, it can be shown 
that the difference in the two velocities becomes less than lo% of 
the absolute velocity of the deuterons in a characteristic time te  
which is approximately lo(mC/mD  - ZC  ) tD, where tD is the 
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FIG. 6. Diamagnetic signal S, he probe signal and streak photograph of a discharge at 20 mTorr Dr. 
Bzo= - 1 kG, Bu =O. 

FIG.7. Line profiles of C V 2271 line taken at two radial positions (r0  = +4 mm and -4 mm) across tube. 
20 mTorr D4 . Bz0  = - 1 kG. 

"deflection time" calculatea by Spitzer C14. Winne the factor 
(ate')  - Zc) is 5 for C II and 2 for C V and t is of the order 
lo-  sec for our experimental conditions, tc  it of the order lo-t sec 
which is approximately equal to the time in which the velocity 
changes, i.e. the Doppler shifts give the rotational velocity of 
the plasma column to within 10, which is within the experimental 
error. 

Qualitatively the angular velocities obtained from Doppler 
shifts and those from Be signals show a similar time dependence. 
The difference in the absolute values is a measure for the 
percentage of Ie current carried by the ions and electrons 
respectively. Rotation is detectable at the second maximum compression 
(t = o.5 psec), increases to a maximum at 1.2 - 1.4 psec and then 
decreases rapidly to an almost constant (usually slowly decreasing) 
value. The rapid decrease in angular velocity coincides with the time 
when the plasma contracts axially and is partly due to an increase 
in plasma diameter. The rotational velocity Wof the m = 2 
instabilities is about a factor 3 higher than the angular velocity 
of the plasma. This will be discussed in part D. 
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FIG. 8. Time behaviour of angular velocities as determined from Doppler shifts of C III and C V line, Ho 
probe signals and streak photographs. Note that Doppler shift measurements give the mass rotational velocity 0, 
whereas the streak photographs and the te signals in the last third of the half cycle give the rotational velocity 
of an instability wave Ls. The tie signals at the beginning of the half wave give the rotational velocity of 
the electrons. Initial pressure 20 mTorr Dz . Bzo = - 1 kG, B,r = 0. 

2.2 Measurements with Superimposed transverse Field  

A stationary magnetic field Bt, transverse to the axis and 
to the plane through axis and feed i)oint of the thetapinch coil 
was superimposed by means of two coils in Helmholtz geometry. The 
field was homogeneous to within lo%. Its amplitude could be varied 
from 0 to l000 G. 

This transverse field changes the character of the discharges 
considerably. At initial pressures of 4o p D, and 8o p D2  
transverse fields of >3oo andyroo G respectiVely cause rotation of 
an otherwise non-rotating plasma. Fig. 9 shows that with 
increasing amplitude of the transverse field the onset time 
for the m = 2 instabilities is reduced, the plasma diameter 
decreases and the frequency of the first detectable m = 2 
instability increases linearly as shown in Fig. lo. End losses 
and irreproducible plasma drift are greatly enhanced under these 
conditions, the trapped reverse flux already dissipates during 
the early stages of the discharge and no axial contraction can 
be observed. 

The Doppler shifts of the C V line at various distances across 
the tube (Fig. 11) seem to indicate that in discharges with transverse 
field the plasma region emitting the C V line also rotates rigidly 
before instabilities set in. Fig. 12 shows the time behaviour of 
the angular velocity for a discharge at 4o p D, with a superimposed 
transverse field of 56o G. In contrast to the *naturally" rotating 
plasma at 2o p D2  rotation becomes detectable later (at 1 psec) 
and is then in "opposite" direction, i.e. in the direction of the 
electron current. On the other hand the m = 2 instabilities which 
start to show up on streak photographs at -.+1.6 psec rotate in 
the direction of the ion current. This might indicate that the plasma 
does not rotate rigidly at later times, but that rather the inner 
region of the plasma, which emits the C V line, rotates with different 
velocity compared to the plasma surface from which the instabilitbs 
develop. It must also be considered that the accuracy of the Doppler 
shift measurements is greatly reduced under these conditions due 
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FIG. 9. Streak photographs of discharges at 40 mTorr D2 showing the influence of a superimposed transverse 
field Btr  on the rotation. B„ =- 1 kG. 
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FIG.10. Angular velocity as determined from streak photographs as a function of superimposed transverse 
field B.  . Initial pressure 40 mTorr D2 , R -ZO 	1 kG. 

