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I. INTRODUCTION

During 1983, the experimental program on the research tokamak

TORTUS was concentrated on fundamental studies of hydromagnetic waves

in toroidal geometry, on preliminary experiments for an Alfven wave

heating program, and on further development of diagnostics and data

acquisition equipment. Highlights of this work, which is described

in Section II, were the observation of magnetically guided Alfven

wave packets in toroidal geometry and of strong toroidal effects in

the loading of a half-turn loop antenna in the low frequency Alfven

wave regime.

Work continued, on the linear SUPPER IV machine, on some aspects

of wave propagation in collisional plasmas. Magnetically guided

Alfven and acoustic waves were observed - for the first time in a

dense magnetised plasma. This work is described in Section III.

The experimental work on TORTUS and SUPPER IV is supported by

theoretical work carried out in the Department and in the School's

Department of Theoretical Physics. This work is described in

Section IV.

The development of diagnostic techniques and equipment continues

to play a prominent role in our research program. In Section V, the

work on lasers and laser diagnostics is described. A particularly

pleasing aspect of this work is the collaborative program, with

Dr. Whitbourn of CSIRO, on optimising the output of submillimetre

lasers. The tunable gyrotron program is described in Section VI.

In Section 6.3 is reported the first application of the gyrotron -

to the measurement of the attenuation coefficient for ethanol.

In Section VII is described a small project on the characteristics

of the magnetron sputtering discharge employed by the Department of

Applied Physics in the manufacture of selective surfaces for solar

collectors.

During the year, an informal Waves and Stability Theory Workshop

was held in the Department. Approximately 25 participants attended

from three Australian universities and the Atomic Energy Commission.

We were again pleased to have a number of visitors to the

Department during the year. Those who stayed for extended periods of
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of at least a few weeks were Professor Y. Amagishi (Shizuoka

University, Japan), Dr. Chen Zhiyi (Beijing Vacuum Electron Device Research

Institute, Beijing), Dr. R.C. Grimm (Princeton), Dr. J. Killeen

(Lawrence Livermore), and Dr. M.L. Sawley (Lausanne). Dr. Grimm

will return to Sydney in April 1984 to take up appointment as leader

of the Atomic Energy Commission's Fusion Physics Group. He has also

accepted an honorary appointment as Professorial Fellow in the

Department.

A member of staff, Dr. Robinson, has spent the year on Study

Leave at the Centre for Nuclear Studies, Grenoble.

The research work of the Department rests very heavily on the

efforts of our support staff: V. Buriak, P. Denniss, N. Lowe,

J. Pigott, S. Romashenko, and Mrs. Elaine Shooks. We are grateful

to them. We also acknowledge financial and other assistance from

the University and from

Australian Atomic Energy Commission

Australian Institute of Nuclear Science

and Engineering

Australian Research Grants Committee

Mr. Max Franks

National Energy Research, Development

and Demonstration Council

Science Foundation for Physics within

The University of Sydney.

Radio Research Board

CSIRO/University of Sydney Collaborative

Research Fund.



II. TORTUS TOKAMAK

2.1 Thomson scattering

(R.A. Niland and J. Howard)

John Howard worked on this experiment for the first six months

of 1983. The new triple polychromatof'was completed and very

carefully aligned and calibrated. The scattering apparatus was

installed on the tokamak. It is remotely controlled from the screened

room by signals sent along fibre optic cables. A tiltable glass plate

in the collector optics allows fine alignment from the screened room

also. Procedures for aligning the oscillator-amplifier, input optics

and collection optics were developed by Raman scattering from neutral

N- in the tokamak and the stray light was reduced to a negligible level,

This was a relief since the input optics is of compact design with no

intermediate beam clean-up and there is no viewing dump opposite the

viewing port. Using then two channels at 7.5 nm and 21 nm from the

laser line we were able to obtain temperatures of the tokamak plasma

using oscilloscopes to record the scattered signal. The next step

was to use five spectral channels and a gated charge integrating

CAMAC module to acquire data more conveniently and analyse it by

computer. This required considerable electronics to preprocess the

scattered signals to ensure reliable operation of the integrator.

This has now been completed and preliminary measurements taken.

Also, the main data acquisition program has been augmented to cope

with the new CAMAC module. We hope next to do a survey of the

temporal behaviour of electron temperature and density for a variety

of plasma conditions, and for several radial positions.

2.2 Submillimetre laser scattering from density fluctuations

(I.S. Falconer, B.W. James and P.A. Stimson)

The 394 urn formic acid vapour submillimetre laser is being used

to scatter from density fluctuations in the TORTUS plasma. Such

fluctuations in tokamaks are generally considered to be due to drift

wave turbulence. In a preliminary experiment the laser beam, after

passage through the plasma, was focussed onto a Schottky diode mixer.

