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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 By stabilised z-pinch

discharges.

The line profiles were recorded using a piezoelectric
driven scanning Fabry~érot interferometer, The plasiia electron
density was measured by Fabry~Pérot interferometry using a

laser %ight source,

At a known electron density AII 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,
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These measurements were done primarily to ascertain the
extent to which a model of complete Local Thermodynaaic

Equilibriun could be applied to the R-F plasma.

Finally, a Doppler shift method of determining mass
rotativnal velozities of a thetatron plasmza is described,
The shifts were rccorded by crossing a Haidinger fringe
produced by a titied Fabry-Perot etalon with an eight channel
fibre bundle array. The measured veclocities were shown to

corresvond to a steble mdde of rotation,



NOTATION

The following abbreviatagsand symbols are used freguently

throughout thig thesis, Wherever possible this conformis with

standard practice,

S.F. ¥,
L.T,E,

(13)

«@ ]
EFES T o

N{z,p)
e (W)

Scanning Fabrynpéfot

Local thermodynenic equilibrium

% width at é peak intensity of a dispersive profile
Shift of a dispersive profile

# width at 1/e peal: intensity of a Gaussian profile

¥, at Ng = 1016cm“3, for electron ispact broadening

Electron {Ion) temperature

Electron nunber density

Total density of ions in charge state z

Density of ions of charge z in state p

Energy of upper (lower) state of a transiticn

Wy or (AWgy) Deprcssion of ionisation limit of charge state z

Amn

Lfrea
1,
o

u or o

LorB
and B!

Transition probability {m ~% n)

Absorption oscillator strength

The greater of the two 1 guantum nunbers involved in
a transition,

Radial integral expression involved in the calculation
of matrix elements

Refers to the upper state on an impact broadened line,

Refers to the corresponding perturbing states,

are the corresponding subscripts referring to tae

lower state,
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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
-main diagnogtig technique used through out this work was
interferometry using AE%bzﬁ»Pé}ot etalon. However the
work described consists of three fairly independent topics:-

Firstly, the main content of this thesis is an
account cf a study of the Stark breadening of lines emitted
by singly charged argon ions in a plasma, 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-Pé}ot interfero-
meter [Ref.1] was employed. The electron number density
in the discharges, thz main parameter which characterisez
the Stark biroadening, was measured using-FabrynPé;Dt
interferometry with a 1aser'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 lecad to better.: agreement
with experiment, However; more important, the results
of the calculations and measurements show up several
limitationé 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
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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. N, 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 Ng
i.e. a conventional shock tube,

Thirdly, investigations of plasma rotation in a
theta pinch are described, The basis of this work
involved meassurements of the Doppler shift of an impurity
line, A static Fabry—Pérot 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 ghown to correspond to

a stable mode of rotation,

1,2 Presentation of Material

The three tcpics, discussed abova, comprise the
following chapters:-
Topic {1) : Chapters 2 to 9
Topic (2) : Chapter 10
Topic (3) : Chapter 11

The material presented in each chapter can be
sumierised as follows:~
Chapter 2 : A brief, experimentally biassed, description
of the rapid scanning Fabry-Pé}ot as used for continuous

and single shot scanning of line profiles,



Chapter 3 : Time resolved AII line width mecasurements
using a linear pinch as a light source,

Chapter 4 i Further linc width measurements using a

B, stabiiised linear pinch. N, was reacdily determined,
using this source, by means of laser interferometry.:

Alcso Ty was deduced from optically thick line widths,
Consegquencly line broadening parameters much larger than
predicted by theory were measured for two AII lines,
Chapter 5 ¢ kscalculation of the broadenirg parameters

of the two AII lines foir which large discrepancies had
been found, Further, an investigation of the velidity

of various assumpticns made in the theory is discussed,
Chapter 6 : Development of a means for obtaining accurate
distributions of Ny in an unstahilised pinched discharge,
Chapter 7 : Measurement of electron temperature in the
uvnstalkilised and Bz stabilised pinch discharges using a
methed independent of that given in Chapter [,

EEEREES_Q ¢ Line width measurements using the unstabilised
pinch at conditions unider which accurate determinations

of Ny and Tg had been made, [as descrited in Chapters 6
and 7]. The results obtaired are then compared with

the existing theory,

Chapter 9 : Discussion of the limitations in Stark
boradening theory for AIl, 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 Ng and T, for an R-F

plasma torch to determine the extent to which thermal

equilibrium prevails in such a source, Ng was measured

1.
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from the widths of AI lines, Broadening parameters were

checked using a conventional shock tube sources,

Chapter 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 camputor programme used

for Starik broadening calculations,

Appendix II : Brief description of computor programme
used to determine the distortion of a line profile

emitted by an inhomogeneous plasma,

Appendix IIT ¢ Some new results on Z-pinch dynamics which
were obtained as ¢ 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 isclated
lines such as are emitted by AII,

Later, reasons for studying AII will be discussed,
The object of the investigations described in topiecs

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

1.3 Mechanisms which cause line broadening end shift

For ali the lines studied in this work natural
bfoadening and resonance broadening could be completely

neglected, This conclusicn was reached by applications
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of the formulae from reference 2, We shall therefore

only consider :-

(a) Doppler broadening and shifi

The radiation emitted by atrme 2i- jons moving with

a velocity v is shifted by an amount:-"

A.y\ = %%‘ oo 1:1

For atoms with a Maxwellian velocity distribution
the net effect on a line of wavelength)\ iz to give a
broadezned profile of Gaussian shape with'% - é width
given by :=
2k T, 3
g = (""‘“’) )\ ees 102
Mcz
Where M is the mass of the emitting species,

{b) Van Fer Waals broadening and shift

Perturbationa of emitters by neutral particles can
cause broadering 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
brxoadening, In this case Griem (ref.2) gives the width

and shift respectively of a level o as :~

5522 2 - '
g, = N (R )5 # sec 7 cro 163
6> B,
16y° Ep
2
and daN -‘3" Wa | eoe 1o

Where N is the necutral particle density.

Ri is the square of the coordinate vector of

the radiating electron in state a (in atomic units),
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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) sStark broadening and shift

The Stark effect is importént 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.7 e2 '

12
2
r

vit) = r - _(! . _12 + see 125

Where Z1, Zz 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 belowl]. We can then assume
that the perturbation is fixed so that for a particular
perturber (i,e, a particular value of g) every transition
of the emitter splits into a spectrum of sharp lines,

The intensities and separations of these lines are defined
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by the quantum mechanics of the (static) Stark effect,
If we then average over all perturber positions a broadenad

spectrun is obtained for each unperturbed line.

In line broadening times of interest, i.ec. times
for which the emitted wavetrain changes its phase

appreciably, aren 1
Ay
Where A% is the frequency separation from the line

centre,
Thus for this approximation to hold we require a

typical perturber collision time, t,, to be such that
1
T RN
Yhere t, uﬁAg_
v

(/0 iz the impact parameter and v the velocity of the
perturber),

In general ii happens that this approximation is
good for ions {v small) but is peor for clectrons

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

perturbations can usually best be treated by :-

b) The impact approximation

Here it is assumed that,
1
v
t. K AV
The original theory, as developed by Lorontz and
Yeisskopf [see ref.3] assumed thet all perturber coilisions
were instantaneous and occurred with a frequency Y.
Each collision intersupted the light train from the emitter
completely, Fourier analysis of these interrupted trains

gives a dispersive line shape -
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1

I(Y) o 1+,v;ﬂo o
55y -)

vaoa 1\36

Where ¥ o is the unperturbed line frequency,
The #~% width of this dispersive shape is the collision
frequency,
co o
Y = Yav 21 N/ad/ovf(v) eso 147

/4

=0 i p:.-o
Where N is the number density of perturbers,

f(v) is the distribution of perturber velocities.

‘The integral ove;j?in 1,7 diverges at large)p and

has to be cut off at the 'Weisskopf! radius,)Pw1 giving &~
Y:WNT;P‘ZI eon 108

/ﬁjw vas defined by considering only those collisions

which gave yhase shifts of the Wavetrain 2; 1 as effective,

Lindholm ([see ref,3] considered the amplitude of the
emitted wavetrain as remaining coanstant but that collisions
caused phase shifts, The same line shape as in 1.8 was
obtained but a shift of the profile fromﬁlo was also
possible,

The above appioximations are limitina. in general
a perturber can cause any anplitude or phase change of the
emitted wavetrain, The former case (non-adiabatic model)
means that the perturber can cause transitions of the
cptical electron to neighbouring {'perturbing!) states,

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

of the breoadening of isclated linas were performed by

Griem [ref.2]. In Griem's theory the broadening iz
calculated by perturbation theory, The impact approximation
allows the calculation to be done assuning the effects of
the perturbers are scalarly additive so that ike resultant
width is proporrticnal to the nurber of perturbers, Tox
high perturber velocities perturbation theory is exact and
a% low velonities the calculations reduce to the adiabatic
theory cf Lindholm,

However, breakdcwn of perturbation theory for streng
interactions sets a lower limit, /Os, tc the impact
parameters that can be ccnsidered, Collisions for impact
parameters less than this are therefore treated on the
tStrong collision' theory of Lorentz~Weisckopf with,ﬁlw =
fs°

The resultant electron impact effect is to give a
14

shifted dispersive profile of width,

W o= -Q (Te)Ne to e 169
(Where fL (Te) is generally a rather slowly warying

function of Te,)

and shift,
d = k(Te)Ne eos 1410
The quantities§l(Te) and k/1(Te) have bzen tabulated by

Griem for many isolated lines [ref.2],

To obtain the resultant profile of a line broadened
by both elactrons and ions the Stark comrponents of the
line, for a particular ion field E,; are first calculated.

The impact approximation is then used to calculate the



18.

electron broadered profiles of these componrnents and then the
whole pattern averaged over the statistical distribution

of the ion field,

For isolated lines the guadratic Stark effect is
operative and the ion broadening is generally small, The

resultant line width is then given approximately by_[ref.235"
WT = El S 1.75 a (2 - 0,75 R)]w eoc 1,11

for neutral emitters,
and Wp = [1 + 1,75 a {1 - 1,2R)]IW voe 1512
fer singly ionised emitiers,

Where, R is the ratio of the mean intsr-ion distance
to the Debye length and .o is the ion broadening parameter

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

1.4 Convojution of broadening mechanisms

For independent broadening mechanisms with profiles
A, B, etc, the resultaunt observed profile is the conveclution
ol these &~

Iopg = A* BY ~--

We will only consider Gaussian (Doppler) profiies of

% - % width g and dispersive (Stark) profiles of ¥ - %
width W, In addition the instrument profile must be
congidered, This can usually be approximated to a Voigt
profile, with parameters g4 and Wi,uéing 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] :-



A
B = (W +2,8062)¢ + v ess 1,13
Where W = W + W1 ses 1014
1
and G = (92 + 912)2 aes 1415

We shall assume, unless otherwise stzted, 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
“A 10% for hydrogen [see ref.6].

In the cage of Hp more detailed calculations wdre
performed by Griem et al [ref.7] and the agrecment has been

w5% [ref.6].

In these cases the l-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

l-degeneracy [refs 8 and 9].

For heavy eclement emitters the l-splitting is large
and we have isolated lines and small ion broadening so
that the relations 1.8 to 1,11 are applicableq The first
calculations in this case wepedone 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 AIl, described in this thesis,

was started results have also been published for singly

19.



FIGe1.1

VERIFICATIONS OF STARI, BROADENING THEORY ~ ISOLATED LINES FROM NEUTRAL ELEMENTS

Element Plasma Source Measurement of W and dendependent measurement| Independent measuremeﬁ! Agreement with theory
: Yorker .
! of Te of Ng (widths only*)
High current Microphotometering Absolute intensity of Pressure balance: Gericke [ref.lg] X 20% However possi=-
AL water cooled Are of photographic AII)QBQSX using a atmospheric P + Tg + |Ng corrected by | bility of a systematic
recording measured Ay, Saha equn,~3 Ng (LTE) {Griem [ref.15] | error in Ng-see Ch,10
Parallel geometry Monochrometer scanned |Absolute line Absolute continuum Stone and Agnew
Csl Hot cathode Cs with photomultiplier intensity intensity [ref.16] + 10%
diode (P.M)
Monochrometer scamned |Relative intengities Absolute continuum Berg, Ali,
Hel T ~ Tube with P-M on a multi~ |[HeI line to continuum intensity {linke and Griem + 10%
shot basis also Hell to Hel line [ref.13]
Wall stabilised Monochrometer scanned |Absolute inﬁensity of Arc pressure + T ¥iese and
I + 6
0 Arc with P-M oI, \6157 + Saha —> N, Murphy [ref.17] + 6%
Wall stabilised Monochrometer scanned jAbsolute intensity Arc pressure + T, Jung + 10%
o1 Are with P=-M oI, X6651ﬁ + Saha = Ny [ref,18] to &+ 20%
Wall stabilised Monochrometer scanned | Absolute Line Arc pressure + T Stampa * 10%
N
I Arc with P-M intensity + Saha —> Ng [ref.19] to + 20%

* The agre?ment

between experiment and theory

was typipally 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 AII 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 AIX

Data on AII line broadening was of particular
importance at Imperial College since linear pinches, in
which AII was the predominant species, had been studied in
the Plasma Fhysics Group for several years, In particular
Burgess [ref,11] had ecenned some AII lines, emitted by such
a pinched discharge, using a photoelectric recording
spectrometer on a multi-chol procedure, Burgess thus rfound
excellent fits of the observed line profiles to the
dispersive profiles expected from broadening of isolated

lines due to electren impacts,

Accurate knowledge of the AII line broadening parameters,
£ {Te), could therefore be used in conjunction with line

wvidths {0 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 impeet broadening, Originally the
poowrragreement with theory for isolated lines emitted by
heavy eclements 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 galculations by Statz et al [ref.12] on wavefunctions
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for AII could be¢ usud to minimize theoretical errors

from this source,

In addition the first term in the multi-pole expansicr,
1,1, has been omitied in Griem's calculations for ionised
emitters, i,e. the electron interaction was asswsed to be
mainiy long range so the perturbers moved along straight
line orbits rather than the correct hyperbolic paths,
Berg et al [ref,13] suggested that the Coulomb interaction
caused a gset negative space charge in the neighbocurhood of
an ion, Consegquently this wculd cause a blue shift cof
all ion lines. However Burgess has pointed cut (private
communication) that inclusion of a correct time dependesnt
potential in the calculation of this so called 'plasma
polarisation shift! 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 intereaest,



CHAPTER 2

USE OF THE SCANNING FAERY~PEROT INTERFEROMETER
FOR RECORDING TL.INE PROFILES

2.1 Introduction

Due to the transient nature of the plasma sources
used in this work the rapid scanning Fabry~Pérot [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 has, as
yet, been little exploited for the purposes of quantitative
spectroscepy. 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 this instrument which have not previously

been discussed in the literature,

Chabbal [ref.2C] 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 ccnsider. 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 :-~

AXI = é_x""l— eep 2.1

23.



Where A)ki is tho free spectral range of the Fabry~

Pérot, and Newp is the 'effective finessel,

2h.

Therefore Ngpp must be made as large as possible though,

in practice, this requirement conflicts with the attainuent®

of a good light gathering capability.

We will consider

in the next section the practical attaimment of the best

compromise,

Chabbal [ref,20] shows that Ngpp resulis from the

convolution of three functions, each with an associated

finesse, such that :-

N S O
2 : 2 2
Nepp le) NR NS

-+

L

ED is the surface defects finesse,.

Four sources contribute to this:i:=-

1) Spherical curvature of the plates:

}/n gives an associated finesse ND

2) Microdefects of the piate surface:

depth >\/h, with a Gaussian distribution, give Np =

n/ﬁ';.:s?

sow 202

flatness to
= Q.,'Z .

deZccts of

mean

3) Wack of Parmllelism: plates parallel to:h/h have

an associated finesse Np = n/1,73

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

plate curvature which can be treated in 1)},

NRp is the reflection finesse

Ng = T/R

1 ~-R

ces 2.3

Where R =\/§;§; is the mean reflectivity of the plates,
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Ng is the scanning finessec

2

2% AN
Ng _3‘ __i ’ cod 2ok
r PN

for a circular scanning aperture of radius r and using
a lens of focal length £ to image the fringe pattern at

this aperture,

2.3 Experimental 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 Ngpp is limited by Np since this guantity
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,22], Fig,2¢3 shows such a
test on \4358R%, HyI, Fig.2.2 shows the flatness
(converted to A 514,613, Hgi) as a function of temrerature for
a one centimeire Fabry-Pé}ot aperture,  The corresponding

finesse at rcom temperature was 28 + L.

For fused silica plates, N due to microdefects should
be 3;q5 at k5g613 [ref,20] 2nd so can be meglected compared

wvith the above,

Again careful adjustment of the fixed Fabry-Pérot
rlate can render the effect of lack of parallelism

negligible,

The effect of variation of the moving plate speed can

be seen from Fig.2,3 where a continuous scan of a Hgl line,
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)\54612, ig shown, (Discussion of the continuous-scanning
procedure is more conveniently left to Secticn 2,6.)

This scan shows the reduction of plate specd and tkerefore
in time to scan A)h, as the plate reaches its maximum
amplitude, In addition, however, the finesse is reached
due to bowing effects, The bowing rinesse can be increased
- at the expense of a reduction in light gathering power -
by reducing the Fabry—Pé}ot aperture or by making the
moving plate diameter larger than the piezoelectric tube
diameter [ref,21]. However, we shall mainly be corncerned
with the central few fringes of a scan and will not consider

this effect further,

We shall therefore consider the overall finesse Np

for the fused silica plates uscd as Np = 28 4 Le

(v) Reflection finesse

Silver coatings were eveporated on the plates using
an Edwards Model 12 EA coating plant. Vhen ion bombardmant
cleaning had been performed a basc pressure V2 x 10"5mm

Hg could be attained with this equipment,

The fixed and scanning plates were coated simultaneously

so that thﬁ'RZ, Initially the plant was calibrated by

evaporating known iengths of Ag wire on the plates and

subsequently measuring reflectivity, R, ,and transmission,1;

Y
photoelectrically using a spectrometeriequipped with a
tungsten lamp continuun source, The calibration is shown
in Fig.2 - 4 together with tihe étalon transmission [raf£,20],
A2

1-R

2

g = (1 -

calculated fromn the measured values of R and T,

(A = mean plate absorption = 1 —~/E:§2 —“ﬁiziz)
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Also shown in Fig. 2¢4 is the reflection finesse
NR,as a function of R,from 2,3, For later coatings the
transmission was monitored during the evaporation. A
D-C stabilised, high pressure, mercury lamp chopped at
50 ¢/s was used as a source and the plate transmission

and a reference beam monitored simultaneously on a double

beam C.Ra04

O
©
o
© 5
O]
©
«Na .

® Reflectivity,R
x Transmission,t
© Etalon transmission,t,

\\\X‘-EL§~WF*- \
. v X\X-

1 - 1 1 3

0 0 20 30 4.0 50 1(cm)

Fig 2-4 Calibration of coating plant. Freshly deposited Ag.
l=length of Ag wire deposited |
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(¢) Scanning finesse

This could be calculated directly from 2,Ls Usually,
however, we require a monchromator after the S,F.P, in
order to isolate a particular line. WYe shall therefore
consider the scanning aperture as the rectangular entrance

slit of the monochromator [see Fig.2,5].
Using the Fabry~Pérot relation :=
"'1 ”
)

rh = 2dcos i, i.e. i = cos

Where )\o =>\ - A)L is the wavelength transmitted for

AN

If -x;- is small,

i /ZA;"
Ao

The transmission of the aperture for an angle of

i = o,

incidence i is [see Fig, 2.5] for y2x :-

~ 2 ., =-1.x 2 ., =1x
v = Ty sin (y) = 37 sin (fi)

i.e.t\‘“%sin—l(?/,\o )
28

Fig.2.6 shows a plot of the transmission of the aperture
against A)\. This is therefore the scanning function,
Alsco shown in the figure is y as a function of x, Thus
if y = x wve get the usual rectangular scanning fuznction of

width,
2

- A
2f

k]

which we expect for a ecircular aperture of radius x.
In general, however, we get a non rectangular scanning

function which is asymmetriec towards the blue,
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Fig 2-5 Rectangular scanning aperture.
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Fig 2:6 Transmission t of aperture versus AX.

Scanning finesse with a rectanguiar aperture,
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24 Effective finesse: Variation with wavelength

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

’

"of the Fabry-~Perot system it is best to have :=
Npw~ Np~~ Ng | vea 245
In which case, from 2.2, NEFfNJO.GND.

It is possible to make Np and Ng arbitarily large.
However, Np 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 2.3,

Np = 28 1 4 at }\51,615(

Thus if criterion-2,5 is satisfied we have,

Ngpr ™ 17.

Now in order to measure the width, B, of a broadened

line it is usual to set A)\i such that,
B A)\1
KN
2
Thus we expect from 2,1 and 2,6

B A Nerr . g
BN | 3

L N ] 206

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 =

Nv~ 28 aehsi618
and achieving Ng'~ 28 at)54613%
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We shalil now consider the variation of NEFF with wvave~

length using the above values of Np etc,

Both Np and Ng vary linearly with wavelength, These
linear relationships,normalised to the measured quantities,
are plotted in Fig.2.7. The mean veluvez olreflectivity and
transmission of the plates werc 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 Np 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 being,

Np + 27 « .k .

R,t(Z)
- r
- ® o
(‘5/-‘(;.) L L
/6/ R :

_ s
\%\" s S
3500 . 4500 5500 o6500

NA)

Fig 2-8 Re’rlectivity,R,and transmission t, versus \. Fused silica F-P plate,

freshly coated with Ag,
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The variation of Ngpp with wavelength using 2,2 and the

measured values of Np, N, and Ng is also shown in Fig.2.7.

To check the calculated Nppp several lines were scanned
through at slow speed (i,e, ™ 2p,s/A>L, at)lszﬁlx ) using
the procedure described in Section 2,6,which foilows,and
Ngpp 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 Ngpp 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-Pérot plates, These are tabulated below -

. )\ Source Line width )
1016 | HgI 0.02 * 30%
4348 HgI 0,02 + 3C%
1678 cdx 0,03 + 30%
5799 cdI 0.02 + 30%
5085 cdI 0,03 + 30%
5461 HgI | 0,03 + 30%
5895 Nal 0,06 + 0,01

Correction for the source width only had to be made for

)\58953 in the previous results,

A useful result from this analysis is that NgpF varies
approximately linearly with wavelength, Nppp = constant x)\
{(normalised to the experimental NEFF for)\h799g) is plotted

in Fig.2,7. Measurement of the instrument profile at one or
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two wavelengths could therefore be used to give the instrument
width at all wavelengths from )\ 4000% - A6000R 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
lineft, This is useful in scanning a plasma line which is so
narrow that an 'unbroadened' line cannot be found for

measurement of the instrument width,

2.5 Lignt gathering power

As mentioned previously Chabbal [ref.20] shows that the
optimum condition for the use of & Fabry~Pérot with regard
to both resolution and light gathering capacity is that

Np ~ Np ~~ HNg .

In fact from the light gathering point of view he shows
that if,

-I\_YE & Ngp &£ 2Np see 207

2
the optimum transmission is not changed by more than 20%,
Criterion 2,7 can be seen to be satisfied from ){40003
to )\60003 from Fig.2.7. Conveniently, the optimum value
of R given by equation 2.5 also gives a good value for the

&talon transmission {~ 65% from Fig,2.4) in our case,

Again it can be noted that since the Surface defects
transmission coefficient is
1:f = NF

Ng



36.

(where 1/NF2 = 1/NRd + 1/ND2 )

then increasing the aperture decreases Np so that reducing
Np to satisfy

Nk = Np
may cause the absorption of the silver coating-to be increased
[ref,30]. This means that &g may be reduced, This occurs
because 1;E 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 Hilger
constant deviation spectrograph was used, To match this
£/9 instrument with the Fabry—Pé}ot 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 is desirable corresponding to
accepting a bandwidth ~-1208 at)\SOOOX. 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 continutous scanning-of line pro-

files from a stationary source is shown in Fig.2,9.
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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 (sce Chapter 10).

An 'Advance' oscillator was used to drive the piezoelecctric
element via a Quad II amplifier, A 6 inch long tube was
used throughout this work, This resonanted in its longitudinsl
mode at an imput frequency ~»15 K.C/s. An applied voltage
~v 30v was capable of giving a scanning rate As0.3p 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 theorctical limit of
0.1ps/Axu, quoted by Grieg, was not achieved in practice,

For stable running the tube was first clamped lightly
at its centre and then driven contihuously 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, IP28) was amplified Av10x using the trensistor
circuit described by Cherry and Hooper [ref,23] and
matched into an Tektronix 555 C.R.0, equipped with a
G~type plug in unit, The minimum regponse time of the

detecting system was v 15n,sec,

2.7 Sinale shot scanning of line profiles

The set-up which was used for scamming thez line
profiles emitted by transient discharges is shown in
Fig.2,10, A Z-pinch source,8z described in detail by
Curzon [ref.24], is shown in this figure, The use of the
units used for the S,F,P, can be understood with reference

to Griegs thesis [ref.21i] or reference 1 .
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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 ~w 0,31
sec (at x_54613) at any required time in the discharge
history predictable to ~nv/0,1u 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-Pérot plates, to check that the
afterglow profile was effectively unbroadened compared
with the profile under study. In addition, to avoid
saturation of the photomultiplier 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 20p sec) from the delay unit to
bthe first dynode of the phofomultiplier. 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 ¥ - % width than the actual value



¥ by an amount,
5 = x/IgVW
Where xd)\and Imd)\are the continuum and line
intensities, respectively, in a wavelength interval JX

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/I, is as small as
possible, This is particularly true for a fcrowded!

spectrum such as that emitted by AIIL,

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,

This means that solid angle accepted must be the same
for the shifted and 'anshifted' line sources for this
systematic shift to be unimportant, Difficulty can thus
be experienced in finding a bright enough 'unshifted! line
source to show up against the bright plasma line, In any

case the accuracy of the shift measurement would not be

Li.
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+sgood ‘unless 'd were large compared withW , In fact,
as we‘shali see in Chapter 5, the nost difficult shifts
to treat theoretically (and therefore those which are most
interesting to study) are those which are smali and to the

blue,

In the advent a far more suitable instrument for
measuring shifts has been designed and built by Burgess
[ref.25], We shall therefore only consider calculated

values of shifts in this thesis,
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CHAPTER

MEASUREMENT OF IMPACT BROADENED WIDTHS OF AII
LINES EMITTED BY A LINEAR PINCH

P 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 % - 4 widths, W, at known values of Ne and

Te,

In this chapter some measurements of W for several
AII lines, using a linear pinch discharge in pure argon

as a source, will be described,

3a2 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 uF. 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 é 1S 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,



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 raelevance :-

(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,

(¢) Line width measurements on AL806% AII were made for
a range of conditions by Burgess who scanned the line on a
shot to shot procedure using a photoelectric recording
spectometer, He obtained good fits of the observed
profile to the dispersive profile expected for electron
impact broadening, Assuming Griem's broadening parameter
[ref.2] the width led to value of-Ne at peak compression
A 2,2 x 1018 cn=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 ALI 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,26}

Ne from (c) and assuming N; = Ng»

L.
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(e) Burgess deduced that the plasma was optically thin

to )\&8063 radiation from the equality of the width of this
line and that of')\ 48482. 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 7\48063,
using his values of Ne and Te, led Burgess to conclude that
4he plasma dimensions for optical thinmness 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 measuremenis that electron
impacts should be the major source of plasma broadening,.
In this case the line shape should be defined uniquely
by {1} (Te) and consequently this parameter could be
determined to the maximum accuracy. Therefore the 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, 2W, should by 2, 98% of the total

line width, we have from 1,12 :-

W > 5.9
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Taking Burgess' value of To (from 3,2d4) and setting

Ti = Te (i.e. assuming L.T.E,)
W > 0,272

In fact this criterion is not very taemperature
dependent since g « Ti? and ¥ (= {1 (te)Ne) also only

increases rather slowly with temperature [see Chapter 5J].