FIG.11, Doppler shift of C V 2271 line at various distances across tube. 80 mTorr, Bzo  = - 1 kG, Bt.= 760 G. 

to irreproducible plasma drift. "Induced” rotation at 8o p D2  
shows qualitatively the same behaviour, especially it.also starts 
in "opposite" direction. 
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FIG. 13. Streak photographs of two discharges at 20 mTort D2  showing that rotational instabilities can be 
suppressed by superposition of a transverse field B57 . Bz0 ,- 1 kG. 

The fact that "induced" rotation starts in "opposite" direction 
should be viewed in conjunction with another experimental result 
which is shown in Fig. 13. In discharges where the plasma rotates 
"naturally", i.e. where no superimposed transverse field is 
needed for rotation (e.g. at 2o p D2), this rotation can be 
reduced by a superimposed transverse field of the same polarity 
that causes "opposite" rotation for a tsually non-rotating plasma. 
If the magnitude of this field is properly chosen (e.g. 17o f lo G) 
at 2o a D2), rotational instabilities can be suppressed. 

D. Discussion of the  Results  

For a comparison of the experimental results with the 
predictions of various theories on plasma rotation the following 
experimental findings seem to be important: 

a) The tendency of the plasma to rotate increases with temperature, 
i.e. it is higher at low initial pressure and with low impurity 
concentration. In our experiments rotation occurred only if a 
reverse Bz field was initially trapped in the plasma. 

b) Rotation, if present, is already detectable during the very 
early stages of the discharge (an angular velocity of 5 x lo4  rev/s 
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was measured during the initial implosion) and reaches its maximum 
angular velocity (approximately 1 x loo rev/s) after 1 - 1.5 ps. 

c) In the early stages of the discharge, i.e. before instabilities 
set in, the plasma seems to rotate as a rigid body. 

d) By superimposing a stationary transverse field rotation can 
be imposed on an otherwise non-rotation plasma. The angular velocity 
increases linearly with the magnitude of this transverse field, 
while the onset time of the instabilities is reduced. 

e) The direction of rotation without superimposed transverse 
field is that of an ion in the driving Bz  field. With super-
imposed Bf  field rotation starts in "opposite" direction but 
instabilities which show up later on photographs still rotate 
in the direction of the ion current. 

f) The tendency of the plasma to rotate and become unstable can 
be reduced by a superimposed transverse field of the same polarity 
which causes "opposite" rotation for a usually non-rotating 
plasma. If the magnitude of the field is properly chosen 
rotational instabilities can be suppressed. 

Various theoretical models have been postulated to explain 
the origin of rotation,i.e. how the plasma acquires its angular 
momentum. An excellent review of these theories was recently 
given by Haines [17] . One can distinguish between three basic 
models, according to where the mechanical reaction is transferred: 

a) Reaction on the wall of the discharge tube, either by radial 
currents circulating between the plasma and conducting walls 
thereby shorting out the radial electric sheath field 1,8,§] (in 
the following refered to as model A) or by collisionsduring the 
initial stage of contact between plasma and wall [17] (model A i). 

b) Reaction on external conductors which generate magnetic fields 
with azimuthally varying Br-components via magnetic stress [1(31 
(model B). In this case, angular momentum is generated in the 
plasma by the interaction of the Br  field with the plasma 
current to produce axial Hall currents Iz which in turn reaSt 
with the Br  field to give a force Iz.Br, proportional to Br', 
in the azimuthal direction. 

c) Separation of the plasma either radially [10 (model C) or axially 
Ili] (model C') into two or more parts which rotate in opposite 
direction. 