The IF output from the mixer may be considered as arising from mixing

of radiation scattered through a small angle by the fluctuations with

the unscattered part of the laser beam. This situation, where the
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scattering angle cannot be much greater than the laser divergence

angle, is generally referred to as far forward scattering or

homodyne scattering and is sensitive to fluctuations with a

wavelength X given by X > 2TO where w is the laser beam waist

radius which is positioned near the scattering volume. For the

measurement on TORTUS w = 6.5 mm and so X > 4 cm»

Theory indicates that when the laser beam, after propagation

orthogonally through a uniform plasma wave, is focussed on to the

detector the IF signals at different parts of the laser beam profile

cancel so that there will be no net IF output from the mixer. However,

a net IF signal is observed when the full beam is focussed on the

mixer. This is believed to be due to asymmetry introduced by non-

orthogonal ly propagating fluctuations, attenuation of the fluctuations

and to the collecting optics which uses an off-axis ellipsoidal mirror,

the latter probably being the dominant factor.

A typical power spectrum obtained by performing a fast Fourier

transform on a 2 ms interval of the IF signal from the Schottky mixer

is shown in Fig. 2.1. For comparison a spectrum of the noise from

40 80 120
Freq. /kHz

160 200

Fig. 2.1 Power spectrum of density fluctuations in TORTUS. The lower
curve is the spectrum of the detector noise.

1 D.E. Evans, M. von Hellermann and E. Holzhauer, Plasma Phys. _24, S19 (19S2).

2 R.E. Slusher and C M . Surko, Phys. Fluids ̂ 5, 472 (1980).
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the mixer is also shown. It is clear that the density fluctuations are

predominantly at frequencies < 100 kHz. (The low frequency roll-off

is due to circuitry associated with the Schottky diode.) The

fluctuation spectrum shows evidence of coherent modes at about 30, 60

and 90 kHz. These preliminary results are similar to fluctuation
3 4spectra obtained elsewhere. '

2.3 Magnetically guided Alfven waves in toroidal geometry

(G. Borg, M.H. Brennan, R.C. Cross and L. Giannone)

Results in the linear SUPPER IV device on magnetically guided

Alfven wave packet propagation (Fig. 3.1) have been confirmed in the

hotter TORTUS plasma where resistive attenuation is much less significant

and, also, where the magnetic field lines are no longer straight. In

order to launch and monitor wave packets of the torsional Alfven wave,

experiments so far have been conducted in a preionization hydrogen
19 3afterglow plasma with n g ~ 0.6 * 10 m , T ~ 10 eV, B. ~ 0.7 T and

with zero plasma current. The afterglow plasma persists for ~ 500 ysec.

Waves were launched by excitation of a small dipole loop antenna at

frequencies in the range 0.1 .< w/o) . £ 1, with the loop inserted well

into the plasma'. Observations of guided wave packets were made, at

various toroidal locations, by measuring radial magnetic field profiles

with magnetic probes in a 6 mm OD quartz tube.

Typical results with capacitor discharge excitation are shown in

Fig. 2.2 indicating that torsional wave packets are strongly guided by

the toroidal magnetic field and that they undergo very little wave

attenuation or mode conversion. Additional results show that (a) the

wave phase velocity is equal to the local Alfven speed and (b) the

transverse structure of the wave is very similar to the vacuum dipole

field of the antenna. It is clear that the near field of the antenna

acts as a localised perturbation which excites the torsional waves

directly. This picture is fundamentally different from that usually

employed to analyse the Alfven wave heating scheme, where it is assumed

that (a) the antenna generates only fast waves and (b) torsional waves

are driven by mode conversion of the fast wave in Alfven resonant

surfaces. In our experiment, torsional waves are generated locally by

3A. Semet, A. Mase, W.A. Peebles, N.C. Luhmann, Jr. and S. Zweben,
Phys. Rev. Lett. 45, 445 (1980).

D.E. Evans, E.J. Doyle, D. Frigione, M. von Hellermann and A. Murdoch,
Plasma Phys. 25, 617 (1983).
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Fig. 2.2 Radial profiles of the bg component of guided torsional Alfven
wave packets at z * 57 cm (<j> • 67.5°) and z » 114 cm (<J> * 135°)
from dipole antenna. The amplitude scale is the same for both
profiles. Wave frequency 550 kHz, B^ * 0.7 T, hydrogen plasma.
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mode conversion of fast waves directly at all points in the near field

of the antenna.

2.4 Antenna impedance measurements for Alfven wave heating

(M.H. Brennan, R.C. Cross, B.L. Jessup, J.A. Lehane and
A.B. Murphy)

A study of the plasma loading on various antennas has been

undertaken in the TORTUS tokamak in preparation for Alfven wave heating

experiments. The antenna impedance measurements were made over the

frequency range of 0.2-1.8 times the on-axis cyclotron frequency, co ..

