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Introduction

In this chapter a description of the diagnostic equipment is given

F with an account of the theory associated with each method of measurement .

Magnetic probes were used to obtain information about the magnetic fields

and the axial wavelength of the wave . Absolute electron density measure-

ments were made with an 8 mm microwave interferometer while relative density

ieasurements were made from interpreting the saturation ion current flowing

to a double Langmuir probe which could be moved across a radius of the

plasma . Electron temperatures were also deduced from the Langmuir probe

measurements .

Spectroscopic measurements of Argon II lines yielded an estimate of

the electron temperature . In the smaller tube, a trace of Hydrogen gas

could be introduced with the Argon allowing an electron temperature to be

found from relative intensity measurements of the,Balmer series . Measure-

ments of the widths of Ha and HS provided an estimate of the ion temperature .
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Magnetic Probes

A photograph of the different types of magnetic probes used is shown

in figure (6 .1) (numbers 2, 3, 4, and 5) . As the fields to be measured were

generally of the order of a gauss, the probes had a centre tap which was

earthed to minimize electrostatic pickup and the signals from the ends of

the probe coil subtracted with a Tektronix type Gplug-in or type 1A5 plug-in .

The signal,was displayed on the screen of a Tektronix type 551 oscilloscope .

These plug-in units were used rather than the 1A1 unit because of their high

common mode rejection ratio (which was quite low in the 1A1) . Although the



Fig . 6 .1

	

Electric and magnetic probes used to measure the plasma

and wave properties .

Probe 1 Axial Langmuir Probe

Radial br probe

Radial be probe

4 Axial b Z probe

5 Axial br - bZ probe
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probes differed in their geometrical design, the electrical design was the

same in all cases and is shown in figure (6 .2) . As an electrostatically

screened cage was not available, the earth shield had to have a common

point with the earth of the probe, which in certain circumstances (such as

long probe leads and the need to reject a large common signal) caused con-

siderably difficulty in interpreting the signals .

In all probes, the time derivative of the field was measured rather

than integrating the signal which with the continuous wave signal would

only introduce a phase factor to the sinusoidally varying signal . Inte-

gration would have the disadvantage of decreasing the already small signal

by a considerable amount . Referring to figure (6 .1), probe (4) was made

from 6 mm O .D' pyrex, drawn down to 2 mm at the end and bent so as to

measure radial variations in b z when inserted through the top disc .

Probe (2) in figure (6 .1) was used for measuring radial variations

in br and a similar probe (number 3) with the coil axis rotated through

900 relative to the probe axis, was used to measure b 6 . These probes were

inserted radially into the plasma, which was pulsed to prevent overheating

of the probe coil .

Probe (5) is one of a number used to measure the axial variation

of the bz and b r fields . Some of these were single b z probes and others,

a combination of two coils used to measure b z and b r simultaneously . To

minimize the perturbing effect of the probe on the plasma, these probes

were generally flush with the outside wall of the vacuum vessel . The

advantages and shortcomings of these probes are discussed in chapter 7 .

The perturbing effect of the probes inserted into the plasma is also

discussed in chapter 7 .

I
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Fig .6 .2

	

Electrical design of probe used to measure R .F . magnetic

fields .

Fig.6 .3

	

Basic double probe circuit .
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After a considerable number of the probes were constructed and

tested in . the plasma, the most accurate design was found to be one that

had the probe coil wound on the actual glass body of the probe, which

defined the axis of. the coil . The coil was then covered with Araldite

and a ceramic compound which could be 'painted' onto the probe to minimize

the release of impurities from the Araldite and to protect the coil . The

amount of electrostatic pickup could be checked by displaying the separate

sides of the coil on an oscilloscope and seeing if they were half the

voltage of the subtracted signal . If the electrostatic pickup was of

the same magnitude as the true magnetic signal, the probe was discarded

and a new one made .