As far as our experiments are concerned model C I  can be excluded, 
since end-on streak photographs show the plasma to rotate uniformly 
along its length. The fact that Doppler shift measurements show the 
plasma at least during early stages to rotate as a rigid body 
does not rule out model C since radiation from a particular stage 
of ionization is emitted by a particular plasma region, but makes 
it appear unlikely. 

Since model A and B yield roughly the same range of predicted 
terminal angular velocities (le - lo7  rev/s) and acceleration 
times ( 1 - lo psec) it cannot yet be decided on the basis of 
our experimental results which mechanism plays the dominant part. 
But our experimental results on the influence off superimposed 
transverse fields and earlier results of Kolb 6,15 on the 
influence of Joffe bars show that the model involving B, fields, 
which to some extent are always present in a theta pinch, describeS 
at least one of the effects that cause rotation. Therefore we 
are now going to estimate the acceleration time and maximum 
angular velocity predicted by this model. 

Under various simplifying assumptions (constant external 
magnetic field, incompressibility of the plasma a.o.) Thoneman 
and Kolb [16] derive the following expression for the rotational 
velocity for times t4(Td: 



328 	KEILHACKER et al. 

TV 	1
D  (2) 	ve  Q, vo TA 

2 
 T • — (Td  + t) 

with v, = I ejne • drift velocity of electrons at time t = o, 
T, 	dift tine of electrons around the plasma column, TA w transit- 
time of Alfven-wave through Br-field, TD  a resistive decay time 
of the I • current. 

In a time of the order Tv  the rotational velocity Jumps 
to a finite value 

(Tv)  (v 	) e 	Tv 1.te vo 	
2 

`TA' 

For the8conditions of the,Garching theta pinch Vd ot.1.4 x lo
7
cm/s 

T 	6 x lo-  sec, TAft 7 x lo-I sec ang TDAr.2.5 x lo-° sec and we 
find that a maximum velocity of 1 x to cm/s should be reached 
within about 5 µsec. The maximum velocity agrees very well with 
our experimental result whereas the predicted time scale is too 
slow by about a factor 4. 

Finally the stability of the plasma shall be considered 
using the theoretical condition for stability against an m = 2 
instability which is the fastest growing mode L171 

- o . 4 < 2/71?:-- < 2.4 

where"). is the angular velocity of the plasma and W4  the angular 
velocity associated with the ion diamagnetic current. Since
angular velocityGoof an m = 2 instability wave is given by 11.7 

w-11 w2i  
W can be estimated from the measured rotational velocities 12 
aftd4o at later times when the instabilities show up on photogra s. 
On the other hand it follows from the definition of Wi  =1/er. (P4) ‘,1 that it is negative in sign if dBz/dr>0 and fiN.LioT <0, -1  14  _ r 
which are likely conditions (Pil is the transverse ion pressure). 
This shows qualitatively that the "naturally" rotating plasma, 
where!' is in the direction of ion motion, i.e. negative, is 
less liable to instability than the plasma where rotation is 
"induced" and starts in the direction of electron motion. A 
crude estimate show that for our experimental conditions Wi  
is approximately to rev/s which means that the"naturally" 
rotating plasma should be stable until it reaches approximately 
that velocity. 
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DISCUSSION 

A. C. KOLB: According to your paper, you have repeated some of our 
theta-pinch experiments with a steady transverse field. There seem to be 
certain fundamental differences, however. For example, we found that the 
tendency to rotate was greater with decreasing electron temperature (which 
could be varied by adding impurities). Could you comment on this? 

'M. KEILHACKER: We have indeed found that the tendency for the plas-
ma to rotate is higher at lower pressures and with small impurity concen-
trations, that is with higher electron temperatures. This result is in agree-
ment with theory, according to which the acceleration time decreases with 
increasing electric conductivity. 

A. C. KOLB: Could you discuss the difference between probe signals 
with and without a superimposed steady transverse field? 

M. KEILHACKER: Within the limits of reproducibility the to  signals 
are similar in discharges with and without a superimposed transverse field. 

A. C. KOLB: Finally, is there any relation at all between the to  fre-
quency and the hydromagnetic oscillation frequency during the early phases 
of the discharge? 