Significant plasma loading has been achieved and interesting sharp

peaks in the loading curves of one antenna have been observed.

The experiments were performed at low power (< 200 W) in a

hydrogen plasma. A summary of the major tokamak plasma parameters is

given below.

Vessel major radius 0.44 m

Toroidal field on axis 0.8 T

Plasma current ~ 20 kA
19 -3Chord averaged electron number density ~ 1 x 10 m

Electron temperature ~ 100 eV.

Two antennas were used in four separate series of measurements.

The antennas are of a simple "all metal" design and are located at a

single toroidal position. One of the antennas is constructed from a

full-turn loop and its vacuum field has a dominant m=0 poloidal mode

(Fig. 2.3). The other antenna was constructed using a half-turn

conducting copper strap (Fig. 2.4). The half-turn antenna can be

located in four different poloidal positions; at the bottom and top

of the torus, and on either the high or low field sides of the torus.

In each case the antenna's electrostatic shield serves as the plasma

limiter, allowing close coupling to the plasma.

A study was made of the poloidal mode spectra of the antenna

vacuum fields. This was achieved by using a miniature magnetic probe

to measure the axial magnetic field component of each antenna at a

series of points lying around a circle of radius r - the radius is

measured from the geometric centre of the antenna's conducting loop in

the plane of the loop. The measurements were repeated at several radii

and the magnetic probe data was analysed using a fast Fourier transform

package. The poloidal mode spectra for the antenna vacuum fields at
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two radial positions are shown in Figs 2.3 and 2.4.

The antennas were excited using a 200 W linear amplifier which

was pulsed on for several seconds at the beginning of the plasma

discharge. During each plasma shot the complex impedance was monitored

using a double balanced mixer. The sine and cosine outputs from the

mixer were analysed to yield plots of antenna resistance and inductance.

Typical plots of antenna resistance and inductance for the full-turn

antenna are displayed in Fig. 2.5. The figure also shows plots of the

plasma current and the electron number density.

For a given wave excitation frequency the difference AR, between

the antenna resistance in vacuum (marked V in Fig. 2.5) and with plasma

shows little variation during a discharge. The approximately constant

value of AR despite the changing number density may be understood by

considering that the waves in TORTUS are excited by an antenna located

at a single toroidal position. Therefore a broad toroidal mode

spectrum will be excited and several Alfven resonance surfaces will

be simultaneously present in the plasma during a discharge.

Measurements of AR were made for a series of excitation frequencies

for the full-turn loop (Fig. 2.6), for the half-turn loop located at the

bottom of the torus (Fig. 2.7), and for half-turn loop located on the

high toroidal field side (Fig. 2.8). In each case, the plots are for

measurements made 5 ms after the beginning of the main discharge. The

error bands shown in Figs 2.6-2.8 give the statistical variation in

five such measurements. An inspection of these figures reveals that

the plasma loading curves drop sharply to zero as the ion cyclotron

layer leaves the plasma. This is evidence that the loading is primarily

due to the Alfven wave.

The magnitude of the loading obtained with the full-turn antenna

is much higher than predicted by theory. This result may be due to

the excitation of m=l modes by toroidal effects (in addition to the

dominant m=0 mode) and the efficient coupling to these modes through

the surface wave.

The magnitude of the loading obtained with the half-turn antenna

located.,at ,t,he bottom is in agreement with theory." However the

Measurements are continuing to determine AR for the other two poloidal
locations.

Cramer, N.F. and Donnelly, I.J., Submitted to Plasma Physics.

" Donnelly, I.J., private communication.
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behaviour of the plasma loading for the half-turn antenna differs

significantly for the two locations. The plasma loading data obtained

with the antenna located on the high field side shows several large

narrow peaks in the loading for u < 0.3 u •. The peaks are most likely

eigenmodes of the fast surface wave.* They are not observed when

the antenna is located at the bottom of the torus.

I
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III. WAVE EXPERIMENTS IN SUPPER IV

3.1 Magnetically guided Alfven and acoustic waves

(R.C. Cross)

The group velocity vector for the torsional Alfven wave and for

the slow MHD or ion acoustic wave is directed almost exactly parallel

to the magnetic field in typical laboratory plasmas, regardless of

the direction of the propagation vector, jc. This has been confirmed

experimentally in the linear SUPPER IV device using small antennas

to launch localised wave packets. Observations were made downstream

of the antenna to determine the extent of radial diffusion of the

wave packets across magnetic field lines. The plasma conditions

were n - 10 cm , B = 0.7 T, T g = T. = 1.3 eV in hydrogen. Landau

damping of the acoustic wave was not effective, due to the high

collision frequency. The results, shown in Fig. 3.1, indicated that

(a) the acoustic wave packets were strongly guided along field lines

for distances up to 200 cm away from the antenna, without significant

radial diffusion, (b) the torsional wave was guided for distances up

to 20 cm from the antenna but then diffused radially due to resistive

attenuation of the high k^ components, and (c) the fast Alfven wave

propagated isotropically away from the antenna, as expected theoretically.