{(b) At high (ion) demsities the ions may contribute
significantly to the line width as well as the electrons,
The resultant % - % width of the profile is then given
by 1,11,

4 1
Where R a N‘/QTe : )

and o x N& ; reference 2

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

is due to electron iwupacts and use Griem's values of

and o for }h&SOGX we obtaini-
v 78 (for Ninw Ne)

However at this limit many lines overlap complately,
Even apart from this a far more stringent condition is
imposed practically, i.e. by the minimum desirable
separation of the Fabry-Pérot plates, To avoid dust
being ground between the plates when these are oscillating
this is best kept » 0, lmm, This means AA ,‘< 122 at
X 50002 and correspondingly a maximum resolvable width
2V Ay 6] (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



odding tho separate profiles 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] :-

I, = s, [1- ex;{~12/1+(v/w)%ﬂ eoe 301

Where S, , the source function, is independent of V
for L.T. B,

tc; is the optical depth at the line centre,
In the opticaliy thin case, T/o & 1, the observed
profile, Iy, is dispersive with } - % width W,

For T o large the profile is not dispersive and has

a i ~% width w which, by solving 3.1, is given by i~

W/ =,/¢b/'1n(z/(1+e‘to)}-1' vee 342

Burgess [ref.11] has shown that the shape of the
profile is rather insensitive to’Do.

Thus, if we require less than 5% increase in width due
to self absorption, we require from 3,2,

‘bo < 0,25 see 343

L7,



3e4 Choice of working conditions

Suftable 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 X 48062 AII 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,
3el, 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 peal

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

h8.

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

used was 0,63 1 sec per frame with an exposure time
~s 0.31 sec per frame. Framing camera photographs,
current waveforms and total intensity of )@48062 were
monitored simultaneously under each of the following

conditions,
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]

Filling pressure (Torr)

1.5 kv 2,0 kv
Breakdown
irrepro~ 0,11
ducibie

0,25 i 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 diemeter' 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 AII 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 typieal Fabry-Pdrot fringe sequence taken at
2.0 kv, 0,25 torr for A 4806% is shown in Fig.3.2. Also
shown in this figure are the time correlations with the
framing camera photographs, The total AII 1linc intensity

is correlated with the frame number in Fig, 3.3

Fig 3-3 upper trace: AIl line intensity.

lower trace: Framing camera pulses.
IStpulse (-ve) = 3™ frame.
2Mdpuise (+ve) = 17-5th frame.
(5/0.se,c Jdiv.)
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3e5 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. A 4806%).  Since the purpose of this
work was to measure line widths it was convenient to put
these to additicnal use as a test of optical depth, using

a mathod 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 T 1. If these lines have different
strengths then the values of T’o and hence W! will be

different irrespective of the value of W,

The best line to use with k 48068 for this test is
ASOGZX 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 ’Do can be expressed
in the form [ref.27]

T’ o -‘-‘(}&4/8”' auic) (gmAmnN1/ﬂ(Te)Ne) ex{-Wn/kTe)

X ( 1-ex(:hv /kTe))S sse e L

Using equations 3.2 and 3,4 the ratio of the observed
widths of )\ 1‘8063 and 1‘50623 can be evaluated as a function
of’bo for )‘48063. This relation is plotted in Fig.3e¢he

Thus if the minimum detectable difference in widths
of these lines were 10% dn upper limit tot of about O.4
could be set for )\48062 and correspond;ngly about 0,06
for >\ 50623,
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Fig. 3-4 Ratio of optically t}lick widths of X5062 /g\ to X4806 Z\
versus t, for \4806A “s06

These figures would correspond to A7 10% increase in

broadening of)\I,BOGR and/Vv3% for >\ 50622.

The usefulness of this test lies in the fact that
abeolute values of {1 (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 Griem's theory, that the lower state
broadening of lines can be neglected then all lines whieh
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 l-splitting)., Thus if lower state

30,
t, A4806 A



broadening is neglected these lines would-be expected to
have the same resultant widths and shifts, In fact,
Griem has calculated the parameters {1 and k/f¥ for the
strongest line in each multiplet only, Again the justi-
fication of the above assumption will be discussed more

fully in Chapter 5,

The experimental ratig of line 3 ~ % width, to
that of >\L}_806Xfoy\.50623 and two other lines of multiplet

6 is shown below:-

{The measurements were made at peak compression at

2.0 kv and a filling pressure of 0,25 torr.)

Line | Optically ! l Optically Measured
Q thin ratio thin ratio ratio
{frequency (wavelength (wavelength
units) units) units)
4833 1,00 1,06 1,05
5062 1,00 1,07 1,10
4818 . 1,00 , 0.93 . ‘ 1,01

The experimental error in these ratios was A 10% so
that to within this error alli these lines were optiéally‘
thin, ‘

The same conclusions were obtained for the conditions

1.5 kv, 0,25 torr.

55.
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3.6 Measurement of other AII line widths

A total of nine AII lines were studied under both
conditions chosen in 3,4. Since );48063 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 < 1%,

A typical line profile is shown in Fig.3.5. This
figure also shows the good fit of the experimental profile
to the expscted dispersive shape, which was found for all
lines studied, The effects of plasma inhomogeneity -
which would tend to give asymmetrie non-dispersive profiles =

would therefore appear to be small,

It seems most likely therefore that the dominant
broadening mechanisn for all the lines studied was electron
impact giving a line % - 1 width W, The measure values:

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

3.7 Discussion of results

Using Griem's values of ) (Te) and 1,8 together with
the values of W tabulated in Fig.3.6 the corresponding

values of Ne for each value ¢f W are tabulated in Fig.3,7.

Burgess' valuec 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 unreascnable as

the values of £I are rather slowing varying functions of Te
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FIGURE 3,6

MEASURED % - .} YIDTHS, W, OF SOME AII LINES
LINEAR PINCH : 0,25 TORR FILLING PRESSURE OF ARGON

Multiplet! Line .|  Trausition Tube ]
1 3
e | B | o e | | v
1 4i60.6 | 3atp,y - wiwy, | 147 0,35 + 0,03
*{ 2.0 | 0,75 x 0,08
2 4013.9 | 3d'Dy - ,ﬁ,hngl 1.5 | 0.43 £ 0,08
: z 2.0 7
_ . O 1,5 0.53 + 0,04
2,0 | 1,40 + 0,10
493342 45‘11:11 - ,kp&p: A 1,5 | 0.49 + O.0L
6 2 2,0 | 1.48 + 0,13
14847.8 I*sl*'Pil - 4ot 1.5 | 0,49 + 0,04
) : 2.0 | 1,30 + 0,10
o 1,5 | 0,60 + 0,04
5062,0 45‘*P% - ,mﬁpi%
2.0 | 1.52 + 0,16
1348,1 48‘*1:21 - @%;1 1.5 | 0,30 + 0,05
7 ‘ 2 2,0 | 0.80 + 0,10
Y 1.5 0034 I 0.05
2,0 | 1,10 x 0,07
2 2 2,0 -
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[rof, 2 ], 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
Ne(units of 1018cn=3)

Line used (R) 1.5 kv 2.0 kv
146046 0.99 2.6
401349 1,1 -
480641 0,72 1.9
4933,2 0,63 1,9
1,847.8 0.64 1.7
506240 0,71 1.8
434861 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 tablej=-

(1) XQQSOR has a smaller width than >\4806ﬁ 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
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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 samegggrm ‘and do

no differ much in energy so the resultant widths (with

lower state broadening important) could gquite easily be

the same,

Also the value of Ne obtained from ngyﬁox was
larger than that from >\QBOGR. This is because Griem
quotes different values of £} (Te) for these lines even
accounting for the ,Xz factor in conversion to wavelength
units, More definitely d/W (which is independent of \ )
has guoted 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 (ALJI*BX) 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 ) 4348R line differs from
the multiplet 2 line >\40143 in spite of the common upper

state, This is again indicative of the importance of lower
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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 tool 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 symmnetry
of the obaerved profiles suggest that effeects 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 ) to make an accurate

independent measurement of Ne 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 of {1 have been checked, (see Fig.l.1), 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 A 1008 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, hot 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 error,and in any case the internal consistency
of measured AII line oscillator strengths at this time,
was poor [ref.27], 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 AII LINE BROADENING USING A BZ
STABILISED, PINCHED PLASMA

Lol Introduction

The main reason for transferring attention to the B,
gtabilised pinch as a source was teo allow measurements of Ne
to be made, independent of any assumpfion in Stark Broadening
Theory, to correlate with measured electron impact broadened
line widths. This device was used since Dangor and Vheeler
[ref.32] had already shown the feasibility of making laser

interferometric measurements of Ne on the plasmas produced,

Ia particular attention was concentrated on XQBBOR,
AlI, 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 [ref.27]. This method
involved measurement of‘bo, for the,XQBBOX line emitted by a
L.T.E, argon plasma, by means of resonant absorption of the
AII laser line 48803. 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 valune of the

optically thin Stark widths [or§l(Te)]! need not be known,

be2 Source used

The source consisted ofaZ-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 1000u.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 By stabilising
field by discharging a2 'bank! of capacity 2000p.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,.Z,Dangor and
C.B,Wheeler of the Plasma Physics Department. and a comprehensive
discription of the apparatus will appear in the former!'s

Fh,D. thesis (to be published).

Le3 Initial diagnostics of the B, 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 [ref,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:XGBZBg [Fig,4e1].

The line profiles were viewed perpendicular to the plasma

column using an AII laser to line up on.XgSBOX [Fig.a;ll.

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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v\ 100pusec later so that a uniform B, field existed during the
plasma's lifecime, The sequence of laser fringes and the
S.F.P, profiles were recorded and correlated in time on a
Tektronix 555 C.R,0, with provision for delaying the time base
of one beam. The B, field and discharge current could be

similarly recorded,

Preliminary spectra were taken with a Hilger medium
quartz spectrograph. These 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.lLe3.

1

e w F £re
R 2 g2 552 §
R 1=t =y 121
‘N = ]313?5 |::l
Fig 4-3 Medium Quartz Spectrograph.

Argon, 0-20torr. Bz = SKgauss.
Bank voltage. a) -0 K.v.
b 15 Kk.v.
9 2:0K.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 Fabry-Pérot 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, p, is given by free electrons :=-
1
p o= [1-(p/N21% vn 1 -(Ne® 2 N2/27Tmc?) vee bt
[ref.33] where W is the probing frequency.

We shall justify in Chapter 6 that this is the main

contribution to q.

The optical path difference caused by introduction of

plasma in the tube is :-

L
g = j‘ udl 11X(Mach-Zehnder)

o] a0 11..2

n >/2 (Fabry-Pérot )

Where n is the mumber of fringe shifts
L. is the tube length.
Therefore for a Fabry-Pérot system, from L1 and L.2 -

17

m = 1.69 x 10 'n Cﬂl—z sese 1*03
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The optical set up used is shown in Fig.lhel
and‘the 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 rums the 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 ,XgﬁoGﬁ line was appreciably broader than
,XS0622 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 fals of Ne could be ascertained using 4.3.

Also from figures L.5 and 4.6 it can be seen that Ne is
constant tosa5% over the time of the four fringes of
maximun Tinesse shown in Fig.4.6. The continuum intensity
was also nearly constant over this time, Therefore Te,

and consequentlyfl (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 AII laser line could not be used since the high spatial
coharonca of the beam would give a sraller limiting solid angle,

and consequently larger Np, than for the plasma measurements,
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Some results for peak Ne and corresponding line -3

widths, assuming dispersive profiles, are shown below :-

Line (8)] Measured W! Theoretical: W/
v

Ne . 4880 Jo0.18 + 0,016 | 0,028 741 + 0.6
4.0x100cn™3 4806 }0.16 + 0,016 | 0,028 5,7 + 0.6
+ 2% 5062 0.10 + ,008 0,031 3.2 + 0,3

Ne 4880 - - -
2,2x10™%cn™ 4806 10,090 + ,008 | 0,015 6.0 + 0.5
+ 2% 5062 0,061 + ,006 0,0165 3.7 + 0.4

Each measured W! 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,

boby Optically thin line widths

It is obvious from the previous results that the ratio
cf the measured width of X48062 toAASOGZR is much greater
than one would expect if the lines were optically thin,
This conclusion is independent of knowledge of Te or !7(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§o, at the centre of each
line using 3.4. 150/5 as a function of Te and Ne
is plotted in Fig.4.7 for A\4B06% and A50628, At low
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temperatures this quantity is independent of Ne due to the

substitution of N, = Ne in relation 3.4,

If the ratio of the optically thick (measured) width to
the optically thin width is known,1>o can be found from
relation 3.2, This relation is plotted in Fig.4.8,

5 ERE , 20 5t

Fig.4-8 Ratio of optically thick to thin line widthsv\? versus t, for a
dispersive profile.

16 -3

Assuming the ratio W'/W for,XgBOGR at Ne = 2,2 x 10" cm
{above table) differs from unity on the basis of self

absorption anly, then from Fig, 4,8 :~
'co = 26 + 4

However, under these conditions it can be seen from

Fig,4.7 that the maximum possible value of ’bo/S is 1,72,

Thus even if we consider the plasma as filling the

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

1>o max = 15.8 # 0.8

(Estimating the error from the uncertainties in Amn, peak

Ne and U,.)
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The only way the above values of’ﬁ o can be resolved is
by using a value of £} (Te), in plotting Fig.4.7, different
from the value quoted by Griem for Te = ZO,OOOOK. If the
electron temperature of the discharge were higher than
W'/4 would bs decreaped and consequently 1}0 decreased,

In such a case a value of"D° inconsistent with‘t may

o mas
not occur,

45 Measurcment of ths plasma diameter, S

To put the above discussion on a more gquantitative basis
it was desirable to have an estimate of S, Thus the radial
distribution of continuum intensity, Ic(r), was determined,

1

Ic NzNeZzTe““ [ref.3] s

Therefore assuming one stage of ionisation was predom-

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

1
Ic® a Ne ’

1
and due to macroscopic charge neutrality the I1c?(r)
distribution should be yepresentutive of the singly Bonised

argon ion distribution,

1
Thus the distance between points where Ic® (r) had
fallen by a factor of two from its peak value was taken as

the plasma diameter, S,

The arrangement for scanning the continuwn 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 ~70% in the visible, The response of
the system was found by scanning a ground glass screen,

illuminated with a strip lamp, by meai:s of the moveable
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aperture, The D,C, signal recorded was constant to»A\5%

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

The continuum band chosen was a 108 region centred
on 51112, which can be seen to be line free from the
spectra of Fig.L.3. The only interference to the continuum
was likely to be the wings of the rather weak lines of

/\ 51003 and ASiZlR of AII (see references 3L and 35), This

was completely negligible under our conditions, The
continuun radiation across the discharge was thus recorded
on a shot~shot basis using an overall response tima

w 0,154 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 sini - dr sin i [1- \/(I.—sinaiy[pz-sinziﬂ vwe lob
where sgin i = u/fr ‘/1'4"?2/1’1 2 ’ ses 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 inputiing the response of
the detecting system and outputting Ic®(r) as a function of
r.

Typical distributions of continuum intensity, before and
after inversion, are shown in Fig,L.11, Values of S

obtained at different conditions are tabulated below :=
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Plasma diameter (5 em) at peak compression

Discharge
voltage (kv) 1.0 1.5 2‘_'0
BaSk Gauss | 7.5 4,8 | 4O

4.6 Correction for optical depth

On using these measured values of S the discrepancies
in T o become larger, As discussed above, such a situation
could only occur due to a discrépancy infl . We shall
therefore assume the correct value is k{l and attempt to

estimate k.

Both W'/W and 1!0 will be reduced by a factor k so
3.2 gives &=~

WI/kW = (ﬁ‘bo/;:iﬁn(zﬂue“%/k»] —1)% ces Lab
For 'Bo/k > L this can be simplified to :~
kz - (30/0069) k + (W'/W)z =0 XX l.(-o?

Neglecting the positive root, since this would
correspond to the physically impossible situation in L,T.,E.

of W'/kW < 1, we have t=

k = ’b0/1.38 - (‘00/1.38)2-(w'/w)2)% eve 4.8

The solution of 4,8 using the results for W'/W at Ne

=4 x 1003

is shown graphically in Fig.h.12, ’DQ for
XSOG?.X as a function of that for XQB%R was found from

Fig.4.7. The error limits on the plotied 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 hat Ol
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Thus Griem's value of {1(Te) at 20,000°K must be multiplied
by 2.72 + O,4 to give internally consistent values of
W /W for A4B06R and A\50528.  If the theory is assumed to
be correct then to give N(1e) = 2,?2f}(Te=ZO,OOOOK) we
require the plasma temperature, Te> 100,000°K. At such

temperatures AII would be completely burnt out contrary to
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the experimental cbservations. Thus the calculated values of

fl must be incorrect,

4.7 Estimation of Te from AII 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’Do foruXQBOGR from Fig.4.7 and

using the value for S tabulated above is i~

T = 1142 ¢ 1,1
This was effectively calculated by considering a slab

of plasma of thickness S and infinite extent, Burgess [ref.11]

has shown that for a cylindrical plasma the effective't:o

can be reduced by 4 20% from this figure, In either case

1t is within the limits given in Fig.L.12
max

Also from Fig.4,12 the lowest value of ’Do consistent

with the other results is :=-
' ~ 7
1:°min
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.

Le€e Te = 23,000°K + 3,000%K

-3
For this Te the calculated {2 is 7.3x10 A.

2.72 {1 (Te = 20,000°K)
(19 + 2) x 1078,

We obtain f1(Te = 23,000%K)

1l

We therefore conclude that the celculated broadening

parameter is more than a factor of two too low, A similar
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conclusion is reached for kt,,BBOR since ithe measured width

and calculated width and reabsorption ia nearly the same os

for AI*SOGﬁ.

4.8 AIIY line widths

In the work described above the optically thin widths of
three AII lines were inferred from measurements of optically
thick profiles without assuming the calculated fI'S.
Nevertheless additionai 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
objeci of this work since, in general, the effects produced
by hyperbolic orbits of the electron perturbers would be
more pronounced than for AII lines, Further, if measured
line widths much greater than the calculated values were
found then Stark broadening as 2 method of determining Ne
could be extended to ruch 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 importarnce for plasma diagnostics by
means of resonant interaction with an argon plasma [ref,39]

1)0 was estimated for the AIII lines of multiplets
one to three using 3.4 with N, and U, replaced, respectively,
by N2 and Uz. No informaticn existed on AIII transition
probabilitizs so these were calculated on the Coulomb

approximation [ref,31] :-
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AIII TRANSITION PROBABILITIES (COULOMB APPROXIMATION)

Amn
. . its of
Multiplet Line (R) gm (?37s;c21)
3285,9 7 2141
1 33019 S 20,9
3311,3 3 21,3
3480,6 7 2044
2 350346 5 1546
349947 3 16,9
33361 9 2564
3 334447 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 of‘(}° led to the conciusion that at
least the lines of multiplets 2 and 3 should be uneffected by
gelf absorvtion even when viewed end on to the plasma column.
The value of Te given in Section 4.7 was used for these
estimates,

Therefore measurements of AIIX line profiles were made
viewing end on to the plasma, Thus acceptance of light was

along the same axis as used in the lagser measurements of Ne,
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4.9 Measurement of AIII line widths

The same experimental arrangement as for AII lines was
employed except that quatz optics were used, Unfortunately the
only piezoelectric tube available had a glass plate with a
transmission of only \»30% at.)55003. Use of this with a fixed
(unmatched) quatz flat with aluminium coatings (R = 87%ﬂ== 9%)
enabled an overall finesse of 7 to be achieved oni3341.53 Hg I.

In addition only a small Hilger quatz . spectrograph,
with an inverse dispersion of 1002/mm at ASSOOR, 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 AII
lines,

Nevertheless, sufficient light was available to give a good
signal to noise ratio on the lines of multiplets 1 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 BO,OOOOK.

Again the line widths are considerably larger than the
calculated widths, In fact, the observed widths are larger
than the AII widths under the same conditions., Since the
electrons are more tightly bound in AIIT this cannot in general
happen. It seems likely, therefore, that the AIII lines are
optically thick,
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Results for the measured widtas B of some AIII lines,

e

Ne =

16

4x10 3

cm

Multi- | e B! W cal |B cal | B/B
plet . . . )

3285.,9 .1 0,16 1 02 7 <0058 |,072 2,2

1 3301,9 0. 16 : 002 ¢0058 +072 2,2

3311.3 014 + ,02 .'0058 072 2,0

333641 0,14 o +02 .016 ¢083 1.7

3 3344.7 | 0.13 + ,03 | ,015 |,082 1.6

3358.5 0.13 + 03 012 +079 1,6

3285,9 | 0,36 + .06 | 0088 | ,075 | 4.8

1 3301,9 034 + «OL +0088 | ;075 4.5

3311,3 0.28 hd 904 .0088 <075 3e7

3336,.1 0.34 + JOL «023 +092 3.7

3 3344.7 | 0,28 + ,04 | ,022 2091 341

3358.5 0.20 + 04 «018 +.088 2.3

The fact that T;o for each line is large is substantiated

by the ratios of the observed line widths within a multiplet,

For large 1} ° we expect, from 3.2, the ratio of a line width,

B!, to that of the strongest line in the multiplet, Bs', to bei=-

B'/Bs' = JR /b, 2 /gnimn/gnaiuns

The quantities on the right and left hand sides of the

above relation are tabulated below using the results from the

previous two tables,
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Multie . B'/Bg’ l nimn
plet Line (R) (Ne=6x1016) onsAmns
3285.9 1,00 1,00

3311.3 C.74 0966

3336.1 1,00 1,00

3 334447 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 o
was considerable for the AIII lines suggested-that Te was
higher than measured from the AII line widths, Therefore

Te was re~estimated from the AIII line widths,

t% is plotted as a function of Te for two AIII lines
in Fig.L.13. In this case Doppler broadening is important
so that @tjis 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 = 3285.9 26 ,800°K
4x10 203 333641 26,300°K
Ne = 3285,9 32,800°K
h6x1016cm;3 3336, 1 30, 400°K
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T(OK x 107)
Fig.4-13 t, versus T, for two AT lines. (Optically thin line profile convolution of
Doppler and Stark profi|es)
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Errors w*15% in B'/B lead to errors ¥ 30% in ?Jo and
correspondingly ~ 3% in Te. The calculated Stark width for
multiplet 3 lines was checked later and found to be in agrecment
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-

egtimated by a factor W2,

In all the above calculations involving optical depth L,T.E.
has been assumed, This is justified for AII in Chapter 7.
However, for the AIII lines L,T.E, only extends down to the upper
states for Ne 2 1 x 10¥7cem™3, i.e. for Ne 21 x 107" the
collisional depopulation rate of the upper state is “¥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 radistive decay rates of their upper states is
substantially balanced by reabsorption, Thus collisional
rates still dominate over radiative rates and the population
ratio Mn/Nn will not differ appreciably from its L,T,E. value,
Consequently the source function, S, , is not lowered near the

line centre as in a case considered by Hearn [ref,10],

However, in spite of the resonance line of AIII being
appreciably recabsorbed the ratio Nn/Ng, which occurs in the
expression for T:o, is likely to be overestimated by a factor
of up to two (for Ne = 4 x 106en3 - gee Chapter 7).
Therefore consideration of divergences from L,T,E, would mean
that the estima*ed values of Te are 7% higher than given

in the above table, The corrected values are :=-
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Ne Te
4 x 1003 28,500 + 2,000°K
6 x 1003 33,500 + 2,500°K

Le11 Discussion of results

It is necessary, initially, to account fer the differences
in the estimations of Te given in sections 4.7 and L.10
(for Ne = 4 x 1016em~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 xa506x 1§° = L4e3

However, cooler outer regions of the plasma could increase

the reabsorption since for Te 4:28,500°K, ( o passes through a
maximum as seen in Fige.4.7. Therefore the value of & o
estimated from the AII line widths is not likely to be very
meaningful in terms of the plasma core temperature and does
not contradict the AIII gpesults, In fact the larger value of
1 o = 7 gives a theoretical curve which fits the observed

X@BOGX profile well, as seen in Fig.4.14, Fcr this fit the
theoretical profile for T ° = 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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Relative Intensity
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B, stabilised pinch  Bank voltage, I'5KV  Magnet voltage | 0KV

Filling pressure of argon0-20 torr.

