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I. INTRODUCTION

The experimental program continues to be centred around work

on the research tokamak TORTUS. That work progressed well during

1984. We were particularly pleased to be able to report on the

guiding of Alfven waves along helical magnetic field lines, to

investigate the direct excitation of Alfven waves by an antenna

and to point to its possible importance in the Alfven Wave and

ICRF heating scheme, and to make some progress in our study of

various antenna designs for Alfven wave heating.

Supporting work included further studies of surface waves

using the linear SUPPER IV machine, several theoretical investigations

carried out in the School's Department of Theoretical Physics,

development of lasers and laser diagnostics (some of which was done

in collaboration with Dr. Whitbourn of CSIRO), development of a

neutral particle analyser for measuring ion temperatures, and the

development of the first continuously tunable gyrotron, with a

frequency range from 100 - 325 GHz.

We were also pleased to continue collaborative work with the

School's Department of Applied Physics on the characteristics of

the magnetron sputtering discharge employed by that Department in

the manufacture of selective surfaces for solar collectors.

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

Department during the year. Those who stayed for extended periods

included Dr. Chen Zhiyi, who returned to Beijing during the year

after spending two very fruitful years with us working on the gyrotron

program, and Dr. Evan Bydder (University of Waikato, New Zealand)

who spent several weeks with us commissioning his neutral particle

analyser.

We were shocked and saddened by the sudden death of Ray Grimm

in August. Ray had joined us a few months earlier as Professorial

Fellow (a part-time honorary appointment in conjunction with his

full-time appointment as leader of the AAEC's Fusion Physics Group).

In that short time he displayed qualities of leadership, expertise,

and personality, which promised so much for his association with us.

We miss him.
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The research work of the Department rests very heavily on the

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

J. Piggott and S. Romashenko. We are grateful to them. We also

pay special tribute to the dedicated work of the Department's

Secretary, Mrs Elaine Shooks, who resigned during the year; and we

are pleased to welcome our new secretary, Mrs Miriam Pollak.

We acknowledge financial and other assistance from the

University and from
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Australian Institute of Nuclear science

and Engineering
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Mr. Max Franks

National Energy Research, Development

and Demonstration Council
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Research Fund.
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II. TORTUS TOKAMAK

2.1 Magnetically guided Alfven rays in TORTUS

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

One of the unique properties of the Ctorsional) Alfven wave is

that it is very strongly guided by magnetic fields. In the ideal

MHD limit, the wave is perfectly guided since the group velocity vector

is directed exactly parallel to B. Non-ideal MHD effects introduce

a negligible transverse component of the group velocity vector, even

at frequencies approaching the ion cyclotron frequency. Fig. 2.1

shows the ratio of v to v for realistic plasma conditions including

effects of resistivity, finite electron mass, finite frequency and

finite plasma current.

Alfven rays have been generated in TORTUS using a small (6 mm x

3 mm) dipole antenna inserted into a low current discharge. The ray

was observed to propagate only along field lines passing through and

near the antenna, as shown in Fig. 2.2. Rays guided along helical

field lines have also been observed. In this case, the antenna was

placed at the edge of a high current discharge and observed downstream

using three magnetic probes at the same toroidal position and separated

poloidally. By varying the toroidal field at a fixed plasma current,

the ray was guided to one of the probes. No signal was observed with

the adjacent probe, confirming that Alfven rays are guided along

helical field lines, even in the presence of strong density gradients

at the plasma edge. These results are shown in Fig. 2.3.

A significant feature of these results is that the Alfven wave

was generated directly by the antenna. This result is of relevance

to the Alfven wave heating scheme. In this scheme, an external

antenna is used to generate the fast wave which mode converts to the

Alfven wave at a resonant surface inside the plasma. Our results

demonstrate that the Alfven wave can be generated directly by an

external antenna and it is then guided along the plasma surface.

Unshielded charge distributions can also excite the Alfven wave directly

as a result of current flow along field lines. Direct excitation

of the Alfven wave is clearly to be avoided, since it will produce

surface heating. This aspect of the Alfven wave heating scheme has
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not previously been considered. It is also relevant to ICRF heating

schemes, since high kj_ wave components aru also strongly guided in

multiple ion species plasmas.

