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1 INTRODUCTION

The Wills Plasma Physics Department undertakes research in three main areas

- the study of hydromagnetic waves and RF heating using the TORTUS tokamak, the

development of diagnostic techniques, particularly those based on submillimetre lasers

and tunable gyrotrons developed in the department, and gas discharge studies.

In each of these three areas collaboration exists with groups in Australia and

overseas. The groups and individuals involved in these collaborations include the

Department of Applied Physics and the Theoretical Physics Department within the

School of Physics, the Australian x!uclear Science and Technology Organisation

(ANSTO), the Commonwealth Scientific and Industrial Research Organisation

(CSIRO), Dr D K Mansfield of the Princeton Plasma Physics Laboratory, USA,

Professor T Fujimoto of the Department of Engineering Science at Kyoto University,

Dr I G Brown of the Lawrence Berkeley Laboratory, USA and colleagues in the

Faculty of Engineering, Fukui University, Japan.

Our collaboration with Japanese colleagues was strengthened by our

participation in a Japan/Australia Workshop on Plasma Diagnostics in October.

Professor Brennan, Drs. Brand, Falconer and Finn, and Mr M Bowden represented

our department. We visited plasma physics laboratories at Kyoto, Nagoya and the

Japan Atomic Energy Research Establishment where papers were presented by both

Australian and Japanese delegates. In addition M Ballico, a senior postgraduate s'udent

was invited to work for three months with Professor Y Amagishi from Shizuoka

University on plasma wave studies.

We were pleased to welcome a number of visitors to the department this year:

Professors H Iwasawa, T Tatsukawa and T Idehara from Fukui University, Professor

Y Amagishi from Shizuoka University, Japan, and Professor A Kritz from Hunter

College, CUNY/Princeton Plasma Physics Laboratory.

Associate-Professor D D (Don) Millar retired early in the year after being a

member of the department since 1961. His experience, commonsense and calm manner

will be missed by staff and students alike. Don has not entirely severed his connections

with the School of Physics: he is presently (part time) secretary of the Science

Foundation for Physics.



Dr P Krug has completed his term as a Queen Elizabeth II Fellow: ;.n

November he depaned to take up a position as a Senior Research Scientist with the

University's recently established Optical Fibre Technology Centre.

During the year Mr V Buriak, a senior technical officer, resigned to take up a

position at the Australian Institute of Marine Science at Townsville after working with

the department for a period of 12 years. We are grateful to him for his invaluable

contribution to the development and maintenance of electronic equipment for our

research programs. An able replacement, Peter Maul, joined the department in

September.

We are as always, appreciative of the support given by our technical staff, V

Buriak, P Denrtiss, P Maul, N Lowe, J Pigott, G Marlin ajid K Weigert, and by our

able secretary, N Bergagnin, to the research staff and students.

We acknowledge financial and other assistance received during the year from:

Australian Nuclear Science and Technology Organisation

Australian Institute of Nuclear Science and Engineering

Australian Research Council

CSIRO/University of Sydney Collaborative Research Fund.

Department of Industry, Technology and Commerce for funding for the

Japan/Australia Workshop on Plasma Diagnostics

National Research Fellowship - Queen Elizabeth II Awards Research

Support Grant.

Science Foundation for Physic, within the University of Sydney

The collaboration between the University of Sydney and Fukui University is funded by

the Ministry of Education, Science and Culture of Japan (Monbusho International

Scientific Research Program).



TORTUS

2.1 THE TORTUS TOKAMAK

The small research tokamak TORTUS is the major plasma source in the Wills

Plasma Physics Department. It has a major radius R = 44 cm and with a rectangular

cross section, 25 cm x 33 cm, and is used primarily for the study of low-frequency

waves (6) 5 &>ci where coci is the ion cyclotron frequency) in plasmas.

TORTUS was upgraded during the year by the installation of a cryopump,

which more than halved the base pressure, and by incorporating the programmable gas

feed control in a feedback loop. These improvements, together with the increase in

capacitor bank energy which took place in 1988, enable the machine to be routinely and

reliably operated at toroidal currents - 40 kA. (The capacitance of the toroidal field

capacitor bank was increased by 33 %, that of the ohmic heating bank by 17 % and the

vertical field bank by 50 % in 1988.)

2.2 PROBE MEASUREMENTS OF ICRF SURFACE WAVES IN THE

TORTUS TOKAMAK

M J. Ballico and R.C. Cross

In ICRF heating experiments, it is commonly observed that a significant

fraction of the input power is dissipated in the plasma edge. This effect is still not well

understood, partly because there is very little data available concerning the wave fields

in the plasma edge. We have made measurements of the edge wave magnetic fields

generated by fast wave antennas in the TORTUS tokamak. AH measurements were

made in single ion species plasmas and at frequencies in the range 1 < ctfcoci < 4, where

(OCi is the ion cyclotron frequency. In this frequency range, a large number of high Q

fast wave cavity modes was expected on the basis of cold plasma calculations.

However, cavity modes were observed only for the m = +1 mode, where m is the

azimuthal mode number. High m modes were also observed, not as cavity modes, but

in the form of a narrow beam which propagated along steady magnetic field lines in the

plasma edge. These results are consistent with the expected behaviour of Alfven surface

waves in an inhomogeneous plasma.



Theoretical results for Alfven surface waves at finite frequency have been

presented previously!1"3]. In essence, Alfven surface waves are fast Alfven waves

which propagate in the plasma edge region and which are evanescent in the radial

direction over the whole plasma cross-section. In a WKB sense fast wave propagation

in a cylindrical, single ion species plasma immersed in a z directed B field can be

described by the approximate dispersion relation op- = (k2 + k2)v2 where v^ is the

Alfven speed, k\ = k2- + k2, and kg = m/r. Hence, kr
2 = aP-/v2 - k2 - m2/r2. In an

inhomogeneous plasma, all k2 > 0, m^ > 0 fast wave modes are radially evanescent

near the plasma edge, since k2 < 0 when v2 —> « . in the body of the plasma, k2 may

be positive (body wave behaviour) or negative (surface wave behaviour). When co >

a>ci, surface waves exist only when m > 0. All first radial m > 0 modes propagate as

surface waves at low (average) densities, but evolve into body waves at high densities.

However, high m > 0 modes evolve into body waves only at densities much higher

than those usually encountered in tokamak devices.