A double probe described by Jones, Perey, and Coq (1969) which

had the br coil wound over the b e coil was tested in comparison to the

normally separate coils of the double probes . This probe had a cross

talk of about 5% for fields perpendicular to the axis of the coil . As

the applied transverse R .F . magnetic field was much higher than either

br or bz, the 5% pickup of this large signal was comparable to the wave

field and this probe construction was considered unsuitable for most

circumstances .

All probes were calibrated by inserting them in a uniform known

field produced by discharging high-voltage capacitors through an inductance

consisting of two parallel copper staps joined at one end . The current

flowing could be calculated and consequently the magnetic field determined .

A small power continuous R .F . oscillator connect to the parallel Cu straps

was used for angular calibration of the probes . This angular calibration

proved important for radial measurements of b e where a few degrees error



in probe alignment can give a large error in the field determination . The

probes were used mainly to measure the radial wave structure to determine

the azimuthal mode number, and to measure the axial wavelength .

Generally the highest amplitude field components were measured

except when the orientation of the probe coil was accurately known and

the electrostatic pickup could be considered negligible .
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Langmuir Floating Double Probes

A plane double Langmuir probe was used to make relative density

measurements across the radius of the plasma and to determine the electron

temperature . The plasma is immersed in a strong axial magnetic field which

makes the interpretation of saturation ion current measurements very diff-

icult . Consequently no absolute measurements of the density were made with

the probe but it was assumed the charged particles were confined by the

axial field and that the axial length of the plasma was the same for all

radial positions . Hence, a reasonably accurate measurement of the 'local'

density could be made across the radius .

As the plasma was quite sensitive to perturbations in the current

flow in the plasma, a floating double probe was used . The single probe

involves measurement of the saturation electron current which can be quite

substantial and so was not used . In most discharges, but in particular,

in R .F . sustained discharges, the electron temperatures are much higher

than the ion temperatures, so any contacting surface takes up a negative

potential with respect to the plasma . At such floating potentials, a few

volts negative, the double probe system collects saturation ion current,

6 .6
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and the maximum electron current that can flow to a probe is limited to

this much lower value . The main perturbing effect is then due to the

physical presence of the probe body in the plasma .

The use of a double probe was first described by Johnson and Malter

(1950) who also presented a simplified theory for its operation . A resum4

of their analysis which is applicable to the present work is presented

below . This analysis is correct only in the absence of an axial magnetic

field and is an idealized treatment for plane probes .

In a floating system Kirchoff's law requires that the nett current

to the system shown in figure 6 .3 must be zero, i .e . :

P1

	

P2

	

P

	

el

	

e2

where the subscripts p and e refer to ions and electrons and 1,2 to probes

1 and 2 .

The voltage current characteristic is shown in figure 6 .4 . The

expected flat parts XY and ZW have, in fact, a finite slope due to growing

sheath thickness, with the consequence of increased ion collection . The

free electrons are assumed to have a Maxwellian distribution and we can

therefore substitute the Boltzmann equivalents for i
el

and i
e2

in eqn . 6 .1,

giving :

l

ip = A l j1 exp(~v1) + A2 j2 exp(4v2)

where 4 = kT , e = electronic charge, k = Boltzmann's constant, T e =
e

electron temperature, j = current density . Experimentally the probe

areas are equal Al = A2, and T e was calculated by the equivalent resistance

method .
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Theoretical voltage-current characteristic for a double

probe .

is the voltage between probe electrodes

is the probe current .
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For simplification of calculation,, a factor G is introduced :

G = [ie 2/i]j p
V =0d

'which gives an expression for the electron temperature

Te = 11,600 (G-G2)
ji dVd

p did
Vd=O

= 11,600 (G-G2) Ro ji

	

(6.2)
P VaO

dVd
where Ro

	

did
Vd=O

the equivalent resistance .