Fig.4-14 Fit of optically thick Stark profile to observed profile.
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The above considerations do not appreciably affeet the value
for k obtained in Section 4,6, This is because-.kSOGZg is
comparatively little affected by reabsorption, i.e. 1}6 for

ASOGZX, corresponding to ‘bo = 7 for )\48062 is 0.9, i.e,
the line is broadened A 25% by rcabsorption and the corresponding
value of k is 2.4, If the plasma is uniformly at the core
temperature for \5062%, 7 o 0.58. 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,

(2.7 + 0.4) } (Te = 20,000°K) and
fi (Te = 28,500°K) the ratio of measured

measuredfl
calculated N2

to calculated broadening parameters for multiplet 6 lines is
2.4 + 0,3, For >\48803 the ratio is 2,5 + 0,3,

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 AII and AIXII line widths were

not appreciably different,

Further Pert [ref,L41] shows that considerable field
trapping will occur if :-
o P rc2/8MMvxS
where @ is the conductivity of a cylindrical collapsing
plasmz shsll of thickness x moving with a velocity v,

G"refers to the shell at a radius r,
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From the radial continuum distribution at 1,5 kv 0,20 torr

16 -3

(Ne = 4 x 16" em ~ at peak compression) we obtain :-

0.5 cm b 30%
Mean v = ioscm snec'-1 + 20%

X

If we consider conditions at peak compression, = 2.5 cm
+ 10%,
Thus rc2/8 vx® = L x 10° + 30% mho cm™?
From reference 42 assuming L,T.E,, Te = 28,500°K and
Ne = 4 x 1010cn*3 s0 the plasma pressure is ~ 3 x 105 dyne cm:'2
Corresponding to these conditions Wheeler [ref.43] gives,
6* ~ 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
duc 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, therefore, the
figures quoted for k are reasonable, This means that the
values of Ne quoted by Burgess [ref.11] and Burgess and Cooper
{ref.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 )AﬁOGR.
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Two other paints are of interest in comnection 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,21]
Ne = (2.5 + 0,5) x 1088 em=3

At the same condition we obtained, during the work described

in Section 3.4

W = 3,58 + 20% for \4806%.
With the use of the measured value of fl this corresponds

to:=
Ne = (2,9 + 0.,4) x 1018¢q™3

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

than if the calculated value of £l 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 & 3mm
for £10% reabsorption, as was obserwed experimentally. In
fact 1}0, with the measured value of {2 inserted, will be
reduced by a factor of 2,4 + 0.3 féom its originally estimated
value, Thus a plasma diameter as large as one centimetre
could well be consistent with optical thinness of .XQBOGX.

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,
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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 AII k43063 and }48803, 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 &n 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

comaented on in the light of the results of the calculations,

5.2 Reasons for calculations

(1) 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.91] to
obtain the perturbing encrgy levels for AII lines a more
recent publication by Minnhagen [ref.34] gives 200 more
levels, Inclusion of levels missing from veference 91
would always have the effect of increasing the calculated
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In the case of ,\48803 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, Ex, of a given line per-
turbed by bound and continuum ‘perturbing levels', Ba!, is

governed by two factors. Firstly the larger | Ea-Ex'{ the
smaller the effect Ea' has on the width of Eux, Secondly
the smaller the wave function overlap between Ea and Ex! the

smaller the effect of Eu!.

Griem used, arbitarily, only the nearest five Ex! in
most of his calculations (private communication), However
"distant Ex' might be expected to have a large effect on the
width of Ex, in spite of the large }Ea-Ea'{ , due to the high
density of states near the ionisation limit, It was therefore
desirable to study the convergencé properties of the width

on using increasing numbers of Ex! in the calculations,

(L) Previous width calculations were only for the strongest

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

AII is generally small so the quantities | Bx~Ex!} and radial

wave function overlap of Ex 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 3, Section 7).  Such inconsistencies occur

for some lines in AI, AITI, 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 AII lines
may not be negligible. This can also be seen by inspecting
the AII term scheme, For example, in the case of A 48483
there are only two levels which can be found from the term
scheme thati perturb the upper state more strongly than levels

which perturb the lower state,

Broadening of the lower states eould 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 theaory used by
Griem will be given. The main references for this outline
are Chapter L of Griem's book [ref.2] and Barangers article

in reference 92,

The starting point for calculations is the expression
for the power radiated by an atom by spontancous transitions

from an initial state m to a final state n. o

. 2

i.es Pun = {2/33) on {<n § a{ m)i} ees5al
where d = er is the dipole mcment operator of the atom,

If we consider a set of initial states, m, and final
states; n, such that wy, is reasonably constant then the power

radiated per unit frequency interval is :-
dP/dW = (41~!’*/3c3) nzn 8 (=g | <n | _qlm>|2'/0n;
Ty

* e 5.2

where/ﬁln 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),

@
cl{t) = f e+thL(W)dW = Zedwmnt {(n‘ dai m>’2/) m
-0 n,m -

ooV 5.3

Introducing the time development operator,
t) = e-th/ﬁ'
such that T ié}\ = e-ivat 15} '
where {£> is an eigen state of H, 5.3 can be written in matrix
notation :-
c(t) = Trace (A T4z R2) ces Sebs
where/f is defined by :-
L= >
i.e, ,(? is a diagonal matrix.

In the partiecular case of brezdening by perturbations the

general expression for C(t) given in 5.4 becomes :~
C(t) = Trave {g rg zfﬁl} Ay sse De5

wiere the trace is over states of the emitting system only, the
trace over the perturbing states resulting in the statistical

average denoted Ay,
This simplification arises from two assumptions:-

Al. The perturbers are considerced as classical particles
giving rise to a time dependent field which disturbs the

emitting atom, For this to be valid ths 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 affcct the orbit of the particle causing
the perturbation, For this to be so the energy exchange
between perturber and emitter must be { the perturber energy
(i.e. ~ kT for electrons). Theﬁjo 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 t=

A3, Fair more collisions cause transitions to nearly substates
a,a' ... from the upper level m and P,B! ,.. from the lower

state n than between m and n {or a'p! etc,).

Then 5,5 can bLe expressed in matrix notation as :-

cls) = {agﬁ.@tgl B (B i’ B |
VIR UTAE N

It is assumed above that the densitymetrix is constant

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

Al It is now assumed that lower state broadening can be
neglected since the ion is more tightly bound in state n than

inm., Thus :-
<B t 3‘;‘5’} = <n}_’?_:‘ n> = eiWnt = a constant
Soce) = {g, Gl Safalad ol Tl o>} v

ees 5a7
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In this expression only the T; term is affected by the
average. The Hamiltcnian in T(t) is the sum cof the unperturbed
Hamiltonian of the atom, Ho, and the total interaction, Vp(t),

£ .
i.e, T(t) = '\e.(i/ﬁu‘o [Ho + VT(t)]dt sen 508

Here ﬂ‘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/h) Hot U(t) ses 539

Then one may write $- %

U(e) = e-(i/ﬁ)fo vyt (t)dt cer 5,10

where V') = e +i/h) Hot vr(t) e-{i/ﬁ“{ot ssa Se11

To calculate the avoerage in 5,7 it is necessary to ccmsider
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(t,0),, {U(t+At,o) - u(t,o)}AV

{[U(t-l—At,t) - 1] U(t,o)} Av ves 5412

Substitution of 5,10 into 5,12 with V!p(t) as the sum of all
the perturber interactions V'i(t)' Vot (t) etc, could, in
principle, allow 5,12 to be solved for U(t,0), With the use
of 5.9 =2quation 5,7 could then be evaluated,

However in general the interactions of the different
perturbers overlap in time and application of the time ordering

operator 1'1 would be extremely difficult,
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A.5 It is at this stage that a considerable simplification

can be made if the so called !Impact Approximationt'is 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 he oxpressed as a dilferential equation and readily

solved %o give U(t,O)AV. This can be done as follows i~

The fact that many collisions occur in At and yet
[U(t+At,t)-1] remains small means that the average collisions

must be weak, i.e,

t+At
f Vii(t)at ~ is small,
t

Therefore using 5.10 we can write :-

t+ss N t+At ,
Culc+at,t)=1]py = [r\e‘ﬁ/h’ ft vr(tiat e-{l/ﬁ"ff, Y 2(":’)(1t -1,

This expression can be expanded in the form :-
[U(t‘*'At’t)"'i]Av'v [ (1+01+o.o)(1+cz+o.|)ooc "l]Av

Since terms such as Cq are small, cross products can be
neglected and the difficulty with the time ordering is

resolved, i.e, :=-

[U(t"‘At,t)“IJAVN EC1+C2+---]AV ~ NCAV vee 5.13

Where N is the total number of perturbers,

We now use the fact that the standard perturbation

expangion of 5,10 is ¢-
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t+At t+dt s
U(t+At,t) = 1—-{i/h}/‘ Vi(t)at + (1,&1)7 dsf Vi(s)V'(r)dr
t t t

+ eea ese 5.14

The effect of collisions outside the interval A% can be
neglected and for those in At the limits can be extended from
t = «®» 1o 40 i.,e. collisions are assumed to be completed in
time At, Then from 5,13 and 5,14 one c¢an express 'C! in terms

of the scattering S matrix :=-

C = S -1 see 5215

Since &~
[/)fo @ax + W) fas [ Vi)
S=1«~[i/R vi(tlat + (i/h ds Vi(s)Viir)dr
[ L [,

+ seen

Thus 5,13 can be evaluated using the scattering matrix of
a single clectron, Consequently the solution of 5.12 in
differential form zan be expressed, using 5.9, as Ty -(t) =

o +i/n) Hot JNCavt

i.e. TAV(t) = e*(i/fé[ﬂo M ¢]t “se 5016

Whereﬂ:ith(S— 1) ee s 5017

The integral implying averaging over all possible angles,

velocities and impact parameters for a collision, i,e, from

5015 i
CAv *ﬁs - 1)
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The average is made over a volume V so that multiplication
by N gives a @ matrix proportional to Ng, Thus the effect of
the impact approximation is to consider a time independent

operator # (o Ng) as added to the unperturbed Hamiltorian, H,.

The validity criteria for the impact approximation say
be derived from (i) and (ii) above,
ice, T3 At D b,

Yhere T ls the time for U ito become appreciably different

from unity i.e. T/ 1/W, and t; is the duration of a collision,

The first iacquality 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 collisions
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 :-
M Dot DN

The maximum impact parameter for electrons which contribute
to the broadening is /90, in which case the impact approximation

holds for frequencies from the line centre given by :-
W& V/fp
ices W& W (where § mvire kT, )
Finally the effect of strong collisions in the interval
At must be considered, If there are strong collisicns in At
then U(t) and the autocorrelation function are changed by a

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

jnvalidated, 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~Yeisskopf themnry can be used to

calculate the contribution tc the width,

Direct addition of the impact and strong collision widths
is not strictly correct, A strong collision in A4t complietely
interupts the emitted wavetrain so that all weak collision
wffects in At should be emitted from the calculation, However
since, from the impact approximation, the effect of weak
collisions must be small not much error is incurred by including

them,

If two or more strong collisions cccur 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 aporoximation is valid we have from

5.7 and 5,16 :=- _
C(s)=§,<x)g]r> <njdfaty @'4e'i(%+¢)t/h}c;> vee 5.18

The inverse Fourier transform is then taken to give the

line shape :=-

L(W) = <hfy G %, L fdlt Gial Bfi-taB)  eeu 5.9

ﬁaé. The above expression is considerably simplified in the
isolated line case when the separate ccmponents in 5,19 refer
to lines of quite different wavelengths. In addition, if wve
assume quasi;static Staric gplitting is negligible we can omil
Hy as this will simply define a sharp origin of frequency,.

Thus we have =~

L) =(t/mpmnfdiny <ldim /[(W-dm)2 + wmz] ves 5a20
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This is a lLorentzian profile of width wiy and shift d;

where i~

!Mm

[}

Ai/8) G m\ B
and dm=(i/h) ‘,Qe<m5¢}m>
Therefore in our case we only need to evaluate.the nmatrix
<@} ¢l1€> .

This qua.tity can be calculated from 5.17, One further

cae De21

assumption is made in this calculation:-

A7 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 crbits are straight lines,
oit) =2 + Ve

The final result is expressed in the form:-
(/ic)m | B mpy = 4T /3) g ﬁ/m)zﬂd\rdf' /P £(v)

x:§§‘<é | R ai>i2[A(zaa')+iB(zaaﬁ)] vee 5022

This relation, and the quantities involved, will be couasidered

in more detail in the following section.

The integral oveg}ﬂ in 5,22 diverges for small impact
parameters due to *the breakdown of perturbation theory for
strong collisions, The integration is therefore cut cIf
at some {velocity dependant),p L/Qmin, defined by the perturbation

theory breakdown,

A8 It is now asswmed that strong collisions account for a

relatively small part of the widths [ € 20%]. In this case
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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-
Weiskopf expression (1,7) with/-"w =fmin and this term is added

to equation 5,22,

Therefore even though the Lorentz-Weisskopf term iz 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 £ 20%, Calculated
shifts can be expected, in general, to have larger theoretical

errors [ref.2].

It should also be noted that in the evaluation of &
(equation 5,17) only the 2nd term in the calculation of /S-l
is retained. (The first term vanishes cue to the averaging,)
This 2nd term takes account of inelastic collisions only so that
elascic contributions are estimated b)" adjusting /’ to reproduce
the Lindholm result in the adiabatic, low V, limit, (This

point will be further discussed laterin the Chapter,)

S5¢4 Calculations cn_the Stark bioadening of AII >\48063 and A £880%

S5c4(i) General results

The Impact broadened width and shift of a level a was

calculated from 5.21 and 5,22 giving =

“(wa-idoc) ~ -14“/3} Ne (ﬁ/m)z‘/ﬂdvd)a /?)f(v)
x g 1@ | R| a-> I 2 [A(Zaa')+iB(Zaa')] eee 5423

(This is equation 4,71 of reference 2)
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The ion broadening parameter, &, of level a was calculaied

from equation 4.89 of the same refexence:

]il evo 5,254

al oot

o = (4TF 1«/33[(1/3?!&(&/:::)22 g@ R a> 2 iy

The reduction of the above relations to a convenient form
for computation, and the definitions of the quantities invelved,
is givcn in Appendix I,  (Note that the expression for the
radial matrix clements, .<a | R aﬁ>-‘ 2 given in Appendix I
differs from that in referencs 31, There were three misprints
in this reference, as confirmed by Professor Bates, (Private

communication,

The input data foir these calculations conzisted of all the
odd and even levels of the species considered (tabulated ian
vef,34 or ref.91) together with the relevant ceries limits and

up to seven temperaiures,

Output for a required level, a, consisted of the impact
width, shift and ion broadening pavercster at each temperatars,
In addition the !'strong! and ‘weak! collision contributions to
the width and 'weak! contribution to the shift were obiained as
a function of velocity squared of the perturting electron.
Provision was made in the computations for handling up to 50

periurbing levels,

General results for XQBOGR are shown in figures 5,1 and
5.2 these results were obtained with 30 perturbing levels
which were selected fiom all thd levels governed by L~S coupling

tabulated in Minuhagen [ref.34].

At low Te the electrons are only energetic encugh to cause

trangitions to levels a! near to . As Te is increased in-
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elastic transitions to further o' bwcame important so W& increases

monotonically with Tg (figures 5.1 and 53)s.

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,
E «E S i SLlii
CO‘O( % f(xa’A . a') (Section 5,4(ii))

At the low T, limit both W& and da are given by the
Lindholm theory [ref.3]. The dominant contributions to the
above sum for kéﬁOGX are fron levels o' below o. Therefore

the shift is to the blue and the magnitude of da/¥y is v3 [ref.3]

As Te is increased in-elastic collisions occur to levels
o' near to «, For these levels the corresponding terms in the
above sum must be omitted since they no longer contribute to

<he shift,

At high T, only distant Ex' contribute to the sum, - Since
the density of states is generally greater for Ex!» Zx (as for
example in the case of X4806ﬂ) then Cx is negative so the shift

(in wavelength units) is to the red,

For )\48063 the quantities fox!AEx - Ex')are such that 4/W
is a rapidly varying function of Te., [Fig.5.2 and 5,3]

Whereas the results for,XQﬁOGR show the expected general
trends the magnitudes of Wo and do differ from Griem'!s values
(ref.2] by a considerably greater amount than expected from
computational deviations. However at low Tg, where the

collisions are mainly elastic, the agreement is quite good,
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Se4(24) Treatment of the relevant matrix elemerts

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, o [ref.2].
Condon and Shortley [ref,93] give the quadratic Stark shift
of a level (a, J,M) dus to (B, J+1, J, J~1) as
Aayd M) = €3/ne [Pa_+(3+1)% ~(a +a_-a 7] = Cy €7

Where & is the field strength,

a_ = [Kx, 31 BIB3~0) | e, By )

and a_ and a, refer to similar expressions for J=#J+1 and J#J,

The total shift is obitained by summing over all B,
The relevant matrix elements are therefore =
Jza_ + (J+1)2a+ -(a+ +a_-ao)Mz
A : s 2 M2
veraging over M values with M4y = & /23+1) = 1433 (J+1))
The above relation ={1/3)[J(2J=1)a-+J(J+1)ac+(J+1)(2J+3)asl

From p.99 ref.93, {<a,J{E] B,d-1> ]2 = 5(ad,BI-1)/(23+1)3(3-1)

Where S is the line strength,

Similar expressions exist for J-#J and J-2J+1
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S For each level J9J' the matrix elements are :i-

P = S(aJ,pIr)/(23+1) = £(aJ,pJ*) * ees 5025

If multiplet (J) splitting is negligible,

Bod Bad-2" Euy~Bps™ Eys"®p,J+1, then in the calculation of A

we can use ref,94 giving :~

< 2
Z R = {(1/23+1) 357,001 ]
multiplet
to 1,S,L,J _ 2 2 R
Sl o r 21 w0 o P ey vee 5.26

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

relation from ref, 94 t=
Ss = [(sen)(anen)/(2a1+1)) 1, (22 ~1)d®

Where the sum includes all lines from an array 11, L,Li1; S to
a term 1,3,L, The relative strength for lines ending on level

1,S,L,J of this term is, 2J+1/(2S+1)(2L+1))

Thus the total matrix element is now =

= p? = Sg/2301

array
to 1,S5,L,J

i

1, (41, 2_1)P o141y

= 1y(21, +1)6® for 191+1 )

)

P

or 1, (21, ~1)o® for 1911 )

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

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

1, (21 --1)»:.g for 1-»1+1,
> > -

*Note that £{aJ, Bj') # £(BJ*, aJ) in general, so the teri matrix
element is misleading, Je will, however, conform with ref,2

and continue to use this expression,
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The good agreement with Griem's results for Hel, k38892
where fine structure is negligible, and thirefore 5,27 was

used, is shown below :=

Te= 20,000°K | Griem [ref,10] | Appendix I
programme

W 0,123 0,122

0,20 0.208

For heavy ions, in particular AII, J splitting is usually
negligible but L splitting is not, Thus 5,26 was used to
obtain the results given in Section 5.4(i), - (The multiplet

strengths, Rﬁult’ were obtained from ref,94.)

The values of a feor >\4806R and >\Ii.8803 using the prescription

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

Te= ZO,OOOOK Griem [vef.2] | Appendix I !
Lgfogramme :
. S— PO .__?
o, \4806% 009 | .o012¥ | ,0013*
a, \4880% 014 .0069% | ,0094*
J

z Using all perturbing levels from ref.3L

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

The large differences in o for these two lines are duc

to one or both of the following reasonsi~

(1) The mairix element 1, (21, -1302 has been used for both

1> 1+1 [ref,2] rather than that given in 5.27.
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(2) This matrix element has been applied to each transition
irom a state 1, S, L, J to 1 + 1 ratrer than that given

in 5.25.

Both these incorrect procedures were given in rei’s95. .
That at least one of them was usced in ref.2 can be seen by
comparing W for three NII lines obtained using the programme
described in Appendix I and matriy elements 1. (2L, -1)63
for transitions from « to each of the nearest 5 perturbing

levels af,

— ; i
vine (NII) | Te (°x) | Griem ref.2 Lppendix I Pro-
gramime
10,000 0.% x 1072 9,8 x 10~
30068 'y 6" 5 . -3
20,060 12,6 x 10 ! 12,6 x 10
- Y
0,000 15,0 o2 ! ~3
0, 1%.0 x 10 1941 x 10
38383 -3 3
20,000 25.0 x 10 27,0 x 10
i
- — e ;
=3 -3
2 10,000 6,0 x 10 6.5 x 10
5495 3 .3
20,000 8.6 x 10 ¢,7 = 10

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-k&BOGR are shown in Jigures
5.4 and 5,5. With only one perturbing level in the calculation

the width is largest at the lowest temperature, This 1

4
ta

[
‘

because the width is domina’:zd by elastic collisions,
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higher Te more electrons are tallowed! 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 Tg 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 (Tecr30,000°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
"1limit' except at lower temperatures when the width is mninly

due to elastic collisions,

For >\4§803 9 levels out of a total of 23 were found
necessary to give good convergence of the calculated width =t
Te= 30,000°K,

(b) The effect on the shift of including an increasing number
of levels in the calculations is even more drastic (fige5+5).
With a small number of levels the calculated shift is large and
to the blue as the dominant Ex' are near and below Ex pcf,
Section 5.4(i)]. As distant Ea! are above Ex inclusion of
more levels increases the calculated shift to give a small

positive (red) value in the limit, (£ig.5.5).

Again 13 levels are required to give adequate convergence

of du/Wa at TeT 30,000°K,



118.

(¢) 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 assurption A2, the

'no back reaction' condition,

Since this assumption is only necessary for the in-elastic
cellisions the relative contribuiion of these to the total width
must be considered, Then the extent of the breaf:down of A2

can be examiled,

The way elastic and in-elastic collisions are tieated on

the Griem theory can best be seen with refereuce to fige5.6.

The larger the impact parameteer and the larger the
velocity the weaker the collision, The differentiation
between weak and strong collisions is therefore defined by a

curve of the fonnjo =/9w.in fig.5,.6.

The differentiatior 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

in~elastic,

Relative numbers of the different types of collision are
oktained by folding in the distribution of impact parameters,
cut off 2zt some shielding distance A//Q pyand the Mazxwellian

speed dietribution,

The expression for Wa derived by Griem (equation 5,22)
is from the 2nd order term in the perturbation expansion of
S5ele This invoives matrix elements for 1-1 + 1 and therefore
accounts for in-elastic contributions to the width only,

However as was indicated physically by the discussion in
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5.4(i) elastic contributions te tha shift are also included.
But elastic contributions to the widih are in higher orders of

the perturbation expansion.

Therefore equa*tion 5,22 is exact in the high velocity limit
excent that strong collisions must be included in a Lorentoe-
VWelizskopf term. To obtain elastic contributions to the width
Griem matches thg/3§/9w curve to the E = I curve at low
velocities to give ‘.:hc—:/j f/gmin curve, Thus the Lindholm
width is obtained in the strong cellision term at low
velocities. In the intermediate energy regime weak in-elastic
collisions are accounted for, and elastic and strong in-elagtic
contributions in the fstrong! collision term. The exact form
of/ofjﬂmin curve is only good at each end of the energy scale.
Thus the treatment of elastiz collisions may not be too gcod
in the intermediate range, In particular weak elastic oollisions

are not being included in the calculation,

The/ﬂnin cut-off for the breakdown of the perturbation
theory should strictly bz 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 ané Sobzl'man

[ref,97]:~

Woo + ide =2 Né;fl-en(q+1¢)

Where n + i¢~g§ R ,(A+iB) and R, =j<a Y ab{ 2

The integration is over ail impact paramsters and velocities.
11 is a damping constant and ¥ a real phase shift, The exact
forms of the above expressions are such that for B~0 the oniy
contribution to Wo is from inelastic collisions and the

relation for Wo reducez to 5,22,
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i.e. Inelastic contribution to Wa for a given P and V,
Woo ji R A
at ot

-(n+if) .,

For 11)} 1, i.e. strong inelasti:f:{ncollisions, e
in

Then Wou Nef= Neff(\’)Vd\./f 2:’(,/3(1/0
o

which is the Lorentz-Veisskopf expression ,

For r{NO all collisions are elastic and reduction of the

above relations gives this contribution as,
Woo ~ 1 - B
(14 1~ cos % Ra'

In general, when both elastic and inelastic terms are

WaNNef(l - e"ﬂ‘cos g)

Thus, due to the averaging procedure, the two types of

important,

collision cannot be !separated outf, 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 Wo for a givenf and V is given by :-

' -
Rt~ Z R A1 - cos Z,R B}
If we consider only one perturbing level and take % mv2
= kTe (To = 20,000°K),
/’ ’V/ﬁ min,
then from the computor results the corresponding value of

o ¥
ref,2 giving =

zin £ g 3, Thus A (2 ,) and B{(Z 'l can be obtained from
o oot

Rlor 20,
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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 prescription,of weak inelastic
to elastic and stroag inelastic contributions to the width is
obteined directly from the output of the computor progremme.
(see £ig.5.7).

Thus for all perturbers with energy %mvz = kT (with Tg =
20,000°K) ,
R & 1,7
i.e. 60% of Wa is due tc weak inelastic collisions of electrons
with energy,

& = 2,8 x 10“12 ergs.

However the separation of the first perturbing level from
Ex is,
«12
‘Ea o Eal‘ = 1.4 x 10 ergs
Consequently there is a serious hreakdown of the 'mo 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/? ¢ i.es strong collisions, Thus
the stroig collision contribution to the widta is increased,
However for those electrons that cemnse weak inelastic collisions
the breakdown of A2 is more serious than with only the neares:

Ex' in the calculation,
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(d) The lower ievel of )ABOGR is the fourth nearest perturbing
level to the upper state, . Inclusion ox this level in the
calculation appreciably increases Wa and dx (fig.5..4 and £ig.5.5).

Thus assumption A3 is invalid,

5¢4 {iv) Strong collision contribution to width

The 'strong! and !wealt! collision contributions to Wa for
XQﬁOGX at To = 20,000°K are shown in fig.5.8. - Thirty perturbing

levels were used in the calculation which gave these results.

The total contribution +o Wa in each case is proporticnal
to the area under the R{x) — X curve in fig.5,8. Thus ¥ 58%

of Wx is due to strong collisions., For >A8802 thig figure vas
~ 5%,

This means that one of the validity criteria of tke Impact
approximation is invalidated [Section 5.4(i)], Both elastic and
inelastic parts of the 'strong' term must be considered in
estimating the effect of stirong collisions on this validity
criterion, Physically the only difference is that the dastic
collisions are considered as giving large phase shi:ts and the
inelastic gollisions as completely interrnniing the emitted

radiation,

For the weak collisions it is also netessary to saticsfy

the criterion, ¥ « Wp for the impact approximation to be valid,

W, = 9x 103Ne%

-1
p sec

Previous measurements gave;

6 -3

¥z 0,078 for Ne = 4 x 10"
So the approximation should be valid for distances A)\ from

the line centre given by:=
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AX & 1k

This condition is well gatisfied except in the far line

wings.

The large size of the strong collision term will have twe

effects on the line profile;

(1) For the strong elastic collisions t¢ is large so that
[from Section 5.4(i)] 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(i)].