Alfven surface waves have the property, when k\ > 0, that the wave fields of

all modes, other than m = +1, peak near the plasma edge and become more highly

localised at the edge as m increases. The m = +1 mode is exceptional since the radial

(Jbr) and poloidal (bg) magnetic field components peak at r = 0. The dominant wave

magnetic field component for m > I surface modes is the bg component. The dominant

wave electric field component is the radial (£ r) component. Consequently, the

Poynting and group velocity vectors for high m surface modes are directed closely

parallel to the steady magnetic field, B. For TORTUS conditions, it is only the m - +1

mode which has a significant radial component of the Poynting vector. Any poloidally

localised source will generate a broad spectrum of modes. The implication of the above

results is that the m = +1 mode will form cavity modes, but high m modes will interfere

constructively, propagating away from the source as a magnetically guided beam.

Fast wave dispersion relations, for typical TORTUS parameters, are shown in

Figure 2.1. These relations were computed for a cylindrical, current-free plasma with

[1] M.J. Ballico and R.C. Cross, Plasma Physics and Controlled Fusion 31 (1989)

1141.

[2] A.M. Messiaen, R. Koch, V.P. Bhatnagar, P.E. Vandenplas and
R.R. Weynants, Proceedings of the 4th Joint Varenna-Grenoble International

Symposium on Heating in Toroidal Plasmas, Rome, 1984, Vol 1, p. 315.

[3] M.J. Ballico and R.C. Cross, Physics of Fluids B, in press.



a density profile of the form /ig(0 < r < rQ) = nQ, ng(a) = 0.01/i0 , using a cubic fit in the

region rQ < r < a to obtain a smooth transition with dnjdr = 0 at r = rQ and r = a, where

a is the conducting wall radius (a = 14 cm) and rQ = 7 cm. Finite electron mass was

included in these calculations in order to determine the mode behaviour at frequencies
below the cutoff frequency where k\ < 0. The k\ < 0 branch of each mode has the

remarkable and previously unnoticed property of being Alfven resonant at the surface

locally satisfying the relation op- = k%v\(\ - op-l(^ci. At the resonance layer, which

moves towards the plasma edge as k \ —> 0, a toroidally evanescent fast wave mode-

converts to a high kL toroidally evanescent in cyclotron wave which propagates on the

low ne side of the resonance layer. The wave fields at the plasma edge are strongly

oscillatory in the radial direction, and the dominant edge wave magnetic field
component is the bg component.

The experimental arrangement used for our studies of surface waves are shown

in Figure 2.2. Two different antennas were used in these experiments. The first was an

all-metal, electrostatically shielded antenna inserted in a top port and oriented with all

conducting elements perpendicular to the steady toroidal field, B+, as shown in Figure

2.2. The poloidal extent of the centre conductor is 70°. This antenna was designed to

couple primarily to low m fast wave modes. Nevertheless, this type of antenna also

couples to high m modes due to the poloidal discontinuity introduced by the radial

feeds.

A smaller antenna was also used to deliberately excite high m modes. This

antenna consisted of a rectangular wire loop inserted in a 6mm OD quartz tube formed

in the shape of a rectangle of dimensions 10cm x 3cm. It was also inserted in a top

port. It was located at the same minor radius as the large antenna (r = 11 cm) and could

be rotated through 360° to align the coil axis parallel or perpendicular to B (or at any

other angle). Both the small and larger antennas were driven, via matching networks,

at frequencies in the range 10-18 MHz. The antenna current was held constant at 20A.

The toroidal field, B+ ~ 0.8T, was chosen so that the excitation frequency could be

varied in the range 1 < co/coci < 4 by operating either in pure hydrogen or in pure

deuterium.

The wave magnetic fields at the plasma edge were measured with poloidal and

toroidal arrays of magnetic probes. The poloidal array was mounted inside an 8 mm

OD quartz tube, surrounding the plasma poloidally at minor radius r = 11 cm as shown

in Figure 2.2. The probe array consisted of 8 identical 20-turn coils wound on a

flexible tube, spaced at intervals separated poloidally by 10° and connected externally to
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n

Fig. 2.1. Cold plasma, fast wave dispersion relations for deuterium with

no = 2x 1019 nr3, Bz = 0.8T, wall radius a = 0.14m for m = 0,

±1, and +5, where Q = d)/Q>ci The toroidally evanescent

branches (k% < 0) are shown only for m = 0,+l and +5 modes.

e = * i8o*

Fig .2. 2 Experimental arrangement, showing the 70 ° sector antenna, the
small rotatable antenna and the 8 coil poloidal probe array. The
beam path from the small antenna to the probe array is also
shown.
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coaxial cable via twisted leads within the flexible tube. The array was oriented to detect
the poloidal {bg, wave magnetic field component. A complete profile of bg vs 6 could

be obtained in 5 or 6 discharges by moving the array between successive discharges.

The poloidal probe array was located toroidally +67.5° away from the small antenna

and -112.5° from the large antenna.

Typical probe signals, observed with the poloidal array, are shown in Figs.
2.3, 2.4 and 2.5. These results were all obtained in deuterium, a t / = 18MHz (a>/a)ci =

3 at R = 44cm). The results shown in Figure 2.3 were obtained with the small antenna

aligned with its axis perpendicular to the toroidal field in order to generate a strong bg

near field. A similar set of results, with the antenna rotated through 90° to generate a

strong bz near field, is shown in Figure 2.4. The results in Figure 2.5 were obtained

with the large antenna. The poloidal angle, 0, defined in Figure 2, is taken to be zero

on the high field side of the plasma, +90° at the top of the plasma, and -90° at the

bottom of the plasma. Inspection of the raw data in Figs. 2.3, 2.4 and 2.5 reveals the

following features:

(a) Distinct peaks in the bg waveforms are observed simultaneously at all

poloidal (and toroidal) locations, at several different times during the discharge. These

peaks correspond to moderately high Q cavity eigenmodes. Despite the fact that the

small antenna excites a broad spectrum of modes, and despite the fact that at (0= 3coci

the frequency is well above the cutoff frequency for a wide range of m > 0 modes, the

eigenmode peaks are all due to the m = +1 mode. Peaks occurring at different times

during the density rise (up to t = 12ms) correspond to different toroidal mode numbers.

The same modes appear, in reverse order, as the density falls (r > 12ms).