These results are to be published shortly in Plasma Physics.
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for the fast Alfven wave.
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IV. THEORY

4.1 MHD surface waves
* **

(N.F. Cramer and I.J. Donnelly )

The first radial eigenmode of a non-axisymmetric compressional

wave in a cylindrical plasma surrounded by an insulating boundary

has surface wave properties at low to ion cyclotron frequency. We

have calculated the dispersion relation and the fields for these

waves in a cylindrical plasma with a parabolic density distribution.

The waves are damped at the spatial Alfven resonance and this provides

an efficient mechanism for plasma heating. In view of the importance

of experimental tests of the theory of Alfven resonance heating we

have concentrated on surface wave behaviour for low temperature

plasma conditions which can be obtained in a small tokaraak. Under

these conditions the frequency and damping of the surface wave can

be determined from the resistance of an exciting antenna, and the

surface wave fields can be measured using magnetic field probes,

without the complications caused by the quasi-electrostatic waves

excited at the Alfven resonance when the temperature is higher.

Calculations have been made using both the two-fluid equations

and the MHD equations with the Hall term included. The MHD equations

lead to antenna resistances which are in quite good agreement with

the predictions of the two fluid equations except when the Alfven

resonance lies near the plasma edge. In the latter case the two

fluid equations predict a smaller value for the Alfven resonance

damping.

The surface wave eigenmodes show up as peaks in the antenna

resistance. However, care must be exercised to differentiate the

surface wave peaks from those associated with an "eigenmode" of the

resistive wave which occurs even at the low temperatures considered

(T - 10 eV), especially for toroidal wavenumber n > 2. A localised

antenna will excite a spectrum of wavenumbers, but surface waves

with n = 1 give the dominant contribution to the resistance at low

frequency so they can be studied without interference from higher

order modes. The cylindrical plasma model may only be a good

approximation to a toroidal plasma for u> < 0.5 Q. as far as the

Department of Theoretical Physics
**
Australian Atomic Energy Commission
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damping of the positive m modes and the frequency and damping of

the negative m modes are concerned. This is because of the variation

of the toroidal magnetic field with major radius. However, the

surface waves with n = 1 have frequencies below O.S ft., so this is

another reason why we have concentrated on them.

The two fluid equations are required for a correct calculation

of the wave fields, especially in the region of the Alfven resonance.

For the plasma conditions considered the wave fields, b Q in particular,

are strongly enhanced around the Alfven resonance, where the difference

in phase of the b and bg fields is usually either 0 or IT. This

behaviour allows the detection of the Alfven resonance position using

magnetic field probes. We remark that the half-width of the |bQ|

field profile at the Alfven resonance depends on the plasma temperature

and the density gradient, and this fact may be useful as a diagnostic

in low temperature plasmas.

4.2 Surface waves in a current-carrying plasma
* **

(N.F. Cramer and I.J. Donnelly )

The understanding of surface wave propagation is important for

the analysis of Alfven wave heating of a tokamak. A characteristic

of tokamaks is of course the current flowing in the toroidal direction

in the plasma, so that it is important to investigate the effects of

such a current on wave propagation. Two approaches to this problem

have been used. First, a simple model has been used, in which the

plasma density is assumed uniform except for a vacuum region

surrounding the (cylindrical) plasma, and the current density is

assumed uniform and small such that second order terms in the current

are neglected. Second, an arbitrary density and current profile is

allowed for. The advantage of the first model is that it may be

solved analytically in terms of Bessel function solutions for the

radial dependence of the wave fields, while the second model must be

solved numerically.

The most pronounced effect of the current on the surface wave

dispersion relation is that there exists an asymmetry for waves

propagating in opposite directions along the toroidal axis. The phase

velocity along this axis drops to zero at finite wavenumber k (z is

the toroidal axis coordinate), below which the waves are unstable (the

unstable kink mode), until at a lower value of k stable waves occur

which are backward-propagating. The latter waves connect smoothly
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through k = 0 to the negative k branch of the dispersion relation.

A second effect of the current is to impose strong conditions

on the existence of the shear or ion-cyclotron wave (sometimes

called the global Alfven eigenmode). In particular, for the constant

density and constant current density case, shear wave eigenmodes do

not exist below a certain frequency.