M. KEILHACKER: During the dynamic phase of the discharge the two 
frequencies are close together and the periodic structure of the signals can-
not be correlated unambiguously with the rotation of the electrons. There-
fore, we started the evaluation of the signals at a time when the amplitude 
of the hydrodynamic oscillations was very small (as can be seen from the 
diamagnetic signal in Fig. 6). 
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E. HINTZ: What do you think of the possibility that the angular mo-
mentum of the plasma (in the direction of the electron current) in the case 
of the superimposed transverse field may be acquired during the preheating 
discharge? 

M. KEILHACKER: This cannot be ruled out on the basis of our mea-
surements so far. But there are other explanations for the rotation in the 
direction of the electron current in discharges with superimposed transverse 
field that in our opinion are more likely. For example, gain of angular mo-
mentum by collisions between plasma particles and the wall of the discharge 
vessel during the initial stage of the discharge, which according to a private 
communication of M. G. Haines can be in the direction of the electron cur-
rent. Another explanation may be given by model C mentioned in our paper; 
radial separation of the plasma column into two or more parts which rotate 
in opposite directions. 
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The Stark broadened widths of some lines emitted by A II have been measured. These widths were more 
than a factor of two larger than the theoretical widths of Griem. A computer programme, written to re-
calculate the widths, partially accounts for the discrepancies. 

Profiles of A II lines emitted by a plasma have 
been studied at Imperial College. The widths of 
these lines were more than a factor of two larger 
than the theoretically calculated widths of Griem 
[1]. Similar discrepancies have been found inde-
pendantly by Oertel et al. [2]. The results for 
the one line measured in common (4806A), agree 
within experimental error. Such discrepancies are 
in direct contrast with the good 	20%] experi-
mental agreement with the Stark broadening 
theory as .applied to isolated lines emitted by A I, 
Cs I, 0 I, N I, [1] and N II [3]. 

The results on A II transitions at Imperial 
College were obtained using a critically damped 
Z-pinch as a plasma source. 

In these measurements the independent deter-
mination of electron density, Ne, was made using 
a helium-neon laser, operated at 6328 A, side on 
to the plasma column so that the latter was in a 
Fabry-P4rot cavity. A scan across the plasma 
and subsequent Abel inversion enabled the radial 
distribution of Ne  to be obtained. 

The electron temperature was determined 
from the ratio of the total intensities of the A III 
line 3344.'7 A and the A II line at 3350.9 A, view-
ed side on to the plasma. 

The Stark broadened line profiles were ob-
tained with a scanning Fabry-Pdrot interferom-
eter [4] again viewing the plasma side on. 

The experimentally measured widths of some 
A II lines, together with Griem's calculated 
values, are shown in table 1. 

In view of such large discrepancies a com-
puter programme was written to see whether 
these could be accounted for within the structure 
of modern Stark broadening theory. The electron 
impact broadened widths of the upper states of 
lines of A II were calculated following the basic 
prescription of Griem [1], but allowing the in-
clusion of up to 50 perturbing levels. In all cases 
the widths obtained were larger than those of 
Griem (table 1). The reasons for this are two-
fold. 

Firstly, Griem used the tables of Moore [5] 
to obtain the perturbing energy levels. The use, 
in this program, of the energy levels given by 
Minnhagen [6] provides, in some cases, pertur-
bing levels to the upper state of the line which 
were not given by Moore. 

Secondly, Griem used only five perturbing 
levels in most of his calculations (private com-
munication). 

417 
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Table 1 
Experimental and theoretical line 1-1 widths, w, for some A II lines 

(Widths in A units). Ne  = (4.4 ± 0.4) x 1017/cm3, Te  = 31 000°K X 1 500°K 

x 
(A)  

4806 

5062 

4880 

4266 

3351 

Transition 

4s4P2  
2y 

4S4P1 -40P0  12 

-4p2D°21 

A-4-n. 	A 4,0 
" 	-" 2* 

02021  _4d2F2i 

exp. 