(b) At times during the discharge where there are no cavity modes, the
magnitude of bgis relatively small at most poloidal locations. However, bg remains

relatively large on B field lines passing through and near the antenna. In Figure 3, a

large bg signal is observed at poloidal locations 70° < 6 < 90°. The fluctuation level in

the bg waveforms is also large at these locations. A similar effect can be seen in Figui:

4 except that the magnitude of the guided signal is not as large. We have determined

that the beam is strongly localised in the radial direction but it is strongly attenuated in

the toroidal direction, with an attenuation length about 30cm.

There is also some evidence of a guided signal from the large antenna
(Figure 2.5), since the bg waveforms are relatively large and noisy at poloidal locations

90° < 8 < 130°. Since the large and small antennas are on opposite sides of the

poloidal array, waves are guided to +78° from the small antenna and to +110° from the

centre of the large antenna. The bg signals in Figure 2.5 are also relatively large on the
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low field side (near 6 = ±180°), suggesting that the plasma may have moved to a large

major radius. However, the in-out position signals were identical for all results
presented in this paper. Consequently, we believe that the large bg signals on the low

field side are associated with low m modes and the fact that the vessel walls are much

nearer the plasma at 9 = ±180° than at 6 = ±90°.

Further details are given in

2.3 LASER INDUCED FLUORESCENCE
IS. Falconet, N. Finn, J. Wilson, W. Wright

The aim of this project is to develop laser induced fluorescence (LIF) as a

technique for investigating the properties of plasmas. During 1989 temperature and

polarisation measurements have been extended. The possibility of LIF electron density

measurements was studied both experimentally and with the aid of a computer model.

Laser excitation in an LIF experiment results in alignment of the upper level

atoms causing spatial anisotropy and polarisation^-6!. This may invalidate the

assumption that the observed fluorescence emission is proportional to the upper level

population increment. The fact that no polarisation of LIF signal was observed (see

Table 2.1) suggests that alignment of the upper level atoms is destroyed by isotropic

atomic and electronic collisions, hence the observed fluorescence emission is indeed

proportional to the upper level population increments.

Doppler broadening is the dominant line broadening mechanism under

TORTUS tokamak plasma conditions (n<; ~ 1019 m"3, Te ~ 100 eV). Spectral resolution

of the LIF Ha lineshape profile should thus directly yield the local neutral hydrogen

temperature.

M.J. Ballico and R.C. Cross, Fusion Engineering and Design, in press.

A. Hiraboyashi, Y. Nambu and T. Fujimoto, Jap. J. Appl. Phys. 2, 1563

(1986).

T. Fujimoto, C. Goto, Y. Uetani and K. Fukuda, Jap. J. Appl. Phys. 24, 875

(1985).
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Energetic hydrogen atoms are produced by charge exchange processes at the

centre of the plasma and are a direct measure of the ion energy distribution. The LIF

H a and the average spontaneous Ha line profiles were measured using a pressure

scanned Fabry-Perot interferometer. Figure 2.6 shows the hydrogen temperature

results obtained at R = 1.5 cm near the centre of the plasma with a static fill plasma

during strong hydrogen puffing. Figure 2.7 shows the hydrogen temperature results

obtained near the edge of the plasma (R = 7 cm) for the same plasma as in Figure 2.6.

The chord averaged spontaneous emission is also shown on the figures.

The spontaneous emission, <Ha>, points do not lie on a straight line

indicating a non-Maxwellian population of hydrogen atoms. The slope at the core of

the line (0 to 0.5 x 104 pm2) gives a temperature of 2 to 5 eV while in the wings (> 0.5

x 104 pm2) a temperature of at least 15 eV is indicated.

The LIF data, which are point measurements, are consistently stronger in the

wings than the <Ha> signal indicating the temperature of the local population is greater

than the average temperature of hydrogen in the plasma - i.e. there is a layer of cool,

strongly emitting atomic hydrogen close to the walls of the tokamak, where LIF

measurements are not feasible because of the high stray light level.

The enhancement of the population density of the n = 3 level under laser

illumination results in a small collisionally induced enhancement of the n = 4 level

population density and so gives rise to a small increase in the H(i emission.

This enhanced emission at the HP wavelength has been observed for a wide

range of plasma conditions. The measured results varied by only - 10% for an order of

magnitude change in electron density.

A collisional radiative computer model!7] was modified to calculate the LIF
Ha/Hp ratio. Preliminary results suggest that the Ha/Hp ratio is only weakly

dependent on n^ and Te, and that the ne dependence is particularly weak at low Te.

These calculations suggest that measurements of the Ha/Hp LIF ratio may provide a

tool for probing atomic excitation processes in plasmas.

L.C. Johnson and E. Hinnov, J. Quant, Spectros. Radiat. Transfer 1 3, 333

(1973).
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Fig. 2.6 Relative intensity of line average Ha emission and UF signals
vs separation from line cent's squared at r = 15 cm near the
centre of the plasma.
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Fig. 2.7 Relative intensity of <Ha> and the UF vs separation from line
centre squared atr=7 cm near the edge of the plasma.
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TABLE 2.1 DEPENDENCE OF LIFS SIGNAL ON LASER AND DETECTOR
POLARISATION

DETECTOR
POLARISATION

LASER POLARISATION

Horizontal

(E II B4)

Vertical

( E l

Electron density = 1.1 x 1019 nr3 R = 7cm

Horizontal
E 11 B(j)

Vertical
( E ±

104 mV

98 mV

113mV

104 mV

Electron density = 7.6 x 1018 nr3 R = 7 cm

Horizontal
(E 11 B4,)

Vertical
(E 1 B^)

188 mV

177 mV

194 mV

183 mV

Electron density = 1.0 x 1018 m 3 R = 8.5 cm

Horizontal
ST? 1 1 n , .
(£, \ 1 B,j))

Vertical
(E 1 B )

87 mV*

98 mV*

118mV

124 mV

All measurements ± 10%
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Further studies of the LIF Ha/HP ratio as a plasma diagnostic are in
progress.

Problems with stability of the laser were experienced during the experiments.

To rectify these the grating was removed from the cavity and an etalon is now used for

tuning. This lead to a stable single wavelength output with increased power.