2.2 Antenna loading studies

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

Several shielded and unshielded antennas have been tested at

low power levels, about 100 Watts, as candidates for Alfven wave heating

antennas. All antennas tested have been of all-metal design, using

oxygen free copper conductors with stainless steel shields. In order

to minimise direct excitation of the Alfven wave at the plasma surface,

the antennas have been designed with poloidally directed elements

and radial feeds. In some cases, the loading is much larger than

expected. There is only weak correlation between enhanced loading

and the magnitude of the electrostatic components of the wave fields

at the plasma edge. However, when large antenna loading is obtained,

the electric field at the plasma edge is very large and structured

during the plasma preionisation and afterglow periods compared with

the field during the main discharge. The electric field during the

main discharge is small and hashy. When little antenna loading is

'observed the electric field remains small and unstructured at all

times.

A summary of antenna configurations and the resistive loading at

u/u . * 0.6 is given in Figs. 2.4 to 2.9 and Table 1. The plasma

conditions were the same for each configuration, so changes in loading

resistance are due only to changes in the antenna configuration. Several

results were entirely unexpected and are still not fully understood.

For example, the largest loading resistance is obtained for the unshielded

antenna (Fig. 2.9) located almost entirely within a port and well

behind the limiter. The loading resistance for this antenna drops

to zero when it is electrostatically shielded.

As shown in Figs. 2.4, 2.5 and 2.6, most antennas include a

stainless steel strap connected to the port wall as a weight support.

It was originally anticipated that the strap would carry negligible

current since it is in a high inductance path. In fact, the strap
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has been found to carry up to half the return current. This effect

has a strong influence on antenna loading. The most likely

explanation for these results is that the shield is imperfectly

grounded and thereby draws a Langmuir current from the plasma.

Evidence of this effect can be seen in the wave field signals

obtained with magnetic probes near the plasma edge. These signals,

in some cases, contain a strong second harmonic component even

though there is a negligible second harmonic component in the

antenna current. Again, there is only weak correlation between

antenna loading and the presence of second harmonic in the wave

fields.

TABLE 1

PLASMA LOADING FOR VARIOUS ANTENNAS AT WVO.ow^

A. YES - the support arias are electrically connected to the vessel;
NO - the support arms are isolated from the vessel.

B. YES - the antenna shield has been electrically connected to
the vessel on the high field side,

NO - there is no vacuum electrical connection between the
antenna shield and the vessel wall on the high field
side.

C. YES - the shielded box is connected to the vessel wall;
NO - the shielded box is isolated from the vessel wall.

ELECTRICAL
CONNECTIONS

Full turn loop antenna

A.

B.

C.

A.
B.

C.

YES

NO

YES

YES
NO

NO

ANTENNA VACUUM
PARAMETERS

(Fig. 2.4)

R * 0.51 n

L * 550 nH

R = 0.63 fi

L » 650 nH

AR

AL

&R

AL

ANTENNA PLASMA
PARAMETERS

= 0.2S ± 0.01 Q

= -8.5 ± 0.1 nH

= 0.2 ± 4 nH
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ELECTRICAL ANTENNA VACUUM ANTENNA PLASMA
CONNECTIONS PARAMETERS PARAMETERS

The half turn antenna (Fig. 2.5) located at the bottom of the vessel

A. YES R = 0.30 Q AR = 0.53 ± 0.01 fi

B. NO L = 480 nH AL = -17 ± 1 nH

C. YES

A. NO Ry = 0.29 a AR = 1.7 ± 0.1 fi

B. NO Ly ' 540 nH AL = -76 ± 2.4 nH

C. YES

A. YES Ry = 0.33 Q

B. NO Ly = 550 nH

C. NO (Note 1)

A. NO R » 0.31 n

B. NO Ly = 550 nH

C. NO (Note 2 § 3)

A. YES Rv = 0.27 ft

B. YES Lv = 470 nH

C. YES

A. YES Ry = 0.57 JJ

3. YES Ly » 570 nH

C. NO

The half turn antenna (Fig. 2.6) locatsd on the high field side of
the vessel

A. YES Rv = 0.42 fl

B. UNCERTAIN Ly * 510 nH

C. YES

* as above

* after the antenna was removed for observation and replaced, the
result was completely different.