To evaluate Te from equation (6 .2), jip at Vd = 0 is required,, For

a symmetric characteristic curve, i and i may be found by extrapolating
P1

	

P2

the saturated portions of the characteristic backwards 0 .8 of the way from Zto

the id axis, then horizontally the rest of the way(see S-iy 6 .4),

The plasma density is related to the saturation ion current and

consequently to the manner in which ions are collected by a plane surface

separated from the plasma by a "sheath" region . A considerable amount of

work was done by Tonks and Langmuir (1929) for a low-pressure mercury arc

discharge in the absence of magnetic fields and recently by Blevin and

Reynolds (1969) .
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The review given by Chen in 'Plasma Diagnostic Techniques' (1965)

suggests that for high magnetic fields (order of hundreds of gauss), the

slope of the sheath is distorted and the collection mechanism for ions is

not well understood. Chen states that the electron temperature is probably

correctly given by the slope of the I-V curve in the range where it is

linear .

	

It was decided to use a probe with its axis parallel

to the axis magnetic field . The probe was bent to enable radial measurements

to be taken by rotating the probe . Such a probe is shown in figure 6 .1, the bodybeing made of pyrex, with tungsten electrodes .

The probe was inserted through the top disc of the vacuum vessel

and was 3 cm off-axis . This allowed the probe to be swept in an arc passing

through the central axis of the tube . To minimize extraneous electrostatic

coupling, the probe leads were shielded with an earth braid to within a few

millimetres of the collecting surfaces . The potential difference was

supplied from batteries and varied by a multiturn potentiometer, and the

current measured with a Cambridge Galvanometer . These measurements were

taken with the plasma running continuously, and not in the pulsed mode .

The surface of each electrode was the same and equal to 0 .0075 cm2, the

probe faces being the only area in contact with the plasma . The two elec-

trodes had their centres 1 .42 mm apart~'wh,ch wLis v too hrncs the Debyc length .

The experimental procedure consisted of taking an I-V plot with the

probe in the centre of the plasma . From this plot the electron temperature

could be deduced, and the voltage required for saturation ion current

measured . The radial variation of the electron density was determined by

applying the appropriate potential difference between the two electrodes

to collect the saturation ion current . The probe was then rotated through



an arc extending from one part of the wall, through the central axis to

another part of the wall of the tube .

It was assumed that ions could only move freely along lines of

force so that the saturation ion current was taken to represent the relative

'local' density as the. probe moved in an arc across the plasma . Additional

errors may be introduced, by the presence of R .F . fields . The effect of these

fields on a single probe has been investigated by Boschi and Magistrelli

(1963), but the magnitude of the error in double probe measurements has not

yet been determined . Fig . 6 .5 (a) shows a typical I-V characteristic .

The density curves shown in figure 6 .5(b) were approximated by a

polynomial and normalized to unit average density so as to be amenable to

computation described in chapter 3, section 5 . The radial density profile

was so measured for all the magnetic fields of interest and the absolute

average density found by microwave measurements described in the next section .

6 .4

	

8 mmMicrowave Interferometer

The interferometer used in both tubes wzjr, of the Wharton type

(Heald and Wharton ].965) . The rack mounted version can be seen to the

right of figure (5 .2) . The densities to be measured were initially

estimated by using 3 cm microwaves and 8 mm microwaves and finding which

were 'cut off' . It was found that the 3 cm microwaves would not propagate

through the plasma, and hence a simple 8 mm microwave interferometer was

constructed using equipment made by the 'Micro Wave' company which could

measure

	

densities in the range 1011 - IQ13 electrons/cm 3 . This

interferometer was used on the smaller tube but the results were difficult

6 . 1 1



Fig . 6 .5(a)

	

Experimental voltage current characteristic for the double

probe described in the text (lary- tube , 1 S m.111 tort- (1rrn

6 . 1 2
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Fig . 6 .5(b)

	

Density curves determined from double probe and microwave

interferometer measurements( Large tube, 1.5 millitorr argon ),

6 . 1 3
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to interpret as the high-density centre of the plasma was only about 1 cm

in diameter . Scattering of the microwaves would have been considerable

(Liddle (1970)) and accurate interpretation of the phase shift could only

be made in a larger diameter vessel .