2.4 THOMSON SCATTERING SYSTEM FOR TORTUS

N. Finn

The Thomson scattering system for measuring electron temperature and density

profiles on TORTUS has been instilled and some preliminary measurements made.

The final design, shown in Figure 2.8 is slightly different to that described in the 1988

annual report. In the system now in used the plasma is scanned by tilting the whole

assembly through a small angle to move the focus of the collection optics along the

laser beam.

The design was also modified to allow the easy alternation between the use of a

dye laser for laser induced fluorescence spectroscopy and the ruby laser for Thomson

scattering. The layout is shown in Figure 2.9 This arrangement also facilitates the use

of the dye laser for calibration of the Thomson scattering polychromator with Rayleigh

scattering on a fill gas in the tokamak vessel.

Initial Thomson scattering results on low density, low current plasmas were

good in terms of signal to noise ratio and low stray light levels. Problems were

encountered, however, with the reliability of the relative calibration of the wavelength

channels of the polychromator.

An example of a Thomson scattered spectrum from a 20kA plasma is shown in

Figure 2.10 The temperature Te in this case is 92 eV at a radial position r = 3cm where

ne = 6.0xl018nr3. At densities lower than this the average of a number shots would be

required to achieve adequate signal to noise ratio.

The problem of the reliable relative calibration of the wavelength channels

appears to be due to difficulties in the alignment of the photomultipliers tube which

have very non uniform and polarisation sensitive cathodes. To overcome these

difficulties the RCA C31034 tubes have been replaced with RCA4836 tubes which

have larger uniform cathodes. A further modification to the detection system has been

the replacement of the LeCroy 225OC, 12 channel fast buffered ADC integrator with

two TR8818 transient recorders. As the TR8818's are single channel devices the
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Fig. 2.8 Design of the Thomson scattering appartus as of December 1989

TILT TUNED

IHTERFEKENCE FILTEJ STKAY U C H T IEJECTIOM

OICHItOlC HIMOfi

SCATTEIED L1CHT

Fig. 2.9 Detection system, showing arrangement for easi alteration between the
Thomson scattering and laser induced fluorescence experiments
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THOMSON SPECTRUM

10 20

WAVELENGTH SHIFT (nm)

BEST GAUSSIAN FIT

200 400 600 800

WAVELENGTH SHIFT SQUARED

1000

Fig. 2.10 An example of a Thomson scattering spectrum from a20kA plasma,
presented directly (top) and as a plot of 'log(intensity) against (AX)1- (bottom).
Measurements were made at a radius of 3 cm, where the electron density was
6.0 x 1018 cm~3. Solid lines give the expected spectrum for an electron
temperature of 92 eV.



21

signals from the four PMT's are spliced into two pairs. In each pair one signal is

delayed with respect to the other by 200ns (cable delay) to separate them for digitisation

by the TR8818 transient recorder. The signal integration occurs at the PMT buffers and

so the pulse heights of the stored traces are directly proportional to the number of

photons scattered while the background level measures plasma light and stray B fields

etc for easy subtraction and monitoring.

No plasma experiments have been performed with these modifications yet

because of breakages in the tokamak and the ruby laser but Rayleigh scattering

calibration using the dye laser is in progress and the results are encouraging.

2.5 GYROTRON DIAGNOSTICS

G. F. Brand, P. W. Fekete, K. Hong, T. Idehara M and K. J. Moore

The new GYROTRON IV is now being used as the source of millimetre-wave

radiation for scattering experiments on the TORTUS tokamak.

Two approaches for directing the gyrotron radiation into the plasma have been

investigated. A new quasi-optical antenna with two reflectors, one elliptical and the

other parabolic is used to focus the radiation at the centre of the plasma. This antenna is

mounted in an aluminium frame for mechanical stability during a tokamak shot. At

present the mode structure of the quasi-optical antenna is far from ideal due to mode

conversion at corner reflectors.

A second approach takes advantage of mode conversion in the gyrotron cavity

to very low order modes. The mouth of a receiving waveguide is placed a fixed

distance above the gyrotron window (see Figure 2.11). This intercepts an arc of the

lower order modes so the mode in the receiving waveguide is predominantly TEi i. At

the other end of the waveguide, below the tokamak window there is a gaussian

telescope.

Scattered signals are detected with a crystal detector. A matching box splits the

signal into RF and DC components which are both amplified in the shield box before

being passed along a coaxial cable to the control room. The RF signal is quadrature

mixed as before.

[a] Dept of Applied Physics, Fukui University, Japan
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A high current plasma with ramped density profile produced Discrete Alfven

Wave (DAW) modes at an RF frequency of 3.2 MHz. These DAW modes indicate the

imminent presence of resonance layers. A good correlation between the scattered

signal, magnetic probes and antenna loading (on antennas launching RF into the

plasma) was observed for the resonance layer (see Figure 2.12). Results indicate the

presence of a resonance layer between r/a = 0.1 to 0.4.

An attempt to study fast wave eigenmodes (RF at 18 MHz) in a high current

plasma with a ramped density profile was unsuccessful because the detection system

lacked the sensitivity at these high frequencies.

We are grateful to I'rofessor Idehara end his staff for the machining of the two

reflectors of the quasi-optical antenna to our specifications.

Tokamok

Gaussian
Telescope

Fig2.11 Experimental arrangement for exciting the TEJJ wavegide mode and
focussing it on the tokamak using a gaussian telescope.
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Fig2.12 Scattered signal, magnetic probe signals and antenna loading for a typical
tokamak shot at rla = 0.2. RF at 3.2 MHz.
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3 THEORY

3.1 DISCRETE ALFVEN WAVES AND RESONANCE ABSORPTION

IN TORTUS
Y. Amagishi W , MJ. Ballico, R.C. Cross and IJ. Donnelly

Discrete Alfvett Waves (DAWs) have been observed as antenna resistance

peaks and as enhanced edge fields in the TORTUS tokamak during Alfven wave

heating experiments. DAWs are of interest as indicators of the imminent presence of an

Alfven resonance layer in the plasma as the density rises and measurement of their

wavefields in the edge plasma gives the poloidal and toroidal wavenumbers (m, n)

associated with the resonance layer. DAWs may also be used as a diagnostic for the

q(r) profile. We have used the theory code ANTENNAS to analyse the sensitivity of

the DAW fields to the density and current profiles, and to relate wave amplitudes in the

plasma edge to the central values.