AR =

AL =

AR =

AL =

AR =

AL =

AR =

AL *

0.

-3

0.

-8

0.

-4

0.

-6

021

.2 i

41 ±

.0 ±

2S ±

.8 ±

27 ±

.1 ±

+

3

0

0

0

0

0

2

o.oij n

.1 nH

.01 n

.5 nH

.01 Q

.9 nH

.007 fl

.2 nH

AR
AL

AR

AL

'v 0.44 a

'v- -24

^ 0

% 0

.0

.0

nH

nH
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ELECTRICAL
CONNECTIONS

ANTENNA VACUUM
PARAMETERS

The half turn antenna (Fig.

A. YES

B. NO

C. YES

The vertical

B. NO

C. YES

The vertical

C. YES

Rv

antenna (Fig. 2,

R

Lv

antenna (Fig. 2.

Rv
Lv

The 80° sector antenna (Fig.

C. YES

Lausanne type
Unshielded

C. YES (Note

Rv
L
V

antenna (Fig. 2

Rv
3) Ly

Shielded (earthed shield)

C. YES
V
V

2.6) located on
the vessel

= 0.42 £2

= 490 nH

.7) located on 1
the vessel

x i.2 a

= 800 nH

the low

AR

AL

the high

AR
AL

ANTENNA PLASMA
PARAMETERS

field side of

= 0.05 i 0.003 Q

= -0.15 ± 0.42 nH

field side of

= 1.1 ± 0.1 SI

= -62 ± 2 nH

7) located on the low field side of
the vessel

= 1.2 n
= 860 nH

2.8) located at

AR

AL

= 1.2 ± 0.02 Q

= -120 ± 2nH

: the bottom of the vessel
(or side port)

- not recorded

- not recorded

.9) located at

= o.4s a
* 470 nH

- as above

- as above

AR '

AL •

y, 0

y, 0

the bottom port.

AR •
AL •

AR '

AL "

= 5.1 ± 0.3 SJ

* -151 ± 4 nH

^ 0

u 0



Fig. 2.4 THE FULL TURN LOOP ANTENNA

Fig. 2.5 THE HALF TURN ANTENNA AT VESSEL BOTTOM

A. Antenna support arm.
B. Antenna shield
C. Shielded box.
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Fig. 2.6 THE HALF TURN

ANTENNA ON THE
HIGH FIELD SIDE

Fig. 2.7 THE VERTICAL ANTENNA.
(Stainless steel tube earthed to
vessel at one end only.)
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Note 1

As the resistance between the tokamak vessel and the shielded box is

increased the plasma loading decreases in a continuous manner. As

the resistance approaches infinity the antenna loading is negligible.

Note 2

The loading for the half turn antenna located at the bottom of the

vessel, with the support strap and shielded box disconnected, was

of a different kind to that usually encountered. There was no

structure in the loading even during the preionisation period.

Note 3

In all cases except for the Lausanne type antenna (unshielded) the

loading goes to zero for tn/u . > 1 everywhere in the plasma. For

the Lausanne type antenna the loading is ^ S £2 for u/u . > 1

everywhere. (The loading was not measured at high values of

u/io . for the half turn antenna with both the support and shielded

box disconnected.) ui/u . is the ratio of the excitation frequency

to the ion cyclotron.

2.3 Submillimetre laser scattering from density fluctuations

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

Submillimetre laser scattering provides a valuable non-perturbing

technique for investigating density fluctuations and wave propagation

in a plasma. In experiments conducted in late 1983 to assess the

worth of this diagnostic, we observed far forward scattering from

electron density fluctuations of the 394 ym beam from a formic acid

vapour laser. This scattering system is described in the 1983

Annual Progress Report.

These measurements have been extended to simultaneous observations

of the scattering signal and poloidal magnetic field fluctuations

detected by a magnetic probe located close to the edge of the plasma.

At certain times during the plasma discharge coherent (Mirnov)

oscillations wore observed on the magnetic field probe. Power

spectra obtained by performing a fast Fourier transformation on

corresponding 2 ms intervals of the probe signal and that from the
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detector in the scattering system (Fig. 2.10) both show a large peak

at <v 30 KHz, indicating that the density fluctuations detected by

the scattering and the magnetic fluctuations have a common origin.