(3) A considerable uncertainty is incurred in the calculated
width since the lorentz-Weisskopf expression will only give a
rough approximation to the actual physical conditions. Firstly
there is some uncertainty in the value of /zmin defined by the
breakdown of perturbation theory, Secondly there should be a
smooth transition between Yweak! 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 fstrong! term) are

assumed to give no shift,

To further investigate the importance of gtrong collisions
the/ﬂmin cut off used by Griem for Hel fref,10] was inserted in
the calculations, Thi?jamin was simpiry the original value

multiplied by a factor /1,55,
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For both )&BOGR and.‘}A§802 the strong collision contribution
to Wa (a,ozmin) was increased by a factor 1.55 as cxpected,
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
/Qﬂf}7min rather than/nsyﬁmin. The importance of strong

collisions is thus further emphasized,

Selp (V) Validity of straight line classical path approximations

(a) Since most of the broadening has been shown to be caused by

electrons Witﬁ}’ﬂapmin the validity of Al is suspect,

The extent of a perturber wavepacket, L~ h/AP

where AP is the spread in momentum of the wavepacket
o'n L _?\ ‘Fl/mV

rom Appendix I we can express

P min = (h/mV)x (2 " Anar-za)
3 . 4 Zlnin 1T
1,€e, /)mln/L A X( aa,/{m -D’X))

Evaluating the Ru.HeS., in the case of )\48063, for electrons
with $mv2 ~ k1o :-

X = 2.8 x 10%m™!

Zox' = 0454 (with 30 perturbing levels in the
. calculation)
{Ba'-Bax| = 7,2 x 103em™?

ice. P /L& 241
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For )4880% fuin/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, @, for a (classical) electron with

impact parameterf) is given by:=-
cot(6/2) v=}>mV2/ez (for singly charged ions)
Evaluating @, /°"fmin and %mvzrv kTe =
6 -~ 96"

Thus the electron orbits are strongly curved and assumption

A7 is invalid,

For electrons which cause weak inelastic collisions,
/-‘-’>F min and 3mv2 > [Bx-Ealy , 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 corrsctions)
means that the perturbers will come in closer to the emitter
than if Coulenb effccts were neglected, Thus the strong
collision term would be altered. For those collisions still
considered to be 'weak!, tc K 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 electdc field on the emitter during a collision, the

broadening is decreased,
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For slow electrons tg Ig; 1/w so the radial components of
the field reinforce and the broadening is increcased, This
effect is most pronounced for electrons with/’(/’min gince the
orbits are most strongly curved in this case.This is somewhatb
compensated by the increase of perturber velocity at the apex
of the hyperbola making inelastic collisions more 'probable.
However, overall, the strong collision width should be increased.
e Zhe decrease in width for weak collisions should be small,

(;">/’min so © small). Thus the total width should be increased,

5.4{vi) Lower level broadening

To test assumption A4 the widths and shifts of the lower
states of \4806% and Wu880% were calculated independently of
the upper states, The ratio of lower to upper state widths

were:d -

Line Wy
4806 0478
4880 O, 47

Direct addition of Wy and Wi, is liable to give’an overe
estimation of the total width, Wa, since the addition should
be done coherently using 5,6, In particular the 'strong!

collision term would be overestimated. f’min should be
defined by:=-
[Uu(tebt,t)U* (t+At,t)m1] —3 1

when upper and lower states are included in the calculation
compared with,

LU, (t+at,t)=t] —> 1
for the upper state only,
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Nevertheless the comparable sizes of Wy and WL indicate

that assumption A4 is invalid,

Thus conclusion is supported by the shift of X48062
measured by Burgess (ref.Li4l. This was small and to the blue
at Tg~ 20,000°K - a result confirmed later by Oertel (private
communication). The calculated shift of the upper state of
XQBOGR 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 Wa and cause considerable
error in da, 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) for \4806% and \u88oR,  Use of 1,12 shows
that ion broadening is completely negligible, This is stili
true for our measurements where doubly ionised species are
important and therefore an incréase in broadening by a factor

~ zz/s can be expected [ref.2].

Also both lines were well isclated at the conditions studied
i.e. for \4806a,
¥ = .073
whereas the nearest strong line )48483) is nfgzﬁ away. Thus

assumption A6 is wvalid,
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5«5 i=-5 coupling approximation

For all calculations the relevant matrix elements have
been evaluated by assuming L-8 couplimg. As these are not
very ‘good'! quantum numbers for some AII states it is worth

while re-estimating Wa employing more appropriate wavefunctions,

Using the results of Statz et al [ref.12] we can express
the upper state of )\48063 as a linear sum of pure L-S-coupled

wavefunctions(3p44p configuration):-

Y/J=5 /2 {(zf)lnf) = 0,983 Y [(39)’*;»"5 /2}
]

~0,178 Y [(3;)‘*D°5 /o

. &,.0
1
40,036 ¥ [('0)%°_ ), ]
+ teras with smaller coefficients
= S
mnYn
The matrix element coupling a level defined by E, )" s is
then :-
: . N2
l<§ a. ¥l BIYO1™

neglecting second order terms arising from a similar splitting
of level E,Y,

The (nearest) perturbing level scheme for >\48063 is nowi-

3a°F ¥ (163,0c0)

approx, . lzPO I*DO y r:;\\? 0
{155,000 em™") 4p s/atfy) D5 0l 2)_-"‘1)3‘ s/2' ¥'5) state
AL806

- —
(148,000)  3d% l‘d/

(142,000)  3a*F

"
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The relevant matrix elements and corresponding energy

differences are -

ECAYAEN IS 'i/' > #
1KoY 1Bl "> | ® : B - By
a5 1 Bly 31 . B - E(y")

Oaitting terms such as(?{s} RJVV'> which vanish as we now

B - E(?")

-

have pure L.§¥ wavafunctions,

The quadratic Stark coefficient for the nearest parturbing

levels only is :~-

calEL.5) ¢ aflly | Rly | 2 Aea-E(y )
+ agl(p, | RIY™ | # /(Eaerly 1)
* 2aga | RIY DLy o | Bly D/a-aly )
v a5 [Kyg | By DI /(ma-rC )
+ asldpst By Y| T/ (maeEC )
Compared with the expression used before :-

ca(L.S) o< ‘<)"113W"> | % /(Ea-EC )

Bvaluation of these expressions givesi=

Cx (LL.S) = 0,98 Cy (L,S)
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Inclusion of more distant perturbing levels reduces the

difference,

A similar calculation for )\48803 shows that the difference

in this case should be £ 3%,

Thus divergences from L,S5 coupling will not cause serious

errors in the calculated values of Wa and da,

5.6 Line widths within a multiplet

To justify the assumption made in Chapter 3 that all lines
within a multuplet were egasally broadened, each multiplet 6
line width was calculated separately, The results are
tabulated below =

Line | Ju | Wy*] 9p | ¥, | Wu/2B06]  wpA806 | AZractor

4806 | 28 [ 5.0 [ 2F [3,9 | 1400 1,00 1,00

4933 [ 1% | 5.2 | 13 |4t | 1,04 1,04 1,05

50621 1% | 545 | & {4e3 | 1410 1,10 1410

4848 %149 13 |uo| 0,98 1,00 1,01
16

-
(*% in units of 10™2% for Ng = 10" cm 7)

1}

The values of Wy and Wp = Wy + Wy, (normalised to the values
for )ABOG%) 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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Summiary of results
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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 XQBOGR only is considered.

Agsuipiion f'lathemanca} Comment s
rapresentation
Al tClassical . a v pus
Paths' L & f Invalid & O.Sf
A2 'No back Invalid
By eEgy !
Reaction® {Ba-Ea ‘« kTe | Ex~Eat| 22 kTo
a3 'Nearby sube iEu-Ey.'i <L Invalid, Lower
states, Ea' |Ea~EB | state, E,is an
important perturbing
statec.
Al *No lower i Invalid,
state intere | Wy & Wy, Wy = Cu8 ¥y
action'
'Luapact w& Wp Validity restricted
A5 | Approximation' One strong colli- due to large number of
sion at a time strong collisions.
Also width may be
overestimated.
A6 | 'Isolated DAERNPAY Valid.
Lines'
'No ion Wp = W Valid., Vp = 1,01 W
broadening®
A7 'Straight Scattering angle, Invalid, © 2 96°
Line Paths! e small D
,Smal forcf j’mln and
sV ~ KTe
A8 'Small strong Invalid, %¥g ~ 0,6W
collision P oWg &KW
width' ;
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The comments hold good for.&QBBOg also, though the

approximations are generally slightly better in this case.

To summarise, the validity of many of the assuzptions 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 $L(%T¢) are described. The accuracy of these
values was increased, compared with the results in Chapter 4,
by improving the independent diagnostic techniques for

determining Ke and Tg.

The measurements were performed on an instalilised 4-
pinch thereby avoiding several sources of inaccuracy incurred
in obtaining the results in Chapter 4 ~—1In particular-large

optical depth and the measurement of only the axial Ng,
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CHAPTER 6

INTERFEROMETRIC MEASUREMENTS OF Ne ON AN

UNSTABILISED Z~PINCH DISCHARGE

6.1 Introduction

The suitability of an unstabilised Z~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 necesgsary to observe the plaswma column side on.
Thus it was desirable that measurements of Ne should also be

made by viewing along the plasma diameter [cf, Chapter L1

That guch a measurement is inherently possible by means
,0f laser interferometry can be seen Ifrom the results given in

Chapter 3; i.e., at the condition 2,0 kv, 0,25 torr :-

Nel ~» 8 x 1017cm™2
(Using the measured {l (Te) from \hapter 4 and L from framing

camera photographs,)

Thus one might expect ~~ I} fringe shifts up to peak
compression using a Fabry-Pérot laser interferometer (at X6328%)
to measure Ne, However there are several additional difficulties

as compared with the Ne measuremsnts described in Chapter 4 :t~-

(%) The 'lifetime' of the unstabilised discharge is much
shorter than the Bz stabilised discharge so that a faster time
response gsystem, than in Chapter L, is necessary, This rules

out use of the Ashby-Jephcott system [ref, 49 1],

(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 Brewgter windows, The beam would

therefore be reduced in intensity by refraction and because

of the crazing of the tube walls after several discharges,

(1) 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 madec to
show that the value of Ne determined im the same as that which

characterises electron impact broadening,

6.2 Comparison of luminositisg of interferometer systems

There are two interfernmeter 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) abovel it is worth

comparing the luminosities of these systems i~

(a) Fabry-Perot

This system is shown in Fig., 6,1.

i+
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Detactor
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If the laser intensity is Io and the overall transmission

of the tube walls is U the transmitted intensity received by the

detector is
I = Io1'2/(1-R")? x 1/fi+ (1RY/(1-R')2) sin’g]

This is the well known Airy formula [ref.20] except that:-~

R' = R 112 ; R = JR/R,
and ™ = T©% ; T = /Lit,

Taking tyvical values of R and T (Chapter 2)

R = 0.90 H T = 0007
Thus, T/E = 0,50I0 and Np = 30
While for T = 0,80 :-

R' = 0,58 ; Tt = 0,056
Thus, T'p = 0,02Io and N'g A 6

Consequently a considerable reduction in performance of

the system is obtained when the tube is inserted in the cavity,

(b) Mach~Zchnder

The best system, which would make use of beams from each

end of the laser, is shown in Fig,6.2,

Ritl/ ’/ Il \'

) > ()
// ,////@, S 2 Detector

1/\ /\a

\4

1542 Isya

N e [

Laser

Fig. 6.2
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Referring to Fig. 6,32,

I, = IRRTY, , ; I, = IRR,

therefore Saddle to peak ratio at detector,
(/T - Ji, WA, + /) = o if REE , =R,
For T = 0.80 and R = 0,95 this condition is satisfied
for R, = 0.4 and ¥, = 0.5 (Chapter 2),
In this case the peak transmitted intensity is,

)2 Io (R /T, +./RR,)2
1 4Io

il

(a, + a,

The peak intensity recorded by the detector should
therefore be A~ 70x that for the Fabry-Pérot system,

6.3 Initial measurements of Ne

Since only a few fringe shifts could be expected with the
Fabry-Pérot [Section 6.1] this system was initially preferred
to the Mach~Zehnder. If shortage of light proved to be a

problem the later system could be employed,

For convenience, measurements were made side on tc the Bz
discharge tube but no stabilising field was applied, A photo~

graph of the apparatus is shown in Fig,6.3,

The apertures A, B, C [Fig,6,1] were of i1mm diameter,
A lens in fyront of A was sometimes found to be desirable to
avoid excessive divergencs of the laser beam by the discharge
tube. An R.C.A.7625 photomultiplier with a rezponsz time
As 3n sec was used as a detector, The overalli responsze tire

of the photomultiplier - C.R,0, was ~ 15 a sec,
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A thin film products filter of peak transmission 70% and
bandwidth 52 was found to render optical pick up negligible under

all conditions to be described [cf S=ction 6,1 (2)].

Setting up was initially performed by varying the optical
path diffe:.nce 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 v 50m volts a fringe modulation -W 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 (~v2m 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 AlII 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,recordad

in Chapter L,were used for L.

The measured 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.
Ne = Ne'(d'/d)2 (where ' refers to measuremenss

with Bz stabilisation.)

Although the agreement between mezsured and estimated
values of Ne were quite good it was preferable to have a better

defined value of d than that from the continuun measurements,
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For this reason an attempt was made to obtain radial

distributions of Ne,

Filling Measured Calculated
pres- _ syl =3
p Ne cm™> Ne'(a'/a) cm
0,20 torr

forapp———

1.5 kv | taix10%7 L 7x1017

2.0 kv | g.2x10%7 701x10%7

6.l Abel dnversion of laser measurements

Previously an effectively rectangular distributicn of
electron density Ne(r) was considered with the width of this

digtribution obtained from the continuum mecasurements,

For a non~rectangular but cylindrically symmetric
distribution of Ne, the optical path difference for n Fabry-
Pérot fringe shifts [for measurenients at a height d abeve the

tube centrel] is given by:=

-1 4//1//~ﬂ;“‘&\\\\ -+l > Optical path
d

_/
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1 - 1
S = f (u()n-nduez)\z/ancsz Ne(r)dl
-1 -1
= n(d) )/2
2 R 2 2.4
therefore n(d) = G)F/thzm 4l/’ Ne(r)rdr/(r"-d%)
& d

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 reiation can therefore be solved by the well

known Abel iunversion technique [ref,38] giving =~
Ne(r) = ConsﬁfR n'(x)dxﬂxz—rz)%
r

Therefore tc obtain the radial distribution of Ne, Ne(r),
measurements of the fringe shifts, N(d), to peak compression
were performed at different heights, d, across the plasma column,
These values were then Abel inverted using the basic computor
progromme of Key [ref,37], This necessitated slight
modification of Key's programme i-

For n(o) fringes up to peak compression at d = O and
(arbitary) radial values of Ne,

no, n,..c....nifor intervals dr

g [noNe(o)/n, + n,Ne(o)/ng, + veeodar = 1,69 x 107n(o)
i=o

m , ;
i,e. Ne(o) =(n°/ jg ni) x 1.69x1017n(o)/dr
i=0

The programme was therefore mcdified to output absolute

values of Ne(r) by use of the above expression,
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i.€. Nel{r) = n.k
i 17 m
where k = 1,69 x 10" 'n(o)/ iZo n,dr

and r = idr

Di stributions of n(d) versus d for discharges at 1.5 %Xv 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,L4. These were actually extended out to d = 2,5 om,

The best fit n(d) versus 4 curve gave on inversion, HNe(o)
= L3 x 1017cm"3. For r € 0.4 cm the inverted distributions
exhibited an axial dip in Ne ~~ 5% of thepeak Ne, Since thig
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 >0k com, The possibility of a hot core to a plasma with
rather similar Gross conditions was first suggested by Burgess
[ref,11,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 rean for Ne(o)

= Lol x 2017cw™3 + 9%,

For 2,0 kv bank woltage and 0,20 torr filling pressure the

result was =

He(o) = 8,4 x 10%7em™ &+ 5%
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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, Thig

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), for large d, This could be overcome by using a quar¥az tube
and monitoring the laser at >3539Uo 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 modviation cf one of the plates of the Fabry»Péfot cavity

(as iz the initial setting up procedure),

Thus, inherently, there is no reason why radial distributions
of Ne couid not be measured much more accurately than 10% (say

to A~ 2%),

6.5 Contributions to plasma refrastive index

It has previously been assumed that contributions from
frec electrons dominate the refractive index of the plasma,
An attempt will now be made to justify this, Bound electroas,

in fact, also contribute to p so we can write :-

o = (g= -
WDoopar = B=Vp gz, + G-l g
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Where F,E. = free eclectrons
B.E,

The free electron contribution can be expressed by the

bound electrons.

fl

classical formula [ref.46] :-

-y (2
(n-i)F.E. = - {1‘0/2“)A‘ Ne coe 6e1

It is necessary to show that :-
(n"l)F.E‘/(u"l)B.E. = R<‘<1 se0 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 undar all the

plasma conditions studied here.
The analysis is somewhat simpler for a probing wavelength
A15.39 1 which will therefore be considered first,
(1) X = 3039 p'_

For a bound transition between an upper state m and a

lower state n [ref,46] :-

[#)9
w

2 5 2
p()el = ~(& /zeo;(y(wf-wi)l) Nn fmn

where W is the probing frequency.
This formula holds for [ref,L6] i~
WU
!’mn o! v
where Y is the slassical dipole damping <onstant,
In our case the line shape is dominated by elzctron impacts,
It is, however, still dispersive but the half width is 2W so

the above inequality beccmes

4 ‘ﬂmn - Wo! ‘5) 2w eey 60 L
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Converting 6.3 to wavelength units and summing over all

upper states m ané then ull lower states n :~

(u(A)-i)B.E, = 2 ; -.fco/ZW) /\2 Nn fmn/(i—()\/lmn)z}
W mfn

s2ame 6.5
¥hen m is lower than n,fmn is replaced by ~frmm where
fnm is the emission oscillator sireugth,

From 6,1, 6,2 and 6,5 :-

R = ‘i %E (Nn/Ne} fmn/{l—(k/)mn)%
n_ m#n

Assuming L.T.E, =
R ={Nz/BzNe) E % fmn gpe _wn/kTe/fl-(A/}.mn}z]
o m#én

con 6.6
For /\ mn ,x this relation bireaks down, In this
case the relation for classical radiation damping can be used,
[ref.16], but with the demping constant Y = 2%, Then
- T
A)-1 = (r_ X\ AN 3 _o~hv/kTe,
(R(A) ..))Mmn (r, N/um) (MM} N (1-e ;
es s 6.7
h A = -
vhere /\mn A Amn

The relation 6,6 for R together with 6,7 for the cases
Amn"/ /\ , must be summed over all species,
In the case under censideration
Ne = L4Lo&4 % 1017cm-3

and Te 31,000°K [see Chapter 71].

i1

Corresponding to the above values, from referance

42 (and assuming L,T.,E,) :=
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N, = 1.5x 1014 (

N, = 4 x 1016 % cee 6.8
- 17

N2 = 2 x 10

Some sgimplification of 6,6 can be made as the sum is

dominated by the resonance transition in spite of the small

kmn involved, Even when n is such that € ~n/kT falls to

-6 .
10 ', the maximum wavelength X mn that can occur [in the
case of AIII for example] iss~3,0008, Thus the maximum

possible value of g‘n g-Wn/kTe /(1-(}\/Amn)2) in this case is only
10"4to 102 that value for the resonance transition,

R can therefore be roughly estimated by taking )mn

as constant, equal to the resonance wavelength, In this case
2
()/)\mn) 31

2 2, ~n/kTe ;
=Nz z
Therefore R A/{=N )\mn/B Ne N ) % g, & i fan
Using the Thomas-Kuhn~Reiche rule [ref,28]
Zf = Z = 1
mn
and R Ar =Nz Xin/Ne XZ ..; 6.9

Summing over all species and using the data from 6.8 and

reference 47 for the values of >\mn’ R -1 x 1074

Therefore the plasma retractivity at >\ 34391 is dominated

by the free electron contribution,
Thus Ne can be determined by a relation of the form

Ne A2 = kon, ¥, (X =335

as kas previously been assuued,
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(2) _A = 6328R

Except for A mn v 6328 relation 6,9 can be used to
evaluate R, In this case

R~ 1072

However for wavelengths at which resonance effects are
important, )uv 63283, the populations NR are generally much
higher than for >\3-39U-- It is therefore worth considering
the case )V‘V 63288 separately by use of 6,7. The most
important lines for which Mv6328R are emitted by AII,  Thus
on substitution of the relevant quantities for AII into 6.7
we obtain

(wON-1) y e raa8/ BIN=1)p o

~r -58 % %A)\fmngne'w"/ki‘e/(aﬁ W)

- ]
y (1~ B h\.mn/k’l‘e)

where A>\is in i

The nearest line to the probing wavelength >\63282, ig only
Ax = 0.313 away and might be expected to dominate in the above

relation.

. X o
£, Was calculated for this AII line (4 fI‘Fz% - 691*1“1%)

using the Coulomb approximetion [ref.31] giving

- -3
fmn = 7.8 x 10

A>\wi11 be altered by shifts of the plasma line but on

upper limit to the above expression is given by —

(R)=1), 0 30 /)-1) L £ (-58/8X) £, g e

-~Wn/kT

x (1-e"h"/ kT
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(where A) = 0.313 the unperturbed separation)

L -7 x 107k
Contributions from other lines near the laser wavelength

depend on their relative fmn/A)\ values 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 refractive
index at >\ 63283 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 >\3.39p to be even smaller,

6.6 Experimental investigation of free electron contribution

to plasma refractive index (GjZBﬁ)

From the above discussion p can be expected to be

completely dorirated by frec clectrons at >\3.39p,o

i.e., Ne >\% = kn,>i,
where n, = number of fringe shifts at >\3.39u.

For the same Ne at )\63283 we have
2
Ne)lz + A = k n2>\2
where A is the contribution from bound electrons

i.e. A/Ne ).Z = {nzki/n,kz)— 1

This ratio, from Section 6.5 is probabiy small and
negative,

To werify this experimentally measurements were made at
one plaswra condition at both )\' and >,2. To allow measurements
to be made &t >3.39p, 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 >\63288 subsequently
showed that these had no detectable effect on the radial

digtribution of Ne,

For measurements at 3.,39p a liquid N2 cooled detector was
used. The time response of this detector plus amplifier was
only ~ 1y sec so that measurements could not be made at voltages

above 1,25 kv (at0,20 torr).

At this condition fringe shifts up to peak compression

were e
\635238 ng = 2475 * 0,25
73,39 n, = 15.5 % 0,25
L 2
giving A/Ne )\2 = 0,05 + 0,10

Which confiras the conclusions of 6,5 to within experimental

error.

Having confirmad the dominaice 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 = 2) = 7,9 x 107 ()\63283)
so the approximation usecd in the calculations,

(w8 - 1)~ a(p-1) (see ref . 46)

was well justified,

6,7 Discussion

In the analysis of 6,5 a shaxp differcatiation was made
between 'frece! and 'bound' electrons by using the Debye

expression for depression of ioanisaticn potential in Saha's
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The observations of lines from AII and AIII was favoured
since the intensity of AIvlines would be very small at values
of Te-30,000°K (Chapter 4) and they would in any case be too
broad to be well iSolated.

The AIII line >\334&=7ﬂ and AII line >\5550.9R were

selected for the intensity measzurements. These lines were
bright and well isolated under all conditions studied, as seen
from the spectra taken (Chapter 4). Also the lines are
aeparatedby"only"\sﬁ 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 aganning spectrometer, 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

prossible to accept most of the total intensity of each line,

However, since the exi® slit width in this case was
limited to a relatively small value Ow\SR corresponding to the
soparation 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,

The line profile measurements were carried out as follows :
The instrument was focussed photoelectrically on 3\3341‘53
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 fotys
at Xq}SBX. The widths of the Hg lines could be neglected

compared with the instrument width obtained,

The AII and AIII lines were scanned across on a multishot
basis at a condition previously studied (1.5 kv 0,20 torr)
with 2 time response of the detecting system % 0,15 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
prcfiles were estimate from the C.R,0, traces at the pinch time
(known from Chapter 6) and 2 p sec later when Ne bad fallen to

a known value, The results arec shown in Fig.7e1.

The profiies well in the afterglo agreed well with the
>\3341.5g Hgl 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 unshified afterglo profiles) are given in the table
below, Alsc quoted are Ne (from Chapter 6), Te (anticipated
from Section 7,3) and the theoretical upper state widths and

shifts (calculated using the prograzme described in Appendix I),



%
3

MuTisHoT Sean oF AT and &7 LINES For
I
A T-ousec. Nex 44510 cu

7. 31000 °K.

MERSORLEAIENT,

Theorenial Pefile for - Oulec (Anch)

—x— Lxperimealal! Poirls and

Fig 7-I
RELITIVE
INTENSITY
70
60 ¢
Y & vatetlal Pinils artel
s Theorelica! Frofil tr +2ulec.
A33447 4 am P for
x
X\
50 | )! x\.
/ \
40 + / x
x
|
30} ¥
X
20+t x 8
/ l \:3350-94 4T
X
/ X ?.“‘
;; :‘?\ ' X
10t X \ ¥ (‘—""y E—,
K\x k"”—“x ' ‘ .:{,{Kx
\x x r/)} N X"*x* X x
\"\K x/' //I w\\‘\x ~xﬂf\x b3
/" \)‘""“x—)"*-x-—-K——%—X—;&-—ﬁ-——‘—-x——x—‘"—’x/,(/:_--x’“’:/ \‘\’L"\!“‘( \Y
1 i A ) 4 i L 1 1 - i - 1 L 1 1 L i i 1 ¥ 3 i i
216 22F 13" 240 248 256 260 272 280 268 2% ®F G;z 810 2% W6 ik a5z 36 8§ 16 i
2 > _
’;0, ngibxﬁ oN SeisE
1 . vk g 3
Disecrsion  2I 54/560
2

o
200 20



1590

T -
Ne = Lok X 10 om 33 9%
Te = 31,000°K + 1,000°K

Line (&) Experinenial Theoretical l Experimental | Theoretical

v (X) Wu d du
335049
334447

ATIT | ©+10 £ 0.05 | 0.1k + 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 AII line is assumed to extend to
other conditions then (from the cplculations) W and 4/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/to & x 1017
and d/W is the same as in the above Table, Compared with the
AII line the width and shift of the AIII line is negligible,

Thus good eatimates could be made for the best pocition of the
exit slit, and consequently the proportion of the total intensity

of each line accepted, in each measurement,

73 Intensity ratio measurements

In the measurement of the line intensities the entrance
slit was set as narrow asz possible consistent with a reasonable
signal to noise ratio, (the width was 5p except at conditions
L and 5 below when a 10y slit was used). The exit slit was
set at 200u (corresponding to‘f\gﬁ) and placed symmetrically
with respect to each line for all measurements, - Backiash

errors were avoided by first centring on >\3341.5X HgI. An
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estimate of the continuun intensity at each condition was made

using a 50p slit centred on staﬁﬁn

The results obtained and the corresponding values of Te,
assuming L.T.E. and using 7.1 are tabulated below, Ne was
obtained from Chapters 4 and 6 and appendix 8. Values of fyp
were calculated on the Coulomb approximation [ref.?1]. The
depression of ionisation potential of AII, AEoo, was calculated

using the Delye expression [ref.51],

Condition, Tube | Magnet AIII/AIX Te (OK)
; vol- vVOolm line Ne am 3 assuming
tage | tage ratio L.T,E,
kv kv
1 1,0 1.0 0.8 2.2x101€7 24,000
2 1.5 1,0 5.2 4,0x1016 28,900
16 v
3 2,0 1.0 751 5,8x10 30,200
B 15
A 0.5 0 O,.1 7x10 < 20,002
17
6 1.0 0 3.5 1,1x10 29,600
17
7 1.5 0 1,6 Lo ix10 31,050
P 17
8 2,0 0 141 9.2}{19 31,900
i

Before disoussing the crrors in the measurements the extent
to whicih a model of complete L,T.E, can be applied to the

conditions studied wiil 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 i~
(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 countercvarts.