The ratio lbe(0)/be(r/)l, where r/ is the fimiter radius, was shown to decrease

slightly as the plasma edge density increased, or as the current density profile was made

more peaked. Over the range of realistic density and current profiles, lbe(O)/be(r/)l =

16±8fo r them = - l , n = + l DAW (Note: the sign of the wave number n assumes

negative q). Therefore, the measurement of DAW fields in the plasma edge can be used

for estimates of central values.

A comparison was made of the calculated and measured values of antenna

resistance associated with Alfven resonance absorption in the (-1, +1) mode. For

operation with 2 pairs of antennas, theory predicted the resistance per antenna pair to be

about 10 mil which compares well with the measured value of 15

3.2 ALFVEN WAVE CURRENT DRIVE

IJ. Donnelly

An assessment has been made of the feasibility of using the kinetic Alfven

wave to drive an appreciable current in TORTUS. Under standard operating conditions

with the presently available power supplies it was estimated that less than 1 kA would

Faculty of Liberal Arts, Shizuoka University, Japan
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be driven, which is small compared with the ohmic current of about 30 kA. However,

operation at lower densities (ne = 2 x 1018 m"3) and at a lower ohmic current (= 10 kA)

should result in driven currents of about 2 kA, which is expected to be measurable.

The above predictions have been made under the constraint that plasma

conditions and the wave numbers (m, n) are such that the discrete Alfven wave is

excited. This is convenient for diagnosing the appearance of the Alfven resonance

layer, and it also means that there is efficient excitation of the kinetic Alfven wave near

the plasma centre. However, this requirement results in wave phase velocities (vp) that

are approximately equal to the electron thermal speed (v^), in which use the current

drive efficiency is a minimum. If this constraint is not enforced, it is predicted that

currents of up to 10 kA can be driven in the outer region of the plasma by Alfven waves

with Vp » vte.

3 . 3 THE EFFECT OF TRAPPED PARTICLES ON ALFVEN WAVE

CURRENT DRIVE

Nf. Cramer M, IJ. Donnelly, A.H. Kritz Wl

We have obtained, courtesy of C.F.F. Karney at Princeton, a copy of a

computer code which calculates the Green's function for rf-driven current in a toroidal

plasma. The effects of electron trapping by the magnetic mirror effect in tokamaks are

included. This code, coupled with radial profiles of energy deposition calculated using

the ANTENNAS code, is being used to predict the distribution of current density that

can be driven by Alfven waves in TORTUS. An assessment of current drive efficiency

for a range of plasma conditions is planned.

Theoretical Physics Department
Hunter College, City University of New York
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SUBMILLIMETRE LASERS AND OPTICS

4.1 SUBMILLIMETRE LASER DEVELOPMENT

M. D. Bowden, P. King, B. W. James, I. S. Falconer , L. B. Whitbourn M

andPA.KrugW

In an optically pumped submillimetre laser, the pump beam is usually coupled

into the active medium through a hole in one of the resonator mirrors, producing non-

uniform pumping of the mode volume of the waveguide resonator. Figure 4.1 shows a

laser design in which the unfocussed pump beam is reflected into the resonator by a

high reflectance coating on the inner surface of a crystal quartz Brewster window.

Before entering the resonator the pump beam can be expanded to determine the

optimum diameter. The active medium, HCOOH, is contained in a 1.5 m long, 48 mm

diameter pyrex waveguide terminated at one end by a flat aluminium mirror and at the

other end by a brass chamber which holds the Brewster window and an antireflection

coat ZnSe input window for the CO2 pump beam. The output coupler is mounted on a

motorised translation stage outside the active medium. Figure 4.2 shows the output

power on the EHH mode of the 433 mm HCOOH transition as a function of input power

up to 60 W for an unexpanded CO2 beam of 10 mm in diameter. The measured output

powers have been corrected using the calorimeter calibration due to Foote et all8!.

Further details of these measurements are available elsewheref9!.

CSIRO Division of Exploration Geoscience

Now with Optical Fibre Technology Centre, University of Sydney

F.B. Foote, D.T. Hodges and H.B. Dyson, Int. J. Infrared and Millimeter
Waves, 2 773 (1981)

P.A. Krug, D.H. Dawes, R.C. McPhedran, W. Wright, J.C. Macfarlane and
L.B. Whitbourn, Optics Lett., 14, 931 (1989)
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Fig.4.1 The Brewster angle window optically pumped submillimetre laser.
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Fig.4 2 Out put power of the Brewster angle window optically pumped submillimetre
laser when operating on the EHu mode as a function ofCO2 laser input
power for an unexpanded (~10 mm diam.) pump laser beam.
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4.2 DEVELOPMENT OF RESONANT ARRAY FAR INFRARED
LASER COUPLERS

PA. Krug, R.C. McPhedranM, D. Dawes^, D.R. McKenzieW,
W. Wright®, J.C. Macfarlane® andLB. WhitbournW

4.2.1 Output couplers
Annular and square annular slot arrays were fabricated photolithographically on

crystalline quartz substrates for use as optically pumped FIR laser output couplers. The

development of these couplers has been a close collaboration between the University of

Sydney and the CSIRO Divisions of Applied Physics and Exploration Geoscience.

Fabricated couplers showed the expected resonant behaviour in the far infrared

(FIR) as shown in figure 4.3 and the measured reflectances at the mid infrared (MIR)

CO2 pump laser wavelengths approach 90% for the best of the devices. Incorporation

of the resonant array couplers in a formic acid laser operating at ^.=433um increased the

measured output power from 50-60mW using a conventional strip grating coupler to

70-80 mW.

Plans for the immediate future include:

(i) commercialisation of the couplers in collaboration with the Sydney

company, Francis Lord Optics.

(ii) development of micron-scale lithographic expertise to allow fabrication of

couplers for the X = 119|im line of methanol.

(iii) development of a mathematical model for the square annular slot array.

4.2.2 Input couplers
The structure complementary to the resonant slot array is an array of

conducting rings on an insulating substrate. Such a structure acts as a band rejection or

notch filter for a wavelength comparable to the circumference of the rings. When

fabricated on a suitable substrate, an array of circular or square conducting rings of

appropriate dimensions could behave simultaneously as a high reflector for a given FIR

wavelength and a transparent window for the MIR pump beam. Used as an input

coupler in an OPFIR laser, this device would allow the laser to be pumped over the

whole diameter of the active volume by an expanded parallel pump beam, with a

significant increase in efficiency.