The interferometer used with the large tube was rack mounted and

could be simply modified to propagate 8 mm and 4 mm microwaves through the

same path . In this work, only the 8 mm waves were used . A schematic

diagram of the interferometer is shown in figure (6 .6) . The direction of

the electric vector of the microwaves was parallel to the axial field,

allowing the influence of the magnetic field on the wave propagation to

be neglected . Assuming no reflection from the glass walls of the vacuum

vessel, no refraction of, the waves by the plasma cylinder, we can construct

a simple model to determine the phase shift that the microwaves incur as

they traverse the plasma . For low collision rate and for high frequencies,

w > w p , the refractive index (N) for electromagnetic waves in an infinite

plasma without an applied magnetic field B o is

r
2 2

N= 1-~ .

	

(6 .3)
W2

This dispersion relation can be applied to the plasma immersed in a magnetic

field if 52e/w '< 1 and wp /w < (1 - .a /w) and the electric vector of the

microwave E //'B0 . For the 8 mm waves with a frequency of approximately

35 GHz, these inequalities hold for all magnetic field strengths and all

electron densities investigated in the plasma discussed in this thesis .

The collision rate at 1rmillitorr of Argon is very much less than w, and

can be neglected .
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A schematic diagram of the 8 mm microwave interferometer .

Fig . 6 .7

	

Optical system used for spectroscopic measurements of the

light from the plasma .
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2

Therefore (2) << 1 and equation 6 .3 can be expanded to :
W

N = 1 - / (w 2 .

	

(6 .4)

In a plasma without a magnetic field B o, the electrons oscillate at the

plasma frequency wp . We can think of this as representing a critical

density nc ,where cis defined by :

W2 = 4'rtnce2 .

	

(6.5)
m

For densities below this critical value, the plasma is nearly transparent

(w2 > w2) and above, the plasma is opaque and highly reflecting . We can
p

therefore rearrange equation 6 .4 to yield :

N = 1 - '/ ri

	

(6 .6)
c

In vacuo, N = 1 and therefore the change in refractive index :

AN = / n .

	

(6 .7)
c

The change in optical path length for the microwave passing through the

plasma :

AL
= J

	

AN dQ .
path

The phase change in radians is :

e = 2~

	

AN d9.,

	

(6 .8)
path
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using equation 6 .7 in equation (6 .8) ;

6=2-f

	

/ n dR .
X path

nc

For a uniform plasma 6 = n 2na . Since the plasma under consideration in
c

this thesis has a considerable radial variation in the electron density,

we put

n=n
0
n(r),

where n is the absolute value of central density, and n(r) is the density
0

at a radius r, normalized to n(O) = 1 .

Assuming a cylindrical plasma with a radius of a cm :

a
6 = no 2~ J

n (r) dr .

	

(6 .9)
c

	

o

As we want to use this in the computation of a dispersion relation for

helicons, we have to find a true average density rather than the

density determined by the microwaves . The radial variation of the density

is therefore approximated by a polynomial and the plasma radius normalized

to unity allowing us to use dimensionless parameters . We work with the

central density :

nca6

no = a	 271	 ,

	

(6 .10)

n(r) dr
0
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and the average density :

a
2Tr no

	

r n(r) dr

n =

	

o a

	

(6 .11)

2Trr dr
0

Changing to the dimensionless radius r' = r/a and the polynomial approxi-

mation for n(r) = f(r') = A0 + Alr i2 + A2r i4 + A3r i6 + A4r' 8 + A5r' 10 ,

equation (6 .10) yields :

ncX6
2Tra	no =		 (6 .12)

1
f (r') dr'

0

1
n0a2

	

r' f(r') dr'

and

	

n

	

°

a
(1

	

'
2 J r' dr'

0

=n0 A0+21 +A3+ A3 + 54+
65

	

(6 .13)

Substituting equation (6 .12) in equation (6 .13) gives :

nCXe Ao	+ 21 + A3 +
A3

+ 54 + 6
n

	

2rra

	

A1

	

A2

	

A3

	

A4

	

A5 '
A° + 3 + 5 + 7 + 9 + 11

nc a0
2Tra [poly .] .
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For the wavelength used, 8 .6 mm, the cut-off density was 1 .44 x 10 13

electrons/cm3 . By inserting the plasma radius of 5 cm, and by assuming

the horns are flush to the glass walls we obtain :

n = 6 .89 x 109 6 [poly .] .