4.3 Mode conversion at the spatial Alfven resonance
it ^cfc

(N.F. Cramer and I.J. Donnelly )

Alfven resonance heating utilises the damping of an MHD wave

mode at the spatial Alfven resonance where the MHD wave is partially

converted into a quasi-electrostatic wave (QEW)• The properties of

the QEW are predominantly determined by the plasma temperature.

Four different temperature regimes are identified for a TORTUS plasma.

(i) T < 10 eV. The QEW undergoes strong resistive damping

and the mode converted energy is deposited in a resistive layer

surrounding the spatial Alfven resonance (at radius r }.

(ii) 10 eV < T < 100 eV. The QEW experiences weak resistive

and electron Landau damping. Ion viscous damping is probably also

important but it has not been included in our calculations to date.

The wave propagates on the low density side of r : it is commonly

called the surface electrostatic wave (SEW).

(iii) T ~ 100 eV. The electron Landau damping of the QEW is very

strong and the wave energy is deposited in a narrow layer with a width

of 1-2 cm around r .

(iv) T > 100 eV. The QEW propagates towards the plasma centre;

it is commonly called the kinetic Alfven wave (KAW). It undergoes

moderate electron Landau damping.

For a cylindrical plasma with an axial magnetic field of 0.7 T the

calculated resistance (R) versus frequency for an m=0 antenna current

sheet with toroidal wavenumber n=4 is shown in Fig. 4.1 for four

different temperatures. A hydrogen plasma is considered with density

and temperature profiles, ng(r) = neQ(l - r /r ) , Te(r) « T£o(l - 0.9 r
2/r 2)

where n = 2 x 10 m" and r = 0.1 m. Finite Larmor radius effects

are small and they have been omitted.

We note that the cutoff frequency for the m=0 compressional Alfven

wave is greater than the ion cyclotron frequency (w .) in TORTUS, so no



19.

V)

I
ID
U

•1J
m

•Hm<oa

10 "1

10 -2

10 - 3

10 "4

0.4

EM = EIGENMODE

0.6 0.8 1.0

ci

0.59 0.78 0.88 0.94 0.97 1.0

Fig. 4.1 Calculated resistance for a m=0 antenna current sheet
for four central electron temperatures (indicated in
figure). Toroidal wave number n»4.
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eigenmodes aro excited in the shown frequency range. Peaks in R

occur when eigenmodes of the SEW or of the KAW are excited. The

KAW eigenmode is of particular interest as it allows energy

deposition near the plasma centre. Apart from the KAW resonance,

R is almost independent of T when 0 < r /r < 0.7; we note that

MHD theory, with the Hall term, predicts correct resistances in this

range.

Experiments to measure the properties of the QEW's have been

proposed.

4.4 Ion-acoustic waves excited by a magnetic pump
* **

(N.F. Cramer and I.J. Donnelly )

In a continuation of previous work on non-linear parametric

excitation of low-frequency waves by an oscillating magnetic field,

we have calculated the growth rates of ion-acoustic waves excited

in modulational, parametric and purely growing mode instabilities in

a cylindrical geometry. The growth rate of a pair of ion-acoustic

waves is shown to be zero for a collisionless plasma, in agreement

with less general results found previously, while the growth rate in

the collisional case is found to be non-zero. The growth rates for

excitation of ion-acoustic plus torsional Alfven wave pairs are also

calculated.

4.5 Natural resonances on rational surfaces

(R.C. Cross)

Both the torsional Alfven wave and the slow MHD or ion acoustic

wave are strongly guided along magnetic field lines, as shown by the

experimental results in Fig. 3.1. The implication of these results

is that closed magnetic field lines will support standing waves of

both the torsional and ion acoustic wave types at fundamental resonance

frequencies about 1 MHz and 10 kHz respectively for typical tokamak

parameters.

This conjecture is supported by calculations of the Poynting

vector for torsional waves in a current carrying plasma (Fig. 4.2).

These results show that the perpendicular component of the Poynting

vector, S^, is typically 10 times smaller than the parallel component,

S.., under conditions where (a) the wave frequency, u, is 0.1 to -,

(b) the safety factor q ~ 2 or 3 and (c) wave packets, with transverse

dimensions ~ 2 cm and hence with k, ~ 400 m , are guided along closed
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field lines, resulting in frequency splitting of the natural resonance

frequencies. This effect is described by the Mathieu equation and

indicates (for example) that on a q = 1.5 surface, the natural torsional

wave resonance frequencies are a> = w (1 ± r/2R ) where r is the minor

radius of the surface and R is the major radius. This result is

fundamentally different from the frequency gap in the continuous

spectrum of the torsional Alfven wave which, on a q = 1.5 surface, is

given by a) = a) (1 ± 4r/RQ). The difference is due to the fact that

the fast and torsional Alfven waves are closely coupled in Alfven

resonant surfaces, but are decoupled on a rational surface at the

natural resonance frequencies since mode conversion (co = k^v.) surfaces

do not coincide with flux surfaces.