[g] Theoretical Physics Department
[h] Department of Applied Physics

til CSIRO Division of Applied Physics
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Using negative copies of the photolithographic masks that were employed to

make the resonant grid output couplers, we have constructed ring arrays on zinc

selenide substrates, and measured their FIR transmittances and (near normal)

reflectances with a Fourier transform spectrometer. Figure 4.4 shows typical results.

Based upon these results, the fabrication of OPFIR laser input couplers for

wavelengths of interest, from specifically designed masks, is presently continuing and

measurement of their performance in a laser is planned.

4 .3 NUMERICAL SIMULATION OF ION TEMPERATURE
MEASUREMENT IN A TOKAMAK BY COLLECTIVE THOMSON
SCATTERING OF FAR INFRARED RADIATION

PA. Krug, R. BehnW, S.A. SalitoW and M.R. SiegristW

Following the first successful single shot measurement of plasma ion

temperature in a tokamak by collective Thomson scattering of radiation from a pulsed

D2O laser emitting at \=3S5\ndl0\ there was a perceived need to mathematically model

the experiment as realistically as possible. The study, as described in the 1988 Annual

Report has now been completed and submitted for publication!!!]. The principal

findings of the study are:

(i) Absolute amplitude of the scattered signal is best ignored.

(ii) Te needs to be known to better accuracy than the desired accuracy of T;.

(iii) The effects of uncertainties in the estimates of magnetic field and direction

are negligible if the angle between the magnetic field and the scattering vector is kept

less than 86 degrees.

(iv) The fitting of the data to the expression for the spectral shape is best

confined to regions well separated from the line centre, to minimise magnetic field and

impurity ion effects.

(v) With minor improvements in the scattering experiment, Tj should be

measurable to -10%.

M Centre de Recherche en Physique des Plasmas, Ecole Polytechnique Federale
de Lausanne, Switzerland

t10l R. Behn, D. Dicken, J. Hackmann, S.A. Salito, M.R. Siegrist, P.A. Krug,
I. Kjelberg, B. Duval, B. Joye and A. Pochelon, Phys. Rev. Lett., 62, 2833
(1989).

[!l] P.A. Krug, R. Behn, S.A. Salito and M.R. Siegrist, submitted for publication
in Plasma Physics and Controlled Fusion.
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4.4 DEVELOPMENT OF A STARK-TUNED, OPTICALLY PUMPED
FAR INFRARED LASER
PA. Krug and O.K. Mansfield^

Interferometric measurement of electron density evolution in tokamak and

similar plasma confinement schemes requires phase (or equivalently, frequency)

modulators capable of producing background fringes with periods smaller than the

most rapid change in the density to be measured. The modulation, which is usually

provided by mechanically moving a mirror or grating, or by beating together the output

of two lasers operating at slightly different frequencies, has been limited to modulation

frequencies less than about 1MHz.

Bionducci et aU12l have shown that the X=l 19um line of optically pumped

methanol can be Stark split by the application of a DC electric field across the active

medium. In a collaboration with Dr. D.K. Mansfield at the Princeton Plasma Physics

Laboratory in the USA, we have embarked on a project to develop a Stark-split

methanol laser, tunable over more than ~ 10MHz, to be used for plasma interferometry.

At the heart of this laser is a 10mm x 22mm inside dimensions rectangular

cross-section pyrex waveguide tube, with metai electrodes vacuum deposited on its

wider inside surfaces. A vacuum thin film deposition rig was developed in the

Department^] and successfully used to fabricate electrodes in both 1.25 m and 2.5 m

long pyrex tubes. Using the 1.25 m tubes, Mansfield has observed at Princeton a beat

signal at 14MHz between the outputs of a Stark-shifted and an unshifted laser.

Construction of lasers incorporating the 2.5m long tubes is presently in progress, and

based upon results obtained with the shorter tubes, we expect to achieve a beat

frequency between two Stark-shifted lasers variable between 0 and 28MHz, with

powers in excess of 200mW.

The apparatus for fabrication of electrodes in the pyrex waveguide tubes is

presently on loan from the department to Dr. Mansfield in Princeton, following the

completion of Dr. Krug's Queen Elizabeth II Fellowship.

I'l Princeton Plasma Physics Laboratory, Princeton, USA.

fJ2] G. Bionducci, M. Inguscio, A. Moretti and F. Strumia, Infrared Phys., 19,
297 (1979)

f 131 P.A. Krug, Fabrication of Hybrid Metal-Dielectric Waveguides from
Rectangular Cross-Section Glass Tubing by Vacuum Evaporation of
Aluminium: Instruction Manual, School of Physics, University of Sydney,
Report PP89/4 (1989).
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5 GYROTRON DEVELOPMENT

GYROTRON IV
G.FBrand, P.W.Fekete, KMon% and KJ.Moore

GYROTRON IV (Figure 5.1) was tested successfully early in the year. The
output power of this gyrotron exceeds 20W cw over a broad range of frequencies
(Figure 5.2, Table 1). Water cooling of the cavity ensured extremely stable
operation.

The original cavity has recently been replaced by a new one with a much
longer output taper (Figure 5.3). This reduced unwanted mode conversion between the
cavity and the output window still further.

TABLE 5.1 CAVITY RESONANCES IN GYROTRON IV

All modes are TE modes.

Mode

1.5 1
05 1
161
0 6 1
171
07 1
181
08 1
191
0 9 1

1 15 1

Frequency
(GHz)

95.52
105.87
115.69
125.93
135.83
146.01
155.95
166.07
176.04
186.13
296.40

Mode

1 10 1
0 10 1
1 11 1
011 1
1 12 1
0 12 1
1 13 1
0 13 1
1 14 1
0 14 1
0 15 1

Frequency
(GHz)

196.11
206.18
216.19
226.23
236.26
246.28
256.30
266.31
276.34
286.33
306.37

5.2 SECOND HARMONIC OPERATION
G.F£rand,P.W.Fekete,K.Hong and KJ.Moore and TJdeharaW

At certain magnetic fields GYROTRON IV operates at the second harmonic of

the electron cyclotron frequency. The experimental arrangement for observing second

of Applied Physics, Fukui University, Japan
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Figure 5.5 she -s a set of results obtained with this cut-off waveguide. At the

high magnetic field end of the trace, the fundamental frequency is not cut-off and

radiation at this frequency can pass through. At the low magnetic field end, no radiation

at the fundamental can pass through. (However, some can reach the detector along

other paths because the present shielding is imperfect.) In this trace the sensitivity of

the chart recorder at the low field end is 200 times greater than it is at the high field end.