For a reasonably uniform plasma, an easily measurable phase shift results,

but for highly peaked distributions of electron density, the phase change

is small even though the path length is 10 cm and the average density is

high . For this wavelength of 8 .6 mm only a few fringes were observed

before cut-off, making interpretation of the phase measurements very

difficult . Errors of 50% in the density determination in this region

could easily occur due to the rapid attenuation and difficulty of measuring

the phase shift close to cut-off .

6 .5

	

Spectroscopic Measurements

One of the most simple measurements which can be made on a plasma

is the determination of the intensity of the spectral lines of the excited or

ionized atoms of the gas under investigation . It has the great advantage

that no probes have to be inserted into the plasma . When lines in the

visible region, are utilized, absorption by the glass walls of the vacuum

vessel and photomultiplier can be neglected if relative line intensity

measurements are taken . As with most measurements which can be simply

made, the theory is extremely complicated, even in regions where simplified

models can be constructed . The local thermodynamic equilibrium model

discussed by many authors (McWhirter (1960), Bates et al . (1962), Griem



t

i .e . e + N(z) N(z+l) + e + e,

or e + N(z) N*(z) + e ~,

where N(z) is an atom of atomic charge z,

and e is an electron .

The population distribution of electrons in energy levels is determined

by equipartition among energy levels given by the Boltzmann equation .

Also the free electrons are assumed to have a Maxwellian distribution

enabling use to be made oz cne oana eqUaL&wA VNOWAIrLIZ ,500 i j LU velaW~

Lhe distribution oz e,dCLLUnS a" Lho ~j~n~ L_4U~O 1Z 00 AW KWCtTOESif

the plasma is optically thin, i .e . all radiation can escape without

in-hsor"&, - to Tntpn& -v of 7 -ecu-s! line arising from a trans-

ition between bound levels p and q is given by :

1

	

r

Ups)

	

n(p) A(p,q) hv(p,q) ds,
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(1964) and others) and the Corona model discussed by McWhirter (1965) and

Lochte-Holtgreven (1968) among others will be briefly reviewed and their

relevance to the present plasma discussed .

The Local Thermodynamic Equilibrium (L . T . E .) Model

In the L .T .E . model it is assumed that the collisional induced

excitation and ionization processes are balanced by three-body processes :
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where A(p,q) is the atomic transition probability,

hv(p,q) is the photon energy,

and n(p), the number of electrons in the upper level p

is given by the Saha and Boltzmann equations .

The integration is taken over the volume of plasma viewed by the

detector . At low density, the radiative transitions become important and

since in an optically thin plasma, the emission of a photon is a process

not balanced by its inverse, the population of the energy levels is no

longer given by the Boltzmann equation . The validity of the L .T .E . model

has been disc\xssed by Griem (1963) and a simple criteria for the existance

of L .T .E . in laboratory plasmas has been deduced by Griem and also by

McWhirter . For radiative decay rates to cause less than 10% departures

from L .T .E ., the collisional rates must be at least ten times the radiative

rates . For the L .T .E . model to be .accurate, McWhirter derives :

n
e

, 1 .6 x 10 12
T e

15
X(p,q) 3 cm 3

where Te is the electron temperature in °K and X(p,q), the energy difference

between levels p and q, is in electron volts . This inequality is least

likely to be satisfied for large energy differences between levels p and

q, but if the upper level is near the ionization energy and the gap small,

it is likely that the upper levels will be in a state of quasi L .T .E .