Natural resonances may be of significance in regard to the stability

of toroidal plasmas, since the rational surfaces are very sensitive to

minor helical current perturbations. Such perturbations break up the

surfaces into magnetic islands as shown in Fig. 4.3. The effect of

poloidally localized wave heating in a rational surface will be to

reduce the local resistivity, thereby producing a local DC current

filament driven by the loop voltage. Such a filament is thermally

unstable if the current filament is large enough to produce an island

surrounding the filament. These effects may be significant in regard

to plasma pumpout in RF heating schemes and in regard to plasma

disruptions. Natural acoustic resonances, driven by electron drift

in a current carrying plasma, will propagate toroidally in a direction

opposite the plasma current and poloidally in the electron diamagnetic

drift direction. An m=2, n=-l mode localised on a q=3 surface would

have many of the observed features of Mirnov oscillations.

1 C.E. Kieras and J.A. Tataronis, J. Plasma Phys. 28 (1982) 395.
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V. LASER DIAGNOSTICS AND DEVELOPMENT

5.1 Submillimetre laser interferometry

(I.S. Falconer, B.W. James and P.A. Stimson)

The simple submillimetre laser interferometer used for the

measurement of electron densities in the TORTUS tokamak has been

modified to incorporate a Schottky barrier diode detector in place

of the cooled photoconductive detector used previously. This

Michelson interferometer, which is described in detail in the 1982

Annual Progress Report, uses an optically pumped submillimetre

laser producing about 10 mW on the 394 ym line of formic acid as

the radiation source, and a rotating mirror modulator (RMM) to

provide reference fringes.

The Schottky barrier detector - strictly a mixer operating in

the video mode - consists of an antenna and a GaAs Schottky junction

mounted in a "corner cube" reflector to improve the antenna pattern.

It is considerably less sensitive than the best photoconductive

detectors but is operated at room temperature whereas photoconductive

detectors must be cooled to liquid helium temperature.

Densities measured by the submillimetre interferometer have been

compared with those from a 2 mm microwave interferometer operating

simultaneously on TORTUS, showing substantial agreement.

The optical components of this interferometer were reconfigured

in the middle of the year to permit this apparatus to be used for the

observation of far forward scattering of the laser beam from plasma

waves (see Section 2.2).

Construction of the scanning interferometer which will permit the

measurement of radial electron density profiles in the TORTUS tokamak

is continuing. This device uses a large rapidly rotating RMM to

scan the probing laser beam across the plasma several times during a

tokamak discharge. Construction of this RMM has been completed,

and it has been run at speeds of up to 4,000 rpm. This interferometer

is described in detail in the 1982 Annual Progress Report.

D.J. Campbell, P.A. Krug, I.S. Falconer, L.C. Robinson and G.D. Tait,
Appl. Optics 2Q_, 335-42 (1981).
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5.2 Submillimetre laser development program

(1.5. Falconer, B.W. James, P.A. Stimson, L.B. Whitbourn )

At present a 10 mW optically pumped formic acid vapour laser

operating on the 594 um line is being used for interferometry and

scattering on TORTUS. Increased laser power is desirable, particularly

for the scattering. Consequently, an investigation of the dependence

of output power upon laser geometry and operating parameters has

been commenced. This project is being undertaken in collaboration

with Dr. L.B. Whitbourn of CSIRO Division of Applied Physics and with

support from CSIRO/University of Sydney Collaborative Research Fund.

A typical submillimetre laser consists of a hollow dielectric

waveguide resonator containing a molecular gas or vapour - in our

case formic acid vapour. The vapour is pumped with CO, laser radiation

which is coupled into the resonator through a small hole in a plane

mirror at one end of the resonator and the submillimetre radiation

emerges from a partially reflecting metal mesh output coupler at

the other end. For a given CO- pump power, the submillimetre output

power depends on a number of factors such as gas pressure, input beam

divergence, hole size, waveguide diameter and output coupler

transmission.

A very simple and flexible optically pumped laser has been built

at CSIRO Division of Applied Physics to allow investigation of these

factors. A novel feature of this laser is that it can accept a

waveguide with any diameter in the range 20 mm to 100 mm. So far,

the dependence of output power on pressure has been measured for

several waveguide diameters for the 394, 419, 453 and 513 u formic

acid lines.

Figure 5.1 is an example of the results obtained.

National Standards Laboratory, CSIRO.
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394 ym

35.9

Fig. 5.1 Laser output power as function of formic acid vapour pressure
for four different transitions. The CO2 pump power is 30 W
and waveguide diameter is 30 mm.