Considering free electron states first, the satisfaction

of (1), following Wilson [vref,52], corrssponds to :=

Yoo € toor bt cor 72

The electron-electron relaxation time, tge, is given by
Spitzer [ref.53]. For conditions in thz above table it lies

between 5 x 10712 and 2 x 10715 secs,

The energy heating time of the plasma, ten, and the particle
containment time tpart, can be roughly estimated from the Ne
versus time curves, (e,g. Chapter 4). Under all conditicons

7«2 is easily satisfied,

The satisfaction of (2) for free electrons corresponds to
< >e0
ﬁtee < trad 743

The radiative decay time for Bremstrahlung, 1;rad: can
be estimated using [ref.52].

~ 1ok % 101 Te% Ne™ !

L rap
This lies bobeesn 1x 10”3 and 3 x 1i0™2 at the conditions

studied s0 - 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.

There are, to date, three expressions for this critical
Ne :-

1
(1) Ne= 9,2 x 10¢ Te2w3(p,q) FGriem ref,51]
1
(2) Ne m 1.6 x 102 Te?W3 (p,q) [Mcthirter ref.54]
1
(3) Ne = 5.6 x 10" Tezw3(aﬂ [Wilson ref.52]
ses ?vli

Where W (p,q) is the resonance level energy and
W (oo0) ionisation energy of the particular ionic stage considered
(ir e.V), These relations were all derived for szlike species.
Applying them directly to AII and AIII species we get (with

Te = 30,000°K) for the critical Ne :-

Critical Ne '
Criterion AlI AIIIX
1 | 3.9x107 | 4.5x 107
2 5.8 x 1017 7.8 x 1017
3 2.0 x 1020 | 6.5 x 10

L.T.E, is always more difficult to satisfiy for AIII and
therefore iii.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,

Zondition (3) was derived by considering the !thermal

limit' in an ion, down to which thermal equilibrium (which as
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seen above usually holds for the free electrons) extends.

The ionisation potential for this limit W; was then set = W
(o0) 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 W¢ &« Ws this would seem a dubious
procedure, It wvas 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 excikd states of a H, 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 ist excited state in
AIII is so low conditions (1) and (2) (derived for H,like ions)
could give an underestimatc of the Ne required for complete
L,T.E. since there could be a larger energy gap than W(p,q)

for which the criteria would ke more stringent,

Condition (3) will therefors 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 extant

by absorption of photons and re-exsitation,

The radiat’ve population rate of the G,S, is thus

ireduced by approximately :-
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° 4 |
R = f By (1-8 o/fi+ (V/'Iidu for-a disperairve

-0

Y

ijV to/(1+(\)/w)2;dy line shape cos Tob
-0

(Assuming the plasma conditions are near L.T,E,)

For to large this reduces to :=

R WA Uﬂ‘bo ces 746
(Roughly evaluating 7.5 for =2W €V ( 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
3344.?3 AIII line {(from Section 7.2) :-

- b 4 -
1 x 107 1% 2 at Ne = 4 x 107 em

3.9 x 10~23 and Te ~ 30,000°K

W 3

i

it

g

The convolution of these two profiles gives very nearly a

dispersive profile of % - % vidth 1.1 x 10—13.

For such a line, therefore, we would assume a Stark profile
in the estimation of to‘ This assumption will also be made
for the AIIT resonance line, in addition the width of this

line will be taken to be the same as the )\33!14.751 line,

Both assumptions 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 334&.73 line and the Stark
broadening consequently smaller, However, the assumptions
will lemtd, if anything, to an underestimation of ‘bo. - Taking

1,

mn fOr the resonance line arbitarily as 1 and using 3.4 we have
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‘t"o ~ 17 For condition (7) ebcve,

However, we cannot assume that the critical Ne, given
above, can be relaxed directly by the factor L/1711 3 7.5 x 1072
because radiative population of the G.S, from the second
excited state is mow important. For this transition fpo,
calculated as above is /1 so this line is therefore probably
not appreciably reabsorbed, We shall therefore follow Giiem
[16%.and assume that criterion can be relaxed by about

order of magnitude to give :~

Critical Ne % 6.5 x 103/

Thus on the basis of complete L,T.E. the line intensity
ratios for the conditions Ne = 4.4 x 107cm™> 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 in 7Te ¥ 2%, Thus we expedst
negligible theoretical errors at the above values of Ne, The
line intensity ratios were calculated using iwo expressions for
AEqg :-

-1

(1) Debye Expression AWé = Z.BZ/JDD cn [ref,55]

(2) Unsdld Expression AWé = 7.05 x 1072 Ne l/scnnl [ref.56]

While there is, 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 ~2% so the Delye

expression will be employed in subsequent calculations,

Two further criteria must be satisfiecd for L,T.E, when the

plasmas are time dependent and inhomogeneous:-
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(1) Changes of Te ame small during the times over which
ionisational and exitational equilibrium are cstablished.

The latter time is given by Griem [ref.51] as :=

VIS [(1.15 x 107(Z+1)3Nz£;) /(fmnNe(Nz+Nz+1))}

X (0 ) ey M dYiTe

Where fy,, refers to the resonance transition of charge state
z,
For the case of AIII and AII ionisational equilibrium

(z=1) ond conditions 7 and 8
1 10"8 secs

This is obviously small compared with times A iy sec
(£rom the AIII and AII intensity versus *ime traces) during

which Te is nearly constant,

(2) Ions must not move into regions of very different Te in
the times for equilibration as given abov:, The distance moved

by an ion in auch a time is given by Grizm [ref.51] as :-

1 1 (W ~%)/2kTe
a~(7 x 101'*/1;’})(kre/w‘:;)a((wm—wg/fmnwﬁ)% e™ ™
- 10tz

Here dw 4 x 10"3 cms so this condition is again easily
satisfied as can be seen by inspection of the radial Te

distribution (see Chapter 8),

In concittsion the piasmas studied ai conditions (7) and

(8) above are describable by the L,7,E, nodel, Uncertainties
in Te from theoretical difficulties shculd be only « 3% 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 gemicoranal
equilibrium to hold. VWilson [ref,52] gives a criterion for

the latter case which becomes :--
14 . _ o
Ne § 2x 10 for AIII at T, = 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 be adopted :-

The neglect of radiative processes (especially radiative
decays to the ground state) when Ng is less than the critical
value at which L.T.E, ceases to hold, Ns, should lead to an
overestimation of N(Z+1,P)/N(Z+1,g) on using the L.T.E.

relaticns,

However, #(z,p) can be related accurately to N(z+1,g)
since L.T.E. .s much easier to satisfy for AII, Therefore,
for the conditions Ng ¢NE, H(z+1,p)/Ni{z,p) and hence
I'/I should be overestimated. Consequently Te should be

underestimated.,

¢ . . s . .
Therefore for Ng € N, a model is required which, if anything,
will leatd *o an underestimate of N(z+1,p)/N(z+1,9), Then
Te can Le estimated from the extreme values from this model

and Lo To Eo .

If the population processes for this model are assumed to
cccur via intermecdiate states i then, in the steady state and

assuming optical thinngss:-
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ne & nlz+1,i) X (1,p) = nlz+1,0) £ [A(p,i)engX(P,1)]

L X X 4 7.6
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 :-
ngniz+1,g9) X (g,i) = n{z+i,i) A (i,g) ees Te7

Then, from 7.6 and 7.7 :-

a(z+1,0)/n(z+1,0) = ng & X (g,1)X(i,p)/A(i,g)

2 [Alp,i)eme X (p,i)]

ese 78
Use of 7.7 should result in an underestimate of the ratio
in 7.8 since self absorption and radiative and collisional

population of state i has been neglected.,

Inspection of the AIII torm scheme shows that in 7.6 the

most important i are below p.

For these i £ comparison can be made of the terms A(p,.i)

and ne X (p,il.

The de-excitation coefficient X(p,i) can be related to the

.

excitation coefficient X(i,p) by [ref.54]
X(p,i)/%(i,p) = g(p)/gli) g ¥(ik)/kle 5
The excitation coefficient is [ref.57] :-
X(i,p) =[8.5 x 1075 £(i,p)/1cPu (s ,p)] & ~H L 12)/KT
(Where W is in e.V, Tg in °K) een 7410
The Gaunt factor g can be taken = 0,2 from Allen [ref.5].

£(i,p) can be related to A(p,i) by [ref,5] :-
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£(i,p)/A(p,i) =(g(p)/g(i)) >\?I)/G.? x 101 ses 7o11
(where N is in )

Thus from 7,9, 7.10 and 7,11 :=-
neX{p,i)/A(p,i) = 2,54 x 10720 APp nefu(i,p)Td) < R
vos 7212
For Xip = 3344,7R, AIII this ratio is :-
R = 4t x 10716 n

Generally, for the strongest transitions p 9 i, R > 1
at Ny 2 10%6cn™3 (as in the conditions studied). Thus 7.8 can

be simplified to (=

n(z+1,p)/n(z+1,9) = ng ;é X(g,i)x(i,p)/A(i,g)

%X (p,i) coe 7013
Using relations above this can be reduced to :-
n(z+1,p)/n(z+1,9) = 2.6 x 10720 g(p) H(py0)/kTe
2 2 a(g) To*
) ;.sz,i,\ip \ig/¥(p,1 )W ,g)
T Alpad) X (i) e 7ok

Examination of the sums in 7,14 using values of A{p,i)
calculatsad on the coulomb approximation [ref.31] shows that
the dominant term is that where i is the lower state of
'\3344.72. The expression is then essentially independent of

transition probabilities and reduces to :-

- 1
n(z+1,p)/n(z+1,g) = 242 X 10-16ne B-W(p,g)/kTe /Tea ees 7815

Seaton [ref,57] considers his relation for the cross section
(equation 7,10} to be good to a factor ™ 2x so the above

relation should involve a2 gimilar uncertainty,
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It is now necessary to relate n(z,p) with n(z+1,g). 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 W
when 3=

W] = 3 x 10728 w,(kTe) N2
Substituting Wy = W(z+1,9) - W(z,p) (e.V.) and kTq = 3 e.V.,
the limit should extend down through level (z,p) for Ng 3 1013

em™3 -~ a mondition satisfied in all cases which wers: studied,

Thus the appropriate Saha equation can be used [rer,50] :=

NeN(Z"’j.,g)/N(z,p) = zgz.‘.i’g/gn,p (kae/z 52)3/2

& = (Wz-Wp ) /KTg o 7416

Combining 7.15 and 7,16 and inserting the relevant Ay, and Y

values@fequation 10,1) we get

1 Al =
/1 = 4T, € 1 U - A =Wy ) /KT, cen 747
Where W'y, = ¥(z+1,p)
Wm = W(z,p)

Relation 7,17 holds best for low Ng. Therefore a smooth
transition will be assumed between I'/I for Ng = 2.2 x 21016c:m'3
(the lowest N measured) given by equation 7.17 and I'/I for

Ne = Lok X 1017 en™3 corresponding to L,T,E, (see Fig.7.3)
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The temperature at each Ng will be talrzen as that corres-
ponding to matching the observed I'/1 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 Tg and the L,T.E, value, Results obtained ares-

Condition .Te (L.TeE.)°K | Te (L.T.E.='CORONAL')’K

1 24,000 ! 27,000 + 3,000

2 28,900 | 31,500 + 2,500 *

3 30,900 32,500 + 1,500 *

N < 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 (~/10%), in the continuum corrections
(~10%) and in the calculated transition probabilities
(probably not greater than 20%) - in all leading to uncertainties
in T¢ of only~3% , 1In addition errors arose due to inhomo-
geneity of the plasma column, Fncertainties in the axial
value of T, were therefore *w 5% (see Chapter 8). Thererore
further errors A/ 6% must be added to the systematic errors

from theoreiical uncertainties given in the above table,

7,6  Plasma polarisation shift

One irndirect result obtained from the above work was that
the measured shift of >\3350.92 provided further evidence

against the existence of a plasma polarisation shift as

(* Note that these values agrac well with thesce given at the

end of Section 4,10)
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predicted by Berg et al [ref,13] :-

Experimental Calculated electron Calculated polar~
shift 4 (%) impact shift dI 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 condlusions were reached from earlier results by

Day and Griem [ref,71] and Burgess and Cooper [ref,44].

A revised model of the polarisation shift given by Griem

[ref.72] would give for'»k3350.93 s-
dp = =-0,04%

This could easily he accdunted fon 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 woula then alzo include broadening

effects,
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CHAPTER 8

FURTHER MEASURSEMENTS OF AII LINE 3ROADENING
PARAMETERS

8.1 Width measurements

Line profiles of several AI{ lines were recorded at peak
compression of the unstabilised plamma using the S5,F,P,
The initial conditions employed were 1.5 kV bank voltzge and
0.20 torr filling pressure of argon since this discharge was
examined in detail in the measurement of Ng (Chapter 6) and

T, (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 im the number of

fringe shifts to peak compressior was detected for any shot.

The measured line widths are tabulated below, 4lso
included is the AIIL line used in the measurement of Te

(Chapter 7) 3=

Ne = (43 +0.4) x 1017cm™
Te = 31,500 : 1,000°K
X(R) Transition W
L]

1806 bsPpy — 1%, 0,89 + 0,13
5062 45’*?_;_ — zkp"P°1% 0,97 % 0,10
1880 48P, ~— 42D° 1,08 + 0,15

13 2 -
4266 z,,,s’*P g z,.,p’*D 0,74 + 0,10

23 2 -

2.0 2

3351 WF Ly = ATy 1,30 & 0,09
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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

Neg and Te in fig,8e41 2= Telr)
Ne (r) . A
o
//,, /" TN~
/
/ !
/'/
i o e
o xv ° 0 xt 7
Fig, 8,1

The normalised Stark profile emitted by a plasma element

at radius x! is, assuming optical thinness :~
L (N, x") = (/1w (a/( Oeayi)?)
Whese = QTelx")INg(x?)
A/ = 4/ [Te(x') only]
= FlTe(x')]

ice. LON,x") = (1/M0[Te(x*}INa(x"))

- A 8 2
1+ [T (X1 )INg(XT) ™ F[To (x7)])
ees 8ol

The total intensity emitted by the element (x?!, dx') is

I(:{‘) - k Nl (x')e “Wﬂ/kTe(x’) ‘o 8.2

where K is a constant,.
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Therefore the distribution of intensity from this element
is given by :-
I M,x") = I(z') L{Ax') cee 803

Nx(x') can be related to Neg{x') and Te{x') through the

equations cf charge neutrality and Saha :=

NI(X') + 2N2(X’) = Ne(X') ose 8‘4

and No{x'INelx*)/W (x') = G[Te(x*'), Ne(x')] sve Bo5

Thus from ecuations 8,1 to 8,5 we can obtain I{ )\ ,x') as
a function of the variables Telx'), Nelx'),Q1[Te(x')] and
FLTo(x%)].

The observed distribution of intensity is obtained fromi=
. =2 0
Tonst N = 2 I x"),
assuming.acceptanca over a small snlid angle,

The calculations of Iops( \) was programmed for an Elliot
803a computor., Input consisted of the values of Ng and Te

for 25 values of the radial distance x',

The ou“put consisted of both the observed profile, Igps (k),
and the profile corresponding to x'=0, IceNTRE(M\). These were
norimalised to the same peak intensity. A brief description

of the computor programme is given in appendix T1,

The radial distribution of Ng was already known (Chapter 6),
Yhe radial distribution of T¢ was inferred froa the known

continuun distribution (Chapter 4) and the relation,
1 wl
L 2(r) aNy(r) T (r),

(Te{r=0) was nornalised to the value found in Chapter 7.}

These distributions are shown in Fig.8,2,



1 1 1

177.

r (mm)

O 2 4 6 8

(@)

2

4

16

Fig. 8-2 Radial distribution of square root of continuum, Ne and Te,{arbitrary scale.)

IOr

unshifted
profile
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Since the error in To(r) was o 4x that in Ny (i.e. »v 1O%)
calculation of Ions{)\) was also done for three distribution of

Te(r) approaching Te(r) obtained from I (r). (See fig.8.2,)

The profiles Iops(\) and IcenTRE()) for )\4BG6R 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 Iops(X\) and Icpyppe()\) cofncide to well out in the
line wings, Thus the use of Ng(r=0) and Tg(r=0) to

charscterise the observed profile is well justified,

It should be noted that Déppler broadening is completely
negligible for Ng > 1.5 x 1037 (from Section 3.3a and Chapter 4).
Thus the line shape can be assumed to be dispersive (8,1).

Also the AII line intensity is emall for r >0,06 cms so the
value of T, estimated in Chapter 7 was fairly representative

of the axial Tgq,

8.3 Measured values of §} (T.)

Values of {](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 {1{To). Also included are the relative
width measurements described in Chapter 3. Values of {] for
these lines were obtained by normalising W to that of-XBOGEg
and using the measured f} for this line from Section 8,1.

Te was assuuwed to be the same for the two discharges, Systematic

errors in {2 froa this procedure anounted torvi0O%,
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TABLE 8,1
}
M;izi- Line Lowe:razfi#;;;er Experimental | Griem
|
1 4&60.6 BdI&Dz% o—— ZQI*PZ% 14,0 ot Sely ] 4ol
2 4013.9 sakp_, — 400 15.8 # 2.7 b3
3z 33
14806,1 l*sl*PZ% — lgp[in% 20,2 + 3.6 8,2
] 4933.2 bty — w'Yy | 214537 | 8.6
4847.8 z,,s"Pﬁ — @"Pz 18.8 + 3.3 8.3
5062,0 z,s’*r'% — ] | 2023 | 9.1
4348.1 @‘*Pz% — ol | L5220 | 47
. . . ,
4266,5 1;3“'92% — l*p"*D;%‘ 16,6 + 2.8 L5
10 3850,6 bs'Pyy — sy | 26,0 £ k5 | L3
2 2.0
2.0 2 p
109 3350.9 40 Foy — LAFy 29.6 + 3.6 /

These results will be discusse?d

in the following Chapter,
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CHAFTER 9

DISCUSSION OF YWORK ON IriFACT BROADZENING

9.1 Discussion of 411 Results

The improved agrecment between theory and the experimental
results of Chaptor 8§ (Table 8,1}, on including more levels in the
calculations and adding the lower state width directly, is

indicated in Table 0.1 =

TABLE 9,1
Average i 5 levels {) u_ flu + O L
values of:- §1 B ¢ lE
T
otal of 0e35 % 0,07 | 0,61 + 0,12 | 0.95 2 5,20
11 lines

These calculations were performed using matrix elements
1, (21, -1)(?2 to couple each perturbing level, Due to the
breakdown of many approximation made in the theory no further
calculatior. of'f!using the correct coupling strengths, £ .,
were nade for most of the AII lines studied, Calculations for
three AII lines using both coupling prescriptions indicated that
the general conclusions that can be rcached are identical but t.e
absolute magnitude of {{lu +fiLY f1E, 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 %} for most AII lines. In addition

lowver state broadening must be account for, i,e, Assumptions A3J
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and A4 [Section 5,7)] are generally invalid, To investigate the
remaining source of error in the calculated values of (} it is
instructive to study the validity of other assumptions {(given

in Section 5,7) for all the AII lines which were measured.

That the *no back reaction' and 'small strong collision

term! assumptions are also invalid can be seen in Table 9,2 i~

TABLE 9,2
Multiplet Line (BB 'WkTg * Strong collision
Te = 20,0009K term (%)
1 £460,6 0.51 48
2 54013,9 0e67 60
4506,1 0.51 ¥
6 4933.2 0,453 L3
484748 0458 46
5062,0 0,53 48
434841 0,67 60
7 4266,5 0470 60
10 3850,6 0,92 62
14 4879.9 =054 L1
109 3350,9 «0¢21 36

(* a' refers to the nearest perturbing level to the upper

state o)

The larger 'Ea - Ea"/kTe the worse the no back reaction

assumption becoimes, That the strong collision term is also
When

]Ea-Ea't ig large compared with kTe only fast electrons on the

larger when this quantity is large is not surprising.

tail of the Maxwellian distribution can cause inelastic
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collisions, Consequently most of the broadening is caused by
strong {(elastic) collisions with /4’</omin' It follows that

the use of straight line classical paths becomes more unjustified
in this case. To summarise, assumptions ai, A2, A7 and AD

all break down for the AII lines studied, the validity being
worse the larger is lBa~Ex'{/kTsa.

The importance of the size of Ex-Ex' 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 £} and {11 should give a good estimate of the total
width since inelastic collisions would be dominant, The
estimate would be particularly good if transitions between Ex and
Ep {and vice versa) were unimportant, e.g. if the line were
‘forbidden',

Neither situation is true in our cases, However some
conglusions about the impoitance of lower state interactiosn can
be reached even if{Ex~-Ex'{is large, Thus for a 'normal' emitter
we expect the density of states to be larger above a given level
0o This density would be higher the more weakly bound is the .
state ae  Therefore if ExvEx' is negative we expect Ep-Egr to
be negative and 1EB - Egvl<f }Ea - Extf, In this case lower
state broadening would be small compared with the upper state,

especially for a tightly bound lower state.

This arguwaent does not hold if Ex' is below Ex as is often
the situation for AII lines, If the most important perturbing
level to Ea is Eg then for &3 the nearast perturbing level is
at least as near as Ea. In this case upper and lower state

broadaning would be coaparable,

Thus the sign of (Ex-Ex'!}/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

agsumptions Ai, A2, A7 and AS on one hand and AL on the other,

To test this hypothesis the results of Stark broadening .

measurements on other singly ionised emitters will be considered,

9.2 Qther singly ionis=d emitters

Two other scts of results on AIl are available, riazing
[ref.98] studied manmy AII lines before the Gries theory was
developed, Ne was not measured but the results are internally
consistent with ours for Ne = (1,3 + 0.2) x i017en~3,  Oertel
et al [ref.99] studied three AII lines. His value of {] for the
line studied in common f )g80623 is in good quantitative agree-
ment with that presented in this thesis, This is of interest
because of the different experimental techniques used, Certel
et al used a T-tube source filled wich argon secded heliua, Ne
was meagsured from the width of a Hel line whose broadening paraameter
had already been checked [fig.l.i]. Te was determined using

the relative line to continuu» intensity technique,

The first quantitative results on a singly ionised emitter
were obtained by Dgy and Griem fref,71] who found good agreenment

between theory and experiment for NII,

Recently more results on singly ionised emitters have become
available, i.e. on Call, studied by J,R.Roberts [ref,200] anc
YTamaitoto [ref.lOiJ, CII by J,R.Roberts [ref,100] and Sii 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 (Ex~Ea')/kTe (where T, 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 (Ex-Ex')/kT, becomes larger,
Some rather large discrepancies from this irend need considering,
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 MNII line for which Ea~Eq' 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

sbove Eyx Thus consideration of one Ex' is unjustified,

Thirdly the NII lines for which (Ex~-Ea')/kT, is large and
negative are in unexpectedly good agreement with theory.
Calculation of f{} 1 for these lines shows that{JL/Q, is in
fact much lower than obtained with the AII 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 Girriem®s theory will now be comnsidered, In particular it is
worthwhile noting why good agrecment with theory was obtained

before AI1I was studied,

9.3 General applicability of Stark broadening theory

For clarity several simplifying assumptions will be uade,
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 broadeniag will always be negligible, Sgcondiy
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To will be assumed to be such that the line considered is
rcasonably strong and Mg 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 =11 collisions will
be inelastic. If Ng is sufficiently high )pn can approach

P min and all collisions will be strong,

Four main regions of (Ea-Ex')/kTe can be distinguished :=

wl
(1) |Eq = Eo'f < hkT,) 2
kTe ] ~ IQD
.0, Ha, He+’ Li™ sssy sonte Cs lines,

Here inelastic collisions are dominant and the neglect of
the back reaction is well justified, Also the strong collisicn
term is small and straight line classicel 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}ﬁ can readily cause inelastic collisions so a
shielding cut off nyp‘u must be inserted in the calculations.
Also large ion broadening and the overlapping of lines must be
considered, Nevertheless, as expacted, the agreement between
theory and experiment is generally very good for the line coreg,
(2) )
1 (xTe) “lB = Bt < Go2

—.j’D kT

@sg. Some CII and NII lines, Hel, some AI, oI and NI lines,

In this region the lines are isolated, ion broadening is

fairly small and there is no need to consider Debye shielding.
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Most approximations are still quite good, The majority
of the heavy element lines studied before AII fall in this

region so the good agrecment with theory is not surprising.

(‘ sz. hnd &‘.. 0.2
3) Bo- Bl >
kTg

e.g. most strong AII, AIII, SII lines,

The agreement with theory becomes progressively worse as this
quantity becomes larger. Strictly Sx-Eg must also be compared
with Ea~Eq', For large Ex-Eg lower state interaction is negligible

though other approximations still hold badly,

(4) Eo = Ea' 3> -0,2
.Y
kTe

eeg. Seyural NII lines.