This point will be elaborated upon later in this section .
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CoronaModel

This model derived its name from attempts to explain features of

the solar corona where the charged particle densities are comparatively

low . The balance is between collisional ionization and excitation, and

radiative recombination, i .e ;

e + N(z) - N(z+1) + e + e,

is balanced by the radiative process :

e + N(z+1) + N(z) '+ hv .

The three-body recombination rate is proportional to ne whereas the radiative

recombination rate is proportional to ne which becomes the dominant process

at a sufficiently low electron density . This model also assumes an optically

thin plasma and free electrons with a Maxwellian distribution . As with the

L .T .E . model, the plasma parameters are assumed to change sufficiently slowly

to allow the energy levels to attain their steady state population densities

at each instant . The intensity of a line is then given by :

I(p,q) = 4- 1 ne n(z,g) X (Te,g,p)
	 A(p,q)	ds,

A(p,r)

r<p

where X(Te,p,q) is the de-excitation coefficient defined by Seaton (1962),

n(z,g) is the number of atoms in ground state, and the other parameters

are as defined previously .
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Since X is dependent on T
e

, the electron temperature can be obtained

from intensity measurements . To eliminate ne and n(z,g), relative line

intensity measurements can be taken . This would seem an ideal method for

temperature determination but has not received wide usage for laboratory

plasmas as the function X has only been calculated for a few special cases .

A general theoretical formula has been derived and tabulated in Allen (1963) .

A model which includes the effect of electron collisions causing

transitions between the upper levels is the Collisional Radiative(C .R .

Model . The assumptions are optically thin plasmas, where free electrons

have a Maxweilian distribution and there is a balance between electron

collisions and three-body recombination, and radiative transitions . One

of the important properties of the C .R . model is that with increasing

quantum number, the level spacing becomes closer and the probability of

collisional processes become greater, while the probability of radiative

processes occurring becomes smaller . Therefore, there is always a level

above which the effect of radiative processes may be neglected and a

modified form of Saha's equation can be used to find the population

densities of the upper levels . This modified equation differs from the

normal Saha equation only in a negative sign in the exponential and the

number of the upper level p . It may be applied for p greater than some

valuee below which radiative processes are dominant . The value of pmin

may be found be changing p and checking that the result of the calculation

has changed by less than the required accuracy (McWhirter and Hearn (1962)) .
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6,6

	

Spectroscopic Discussion

The plasma ;. being described in this section of the thesis is R .F .

sustained with electron densities in the range 10 11 - 10 13 electrons/cc

and temperature below 5 eV . This presents quite a formidable task in

trying to interpret the line spectra, the problem being complicated by the

fact that Argon was chosen as the working gas . An R .F . sustained Hydrogen

plasma investigated by SchlUter (1961) is similar in many ways to that

investigated in this thesis . SchlUter uses . a 28 MHz oscillator coupling

into a 6 cm diameter, 50 cm long quartz tube by a single conductor circling

the tube . The plasma would be formed by a combination of electrostatic and

magnetic fields . Using the C .R . model, he determines the electron tempera-

ture from the relative intensities of the high quantum number Balmer lines

These lines, having small interlevel energy gaps, can be assumed to be

populated according to the Saha equation and a temperature so obtained .

This temperature of approximately :2,000°K corresponds to a group of elec-

trons with density 1 .4 x 1013 cm-3 measured by a microwave interferometer .

Fo :° this temperature, the plasma is not in simple local recombination-

ionization equilibrium and the population of low and medium quantum

numbers are lower than those predicted by the Saha-Boltzmann equation .

As this is similar to an `afterglow` plasma (Sharp (1965) and the plasma

is stationary, a high energy, low density, ionizing group of electrons

are required to maintain the plasma . This group was detected by Langmuir

probe measurements and due to its low density had only a weak interaction

with the cool electrons . The low-density high-temperature group ionized

the neutral gas fast enough to be able to counterbalance the recombination

rate of the cool electrons of high-density (Ferguson and SchlUter (1963)) .
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Measurements of the broadening of the higher Balmer lines, assuming only

collisional broadening gave charged particle density approximately the

same as that measured by 9 mm microwaves .