5.3 Resonance fluorescence and near-resonance scattering

CI.S. Falconer, S.H. Law and W. Wright)

A series of measurements of the spectral shape of the He I lines

at 587.6 nm and 506.1 nm for various plasma conditions, made in order

to determine the most suitable conditions for initial studies of laser

induced fluorescence, has been completed. Analysis of this data,

which is still in progress, has been complicated by Zeeman splitting,

and the fine structure of the 587.6 nm line. However an estimate of

the "atom" temperature could be made from the shape of one side of

the group of overlapping lines at 587.6 nm. The 506.1 nm was, in

general, not sufficiently intense to permit reliable temperature

measurements. These results indicated that for the plasma conditions

under which our preliminary observations were made, the plasma electron

temperature (~ 2 eV) was such that the laser induced fluorescence

signal was being masked by spontaneous emission from the plasma.

During the course of these measurements it was noted that the

long-term stability of the piezoelectric "stacks" used for scanning

the Fabry-Perot interferometer used for these measurements was

unsatisfactory for our applications. This problem has been overcome
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by placing the interferometer in a thermally insulated enclosure and

adopting an appropriate warm-up and operating procedure.

On the basis of our lineshape measurements we continued searching

for laser induced fluorescence for lower axial magnetic fields in

SUPPER II (the linear plasma source we are using for this investigation)

and at later times, where the atom temperature is lower. A fixed

Fabry-Perot etalon with a spectral bandwidth of 0.043 nm, together

with an interference filter, was used to isolate the 587.6 nm line,

but the line was not further spectrally resolved. Laser induced

fluorescence was observed, and the optimum plasma conditions and times

for observation of the fluorescence determined.

The signal-to-noise ratio for the present system is not sufficiently

high to permit the measurement of the shape of the fluorescence line.

To overcome this problem the nitrogen laser used to pump the Molectron

DL-200 dye laser used for these experiments is being replaced with our

frequency-doubled ruby laser system.

Since the pumping laser beam is directed along the magnetic field

lines, the circularly polarized transition we are pumping will only use

half the linearly polarized incident laser bean. An increase in the

fluorescence signal was observed when the incident bean was circularly

polarized, but, as a consequence of the linewidth of the pump laser,

this increase was relatively small.

5.4 Dye laser development

(I.S. Falconer and W. Wright)

The present dye laser system used in the experiments described in

the previous section is not sufficiently powerful to saturate most of

the transitions of interest, which is a necessary requirement if we

are to achieve a sufficiently good signal-to-noise ratio to make

reliable measurements of ion temperature over a wide range of plasma

conditions. Consequently we have constructed a dye laser of improved

design which is described in the 1982 Annual Progress Report.

Although we have achieved lasing action when this laser was excited

by the frequency-doubled output of the ruby laser, inadequate pumping

power prevented proper operation of the dye laser. We are currently

examining ways of increasing the output of the frequency-doubled

ruby laser system and considering alternative short wavelength laser

sources for this project.
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5.5 Ruby laser population inversion and temporal characteristics

(W. Wright)

As a spin-off from the development of the frequency-doubled

ruby laser system we have investigated the time history of the

population inversion of the ruby rod and its relation to the temporal

characteristics of the laser emission in both the "free-running" and

Q-switched modes.

By measuring the light intensity of the pumping flashlamp as a

function of time for various capacitor voltages, the cavity losses

at which the system reaches lasing threshold for these voltages, and

the absorption coefficient of the ruby rod around the R., and R- lines,

a time history of the absolute population inversion could be determined.

This data permits the calculation of the times at which the laser

commences and ceases lasing when operating in the free-running mode,

on the basis of Siegman and Allen's model of ruby laser operation.

The measured starting and stopping times were found to be in reasonable

agreement with the values calculated.

An examination of Q-switched behaviour showed qualitative

agreement with Wagner and Lengyel's theory, but quantitative measure-

ments were not possible owing to large shot-to-shot variations in the

temporal pulse shape. Attempts to eliminate this variability failed,

and further investigation showed that this was the consequence of

multimode operation of the laser.

1 A.E. Siegman and J.W. Allen, IEEE J. Quant. Electron. QE-1, 386-93 (1965).

2 W.G. Wagner and B.A. Lengyel, J. App. Phys. 34, 2040-6 (1963).
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VI. GYROTRON DEVELOPMENT

(G.F. Brand, N.G. Douglas, M. Gross, J.Y.L. Ma, L.C. Robinson, Chen Zhiyi )

6.1 Gyrotron II

The second University of Sydney gyrotron, Gyrotron II, is step-

wise tunable. It has produced microwave output at power levels

approaching 10 W over the frequency range 92 to 260 GHz.

A detailed study of gyrotron operation has been completed.

Accurate frequency measurements are in agreement with predictions

that take into account the detailed shape of the gyrotron cavity.