For visible lines there should be slightly better agreement
with theory than in case (3) due to smaller lower state

interaction,

9¢4 Further theoretical work

While most of the theoretical difficulties arise from large
perturber leval 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 *he
measured singly ionised lines {fig.9.1) accounting for lower
state interaction and hyperbolic perturber trajecturies, Muczh
better agreement with experiment was apparently obtained, the

average ratios of flc/¥lg being 141 campared with 6,5 for the
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previous calculations,

Griem also found the ratio fl o/f1g uniformly high for NII
and CII, The inconsistency of the NII results was also
apparent from fig,%.,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 follovs,
It is initially assuned that complete degeneracy exists between
Ex? and Ea and Eg' and Eg, This allows the 2nd order (‘weak
inelastic') term in the perturbation expansion of the Se1 matrix
to be evaluated exactly for hyperbolic perturber orbits, (in
the same way as the Hell calculations of ref,108 were performed,)
Divergence of the/O integral occurs for largejﬂ (c.f. section 9.3
(1)] so Griem reinstates +he non 3ingeneracy and cuts off the
integral at

o = ¥ (v)?
max S Y F
lo - w i
o o

The (V'/V)2 term accounted for acceleration of an electron,
with velocity V and impact parameter/g y to V! at the apex of
the hyperbola,

For closc collisions, where higher orders of the S-1 series
are appreciable, Griem dofined a-/lmin by the breakdown of

perturbation theory and obiained a strong collision width, as

before,
S L 5 2 4
W= ‘/;TNVf( ) P

Throughout the calculations a mearn velocitly, V, was used.
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For more than a few nearest perturbing levels terms in the
expressicon for the weak inelastic width were found to go negative
and therefore rejected, Consequently most of the width was Tounrl

to lie in the strong ccllision term,

In discussing these calculations we will first consider the

weak inelastic width,

The assumption of degeBsracy secms a rather dubious
approximation since, as shown above, most of the theoretical
difficulties arise from exactly the opposite situation being
true. . We will investigate this assumption initially using
straight line paths for the perturbers, The modifications incurred

for hyperbolic orbits will be considered later,

As ir the calculations described in Chapter 5 we can define

a minimum cut off by i=-

mi.
Lo =2 0y
min [v{s 3]

y
oo ®

Similarly a maximum cut off can be defined by

/? =49y
max 8008

LA

This is the Griem cut off for Z&Z?x = 3

Physically Z,y¢ 2 1 corresponds to mainly elastic collisons

so this cut off is reasonable,

i.e =V . .
e f?max =~ is equivalent to mV2 kT,
Jmax ¢ T2
“aat h hu
&
oo !
or saying eicctrons with energy Nf?&W&a: cannot cause inelastic

collisions unless their angular wnomentum :5*&.
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In the calculation of the electron impact broadening of
hydrogen lines [ref.1093, where degencracy does exist, the weak

inelastic contribution is of the form :=-

W ~ R 1ln /eipax

« min
1

min
oo ?

where R is a matrix element,

i.e. n‘a’v R 1n in our case,
This expression can be alternatively derived directly fron

the calculations in Chapter 54
ie. e ; Z.m:i.n
o€ "o iqa' al oot )

for weak inelastic collisions,

. . min
For complete degeneracy o™ U so Z&a, ~ O,

In this case the small @ limit for[a (Zoa ¥ )]can be used, i.e.
al{z) = 1n.% [ref.10], This limit is equivalent to all
perturbers causing inelastic collisions and is reached if V is

large even when Ey and Eyt are not degenerate,

The 'hydrogenic! approximation will now be compared with
the previous calculations (Chapter 5) for A\4B8G6R., With one
perturbing level in the calculations the 'hydrogenic! case
gives Wy only ~~ 1L lower than before, The rcason for this can

be seen by comparing the values of a(Z) :-

z al2) = 10 £ | a(@) [ref.sd | alz)/a'i(z)
0.8 0,22 Ou 48 2.15 f
N9 Gabl 0,71 1439
Ouly Ce92 1,08 1,20
0.2 14672 1,81 1012
0,1 2.45 2452 1.04
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In the previous calculations most of the broadening occurred
for ﬂé? € 0,5 which corresponded to (I/Z)mvzz 1Te. In this
region a{Z) and 1n{i/2Ydo not difier appreciably, However if

the next nearest perturbing level is inserted in the calculations,

min oo in . in
z ", = 7o Z:a, [Avpendix I] = 2,78 Zza.

and 1ln 1 is negative for 2,78 Zme >
in oo ?
aa"
min
If more distant levels are included 1ln 1/2.10(" is only positive
for very small ZPL¥ (corresponding to large ¥). The contributions

of different perturbing levels to ".‘Ia can be seen in fig.%.2 s~

1 21,
»2-mv =X

i
{

=

- W -

lmen? S IO Lmm ST ;o 0 i
aciastic contricution o W, -0, for cifferent WU [ Hydrogenic case.
i .
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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 inclastic collisions to distant Ea'. Instead of slower
electrons becoming gradually less effective at causing inelastic
collisions, as in the previous calculations, there is a sharp

cut=off for z&a" Z . etcy = 1 corresponding toJF

oo max "/)m:i.n'

The choice of a cut off for elastic collisions is rather
arbitary so what appears to be a drastic approximation (i,e.
™ : s " R - 1
E, Ea') is not completely unphysical, (For example two/Pmin
cut-offs were employed in Chapter 5 though the 'tranaition®

from fast to slow electrons was smooth in each case.)

The contribution of each perturbing level to W& is normally
taken as proportiornal to the area under each curve of the form

given in £ig.9.2 (c® Chapter 5),

We can therefore see why the 'weak inelastic® terms in
Griem's calculations become negative for distant Eyse  However
his explanation, that this occurs because the degeneracy
assumption is only valid marginally, is misleading since

‘Ea-Ea'}-/kTé is ~ 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, Zyqt, Zy,u etc <1,
correspond to weak ineclastic collisions and should be retained.
Secondly the ncgative parts of these terms should be rejected
but nevertheless sone account taken of large Zyyt. In fact
Griem has compietely neglected all clastic contributions tec 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 increasingﬂmax to(V/Wdaﬂ(V'/V)z
This can presumably be exgzlained as follows, For a given /9
and V inclusion of a hyperbolic path increases V to V! at the
apex of the hyperbola and, for constant angular momentum,/o is
reduced to jJV/V'. Both effects make the perturber more
capable of causing an inelastic collision and the cut off is now
given by -

JA4 VY = (V/a-.;as}(v'/v)

The/ﬁnin cut~off is reduced since partial cancellation of the
elestytc 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 ratioljpmax/)D min 1S therefore incrersed, The effect
of this for the nearest Iy¢ for 3,48063 is to increase the
broadening ~ 15% over the straight line path case, For further
Ey» the terms become negative at larger Zyyw (i.e. smaller
velocities) 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 calculations,

ice. W = TIN Vﬁmiﬁ (appendix I)

(omitting integration over the Haxwell velocity distribution)

X s . b
wheref = (2/5)° (h/av)| 2 R [a@IMe 1n(Z2im)?

For ¥ .~ 0, 2 . ~0 and A(Z2 )~ 1
oo oot ot
38(z _,)~o0

o
s W --=(2TT/3v)(’f1/m)2 N :%Ra



194.

The lower state strong collision width can be added directly

since the expression is for inelastic collisions only,

. 2

S W =(2T /3w B /) n{az Roo* BE' Rﬂ'}

This expression can be compared with that given by Griem
W= 2m/sv (h/m)? N {[ ] -(3/z><e2/'av)2}

£ ] is equivalent to the sum of matrix elements,
2 2
so the expressions are identical apart from the -B/EXe /ﬁv)
term which arises-because}omin, as seen above, is smaller for

hyperbolig orbits,

The strong conllision term therefore takes no account of

elastic collisions (large Z&a')’

Finally it is worth considering the acc.uracy obtaired by
using a mean velocity, V = (Bkib/frm)z, in the width cal.ulations
BEmploying this for the one level !degenerate' case for XQ306X
gives a 307} lower width than when integration over & Maxwellian
distribution is perforied, Including distant levels would
initially tend to decrease this discrepancy since progressively
higher velccities are causing the main contribution to the
elastic width. This will not, however, occur in Griea's
calculations where distant levels have been rejected, In
general we expect the use of ¥ 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, Griem obtained
good agreement with experiment, it is worth considering the main
source of his calculated width (i.e, the strong collision term!

further,
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Now on the previous calculations, if we simplify by

considering only one perturbing level,
. N X
. R a(min e g AN 4T
Pain ® Bl (A0 + in(zn D1

acEl

to within 2% for ZE:? < 0.5, or over the range for which most

broadening occurs, i,e, even though the relative contributions
of elastic and inelastic collisions to this term is a function
of velocity {or %aa') 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 Griem's,

(or perhaps slightly higher since f’ min 23 not lowered by
hyperbolic paih considerations.) This is not in fact the case,
though previous calculations using incorrect matrix elements did
(see Chapter 5 and ref,i10). It is therefore instructive to
conmpare the matrix elements (<:%R 4.32 } with those

given by Gr'em,

Consider a transition from oy, 1 to f, 1l-1, All the relevant

matrix elements are given by:~

i‘\)

Rlx,1 - a’,3+1) = (1+1)(21+3)9;

Rlx,1 - at,le1) = 1(21-1}0‘2‘

R(B,1=14 B?,1) = 1(4+1,0"'

R(B,1=1 - B¥,32) = (1--1)(21--:',)*'3*3g

. 2 2 o2 \ D
{511 "',r‘?‘-’ B} = (1+1)(21+3) 0‘1 + 4l Qé + (1=1)(21-3} 6;
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-~ assuming array splitting is small, an approximation which is

in fact never valid for the lines we consider,

Griem's expression can be reduced toi=

2 =2 =
L4l o Cop * ? g2 o*a. B 4 crﬁ. ]

This expression is incorrect as the suag here are over
different levels, An expression of the form 126~2 should

correspond to coupling between an array and a level,

Thus matrix elements of the form 1,(21,-1)GT3 appear to
have been incorrectly used to couple levels {(cf, Chajter 5},
The extent of the overestimation obtained can be seen by comparing
fhe strong collision width using Griem's expression with that
involving oscillator strengths; which are the correct coupling
strengths between levels, For )\48063, using 3 perturbing

levels a' and 3B' (as used in ref,1(0),

Eﬂz(strong) =,021 &

whereas Griem's expression gives %1(strong)= 080 1,
(For Ny = 10¥7em™3, T, = 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 o or B, Inclusion of all perturbing
levels in the strong collision term would increase u by a

factor »n Lx,

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 H&
(strong) in the case of,AgﬁOGg. The proportion of elastic
contributions to the strong collision width found in Chapter 5

can be obtained by using,

Pain = @/37hsan] Zr pil?

.3 : . _'1_
rather than . = (2/3)h /w2, (A2 o sa(Piny)®

Thus we find ~57% of W& is due to elastic collisgions,
Inclusion of hyperbolic paths reduces the magnitude of Nﬁ
(strorg) but also increases the number of inelastic collisions.

In this case ~13% of H& is due *o elastic collisions,.

Congsequently elastic collisions should be considered in the
streng collision term, even when hyperbolic paths are used.
This is emrhasized 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 obitained.

The programse described in Appendix I could readily be
used as a basis for calculations-accounting for lower state
interaction and hyperbolic paths. To include inelastic
collisiong involving the lower sitate energy differences =
(Eﬁ‘zﬁc), together with the relevant coupling strengths, wculd
have to be included with the upper state terms, This would
ine the exact inelastic¢ width for straight line orbits and

/oxnin would be determined in a coherent manner, The negative
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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(ZZiR) (Appendix I) would have
to be modified. Unfortunately this calculation should strictly

ke done quantwu mechanically,

The use of straight line paths for the weak inelastic collisions
is probably not too bad sincc the orbits are not strongly
curved for,/9>'/°min° In any case this should give a better
estimate than Griea'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 weal inelastic
term will not reflect strongly in total width, However it would
probably be necessary to have a (velocity dependent)} reduction

Of}oxnin 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
2 .

collision cross section for threshold effects, {3 nv Tyt

vhich are cbviously of importance for the lines discussed here,
Finally it should be noted that other techniques are awail=

able for deriving the shift and width of an impact broadened

line, In particular the Density Matrix formalism developed.

by Davis [ref,i02] enables the expression for the shape of

an isolated line to be obtained, This technique is considerably

icss laborious, mathematically, than the treatment using the

autocorrelation function which was described in Chapter 5,

horeover it does agpear to provide a basis for investigating the

effect of neglecting the 'back reactiont, However it is not
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at present apparent that any simvlification in the actual
calculation of widths and shifts would be obtained by using this,

or other, tochmiques,

9.5 Further exnerimental work

The considerable difficulties in calculating Stark widths
of isolated ion lines means a systematic experimental study of
the validity of various approximations wade in the theory would
be of great value, The following experiments would certainly

be of interest:-

(1) It is difficult to understand why seciwe NII line widths agreed
well with theory (see fig.9.1) and a check of these seeus to be
desirable, VWhile the NII results are not wholly indicative of
a systematic experimental error a check of the width of {lel

)\38892 used as an g diagnostic would be useful, in particular
coiparing llg obtained from this line width, a lasor technique and

absolute continuwi intensities at different densities.

(2) Measurement of 1 for the AI red lines should provide
information on the %no back reaction' assumption since here
Ex=Ea' is large (and -ve) and there are no difficulties with

hyperbolic orbits,

{3) To study the effect of lower siate interaction lines with
the same upper state and increasingly lower energy or Yforbidden?
lower states could be observed, There are some neutral lines
for which lover state broadening should be appreciable and
therefore agreement with theory is surprising {e.g. AI blue

lines).

(4) The importance of clastic collisions for ionised emitters

could be deduced from AIII line widths. Here the perturbiag
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levels are rather distant and we sxpect inelastic collisions

to be relatively unimportant,

(5) It would be of interest to compare the experimental and
theoretical variations of {} with Te and Ng. On Griem’s latest
calculations [ref,100] one would expect {¥ to decrease with Te
for ionised lines, This would not be the case if elastic
~ollisions were important, The differences would be especially
apparent at low Te. The variation of{) with Mo should show
up any divergencies fromnm a Lorentzian shape or overestimation
of width due to the importance of strong collisions, fiigh
density studies {which are ideally suited to a Z=pinch:, as seen
in appendix IIIj where‘f’nﬂjfgin would enable the sirong

collision regime to be observed,

(6) Finally, it should be apparent from the previous chapters
that all shift calculation:z are 1li%ely to be very inaccurate,
Therefore any shift measurements, particularly as a function of

Te, would be of interest,
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CHAPTER 10

MEASUREMENT OF N, AND To IN AN R-F_ INDUCED PLASMA

10,1 Interoduction

In this Chapter some preliminary diagnostics of an:

zlectrodeless R-F induced plasma in argon are described,

The purpose of this work was to obtain values of Ng end
Te pertaining to the plasma to determine whether the source
was suitable for making more accurate Ty 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 oms by a five turn water cooled coil powered by a
‘Raydyne' oscillator working at 4.5 Mc/s and § K. W 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,C.) 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 AII (e.g. k48063) but
Al 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,0, to

a negligible value.
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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 T, & measurement of the intensity
of the AI line %{42593 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
X42592 are not too serious a source of error, This was
important as this work was preliminary to a more accurate-
measurement of Al oscillator strengths (P.D,Johnson, Ph.D,
thesis - to be published), In addition the complication of
making relative intensity calibrations ~ as is necessory in

the Boltzmann plet method for obtaining Te-was avoided.

The theoretical line to continuum intensity ratio can be

derived as a function of Tg as follows :-

The line intensity, men  neglecting stimulated emission

is =
-1 -1 . -1
Inn = wmAnn bV, /4T energy time “vol “solid angle ~

Usihg Boltzmann's equations, Sahals equation (i.e. initially
assuning L. T,.E, )and the relation for quasi neutrality (n1 =
ng since ny must be negligible as AII lines were not seen in
emission) then :-

2 -3, +{Wo=AlWo =W,
Ign = [gmAmnh\‘mnhs/Bﬂ Ug(an mek)s/ 1 nez’l‘e 32 2] (Wo=Ato=¥y) /kTe
oee 10‘1

To evaluate the bracket above Uj was taken from ref,L2,

(U1 is a comparitively slowly varying function of Tg,)

The value used for Ay, was the mean of Olsens value

(0.25 x 107sec™ + 9%) [ref,58] and Drawins' value (0,40 x 10’
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sec™? + 15%) [ref.59], i.e. Ay, = 0.32 x 107sec™l ,

This value lies outside the quoted error limits of both
authors but agrees well with the latest measurement (0.31 x 107

sec™? + 5%) by Coates and Gaydon [ref,.68]

Substituting the values for Apn, Uj; etc, into 10,1 we
have :-
- - +(Wa= -
Ipn = 3.86 x 10 3°nez're 3/2 e (Wo-B¥o=n ) /KTe
. -3 -1
Watts, cm.” sterad ees 10,2
(T, in °k)
The error in the constant is probably 5-10%, mainly from
Ann®
The total continuum -emission coefficient (free~free + free-

bound) on the Unsold theory [ref.3] is given by :-

-4

€y = 5.4t x 107%%2%n,1,

Watts‘cmf} steradfisec, vee 10,3

We can again use ny = ng and take Z = 1,
Also if we evaluate the continuum emission over a 12

bandwidth near A = 42598 we have a frequency interval,

AV = e/ 3% a) , AN =18
1
o'o éyAv = 8'9 X 10-35 nez’l‘e 2

Vatts. cn=3 sterad™1 eee 10,4

Olsen [ref.60] has measured the absolute continuua
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 N, and Ty appeared to hold well, In addition
the theoretical frequency dependance held well in the visible

.

spectrun, 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 fregquency independent continuum up
to

N, T L6 x 10Mhsec™1

This corresponds to the interval between the ionisation
limit of neutral argon and the 3dg term between which the
levels aire reasonably well !smeared', Beyond this the levels
become effectively discrete and 10,4 must be multiplied by a
factor,[ref,60],

e-—h[\)-(\)c-A\}o)] / kTe ees 10,5

(Taking into account the fact that\; is lowered by the

depression of the ionisation limit by AV o, where hAV o = AW6.)

Therefere from 10,4 and 10,5

-.J'- - - -
€,Av =8.9 x 10735 n,22.7% p h(N-Vo)/KTe _ Z‘LJo/kTe

Watts., cm-:3 sterad-.'1 ese 10.6

Since reference 60 was published Olsen has re-estimated
the absolute continuum intensity to be &~ 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 :-

- A .
€,09 = 2,05x 10 3h n 217 p h(N-Ye)/kTe _

& ~Ailo/kTg
Watts.cm?3sterad?l eee 10,7

Thus we expect the 13 bandwidih continuum to )\42593

Al line intensity ratio, from 10,2 and 10,7 :~



206,

R = éVA\) /Imn = 0,53 x 10-1* Te B -(Wo'wn"wc)/kTe XY 10.8

where hy = Wp-Wn; hv, = W
This ratio, together with the probable error limits, is

plotted in Fig.10,2,

Equation 10.8 is independent of AW, (apart from the
dependence of U; on this quantity). This result, arrived at
by cancelling the terms !7Awb/kT° in 10,2 in equations, and
10.7, is not strictly correct in the case of argon, AW,
for the continuum expression should be taken down to the Inglis
Teller limit [ref.3] which is larger than the usual Debye
expression for A¥, calculated from coulomb interactions in ghe
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

“ 10,000°K,

The experimental determination of R was performed with the
optical set-up of Fig.2,9 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 Tekironix type
555 C.R,0,

The slit widths of the moncchromator were measured with
a travelling microscope and together with the dispersion
measured from the instrunent calibration corresponded to an

acceptance bandwidth of AX = 1,18 + 10%,

The entrance slit height was reduced to 2mm resulting in

negligible curvature of the image ,

With this system it was fcund that 300 ¢/s ripple of

amplitude vA2C% of the mean sipwcl 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 )\42623) 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 Stapl hroadeped 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 I (Te) for heavy element emitters. Fortunately,
in the case of AI lines, these parameters had been checked by
Griem [ref.15] using the experimental results of Gericke
[ref.14]. In this comparison of experimental and theoretical
values of {}(Te) Griem had to revise the plasma conditions

quoted by Gericke on the basis of a more recent (calculated)
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value of a line transition probability, The absolute intensity

of this line ( )\43482, AI1) was used to obtain the plasma

conditions,

]

Gericke used App = 6,77 x 10?se4.:"1

12.8 x ‘107sec-.1

Griem used  Ayp

A more recent lifwtime measurement [ref,62] has yielded,

7

Apn = 10,1 x 10 sec—l

The error in this quantity being only “*2%.

If we therefore re-estimate Gericke's plasmas conditions

using this value we obtain:-

A=12.8 x 10’sec™t |4 = 10,1 x 10°sec™?

Te 11,400°K 11,520°K

ne 4o x 100em™> 5,05 x 10103

The Debye theory for depression of ionisation potential

and pressure correction [ref.51] was used in this re~estimation,

On this basis the measured widths and calculated widths

(using ng = 5,05 x 1016cm"3) become (c.f, ref,15) :-
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Al )JR) meiz;red calci?gted
L3L5 141 + 041 3143
4335 145 + 0.3 14
4333 1.1 + 041 1.3
4300 1.0 + 0,1 1.2
4272 1,0 + 0.1 1.1
4266 a1 + 0.1 1.2
5259 12 + 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
L1641 1.0 + 0,1 141
L159 1,1 + 0,1 1,1

The mean ratic, 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

tha above tabie,

Two photomulbiplillers were used for the line width measure-
ments, An R,C,A, IP,28 with an S-5 photocathode for the
3p545 - 3poLp series in the blue and 3p54p - 3p55d in the
visible, For the 3p545 - 3p55p series in the red an R.C.A.
6217 with a S-10 photocathode was used,

Initially the strong red lines >\69653 and X?GSSX were
scanned, A typical scan of'kG)GER emitted by the plasma torch,



210,

together with }.64383 from a low pressure Cadmiumn 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 Tj = 10,000°K and a
corresponding Doppler % ~ 1/e width, g¢ = 0.0478 the measured
electron impact width was,

W = 0.017% &+ 0.01
Taking Griems value of {i(Te) [ref,15] :-

Ne = 4 x 1015cm=3 + 50%,

Since the measured line width is rather small it is

worth estimating the extent of broadening from other sources,

Van Der Waals broadening can be calculated from equation
1,3. The neutral perturier density, No, can be estimated
firom (atomospheric) pressure balance and the assuaption
Ty = Teo This gives:i=~
No = 7 x 1017cm™3
and a corresponding Van Der Waals width of,
Wy v~ 10733
Natural broadening gives a width,

Wy ~~ 10733
and in addition inn kroadening would account for w~4% of the
total line widrth, These contributions can therefore be

neglected,
The instrument width in the above scan was characterised
by, Wy = 0,028 + 15% and g = 0.013% + 15%,

Thus the expected line shape was, on using 1,14 and 1,15, a
Voigt D/G = 0,72. The good fit of this to the observed profile
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is shown in Fig.10,4,

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
l&k, used, Secondly, the Doppler width was large. This
meant that the assumption Tj = T, has to be made to estimate g.
Even assuming g is known exactly the subfraction of this from
the measured B considerably reduced the accuracy of W,

Further fZ(Te) had not been checked for the red lines,

For these reasons attention was concentrated on the blue
lines for the measurement of Ng., The parameters rl(Te) for

these are much larger than for the red lines.

1

e,g., For 42593, Ne = 4 x 1015cn'3, Te = 10,000°K

£ (Te) = 0,126 x 10738
W = 0,058
and g = 0.033

So that competing broadening mechanisms are relatively

legs important,

The Stark 3 - % widths and corresponding values of Ng
(from the previous table) obtained by scanning several blue

lines are tabulated below :-
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Line Upper lazvel
in & Moore's no- w(R) units of 1015em™>
tation ref.35

4158 5p 0,040 b2 + 20%
4198 5p® 0,030 3,5 + 20%
4,200 5p2 0,030 3.4 + 20%
4259 5p10 0,043 kel £ 20%
4,266 5p9 0,025 3.2 + 20%
1272 5ple 0,035 40 + 20%
4300 5p> 0,026 3,0 + 20%
4335 5p8 0.042 L0 + 20%

The values in the last column represent an average value
of Ne obteined 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 () 54958) 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 addition 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 )554953 had not bBeen checked was unimportant.

The fall off in W versus d is scen from Fig,10,5 to be

rather sharp, We should therefore expect imhogogeneity of
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the plasma column to be relatively unimportant and the mean
value of the plasma electron density to be,from the previous

table :-
Ne = 3.8 x 1015 1+ 20% em™3

(The‘x 54953 scan gave No = 4,1 x 1015 + 20% suggesting that
the calculated value of ()} (Te) for this line is reasonably

accurate, )

Attempts were made by single shot line profile scans to
determine the effect on Ng of the 300 c¢/s ripple observed on
the radiation (Section 10,2), Within the limits of

experimental error [: 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 1010ny~3
for complete L,T,E, to hold. This estimate takes into account
reabsorption of the AI resonance lines, The measured-Na shows

that this criterion is not satisfied by a factor v~ 5 x,

However, the 'thermal 1limit' [ref.52] extends down through
the first excited state of Al for Ne 22 % 1015 so that all the
excited states should be in thermal equilibrium with the
continuun ard only the G.S, population be different from its

L.T,E. value,

Further, using the relations in Chapter 8 the effect of
plasma inhcmogeneity and time dependence (from the 300 &/v

ripple) should be negligible,
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1.5 Discussion

The above conclusions show that the assumption of L,T,.E.
in the determination of Tg (Section 10,2) was likely to give
an overestimate of the ratio Ny/No (c.f. Chapl=: 7). By a
similar arpument to that given in Chapter 7 this should not be
more than a factor « 50%. Consequently from Fig,10,2 a
lower limit to TeJNaIO,OOOOK is obtained, Use of this figure
in the L,T,E, validity criteria does not alter the general

conclusions of Section 10,L.

if atmospheric pressure balance and L,T,E. is assumed, then

using the measured Ng we obtain :~

T, = 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.GS],on a rather similar torch to the one
we have described, obtained 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 >\7635X line, However the use, by this
author, of psak line intensities rather than total line

intensities seems rather dubious, At the temperatures Reed
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quotes the ,X?SBSR line would certainly be optically thin and

Stark broadened, In this case the total intensity,

I o peak intensity x line width
i.e. I Ip Ng o Nq£(Te) oo Nef(Te)
so Ip = f(Te only)

Reed obtained a temperature drop of'A:19,000°K to
nle,OOOoK 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 £¥% 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 function 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 (¢,f, tha x 69658 1ine 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 l'average gas
temperatures! quoted by Reed, Theze 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. & 9,000°K) .
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Further, in the determination of the radial distribution
of Ip, the Abel inversion technique of Nester and Clgen [ref.66]
wvas used. Such ah inversion is critically dependent on the
quantity I'(x). With relatively course steps in x for the
numerical integration of Abel's integral it 7~ 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 gquoted

temperatures are incorrect,

In the measurement of Ny, Section 10,3, it was assumed
that the line profiles were optically thin, While application
of equation 3.4 (with Uy, Ni replaced by Ug, No) shows¢his to
be true of the blue AI lines for >\6965R we expect T o™ 0,3
corresponding to ~ 10% broadening by reabsorption, For

76358, 1 o~ 1.3,

These conclusions led to accurate tamperature measurements
on the plasma by estimating the self-absorption at the centre

of X'76353 (P.D, Johnson - Ph,D, thesis, to be published),

10,6 Check of {1 (Te) for \4159?&, AL

It is worth recording here a check of the broadening
parameter of >\4159X 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 Ccllege. 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,R,O, The light output from the
shocked plasma in pure argon could thus be recorded, via an
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 ~~ 10% for
at least 20us this was not a very serious limitation. A scan

obtained on >569652 is shown in Fig.10,7.