Although the ionization rate was comparable to the recombination

rate, taking into account three-body recombination in the excited state,

the recombination rate was determined by a balance between three-body and

radiative processes . These processes were not found to balance for medium

quantum numbers (Schliiter (1963)) . The high-energy group of electrons

caused ionization and excitation from the ground state, whereas the higher'

quantum levels were in quasi equilibrium with the low temperature group .

Using a modified collisional radiative model Schliiter obtained rates for

recombination mechanisms which validated the presence of the two groups

of electrons .

Drawin (1968) gives a formula for the 'effective' recombination

rates into an excited state m for a non L .T .E . R .F . discharge :

Rmff = nmTE (Te) n
e Sm(Te)

1 - LTE
n

	

(T
m

	

e )-

where ne and Te refer to the low-temperature group of electrons providing

ne and T*, the density and temperature of the high-temperature group of

electrons is sufficiently high . nmTE is the population density obtained

from the Saha'equation and Sm(Te), the ionization rate coefficient, is

calculated from the rate coefficient for three-body recombination into

the state m .

In the small tube previously described, the electron temperature

was determined from measurements taken from a floating Langmuir double



probe, the relative intensities of Argon II lines, and the relative intensity

of the higher Balmer lines when a trace of Hydrogen was introduced with the

Argon . In the large tube, electron temperature was determined from the

relative intensities of Argon II lines and from the Langmuir double probe

described in section 2 of this chapter .

The intensity of a line assuming L .T .E . and a Maxwellian distribu-

tion of the free electrons can be simplified to the form :

I = (Cg A/ l) exp (-E/kTe) ,

(assuming there is no spacial temperature variation) .

Where g is the statistical weight of the upper state involved in

the transition . For the quantum state n

n-1
gn = 2 1 (2k+1) ,

k=0

= 2n2 ,

for Hydrogen-like levels . For other levels

gn =2j n +1,

where 9. is the orbital quantum number,

n is the principal quantum number,

j = i ± 2,

A is the transition probability,

A is the wavelength in angstroms,

E is the excitation energy of the upper level of the transition,
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Te is the electron temperature, and

c is a constant which includes a geometric collection factor .

The transition probability A can be related to the absorption oscillator

strength f by the relation :

g1f = 1 .499 x 10-8 g2 AX 2 ,

where A is in microns and g1 and g2 are the statistical weight for the

upper and lower levels of the transition (Allen 1955) . The line intensity

then becomes :

I = C gf

	

-E ,x g exp ~T e

with the parameters having the same meaning as before . A more formal anal-

ysis gives an additional exponential factor of -

	

anal-

AT where AT is the amount
e

by which the ionization potential is reduced below the free space value and

is dependent on ne and Te . However, for the plasmas being investigated this

is less than .001 eV and can be considered negligible .

A determination of the ion temperature was carried out in the small

tube using the fact that spectral lines are Doppler broadened to a certain

degree due to the movement of the ions relative to the observing instrument .

The values of the broadening due to this mechanism relative to Stark broad-

ening have been tabulated by Wiese (1965) and Hill (1964) using the values

of Gri,em (1964) for Hydrogen Balmer lines . At densities below 10 13

electrons/cm3 and temperature below 1 eV the Doppler broadening of H a is

at least an order of magnitude greater than the Stark broadening since the
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Doppler broadening is independent of the electron density .

	

By using a

monochromator with a resolution of 0 .158 the profile of Ha could be obtained.

The instrument broadening was assumed to be of the dispersive (or Lorentzian)

type, while the Doppler broadening was gaussian . These two profiles were

unfolded using Voigt functions tabulated by Van de Hulst and Reesink (1947),

allowing the ion temperature to be calculated from :

AX2 = 7 .16 x 10 -7 a(Ti/u) 2

where AX2 is the full half width between the two half maximum intensity

points,

and

	

A in measured in ~,

Ti in °K for ions,

ii is the atomic weight .