At these lower fields, with the increased sensitivity, a new feature is apparent on the

trace of the detected signal; a very sharp, narrow peak. This is the signature of

radiation at the second harmonic of the electron cyclotron frequency. It is easy to

confirm that this is due to radiation that has passed through the cut-off waveguide by

blocking the small hole.

In Figure 5.5 the second harmonic resonances TE (396.46 GHz) and

TEi 22 l (436.57 GHz) modes have been identified. The cut-off corresponds to a

frequency of about 234 GHz which suggests that the diameter of the hole is 0.80 mm,

slightly larger than the nominal diameter of 0.75 mm. The large signals at the high field
end above the cut-off are due to the fundamental resonances TE (226.23 GHz at a

magnetic field of 8.14 T) and TEj n , (236.26 GHz at 8.49 T).

window

resonant cavity

electron gun

output waveguide

/collector

drift tube

vacion pump

Fig J.I GYROTRON IV
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FigS.2 Output ofGYROTRON IV vs. magnetic field. The scan in this figure ranges
from the TE}5! at 9552 GHz to the TEQISI at 306.37 GHz.
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FigJ.3 GYROTRON IVA cavity with long (190 mm) output taper.
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\
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Fig 5.4 Experimental arrangement for the detection of second harmonic from
GYROTRON IV.



37

Table 2 lists the second harmonic resonances observed to date. The power is

low, of the order of hundreds of milliwatt.

TABLE 5.2 OBSERVED SECOND HARMONIC CAVITY
RESONANCES AND FREQUENCIES.

Magnetic field/T

4.82
4.96
5.35
5.53
5.85
6.07
6.24
6.39
6.42
6.73
7.16
7.88
8.25
8.61
9.34

TEmode

0 13 1
1 14 1
1 15 1
1 16 1
6 14 1
1 17 1
0 17 1
5 16 1
1 18 1
1 19 1
120 1
122 1
123 1
124 1
126 1

Frequency/GHz

266.3
276.3
296.20 *
316.24 *
324.14 *
336.51 *
346.24 *
355.00 *
356.4
376.4
396.46 *
436.57 *
456.6
476.7
516.7

* indicates frequencies measured, others deduced from
magnetic field.

magnetic fHd/T

Fig.5J Detected signal vs. magnetic field. The sensitivity of the chart recorder at low
fields, below the cut-off, is 200 times greater than that at high fields.



5.3 DUAL BEAM INTERFEROMETER
KJMoore

The construction of the dual-beam interferometer has continued. This
interferometer will use the gyrotron, together with a quasi-optical antenna, as a
radiation source and will a'Jow precise measurement of the complex dielectric constant
of materials.
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6. GAS DISCHARGE STUDIES

This project was initially concerned with investigating the basic physics of the

magnetron sputtering discharges employed by the Department of Applied Physics for

the manufacture of the selective surfaces used on their solar collectors. The

spectroscopic techniques we developed for studying the energy distribution of atoms

sputtered from the cathode of a magnetron discharge from the shape of their emission

lines are now also being applied to the investigation of both the ion and neutral atom

'temperature' in the vicinity of the cathode spot of both pulsed and continuous vacuum

arcs. Dr D R McKenzie, P D Swift, a postgraduate student, and technical staff of the

Department of Applied Physics are collaborating with us in this project.

6.1 MAGNETRON SPUTTERING DISCHARGE STUDIES

/ S Falconer, B W James, D R McKenzieW and G M Turner

The Monte Carlo computer code developed for the modelling of the

'thermalisation' of sputtered atoms as they collide with filling gas atoms has been

extended to permit the calculation of

- the deposition fraction (the fraction of the sputtered atoms which reach the

substrate)

- the average impact energy and the angular distribution of the sputtered atoms

as they reach the substrate , and

- the energy dependence of the angular distribution of the sputtered atoms

which reach the substrate for a range of cathode materials sputtered by argon.

These results show that these parameters depend not only on the mass of the

cathode material, but also on the binding energy of the material in the cathode. The

latter determines the average energy of the sputtered atoms as they leave the cathode,

and hence their mean-free-path. These results are of significance to the production of

thin films on semiconductor devices in magnetrons discharges.

The Monte Carlo code developed for sputtering studies of magnetron

discharges was used to calculate the spatial deposition profiles - i.e. film thickness

across the substrate - for point sources of Cu, Y and Ba in order to assess the problems

which may arise in the application of a vacuum arc to the production of thin films of

Department of Applied Physics



4 0

high-temperature superconducting material. Variations from the ideal stoichiometry for

superconductivity were found at high filling gas pressures.

The Monte Carlo code has been modified to enable the heating of the filling gas

by the energetic sputtered atoms.to be calculated. The transfer of energy from the

sputtered atoms of the filling gas is probably the major contributor to the heating of the

filling gas by the discharge Calculations of filling gas temperature profiles show

significant heating .

Experimental measurements of the energy distribution of the sputtered copper

atoms from the Doppler broadening of Cul emission lines is continuing. A major

achievement of this year's research has been the development of a deconvolution

technique for unfolding the contribution of the hyperfine structure and the instrumental

function from the measured line shape in order to obtain the contribution of the Doppler

broadening to the line shape. This technique, which is based on a piecewise iterative

procedure, is not significantly affect by noisy signals, but requires some (physically

reasonable) assumptions to be made about the velocity distribution.

The technique has been successfully used to obtain velocity distributions from

measurements of the shape of the Cul line at 510.6 nm for neon sputtering gas in the

magnetron. The Doppler broadening of a Nel line has also been measured.. Both

suggest that the filling gas has been heated to ~ 400K above room temperature by the

discharge.

When Ar was used as the filling gas the Cul lines showed abnormal

broadening. This is presumably due to the excitation mechanism being not electron

impact, but high velocity collisions between Ar and Cu atoms. (There are sound

reasons why such a mechanism should not be observed when using Ne as the filling

gas.)