Fig.1047 ~ GScan of }69653, AX, emitted by Double Diaphragm
Shock Tube
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In this example a complete acan (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 experdment, calculated
from the shock velocity of Mach 11,3 (c.f, Coalcs and Gaydon,

ref,.68) were :-

Te = 10,200°K + 50°K
Ne = 2,05 x 1010cn=3
NQ = 8.6 X 101705.’1_3

The width of the Stark broadened line X 41593 AT measured
with the S,F.P. was,

w= 0,23 + 0,058
(Doppler width could be neglected)
This leads to:-
Ng = 244 x 1063 + 20% (using Griem's 1 {To)

value from ref.17) and

Ne = 2,1 x 1016¢n™3
page 209) ,

20% (using the table on

i+

i.es. Excellent agreement between Ng calculated from the shock
velocity and Ng from the line width wusing the corrected value

of £1(T,) given in Section 10,3,

It therefore seems unlikely that any serious error arose,
from theoretical considerations'in the Ng measurements on the

plasma torch,

It was not possible to reach a similar conclusion for

x.69658. Calculation of the optical depth of this line,

assuming wholly 8tark broadenéd)led to an optical depth of
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1,68 at the linc centro (assuming Griem's (Y (Te)). This
would lead to increase in line width due to reabsorption

~ 50% (see Chapter 2), However the Doppler width was not
negligible so the procedure given by Rea:er [ref,61] should
really be used, Unfortunately the F-P plates .sed for this
work were rather puor, a finesse A 7-8 only being achieved,
This was not good enough for the high resolution necessary for

detedled analysis of the >\69653 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 Ng on the shocked plasma
(c.f. Chapter 6), Further, due to the high uniformity of the
plasma (over a path length of 6,2 cms with a boundary layer of
only A~ imm) 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,
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CHAPTER 1%

DDPPLER 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-Pérot 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.733. The outcome of his work has
been the retention of five theories which could in part c%
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 photographie 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 whkile
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 Garching, 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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11,2 Doppler shiftv measuremert cf rotation

The determipation 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
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,

v Direction of observation

g - >
Tolo & i
o

Fige 11,1

V = Vg cos® = rwcos § = row

i.e. At a given distance from the centre all the ions of a

particular species will be traveliing with the same velocity
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along %he direction of observalion and the radiation therefore

suffers a constant Doppler shift,
AN =Xv/c = Argw/c cer 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-Pérot Etalon

By high speed photographic techniques plasma rotational -
velocities of up to 6 x 107rad sec™! have been detected fref.76]
For a plasma radius = 1 centimetre this would correspond to
values of V up to 6 x 107 cns/sec., i.e, at >‘SOOOR a Doppler
shift ~ 10ﬁ. We would therefore require for Doppler shift
measurements a detecting system of variable resolution capable
of recording line shifts from O to 102. Further the high
temperatures attained in © pinches limit the measurement of
shifts to those lines emitted by impurity ions, Since these
are only present in low concentrations we also require a

detecting system of high luminosity, These two requirements

indicate the desirability of using a Fabry-Pérot interferometer
[ref.ss] .

The method of measuring shifts used here was to cross one
of the Haidinger fringes produced by the Fabry-Pérot vith a..
8 channel fibre bundle array, cach bundle being connected to a
photomultiplier, The signals recordedkon each photomultiplier
then anabled a histogram of the line profile to be built up,
Since no moving parts ware 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—Pérot, 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
ANy > B/2
or 2 d/2 if the line shift is > the width B,

The maximum dispersion will then be attained if-A)\l Jjust
covers the length of the fibre bundle array (see figel1.2)

There are two ways of doing this :-

(1) By using an inner Haidinger ring and a suitable value f1

for the focus length of the image lens.
(2) By using an outer ringamfl a lens of focal length fg > 4.

The conflicting advantages of method (1) or (2) can be

seen with reference to fig.11,2.

Centre of fringe
pattern

p=1 Fibre
bundle array

Fig, 11,2 - Haidinger fringe pattern crossed with

fibre bundle arfay
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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 luninance of the source the flux received

by each photomultiplier is :-
¢ = B1L A D s cos 9p/f2 eee 11,2

Where A is the area of the F-P plates,

/X8 is the area of one channel,
This is a maximum when © and f are a minimum.

However, f determine the extent of the ring spacing (fig.
11.2) or A% 4, which must be matched to the width, s, of the

fibre bundle array.

i.e. S = f(0p41 ~ Op) (where @ is small) see 11,3
p is defined by :~

2d = n)x
2d cos@p = (nnp)>\

or for Op small,

Gp2 = p‘X/H

®

2
ee Opg1 - gpz"‘ ggp (9P+1 - QP)N >‘/d eee 11,4
From 11,2, 11,3 and 11.4 :~

2 ~ (Bt ans/us® )N /a) p7? | eee 11,5

The only variable in 11,5 for a given A 4 is p, For
maximum @ 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 [ref.78].
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Conflicting with the abcve requirement for p small we have

two considerations :~

(1)  Curvature of the ring on each rectsngular 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 -~

A/’“’/y
” - he '\\ n
," )Qp ring x=1 /10
y=1/20"
one fibre bundle pr
channel

Curvature for fringe p, T = fop(i~-cos Y/2) ~ pr‘YZ/B
Y~ x/f6p

Joohonve x>/8£6p
The relative curvature, 5 = ?\/ywxz/Snyp
Js Using 11,3 and 11.4, 5Nx2/6ysp
For the particular array considered,

y = #x = 8/10
o 5 o 1/321')
Thus for this quantity to be £ 1% we require p ¥ 3.
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(2) Non-linear dispersion ~f the F~P should also be considered,

The inverse dispersion is given by :-

p™! - al/aep = Ntamop 11,6
S §(0FY)/p1 = sec?op S ep/tanGp
~s $0p/ep
Taking §6p = ©p+1 - ©p we have, using previous

relations :-~
S(o-1)/p"1 ~ 1/2p
i.e. If p = 1 the dispersion across the length of the array
(s) only stays constant to rv 50%. 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 %o 4th ring s used
the dispersion over the light pipe array is constant to ~~ 10%
and the effect of ring curvature isAs 1%, To achieve these
benefits the light flux received is reduced by a factor ol 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 [ref.79] but one was

not available for this experiment,

11,4 Experimental measurements

The experiment was performed on the 100uPF bank '0ZWALD!
at Culham Laboratory, Relevant technical data of this device

is given below :=
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Bank voltage : 15 kV

Bank energy s 22,5 K.J.

Pre~ionisation : 1st and 2nd #-cycles of bank
Working % cycle t 3rd

Paak current ¢ 1,2 M,amp

Peak Bz field ¢ 40 K,G,

1 period 2 7.2 us

Coil length : 21 cms

Internal coil diameter: 5,5 oms
Mirror ratio : 231
External tube diameter: 5,0 cms
Filling gas : Do

Filling pressure ¢ normally 0,06 torr

(a) Choice of working conditions

In this experiment the dtalon plates a.ad 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 o5 late as possible in the %-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



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,0, as a di/dt trace-

of the discharge, Typical photogtaphs are shovn 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 A.X1 = 13 and p = 4, £ was set according to 11,3

and 11,4, Equation 11,2 was then simulated with,
A' = A% cos®p
where T is the dtalon transmission of the F-P,

Filters of 108 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 x 4267xvmultiplet 6,
(Actually a doublet of separation O.ZBX,) Tha 1light flux
received from +this line was further increased by adding known
proportions of CHj to the Dg 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 ~ 1usec, The signal on >\4267X was also very

reproducible from shot to shot,






233

(b) Calibration of the detecting system

Two methods were used for the relative calibration of each

light pipe - P-M, 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 more accurately simulate the conditions under
which shifts were to be measured, the set up shown in fig.11.4
was used to allow calibration using the plasma as a source,
This was the same as for the shift measurements oxcept that the
F-P was removed, Since the length of the array, s, was
illuminated by an effective plaéma length sf!'/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 rg used for the shift measurement,

The 8 photomultipliers were connected to 4 double beam
C.R,0's via double 3creened cables such that the response time
wag ~~20n sec, The C.R,0's and P-M power packs were housed

in a screened room,
Resuits obtained were as follows :=~

With £/f' = 4,0 the relative sensitivity of a particular
channel measured over several shots at one height ro, agreed
to + 4%, At different rp 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 Dop’pAler shifts

The measurement of shifts was carried out using the set
up of fig.11l.4 witis the F-P mounted between £ and ', The
F-P mount was supplied by Dr. D. Bradley,

Since in this experiment we were limited to only 8
resolution elements per Axi, it was not particularly important
to have a finesse greater than 8, The F=P plates were measured
to be flat to )\/40 over a 2" ,perture at XI,SBBR. Silver

coatings with & MgFp protective overlayer gave the characteristics:-

0.16 + 3%

0,78 + 4%

giving Ny = 12,5 & 12%

and TJE ~ 53% (this figure was used for the simulation

Mean 'f'
" R

1]

experiment in (a)),.

The overall finesse obtained by microphotometering a plate
of the fringe pattern at )\43582 gave :-
N = 11 +1

We could therefore expect N > 8 at XQZG‘?K.

Axl for the results to be described was 2,548 + L%
(at ) 42673), neasured from the diameters of successive

Haidinger rings at }43583 {Hg I),

To obtain the 3rd or 4th ring of the >\4267x pattern
on the centre channel the )\4358?& line wag first focussed in
this position and a slight adjustment made to account for the

variationof ©p with X @



Carbon arc Plasma
50 usec/cm 0-2,usec/cm

Fig11-5. Typical calibration shots (2 channels)
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In the measurements taken the line width corresponded to

~ AN 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 cnable
accurate time correlation between traces a bright up pulse was

applied to the time base of each C.R,O,
The line profile af any given time was obtained as followsi~

Firstly, the relative intensities on each channel were
obtained after correction for relative sensitivities, The
wavelength interval, AXn: accepted by each channel, n, was

from 11,6 :-~

- L)
a An - )\ f taqnedo

o1
~ XQ A®©
~ Xlnx/f2 eee 11,7

Where 1, = distance of centre of channel n from the centre of

the circular fringe system {found with a mercury line, )\43583).

The line profiles obtained are of the form showr in fig.11.7
The area corresponding to each channel is procportional to the

intensity recorded on that channel,

In practice a source could not be found vhich 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
vavelength intervals,(ix, either side of the median corresponded
to equal intensities (fig.1147). 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 ‘XQ267X (which is a doublet with

components of different strengths).

Measurement of shifts in this manner were made at the
three times jindicated on fig,11.8 at different heights across

the plasma.

e

4

\\\\\\\\/>\\\\\\
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N

Fig 11-7. Median of assymetrical profile. (area A = areaB)

/.

time

steak v ///

_injtial |st ,Z”d unstable
implosion  pinch pinch rotation

Figl1-8. Time correlation of shift measurements and streak photographs.

The results are shown in fig,11.9 and tyhical 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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Fig I1-9. Measured shifts of 24267 A CII versus distance across tube.
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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 ¢ime 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 stabistically

calculated standard deviation, Results are shown in Table 1

below,
TABLE 1
Measurement Time from zero driving " -1
£22%d {3rd }-cycle)usec [units of 10?rev sec
. . . e

Doppler tqy Initial implosion, 0,45 543 + 047

shift ts ~v1st pinch, 0,65 641 + 045
t342nd pinch, 0.951 Q5 x 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 3 period of rotation,

{(d) 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 cach time from :=~
I = Mk

The mass per unit length of the plasma, M, was estimated
using the double magnetic loop technique of Green [ref.82].
An integrated loop signal correlated with a di/di trace is

shown in fig.11,11, Green shows that :-
M = BZ"CZ/[*HZ = Bosi}’lzy;t @z/l*ﬂz ess 11,8

Where T, is the period of the radial plasma oscillations (found

from @ig.11.11), 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 §% C impurity.)

Thus from 11,8 :-
By = 36 K Gauss
The value of B, calculated from thepeak current was,
Bo = 50 K Gauss

In fact collector-coil discontinuity effects could easily
account fcr a drop ~~ 20% in the calculated By [ref,83], Thus,
in the calculation of M for P, = 0,06 torr, the lower value of

B, 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 [ref,84), Later M falls off due toc end losses.
At times ty and tp (fige11.,12) ¥ has to be interpolated knowing
M(P,).
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The radial dimensionsof the plasma were estimated from

the Abel inverted continuum distributions using the method

described in Chapter L.
on framing camera photographs (fig.11.3).

t3 is shown in fig,.11.13.

These dimensions were checked with end

The distribution at

At t4 the maparation of the

rotating flutes was estimated from the streak photographs,

The estimated radius of gyration at each time is tabulated

below:-

streak

diameter ,

continuum scan
-— — Abel inversion

r— ~— U T

I'5 [-0

Fig 1-13. Radial distribution of continuum intensity at time T,
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TABLE 2
Time Radius of gyration, kcms
t1 1675 £ 0.2
to . L1420 # 0.1
t3 D075 x 0,1
tl;. 0¢8 x 0.1

The corresponding values of angular momentum at each time

are given in Table 3 t=~

TABLE 3
Angular momentum per unit
Measurament Time length (e.g.s, units)
ty 0425 *+ .07
Doppler to 0.25 + .07
if
shift ts 0,27 + .08
Streak t& 2.9 £ 1,0
photograph
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 plaswa rotating with different W would be reflected as a
broadening of the line profile, The observed line width B
(fig.11,10) was NO.GSX.

with -} width-~ 0,133,

The instrument function was approxi-

mately Lorentzian Knowing the CII
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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, g/~'0.283. This would correspond to an ion
temperature A 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 +the same as that predicted by all
theories [ref.?SJ, i,e, the direction in which an ion would

move in the driving B, field,

Since the above conclusions rely implicitly on the
assumption that the shifts detected were due plasma motion &%
is worth considering whether any other source of shift could
give the observed results, 1Two other causes of line shift,
i.e, Stark and Quadratic Zeceman shifts would give values of A)
symmetrical about the tube axis since Ny, T, and the magnetic
field 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 rg. Reamonable 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,

L}

ty to t,, AE\ ~0,04 + ,Oiﬁ (to blue)
ty to ts, AN = -0,07 + 2018 (to blue)
Three possible causes need to be analysed :=-

(i) Radial implosion and oscillatioms of an optically thick

plasma :
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=% direction of

radiation observation

does not reach
Fabry-Perot

If the plasma were optically thick to the CII line a net

inward velocity, V!, would be obtained,

Ve = V J[l—(ro/r)z]

ices ro =0, A>\ = >\V/C

S+ From t; to ty we expect VA3 x 107 cms/sec. The observed
implosion velocity, from the streak photographs, isas 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 T,o taking Ng = 1017em~3 and knowing

that the number density of CII ions should be only A~ 1%-of this
value gives , T o %€ 1 at all reasonable values of Tes 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
ta 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 AK are $=-
3 ]
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tg: Ad, = Aur/c
tg : Ahg = A(WedW) (r-x)/C

S Shift in time, AA,-ANg = AaWr/C ~ Avpat(usaw)/c
This relation does in fact give the observed variation of

shift in time as a function of r,

Shift at = = 0 = = AVpdt(i/+aw)/C

Substituting the measured values of dt, W+dW we get :~

4 to tg ¢ Vp 3.5 x 106 ems/sec + 1.0 x 106

[}

ty to t3 ¢ Vp = 2,8 x 106 ems/sec + 0,6 x 105

However the maximum drift velocity measured from streak
photographs, A7 0,6us after tz, gives i~

Vp = 6 x 109 cms/sec + 2 x 10°

30 this mechanism cannot entirely account for the observations,

(iii) Radial plasma drift

If the discharge tube axis is not coincident with the
magnetic By axis then plasma drift could occur which is not
necessarily to the current feced in point, The measured shifts
in time would correspond to a resolved drifit velocities

towards the direction of observation of -
tyto tg ¢t V = 2,8x 10° cms/sec + 1,0 x 10°
tz to t3 ¢ V = L2 x 10° ems/sec + 0.6 x 107

and corresponding drifts in this direction of 0,06 cms and
0.13 cms 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 observaticn
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,
ies We = ¥p (D = deuterium ions)

To do this the change of momentum by eleatic collisions

must be considered;
i.e. ol dWc/dt = Y (WD - W‘C) seo 11.9

Where W refers to gross translational velocities and ¥ is the

effective momentum exchange cross section,

i.e. Taking V = W +v where v is a thermal velocity
1
Y ~{MpMio/MpMc} (8/r (kTn/Mp + kTo/Mg) + |p-ig | 2y
x nD“d"Wrel) .

assuming 0(Vy.o31), the effective ionic collision cross section,

is roughly constant,
From 11.% We~ar Wp after a time,
t ~ ngme/Y
Teking np = 5 x i010cm™>
ne = 5 x 104 cm™>
Te ~ 10 e.V,
and ¢ ~ 30 (Zez/mvrelz)z from Allen ref.5
with  Vp 17V (3kTD/mD)%

we get, t 1y sec,
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Thas 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] :~
£l = Centre of mass angular frequency
W = Ion guiding centre angular frequency
Wi = Ion diamagnetic azimuthal current angular frequency,
These are related by,
Q= W+W ses 11,10
where §} 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 1(1/':": *+ mO)
The following condition [ref.73] then arises for
stability :=-
1~/u<20/W; €1+ /m

The fastest growing instability mode is m = 2 so the most

stringent condition is ,

-0.514 € 20 fwy < 2,41 ces 11,11
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At time t, 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 :-
2,41 < 20/W; < 0,414 11,12

Thus the stability criterion can be applied to times t4
to t3 by equation 11,11,and tq by 11,12,if W; 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 = 1 (mi/T7 e)g eee 11,13
where @ is the reverse trapped flux
q.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 momentun,
We can express f‘ * T AT +Te)

Before the CII radiation is burnt out we can approximate
the conditions to L,T.E, and take T3~ Tg or T\AwO.S. -This
should be roughly tyue as indicated by Bodin et al [ref,76].

@ 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 § = trapped flux at 1st
pinch,

Assuming magnetic pressure balance at the 1st pinch,

Trapped By = Driving B = Bp sine 27ty/T



The area, A, of the plasma hole at the 1st pinch can
estimated from fig.11.13, Thus we obtain,

g = BpA ~~ L4 » 20% K,Maxwells .
11,4 then gives :~

L; A~ 0,74 c.ge8. units,

Wi can therefore be calculated at all times from :-

2
Lj = MK“Wj,

M and k being known from Section 11,4d,

are shown in Tabie 4 below,

TABLE 4
time Wi rev/sec
tq 1,6 x 10°
to 1,8 x 105
s 2,6 x 107
ty, 5.8 x 107

Substitution of these figures into

11,12 gives the following results :-
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be

The results obtained

equations 11,11 and

Time Condition for stability| 28L/w; 2u/vy
tq 0.66 < Stable
to =Oellly & 20/My 0.68 e Stable
&
3 241l 0,73 ' Stable
ty, =2,414 < 2W/W; <0, 414 rd 10 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 ty.

While these preliminary experiments confirmed that the
plasma, in its early stages, is rotating rigidly it is nct 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 body; 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 inw-
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 = T, should be,

Op (v /Ty /1)
where Vo = Igo/ne = drift velocity of elenctrons at t = O
T, = drift time of electrons around the plasma colusn
Tp = Transit time of the Alfven wave
r = radius of plasma,
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For our conditions Ty~ C.05 us

and {1q, ~ 2 x 10% rev/sec, while the
measured velocity at the nearest time to this, t = 0,45 us,

was £l =5 x 104 rev/sec,
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APPENDIX 1
Calculation of impact broadened AIIL

line wiaths and sh:l.fts

(1) Reduction of formulae for computations

The widths and shifts are calculated from equation

L.71 (p.83, ref.2)
<« } ggai «» = -(& - ida)
~Ln/ 3N (f/m)> f (avdp/vp)£lv)
':é‘Z,Ka{Ra; a®> | 2[A(Zaa ) +iB(Zax?)]
ot

see 1

Where Zoa' & Woax'P/v =’I’(Ea'-Ea)/hv iee 2
Where Wa = width of level a
da = shift of level o

and Qx | Ra a>are the radial matrix elements connecting

o and the perturbing levels «f, Thef’ integral =~

S [(app) Rartatzaa)vi Blzaa)]
ot

Where Rx' = . |<{ulRala') [:2
Becones Z,Ra' f [A(z)dz/z + iB(z)dn/ 2] .ee 3
« Zoat

on use of equation 2,
The limits 01‘/@ are 0 to o but due to divergence at

small/’ we cut off atﬁmin which Griem shows is given by
1 .

1 . . 2
P A (2/3)2(f./mv)gmv[mz‘;‘;?nm(z;;?)] ces b




This was chosen so that equation 1 tended to the

cerrcect expression in the low velocity (adiabatic) limit

256,

and also satisfied the high velocity limit where perturbation

theory could be used throughout. Corresponding to this

value of/ﬁ)min i~

s

in
Z:a' = Wda!/Dmin/v ees 5

Hence th?fiintegral ig =~

oo
ggRa' d&fﬁn (A(z)dz/z + i B(z)dz/z]

oo f

S Rt (@) 4 1 020 e 6
ot 0804 o

1t}

Substitution into equation 1 gives :-
min

Wo -ide §& (4TTN/3}(h/m)2 f(dv/v)f(v)g Ra:[a(gm:)
+ i b(zzcill})] eve 7

This expression gives the contribution of weak collisions

to Wx and da.

As a rough estimation for the contribution of the
strong collisions (/Q‘;/%nin) to the width, we use the

Lorentz-YWeisskopf expression :-

w Strong v Nﬁv £(v) 77\7:2. cee 8
min

o

Using equations 4 and 8 :-

wztmngm (4W/3)N(h/m)2 av/N£(v)

in
;;;RalBA(zga')

+ i B(Z )] e 9
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Adding this term to (7) we get :-

Wo- ida%(&m./ﬂﬁ/m)i/(dv/v)f(\r){% Zﬂa' fA(Z:;?)

o

+ iB(zzi?)] +£Ra' [a(Z‘;i?)
(x‘

+ i b(zﬂlll"l)]} ees 10
o
Which is equation 4.79, Griem,

This expression can be simplified for computational
purposes by inserting a Maxwellian velocity distribution
into (10), i.eo

2
-] T
/2 vze mv- /2k ey

flv)av = z,,ﬂ(m/zrrk're)3 V. aes 11
-mvz/ZkTe
We then get an integral containing : ve dw
To simplify put x = mvz/ch ere 12

0
Then Wa-ida = (2/3) Ne(h/2ulTkTe )3/2 e_Chx/ZRTedx { ---}

X=0
e 13

{---} refers to the bracket in equation 10,
Writing this expression in terms of frequencies,
¥= w/2iT, evaluating the constants and calculating Wx,

da for N= 1O:lG electrons /cc we get:-
oo

Hoeidx = 1.318 x 102°(1/167/2) f o ~chx/ ZkTedx{ ---}
o

sae 14—
Thus the only assumption made about the plasma
conditions is that the electrons have a Maxwellian
distributicn, Since AV = -(c/)\%A)«, if we change the sign

of da' a positive shift (evaluated in frequency units)
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corresponds to a shift to the red. The final

expression is therefore [in sec )

A 0
Watida = 1,318 x 10101632 f omohx/2Te
X=0
{
. in
zRa'[a(Zm )+1b(Zl:a,)]}

= 1.318 Te 3/2f (Re(x) + i Im(x)} dX  eee 15

X=0

The variable of integration is (from 4, 5 and 12):-

x = (2/3)%‘(Ea'-EaVz:i',‘)} gm- (Mz‘o‘:i',‘ms(zzi',‘n |

[ X X J 16

Where Ex. Ea' are in wavenumbers,

The quantities A(2), B(2),a(Z), b(Z) have been

calculated by Griem for a wide range of Z[ref.2].

(2} Evaluation of integral (equation 15)

In the expression for x,(Ea'—EaV?Ei? is independent

the perturbing level, from (5), Hence an arbitary

of at,
is chosen for the nearest perturbing level

value of iul?
o
(negative if Ea' < 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
for all the other perturbing levels from

Zmln

(15), knowing Zm“:

(EqY « Eoy/ aa" = const, =(Ex'-

Where a' refers to another perturbing level,
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Initially complete L-S coupling is assumed so the

perturhbing levels to a are found using the dipole selection

rules:-
A = 0, +1, J=04%J=
AS = O
AL = 0, +1
Al = +1 ({ refers to jumping electron)

Odd == even level

Two electron jumps are forbidden,
The matrix elements Rx! are then calculated using the

Bates and Damgaard approximation, [ref,31]

0 for 1 « 141

vhere 1, is the greater of the orb1ta1 quatum numbers of

Ret = |<a|Raja®> | 2 (221, -1;‘; for 1 = el

Ea or the particular perturbing levei Ea!, O~ evaluated

on Bates and Damgaard?s method is given by :=

6 = (c / /212—1)x (2/0* )™ Y5 3 [ (ne1411-1) M (n*1-1)77

x (z/n*n)n*"/[n:mz M (smernag) (n*"-l)]%

00 n*t+n* "4 2epteap!
x z {CPl(n*l 11)Cp"(n*",11) (n*n*"fn*t+n*") P'=p
p'=o0 p''=o

rl(n*'+n*"+2—p'—p")} ees 8

where Co = 1
Cp-1 {n*/2p(1(1+1)=(n*-p)(n*-p+1)] ...9

%
]

=]
*
n

effective principle quantum nmumber of level

a = 2 /RIExo -Faj

orbital quantum number of valence electron.

ol
it

For n* and 1 the subscript ! refers to Ex and " to Ia!.