Measurements of starting currents and frequency detuning are in

agreement with linear gyrotron theory and show the effects of the

velocity spread of electrons from the electron gun.

Non-linear calculations explain the way the mode excited in the

cavity determines whether the gyrotron power rises abruptly and falls

away slowly or rises slowly and falls away abruptly as the gyro-

frequency is varied (Fig. 6.1). The same calculations show how the

amount of frequency detuning depends on the operating current (Fig. 6.2).

The original magnetron-type electron gun has been replaced by one

of quite different geometry designed by Ma (Fig. 6.3). The original

gun, a scaled-down version of lower frequency gyrotron guns, suffered

from the disadvantage that many of the electrons it delivered did not

reach the cavity directly but were reflected back and forward

several times. This contributed to a broad spread in electron

velocities at the cavity. Electrons from the new gun reach the

cavity directly.

6.2 Gyrotron III

Gyrotron II produces a comb of frequencies. In order to obtain

continuous tunability the dimensions of the cavity must be able to be

changed.

The cavity in Gyrotron III is split lengthwise and the separation

of the two halves can be changed from outside. Such a cavity will

On leave from Beijing Vacuum Electron Device Research Institute, Beijing.
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support TE, „ modes 13 GHz apart and a movement of the two halves
1 Jli U

of 0.5 mm is sufficient to cover this gap.

A second split cavity has been constructed which avoids some

of the shortcomings associated with the original design.

6.3 Absorption spectroscopy

A tunable, moderately-powered millimetre-wave source like Gyrotron

II is well suited to studying the properties of materials within the

largely unexplored far-infrared part of the spectrum.

We have constructed a cell for studying absorption in liquids.

It consists of mylar windows in oversized waveguide, whose separation

can be varied accurately by means of a stepping motor. Because of

the high power levels produced by the gyrotron, compared with other

laboratory sources operating at millimetre wavelengths, we can use

much thicker samples (e.g. several millimetres of water) than other

workers and hence obtain more accurate data.

An example of a measurement of an absorptivity, of ethanol, is

shown in Fig. 6.4. In this case, reflecting meshes on the mylar

windows were used to enhance the Fabry-Perot fringes. These fringes

can be used to provide a simultaneous measurement of the refractive

index of the material.

6.4 Open resonator development

Part of the gyrotron instrumentation program involves open

resonators. A hole-coupled resonator has been studied at millimetre

wavelengths and, with the formic acid far-infrared laser and the

cooperation of Stimson, at submillimetre wavelengths.

In addition a procedure has been developed for producing curved

mirrors for open resonators with reactive structures (meshes) on

their surfaces. This enables high-Q resonators with extraordinarily

high throughput to be constructed.
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Fig. 6.3 Geometry of the new electron gun installed in
Gyrotron II.
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VII. MAGNETRON SPUTTERING DISCHARGE

(I.S. Falconer, D.R. McKenzie )

We have started an investigation of the physics of the magnetron

sputtering discharge employed by the Department of Applied Physics to

manufacture the selective surfaces used on their solar collectors, in

conjunction with Dr. McKenzie of that Department. In this device a

magnetic field decreases the effective mean free path of the electrons

present, which results in a high sputtering yield and permits the

discharge to operate efficiently at sufficiently low pressures that

the sputtered atoms can diffuse to the substrate to be coated without

an excessive loss of their initial energy in collisions with gas

atoms.

As the energy of the sputtered particles as they reach the

substrate plays an important role in determining the nature of the

coatings produced, we have initially concentrated our efforts on an

investigation of the thermalization of the sputtered atoms as a

consequence of collisions in the gas by observation of the Doppler

broadening of spectral lines emitted by the sputtered material. For

these studies we measured the lineshape of spectral lines emitted by

copper atoms sputtered in an argon discharge by means of a

piezoelectrically scanned Fabry-Perot interferometer. The lineshape

is determined by the hyperfine structure of the line under investigation,

the instrumental width of the interferometer, and the thermal motion

of the emitting atoms which we assume to have a Maxwellian velocity

distribution. As the atomic temperature increases the fine structure

becomes less pronounced to give eventually a featureless line which

broadens with increasing temperature. By comparing the measured

lineshape with a calculated profile we have been able to determine

the temperature of the sputtered atoms as a function of gas pressure,

discharge current, and magnetic field for various regions of the

discharge.

We are also measuring the relative intensity of the copper spectral

lines, which will give an understanding of the processes which populate

the copper energy states.

Much of the experimental work and data analysis for this project

Department of Applied Physics
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was performed by four of our 1983 Third Year Distinction students

as part of an undergraduate laboratory project and during the

1983/84 long vacation. We wish to acknowledge the valuable input

of these people to this work: Lewis Ball, Neng Hau Ching, James

Smelt, and Raman Sundrum.
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