We have characterised the Fabry-Perot interferometer accurately using a green

He-Ne laser (543 nm) as the light source; this enabled accurate values of the finesse to

be determined for use in the deconvolution of the Cu lines. Prior to this investigation

we made a detailed study of the emission lines from a mercury isotope lamp. These

lines were found to be sufficiently broad as to prevent them being used as a

monochromatic source when the plate spacing is > 10 mm. We noted that the 546.1 nm

line (which terminates on a metastable level) exhibited self-reversal, but not the 435.8
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nm line, which terminates on a level which has a radiative transition to the ground

state.. Both originate from the same level.

In order to complete our investigation of the interaction of sputtered atoms with

the filling gas it would be desirable to measure the density profile of the sputtered atoms

between the cathode and the substrate as a function of discharge parameters. To his

end we have set up, and tested with a sodium vapour filled cell, a "hook" interferometer

for determining the density of the sputtered atoms from the anomalous dispersion near

the emission lines. We are also assessing the value of absorption measurements as a

technique for density measurements.

6 .2 VACUUM ARC STUDIES

/ S Falconer, B W James, D R McKenzieM , A J Studer, andPD SwiftM

The energies of ions of the cathode material ejected from the cathode fall region

of a vacuum arc, which are anomalously high, are of interest in relation to the

application of vacuum arcs both as ion sources for accelerators, and as sputtering

devices for producing thin film coatings. We have established a program of

measurement of the spectral lineshape of both ions and neutral atoms in vacuum arcs in

order to estimate the average energies of these species in conjunction with Dr Ian G.

Brown and his co-workers at the Lawrence Berkeley Laboratory, University of

California, and Drs Martin, Netterfield and their colleagues in the CSIRO Division of

Applied Physics, Lindfield.

The Lawrence Berkeley Laboratory has supplied us with a pulsed vacuum arc,

similar to that used in their MEVVA (MEtal Vapour Vacuum Arc) ion source for these

lineshape measurements and for the investigation of other aspects of the physics of

vacuum arcs. This is being used for the investigation of the time evolution of metal

vapour vacuum arcs and for the fabrication of thin films of the high temperature

superconducting material, Y-Ba-Cu-O.

An extensive set of measurements of the time variation of the intensity of

emission lines from neutral atoms, and singly- and double-ionised ions for a range of

cathode materials suggests that the electron temperature is very high in the early stages

of the evolution of the - 400 u,s duration arc pulse, but decreases as the arc evolves.

This is consistent with measurements made at Berkeley of the fraction of highly-ionised

ions extracted from the arc of a MEVVA as a function of time. Measurements of the

[o] Department of Applied Physics
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variation of cathode spot number are also being made using an image converter camera

on loan from the University's Department of Electrical Engineering.

The pulsed vacuum arc is also being investigated as a possible source for the

production of thin films of the high temperature superconductor Y-Ba-Cu-O. It is

capable of attaining a higher deposition rate than other commonly used deposition

sources, but has the disadvantages that a large number of 'macroparticles' are

produced, and that difficulty is experienced in getting the arc to run without

extinguishing. Some progress has been made towards overcoming these problems.

Studies of the motion of the cathode spots of the dc vacuum arc in the

Department of Applied Physics, and measurements of spectral line shapes of emission

lines from this arc using the Fizeau interferometer/Optical Multichannel Analyser

combination (see 1988 Annual R.eport) were completed during the year. Mr Swift has

been using the arc for the production of thin carbon films under a range of plasma

conditions, and investigating their characteristics and structure using electrical and

optical techniques.

We are grateful to our colleague at the Lawrence Berkeley Laboratory for the

provision of the META, and in the Department of Electrical Engineering at the

University of Sydney for t'le use of their image converter camera.
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COLD FUSION

7.1 INVESTIGATIONS OF APPARENT COLD NUCLEAR FUSION

IN DEUTERATED PALLADIUM

PA. Krug, MM. WinnW , BJ. Kennedy^ , J. BoldemannW ,

N. DytlewskiW , et al.

Following the startling announcement in early 1989 of apparent nuclear fusion

reactions in electrochemical cells with deuterated electrolytes and palladium

electrodest15]-f16l the international scientific community rushed to further investigate

the claims. Now, a year later, a mass of conflicting evidence has left many scientists

skeptical and others undecided. To ensure the participation of the University of Sydney

in any Australian effort to enter the debate raging on the subject (sometimes

euphemistically referred to as "anomalous effects in deuterated palladium") we have,

together with colleagues in the School of Chemistry, joined a series of experimental

investigations at the ANSTO laboratories at Lucas Heights in Sydney. Other

participants in the experiments include ANSTO and Flinders University. Experiments

of two types are proceeding.

(a) Replication of claimed results: Experiments resembling as closely as possible the

apparatus and techniques of Fleischmann and Ponst15! and others^16! were performed.

The task of reproducing the results of the various groups purporting to have observed

cold fusion have been hampered by the paucity of published detail. To date, despite the

use of very sensitive 3He neutron detectors, and extensive precautions to remove

background neutron detection events, no statistically significant positive results have

been obtained from the electrochemical cell experiments.

[p] Falkiner High Energy Physics Department
fal Inorganic Chemistry Department, School of Chemistry
M ANSTO

H5] M . Fleischmann and S. Pons, J. Electroanal. Chem., 261, 301 (1989)

H6] S.E. Jones, E.P. Palmer, J.B. Czirr, D.L. Decker, G.L. Jensen, J.M.
Thome, S.F. Taylor and J. Rafelski, Nature, 338, 737 (1989)
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b) Neutron diffraction studies of palladium deuteride: It is apparent that significant

progress in understanding possible cold fusion effects can only be achieved by a

fundamental study of the interaction between deuterium and palladium under the full

range of conditions encountered in the electrochemical experiments. The aim of this

experiment is to investigate the structural chemistry of the electrochemically generated

PdD with high D content using powder neutron diffraction. The instability of these

materials once electrochemical control is stopped requires that the diffraction

experiments be performed under electrochemically controlled conditions. To this end,

an electrochemical cell has been constructed of fused quartz and with the

electrochemical reaction taking place, the cell is placed in the neutron beam line of the

HIFAR reactor at Lucas Heights. A triple axis neutron diffractometer will is used to

study the structural modification of the electrode as the PdD is formed. These

experiments are proceeding.
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