Results and discussion are presented ..-in chapter 7 .

A diagram of the .optieal system used .t o measure-the-optical radia-

tion from the different tubes is shown in figure 6 .7 . The light from the

plasma enters' a Jarrel-Ash : 2. meter- scanning . Eber-t: type monochromator with

a dispersion of 16k/mm, and having curved slits, theoretically enabling a

resolution of 0 .1R/mm to be achieved . Two shields with 2 inch slits in

them restricted the light entering the monochromator to a small volume in

the centre of'the plasma . As the Ha line is in the red region of the

spectrum, an E .M .I . photomultiplier type 9558B with a good near infrared

response was used . The-high voltage required was supplied from a Fluke

power supply and the output from the photomultiplier tube was taken via



a 50Q coaxial' cable to a micro ammeter . A chart recorder was used to

determine line profiles and was driven by ' an amplified output from the

micro ammeter . The slits of the monochromator were opened to 200 microns

(3 .2k dispersion) to measure the intensity of Argon lines . The wavelengths

(in Angstroms) of the,Argon II lines measured were 41039, 4348 .1, 4379 .1,

4579 .4, 4589 .9, 4609 .6, 4637 .3, 4657 .9, 4764 .9, 4806 .9, 4847 .9, 4879 .9,

4933 .2, 5009 .4 .

Since some of the lines are close together and to other lines in

the spectrum of Argon, the wavelength reading on the monochromator was

calibrated using the simple spectrum of-Hydrogen as a wavelength standard .

The wavelengths of the separate Argon 'lines could then be found and the

intensities measured . For the half width measurements, the slits were

closed down to 15 microns giving a theoretical resolution of 0 .1k . As the

Argon lines have a half width of about two order of magnitude below this,

an Argon line close to the Ha or HS line was chosen and assumed to be a

delta function and the broadening of the monochromator determined from

the measured half width of this line . This half width was typically 0 .158,

obtained by aligning the instrument carefully .

For the relative intensity measurements, the system had to be

calibrated against some known spectral emitter . A simple calibration was

carried out using a Bausch and Lomb high-intensity monochromator with a

Xenon source (Boswell (1968)) This had been calibrated against a thermo-

pile but as the Xenon spectrum contains a number of lines in visible region

this calibration could only be considered to be ± 10% accurate . A more

accurate calibration was carried out using a Philips tungsten strip lamp

as a source of radiation (Boswell (1970)) . Tables for the emissivity of
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tungsten derived by De Vos (1954) were multiplied by the'Plankian radiosity

for a black-body (Moon (1961)) to give the spectral response for the lamp .

The temperature was measured with an optical pyrometer which gave the

brightness temperature . This was converted to true temperature using a

nomogram given by De Vos .

The monochromator was then slowly scanned through the range 38008

to 5200, the output of the photomultiplier being monitored on the chart

recorder . The temperature of the lamp was monitored throughout the run .

The emissivities measured by Larrabee (1959) are lower than De Vos' by

approximately 2 .5% but the relative values over the optical region are

virtually the same . The results of these two calibrations are shown in

figure (6 .8) with the relative sensitivity of the S20 phosphor cathode

of the 9558B photomultiplier tube as given by the manufacturer (E .M .I .) .

The maximum possible error in the calibration using De Vos' values was

± 4% including experimental errors and was probably much lower . The

results of the relative intensity and line broadening measurements are

given in chapter 7 .
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Fig . 6 .8

	

Calibration curve for E .M .I . 9558B photomultiplier tube .

Accurate calibration using emissivity

of tungsten (De Vos) .

+ +

	

Rough calibration with Bausch and Lomb

high-intensity monochromator .

	 Manufacturer's specifications for S20

cathode .
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