0.89 f  0.13 

0.97 ± 0.10 

1.08 ± 0,15 

0.74 ± 0.10 

1.30 f 0.09 

W* 
theor. 
Griem 

0.36 ± 0.04 

0.40 a 0.04 

0.34 ± 0.03 

0.20 ± 0.02 

W* 
theor. 

Roberts 

0.47 ± 0.05 

0.60 ± 0.06 

0.92 ± 0.09 

0.42 ± 0.04 

1.41 ± 0.14 

W* 
with mixed 

L-S wavefunctions 

0.47 ± 0.05 

0.61 ± 0.06 

0.87 a  0.09 

0.47 ± 0.05 

strong 
collision 

contribution 
to CU (%) 

48 

48 

41 

60 

36 

w* 
theoretical 
(lower level) 

0.33 ± 0.03 

0.35 ± 0.04 

0.38 ± 0.04 

0.28 ± 0.03 

0.51 ± 0.05 

* Quoted errors due to uncertainties in Ne and Te. 

Table 2 
Experimental and theoretical total line widths, 2w, for some N II lines 

(Widths in A units) 

A 
(A) 

Transition 2w 
exp. (day) 

2w 
Theor. (Griem) Theor. (Roberts) 

Strong collision 
contribution to w 

( % ) 

5495 3p3D -3d3130  1.2 ± 0.15 1.09 1.89 53 
5045 3s3P0-3p3S 1.0 ± 0.15 0.85 1.00 57 
4614 3s30-3p3P 0.9 ± 0.15 0.81 1.04 66 
3006 3p1P-4s1P0  1.65 ± 0.15 1.69 1.69 54 
3838 3p3P_4s3P0  1.9 ± 0.2 1.68 1.95 64 

Often considerably more are required for con-
vergence of the width to near its asymptotic value. 
(e.g. 15 for 4880 A). The use of distant pertur-
bing levels, however, throws considerable doubt 
on the validity of the "no back reaction" and 
"classical path" approximations made in the 
theory [1]. 

It is also seen in table 1 that the percentage 
width due to strong collisions is large. This im-
portance of strong collisions is confirmed by the 
use of the larger strong cut-off used for He I [7]. 
The strong collision contribution to the width is 
increased by about 50% but the weak collision 
contribution reduced, keeping the total width 
approximately the same. 

This indicates that much of the contribution 
from weak collisions in fact comes from the 
regime where p, the electron perturber impact 
parameter, is not much larger than Amin, the 
strong collision cut-off parameter. 

Thus the assumption in the theory that strong 
and weak collisions rarely overlap in time is 
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suspect, and the weak collision contribution is 
therefore probably overestimated [1]. 

The large size of the strong collision contri-
bution to the width was also found in the case of 
N 	lines (table 2). 

If anything the present calculations for N II 
yielded, with one exception, even better agree-
ment with experimental results [3] than obtain-
ed by Griem (see table 2). Since this indicates 
that the Lorentz-Weisskopf treatment of strong 
collisions, through crude, may be sufficient, two 
other sets of calculations were performed in the 
case of A II. 

To account for the partial breakdown of L-S 
coupling in A II each upper state wavefunction 
was taken as a linear sum of L-S coupled wave-
functions. The coefficients in the sum were ob-
tained from Statz et al. [8]. The line widths re-
calculated on this basis were not altered by, 
typically, more than 15% (table 1). 

Separate calculation of the width of the lower 
state of each line shows that in many cases for 
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Ar II this is not negligible compared with the 
width of the upper state (table 1). However, in-
coherent addition of the widths of the upper and 
lower states of a line is liable to give a gross-
overestimation of the resultant widths. Never-
theless the assumption that lower state broade-
ning is negligible [1] would see m to be suspect. 

The calculations described bring the theore-
tical widths of Griem more into agreement with 
experiment. However serious doubt has been 
thrown on many of the assumptions made in the 
theory. This can be expected to be true of all 
heavy element emitters. 

Further results, including coherent addition 
of the lower state width, are to be published. 

I should like to thank Dr. R. Latham who super-
vised this work and Dr. D. D. Burgess for much 
helpful discussion. 
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