The calculation procedure is shown in the fiow diagrat.
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FLOW DIAGRAM FOR CALCULATION

OF Wo, da _and «
INPUT

y

Selection of Read input data Subprogrammes
perturbing Ex , for
levels £ lall odd and even evaluation
Ext on L-S energy levels, of
coupling rules temperatures Rat
\i’ | /
t
Ordering of Calculation of Calculation of
these levels of Rx! for Zoot for
with nearest - all perturbing =y nearest Ex!
1 3 v
to Ex levels using generating
first (from 19} functions
W/
Calculation of Interpolation Calculation of
of A(z), B(z) of Zao! for
200 alue ? !
* vatues < a(z), b(z) £ all other
using 16 values for all Ea !
Zoa! and all a! using 17
£ 4
Calculation of Numerical Calculation of
renl’ (weok' and' integration ion broadening
stiong collisionldl s of integral 5 parameter «
< . . P4
and imaginary in 15 from 17
parts of 15
) W
T . e
Ve N e
/ strong and \ Ion
weak collision W ' broadening
lcontributions ] parameter
to Wee and da da o

for each X/
N

\\\’/)

N~



(3) Details of programme (Fortran II)

Values of Wa, dax and o can be calculated at
7 temperatures for up to 10 levels in each run, In
addition the strong and weak collision contributions to the
width, and weal 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, Frovision can be
made to evaluate Wo etc on inclusion of increasing numbers
of perturbing levels in the calculations, A total of

50 perturbing levels can be handled.
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In cases where array (1) splitting is appreciable matrix

elements,

2 2 2
Rog¢ b (817 =1)

2L + 1

must be used to couple esach perturbing multiplet to the state

considered, Rgult can be obtained from ref, %9/,

If mudtiplet splitting is also negligible matrix elements,

faai

must be used to couple each perturbing level to the state

considered,
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APPENDIX II

COMPUTER PROGRAXME FOR CALCULATING THE STARK PROFILE EMITTED
BY AN OPTICALLY THIN, INHOMOGENEOUS BUT CYLINDRICALLY SYM-
METRIC PLASMA

(Simplified version for Nj = Ng written for an Elliot 8034)

For Ny = Ny the relations 8.1 to 8,5 simplify to :-

250! A
XoBS (‘\) = K % e-vfm/kTe(x')/ {1+ [[Te(xr)]}ge(xl)

xt=0
-F[’l‘e(x'}}] 2}

2546

=K 2 AMx' )

. X\
While Icggmpe (V) = Ko #™/kTelx'=0}, (1+ [[Te(x'zo)]Ne(x==o)

-F[Te(x'=0)]] 2}

= Kﬂ(x'=0>0

Where K c{ﬁ+(F[Té(x|=0)3)2}e§wm/kTelxa,O)

These profiles are normalised to the same peak intensity,

Input consists of Hg and T, for 25 values of x' in equal
increments Ax,{land F for 25 values of Te in equal increments
from 10,000°K to 25,ooo°K and 4Wim the upper state energy of

the line considered.,

A block diagram of the calculating procedure is given

belows~
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Input
\[

Selection of Read Input Data
' Evaluation {} and F for Wn
of K Te correspond- 25 values of Ng(x!)
> ing to each x! < 25 values of Tg(x*)
25 values of C) (Tg)
25 values of ¥ (Tg)
7
Set X = Vary >\ from Vary x!' from
{ilr,(x*=0)] -—;:3 ~-100X to +100x {—>—{0 to 256x'
xNg (x'=0) in steps of X
+10
Output
" Iops{) = i
=KEA(x’,>\) ( Calculate
258x !
Output & o A<M
£|Ternere( )
= KA(x':O,))
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APPENDIX III

FURTHER LASER MEASUREMENTS ON AN UNSTABILISED
Z=P TNCH

In Chapter 6 measurements of N, at two initial conditions
only were presented, Here further measurements arc 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 Ny can be varied and
conveniently measured over as wide a range as possible; the
achievement of a given Ng 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 Neg at peak compression two parameters

can be varied, i.e, P and V,

The measured variation with P of J/ke dl through the
tube centre is shown in Fig,i. Measurcments at 0,75 kv and
1,0 kv were made with the tube in a Fabry-Férot cavity as in
Chapter 6 but the laser was operated at X3.39u. Measurements
at higher voltages were made at )6328x.

The curves of y/ke dl versus P show a distinct maximum at
each of three bankk voltages, Since framing camera photographs
on a basically similar discharge {Chapter 3] had shown the
plasma diameter to increase monotonically with filling pressure
we should expect a maximuwr in the axial Ne versus F variation.
A similar peaking, which is in contradiction with the existing

models of lincar pineh dynamics, has been reported previously
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by Burgess [ref.11], Zwicker and Shumacher [rcf,103]} and Burgess

et al [ref,104] on pinches with widely differing parameters,

Peaking was also obscrved here with an applied By field,
measuring the axial No directly by end on observation [zez.
fig.1]. However refraction of the laser beam out of the plasma

prohibited a quantitative determination of Py,

Further phenomena, which have not previously been reported,
can be noted from these results, Firstly, there is an
appreciable change in slope of theu/ke dl versus P curves at
some pressure Pg < Py. Again this was also observed with an
applied By Cfigeils Secondly, both Pg and Pp .ave a pronounced
voltage dependance, Thirdly, the peaking °ﬁ/%e dl is accompanied
by increasing development of a tknee! in the d/ke dl versus time
curves as P is raised, The time history of J@@ dl at difterent

pressures and two voltages is shown in fig.Z2.

In an attemnt to ascertain the cavses of these phenomena
tine resolved measurecments of J/ke dl were made at different
heights across the plasma at one bank voltage (1,5 kv). Regults
at the 'pinch® are shown in fig.3. Abel inversion of these
results gave the variation with P of axial Ng shown in fig.h.

This variation was very similar to that shown in fig.1l for the
same vol$age. Correspondingly we might expect the nressure, Py ,
at whichu/he 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 tinies
up to the pinch, and at three pressures encomwassing Py, are
shown in fig.5. Since these distributions were not the monotonic
functions of r expected of existing theories of pinch dynamics
the %inch time' or time to maximum compression has hitherto been

taken as the time at which [N, dl {through the tube entre)
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maximises, Generally (sece for e.,g. fig.5) this appears to be
the same as the time at which axial Ng maximises, At each
time the radial Ng distributions in fig.5 show a distinct change
in character as ¥ is varied through Py. At lower pressures

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 Ng with increasing P ix this region is
in agreement with a snow.plough model of the pinch [ref,105]
assuming complete particle trapping and #onisation and (as

observed) comparatively swall variations in the plassa radius.

(2) p. <P LB,
As P is increcased from Pe we should expect Te to fall and

consequently increasing penetration of current into the
cellapsing sheath, Haines gives the characteristic penetration
time as tpe£V]zcr12/ 15 wvhere 1 is the radius and g the
conductivity of the sheath,

For P = P, Tg~~ BO,OOGOK (from time resolved measurements
as in chapter 7) and 1+ L oms, i.e. tp ./~ 2 psec. vhile

tp ~ 12}15 .

Consequently a model of an infinitely thin current caiiying
layer is no longer applicable, Aftor sufficient time the
current density maximumn may no longer be at the surface of the
sheath., In this case the magnetic driving force ocn a plasma
element (r, dr), Fbcx:ﬁsrjrri Jp 2Tr dr (see fig.below),

may be a maximuma for rqy <r Lrp -
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L Jp (current
density)

/"

OF — e e e e e

*»1 Yo
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 tc its high conductivity leading to a situation :=~

Jp

? |

]

Be [No\ By / 1
Te :

/ [l

. | 4 ¥

o

The inward pressure on the remaining shell is, assuming
high conductivity,as Bcz/BT'i - Btz/STf - Nk® . If the
trapped flux is constant Btcz 1/r2 whereas Becz.i/f. 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) PR By

As the pressure is incrcased the conductivity of the plasma

should fall and tke trapped field Bt be more easily penetrated

leading to a rather diffuse plasma at equilibrium, In
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addition incomplete particle trapping could be a contributory
factor to the observed fall off in Ng, A mechanisa 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 maximur will no longer be at the surface of the
plasma as noted in (2) above, Eventually the current may

becose reversed at the surface, In this case the J A B force
would tend to drive the plasia carrying reversc 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 ec sin w't,

If we neglect the transient terms, which deccay with a time

constant'tpen ~ 2ps, the current density is zero at r, t vwhen &~
3 3 %
ber (w® x)ber 'w* + bei{w’ x)bei '
o o c o)
tan {w y) =( T T T T
bei (w* x)ber 'w* ~ beréw2 x)bei tw®
a o o

2

wvhere w = p,a-azw', y=t/fua-a2;
X

= r/a

The discharge current waveform in the present case is
critically damped with a single dip due to inductive eoffects of
the plaswma, Up to this dip the current waveform is nearly
sinusoidal with,

5

w! ~/ 10%sec”
Taking the same value of G* as before,

w o~ 3

Solving the above relation we get zero current density at r = a
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after a time,
t ~ 28u sec
The observed time to pinch at Py was,

tp = 21p sec

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 tiae
would have to be considered., However, we can make one
quantitative prediction from this model, i,e., we should expect
tp at fn 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 = P was experimentally

observed to be independent of voltage [fig.2].

The voltage dependance of Py, if the snowplough model of
the pinch were valid up to this pressure, could be derived from:~
snowplough o 1
tp o (P/V°)* = const for P = Py
ie, P;n(! Va

Similarly we should expect,

Pc = V2
The experimental observations are in good agrecment with
these relations as seen in fig,6. This agrecment seems surprising
in view of the marked divergencies from the Snowplough theory
for P.>'P¢. Nevertheless both the pressure and voltage
dependence of tp arc the same as given on this model as seen

in figs. 7 and 8,
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The tpct'P% curves intersect the origin at a podtive
pressure which decrecases 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 ( > Pp), For example at 1,0 kv the pinch time
appears to becoise independent of pressure, However in thesc
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-g curve diverges appreciably from
linearity at low voltages, but at 0,5 kv the plasma again
practically fills the tube and also / Ne dl1 {(through the tube
centre) and the total discharge current are constant to A 10%

for 50 jusec so again there is no pronounced 'pinch',

It should be noted that tp does not correspond to the time,
ty ,of the dip in the current waveforw but aprroaches this as
either P or V is incrcased [fig. 8 and 9]. The tD-tp curve
appears to show changes at Pg and Py but these are more or less

within experimental error,

The voltage dependence of axial Ng at tp follows the trend
we would expect from the previous results, Ne ’v_ersus‘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 Pg =
0.2 torr the axial Ng becoimes increasingly less than the value
expected on this model, the discrepancy being most appreciaile

when V = V(P = 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 increagsingly diffuse and aypreciable current flows on
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the axis before peak compression, Eventually the current flows
mainly in two regions similar to the Np 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
£ig.2.) The coaxial sheath is prevented from reaching the axis
and later expands as a hollow shell (see re£,107) as we would
expect for the model for Pg € ¥ < Py, In addition appreciable
reverse current was detected at the outer edge of this sheath

well before peak compression,

A gimilar situation was found by Zwicker and Shumacker,
However their explanation of the peaking, that at Py the time
to pinch becomes greater than the time to peak (total) current
fireg not hold in these exneriments where tp is always greoater
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,li], on a rather similar discharge
to the one used here, Py appeared to show no voltage dependence,
In this case Ng was neasured from the width of a Stark broadened
AII 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. Chawter 8) and B, would
appear shifted to lower pressures, It seems likely, in this
casc, that a V2 dependence, ac found in these resultis; could be

accounted for within the limits of experimental error,

Burgess et al [ref,104] made measurements of -Py using
different filling gases, They found Pm = oaa, .28, 028 torr
respectively in argon, helium and hydrogen, On the nbisra
results we should expect tp to be a constant for a given

f’ ax P and therefore Pj,¢x 1/M, This is in rough agreem=nt with
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experiment since for these gases 1/M is in the ratio 1:10:20,

The results of spectroscopic importance can now be
swwiarised, Assuming P < P, or Py the radial distribution of
Neg at the pinch is reasonably rectangular, Furthernore, at
least for this discharge, the time to pinch and peak Me can
be accurately predicted,as a function of P or V, from simple
relations once normalisation to one or two conditions has been
made, Again Pp 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 1018cm"3
The only other source widely used for similar studies, the
electromagnetic T-tube cannot produce plasma with Ne 2.5 x
107 7 cn™3 a.nd neither can Ty be varied over as wide a range as

with the &-pinch,
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sionsinférieures 2 30 mTorrde deutériumet1'a été également dans la direction du courant d'ions. 11a été
possible de provoquer une rotation et des instabilités & des pressions plus élevées dans un plasma normalement
stable, en superposant transversalement un champ magnétique stationnaire. Dans ce cas, la rotation semble
démarrer dans 1a direction du courant des électrons, mais les instabilités qui se manifestent ultérieurement
tournent encore dans 1a direction du courant des ions. Par ailleurs, on peut diminuer la tendance du plasma
2 subir une roation (aux pressions inférieures 3 30 m Torrde deutérium) et on peut supprimer les instabilités
rotationnelles en superposant transversalement un champ ayant la méme polarité que celui qui entratne une
rotation «opposéex» pour un plasma normalement non tournant., Les auteurs discutent les résultats obtenus,
en fonction des théories actuelles sur 1'origine de la rotation et sur les instabilités,

M3MEPEHU S JONIVIEPOBCKOI'O CMEIWMEHHS NJId HCCIENOBAHHM S BPAIIEHHA
[MJIA3MB] B TETA-IIHHYE. Mo cuX nop aKCnepuMeHTalbHbie UCCIe10BaHiUA BPAaMEHUs MIa3Mbl
B TeTa-NHHYE OCHOBRIBANUCH Ha PoTorpaduuyeckoM HabnwaeHUH HeyCcTOHUHBOCTEH, CBA3AHHEIX
C 9TUM BpalleHHeM. B HacTOsmeM AOK/IaAe ONHCHBAXTCA SKCMNEPUMEHTH NO ONpeleeHHI0 MAaCCOBOH
CKOpPOCTH BpallleH!Us M CBSI3aHHOI'O C Hel MOMEHTA KO/IMYEeCTBa ABUXEHHS HA OCHOBaHUM AONIIepOB-
CKOTO CMelleHHd JHHHA npuMecei.

MocKoNBKY 3TH CMelleHUs MOTYT ObITh HEBEJWKH NO CPAaBHEHHIO C LIMPHHOMR JIMHWIA, B NepBbIX
3KCcnepHMeHTax, nposeaeHublx B KanaMckoit nabopaTopuy Ha TeTa-NuHYe C oHeprued B 22,5 Kax
ucnons3opaics HuTepPepomerp Pabpu-Mepo. Puarrpom s 10 A Guna subpana noaxossmas JUHUS
(CII 4267 A) u npodune nuuun 3aperucTpupoBaH POTOBNEKTPHYECKUM CNOCO6OM C MOMOWBI BOCH =
MUKaHANIBHOH pasaenuTe/IbHON CHCTEeMM, KOTopas fiepecekasachk ofHoOH U3 nojsoc XaiauHrepa €
unrepdepomerpa Pabpu-flepo. JonnnepobBckHe CMeWEHHs, H3MEPEHHblE B PA3JIMYIILIX NOAOXEHHAX
no AraMeTpy NAa3Mkl, 10KA3aaM, YTO NJla3Ma BpallaeTcs Kak Teephpoe Teno. [leppoe ofuapyxenHoe
cmemenue nunuuu C I, cooTrercTayoueii yraoeoit ckopocTt 5 X 104 o6op /cex, 6rno usmepero
B TeYyeHHMe NePBOTO CKATHA NJIA3MMI.

Mockonnky nunus CII neperopana yepes oflHy MHKPOCEKYHIY, AONMJIEPOBCKOE CMelleHune
auuun C V 2271 A 6bi1o M3MepeHO BO BTOPOM SKCMepuMeiiTe, NPOBEAGHHOM B I'apXMHTe Ha TeTa-
nuH4e ¢ sHepTuedt 32.5 kax. [poduau perHcTPUPOBANUCE C IOMOWBI0 MOHOXPOMATOPa C BHICOKOMH
paspemalnpoumeil cnoco6HOCTEI0 M 3epKaJIbHON CHCTeMEl, fensmeit npodune., B naHnOM aKcilepuMeHTe
BpameHue Ha6JA0RXANOCH MWL NPU AaBnenuu Huxe 30 mTop Dg M 3aTeM BHOBBL B HalpaB/IeHUH Mo-
Toka HOHOB. OKa3a/loCh BO3MOXHHM BEI3BAaTh BPalleHHe M HeyCToiuuBoCTH Npu Go/lee BLICOKHX
JaBNeHUAX B n1asMe, YCTORYHBOH B APYIMX OTHOWEHMSX, C NOMOMLI0 HA/JIOXKEHUS TOCTOAHHOTO MO~
NnepeyHoro MarHUTHOTO noisi. B 3ToM cilyuyae npeACTaBAsAeTCHA, YTO BpalleHHe HAYMHAeTCA B Ha-
npas/ieHHH NOTOKA 3JIeKTPOHOB, OJHAKO HEeYCTOHYHNBOCTH, MOAB/AXUHECS 103Hee, BCe PAaBHO Bpa-~
WaKTCA B HANpPaBIeHUH NOTOKA HOHOB. C APYToil CTOPOHB, TEHAEHUMS MIAa3Mbl BPAWATHECA (1PH
napnesusx Huxe 30 MmTop Do) MOoxeT GHThH YMeHpIIEHa H HEYCTOHYHBOCTH BpalleHHs YCTPaHeHb
nyTeMm HaJOXeHWUs NMOMepPeyHoro o/ TOH Xe NOoJAPHOCTH, KoTopas BhanBaeT "obGpaTHoe" BpamenHe
ans o6pIyHON He Bpamalomeinca naasMbl. Pe3ynsTaTh paCCMaTPUBAKTCs B CBETe CYMeCTBYOWMUX
Teopuit NPOUCXOXAEHUA BPAMEHHA U HeycToluuBocTeN,

ESTUDIO DE LA ROTACION DEL PLASMA EN LA CONSTRICCION AZIMUTAL POR MEDICION DEL
DESPLAZAMIENTO DOPPLER. Hasta la fecha, el estudio experimental de la rotacidn del plasma en la cons-
triccién azimutal se ha basado en la observacién fotogrificade las inestabilidades vinculadas a dicha rotacidn;
1a presente memoria describe, en cambio, experimentos destinados a determinar la velocidad de rotacién de las
masas ¥ el momento angular cottespondiente, sobre la base del desplazamiento de las lineas de las impurezas,
debido al efecto Doppler.

Como estos desplazamientos pueden se pequefios comparados con el ancho de las 1ineas correspondientes
los autores utilizaron un interferémetro de Fabry-Pérot en los primeros experimentos, realizados en el Labora-
torio de Culham con una constriccién azimutal de 22,5 kJ. Aislaron una linea adecuada (C II, 4267 A) me-
diante un filtro de intetferencias de 10 A y registraron fotoeléctricamente el perfil de la linea con ayuda de
un dispositivo de haz de ocho canales, atravesado por una fase de las franjas de Haidinger producidas por el
interferdmetro de Fabry-Pérot, Los desplazamientos debidos al efecto Doppler, medidos en distintos puntos
situados sobre el didmetro del plasma pusieron de manifiesto que éste gira como un cuerpo rigido, E primer
desplazamiento observable de la linea C I, que cortesponde a una velocidad angular de 5X104 rev/s, se
midié durante la primeraimplosién del plasma.

Como 1a Ifnea C 11 desaparecid al cabo de 1 s, los desplazamientos de Doppler de la linea C V 2271 A
se midieron en un segundo experimento efectuado en Garching con una constriccién azimutal de 32,5 kI,

Los perfiles espectrales se registraron mediante un monocromador de elevado poder de resolucidn y un sistema
de espejos separador de perfiles, En este experimento, la rotacidn se observd solamente a presiones inferiores
a 30 mTorr de Dy, y también tuvo lugar en la direccion de la corriente idnica, Superponiendo un campo
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FIG.1. Experimental arrangement for recording line profiles via an 8 channe! 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 rangelﬁ), of the Fabry-Perot was chosen to be
approximately three times the half width of the line to be
measured (AA,= 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)

rd

s = f (9p+1 -Gp) = mp (for smalleP)

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 T 2% and the etalon
transmission 53%. The plates were flat to A/4o at this wavelength
giving an associated finesse of approximately 2o0. 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 resolutlion 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 lonization 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 [i4] ) was used together with a high
resolution,high optical speed monochromator (f£/12, 8.3 A/mm) for
channeling off spectral profiles in the ultraviolet range.
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FIG.3. Time behaviour of diamagnetic signal and intensities of C I, C IV and C V lines. Initial pressure
20 mTorr D,. Reverse bias field By =-1 kG.
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FIG.4, Plasma rotating rigidly with angular velocity w.

Provislion was made for lntroduclng known quantities of CH
impurlty into the plasma via a gas mixer., It was found that 1%
atomle C impurity was sufficient to glve suitable signals with
the ¢ II 4267 1line.

In order for the Doppler shift measurements to glve unambiguous
results 1n terms of rotational veloclties all reglons of the plasma
have to rotate with constant angular veloclty w, l.e. the plasma
has to rotate as a rigld body. In thils case we have (see Fig. %)

Ve =rw
r wcos® = r W

i.e., at a partlcular chord dlstance r_ from the centre, all the
ions of a particular specles wlll be 9ravelling with the same
veloclty v along the line of observation and the radiatlon is
therefore subject to a constant Doppler shift.

The magnitude of this Doppler shift 1s given by
(1) CAA-AY )%
c

c

Thus on scannling across the plasma 1n the direction of r_ one
would expect to see a Doppler shift varying linearly wlth r, d
in opposite dlrectlions on elther side of the centre.

Flg. 5 shows the shifts of the C II 4267 line at varilous
distances across the plasma diameter for three points of time (t,:
durlng 1nitial imploslon, ta: 1st max. compresslon, t,: 2nd max.

compression). The result 1s consistent with the interpretation
that the plasma rotates as a rigid body. The direction of rotation
1s that of a positive lon 1n the driving magnetic fleld B_. The
angular velocitles of the plasmadl , found from the gradignts of
the lines through the measured shifts by resorting to eq.(l) are
indicated 1n the dliagram. Rotatlon 1s already detectablg during
the initial implosion. Its angular veloclty 1s 5.3 x lo rev/s

- and Increases slightly wlith time. The rotational veloclty of the

v
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2. Investigation of Rotatlon 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 summarlzes the technlcal data
of the theta pinch. Initial pressure was in the range 20 - loo p Do.
Usually 1 - 2% atomic C were added to glve reasonable line
intensities. In all experiments reported here a reverse blas field
B,o ©of 1 kG was superimposed.

Streak photographs showed that in this experinment rotational
instabilities developed only at a pressure below 3o u Do. Thus 1t
was possible to lnduce rotation and instabilities at higher
pressures 1n an otherwlise non-rotating and stable plasma by
superimposing a transverse magnetic fleld Bgr and to study its
influence on rotation.

2.1 Measurements without superimposed Transverse Field

These measurements were carrjed out at an initial pressure of
20 ; D,. The diamagnetlic signal, Bg -signal and streak photograph
in Fig.

6 show the characteristic behaviour of such & discharge.

The m = 2 instabllities showing up on the streak photograph in the
last third of thg nhalf cycle rotate at an angular veloelty in the
range 1 - 2 x 10° rev/s. The time variation of the By -fleld was
measured by a probe which was placed between theta pinch coil
and ¢ischarge tube and orlented and balanced to maximize the
Be /Bp signal. The Bg signal shows two regions of relatively
well defined oscillations, one in the first and one 1n the last
third of the half cycle. The osg¢lllations at the beginning
correspond according to ref. ﬁi] to the frequency of the
azimuthally rotating electrons transporting B_-fields (e.g. small
stray flelds) for times which are short compared with the characteri-
stic fleld 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 phdographs, thus indlca-
ting that the Bp-field 18 now distorted by the m = 2 instabillities.

Doppler shift measurements show rotation of the plasma column
long before it 1s detectable on photographs. Fig. 7 shows two
C V line profiles measured at radiel distances r, =+ 4 and - 4 mm
at time 0.85 psec. They show a line shift of approximately o.4 R
corresponding to & rotational veloelty of 1 x 10° rev/s. The
direction of rotation determined from such Doppler shift
measurements as well as from stereoscoplc side-on streak photo-
graphs 1s again that of the ion current.

Fig. 8 shows the time behaviour of the rotational velocity as
determined from Doppler shift measurements, Bg probe signals and
streak photographs. Before discussing the results in detail
two general remarks concerning these measurements should be made.
First it 1s important to polnt out that the three dlagnostic
techniques measure three different types,of rotational velocity:
During the early stages of rotation the Bg probes measure the
rotational veloclity of the electrons, whereas the Doppler shifts
give the one of the C-igns. After instabilities have set 1n both the
streak photographs and Bg probes give the rotational velocilty @w/m
of an instability of mode m. Secondly with respect to the question as
to whether the measured velocltles of the C-lons are representative
for the plasma as a whole, 1.e. of the deuterons, 1t can be shown
that the difference in the two velocitles becomes less than lo% of
the absolute velocity of the deuterons in a characteristic time tc
which is approximately lo(mc/mD - ZC) tps where tp, 1s the
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FIG.8, Time behaviour of angular velocities as determined from Doppler shifts of C IIl and C V line, Bp
probe signals and streak photographs, Note that Doppler shift measurements give the mass rotational velocity &,
whereas the streak photographs and the Bg signals in the last third of the half cycle give the rotational velocity
of an instability wave w. The Bg signals at the beginning of the half wave give the rotational velocity of

the electrons. Initial pressure 20 mTorr Dy, Bzg == 1 kG, By =0.

2.2 Measurements wiﬁh Superimposed transverse Fileld

A stationary magnetic field B transverse to the axis and
to the plane through axis and feed Eoint 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 O to looo G.

This transverse field changes the character of the discharges
considerably. At initial pressures of 4o B D, and 8o p Do
transverse fields of »3oo0 and)7oo G respectiaely 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 DQ with a superimposed
transverse field of 560 G. In contrast to the ®naturally” rotating
plesma at 20 p D, rotation becomes detectable later (at ~ 1 psec)
and 1is then in "Spposite" 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 instabilitks
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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