Density fluctuations at higher frequencies, which tend to occur at

harmonics of the 'v 30 KHz signal, are observed by the scattering

apparatus although corresponding signals are not recorded by the

magnetic probe. The amplitude of these higher frequency oscillations

increases late in the life of the discharge.

2.4 Neutral particle analyser

(J.A. Lehane and K.J. Moore)

A neutral particle analyser for measuring ion temperatures and

looking for changes in the ion velocity distribution during wave

heating experiments is under construction. It is a five channel

device of the parallel-plate type used by Barnett § Ray [1] and uses

locally made discrete dynode electron multipliers as the detectors.

A calibration ion source (the Colutron Model Gl) has been constructed

and tested. The project has been assisted by the visit of

Dr. E. Bydder from the University of Waikato, New Zealand. Dr. Bydder

brought with him a neutral particle analyser he had constructed and

during his visit made some preliminary measurements of ion temperature

in the TORTUS tokamak. Those gave peak temperatures for our routine

operating conditions of 40 - 50 eV which are consistent with the

electron temperature of approximately 100 eV deduced from the Thomson

scattering measurements.

[1] Barnett, C.F. S, Ray, J.A., Nuc. Fus., ,12, 65 (1972).
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Ill WAVE EXPERIMENTS IN SUPPER IV

3.1 M.H.D. surface waves

(M.H. Brennan, D.R. Kennedy and J.A. Lehane)

M.H.D. surface waves are currently of interest because of

their importance to the spatial Alfven resonance heating scheme.

In small tokamaks the surface wave is the only congressional wave

eigenmode which can be excited below the ion cyclotron frequency

and couple to the spatial Alfven resonance and, even in fairly

large tokamaks, the surface waves are probably the optimum eigenmodes

for this heating scheme.

In view of their importance it is necessary to confirm

experimentally the theoretical predictions made for these waves.

Particularly important in this regard are the radial field profiles

of the waves which are markedly different for the surface waves.

Collins [1] has measured these profiles using a high resistivity

argon plasma and though evidence of surface wave behaviour was

obtained, the profiles were strongly influenced by the resistive

mode. As has been pointed out by Collins, Cramer and Donnelly

[2], a more conclusive test can be made by making measurements

in a higher temperature plasma or by using hydrogen rather than

argon so that higher frequencies can be used. The purpose of

this project is to make such measurements.

The experiments are being carried out in the linear plasma

source SUPPER IV which has a glass wall and hence provides the

necessary insulating wall boundary conditions. In line with the

requirements described in the previous section, the measurements

are being made using hydrogen plasmas. The magnetic field and

the wave frequency being used are 0.6 T and 1.34 MHz respectively.

The antenna used for launching the waves consists of two orthogonal

loops the oscillatory currents in which are ir/2 out of phase.

Depending on the sense of the dephasing either the m = +1 or m = -1

wave is launched.

[1] Collins, G.A. (19831. Ph.D. Thesis, The University of Sydney.

[2] Collins, G.A., Cramer, N.F. and Donnelly, I.J. (1984).

Plasma Physics, 26, 273.



1
17.

To achieve as high a temperature as possible the measurements

are being made using low pressures. Some modifications made to

the SUPPER IV device have allowed breakdown to be achieved at much

lower pressures than previously. Pressures as low as 4 mtorr can

now be used before the breakdown becomes unreliable-

Two other improvements have been made to the investigations

made by Collins. In these previous experiments the probes were

inserted into the plasma inside 13 mm O.D. glass re-entrant tubes

placed in side ports attached to the main vessel. These ports were

such that the plasma-wall boundary was ill-defined near the probe,

the plasma being able to enter the port region. This problem

has been overcome by using a glass insert which essentially extends

the vessel wall right to the probe tube. By constructing smaller

probes, smaller 6 mm O.D. tubes are now being used. These should

have less of a disturbing effect on the plasma.

The radial profiles measured show surface wave characteristics

particularly the presence of substantial vacuum fields. The

profiles do, however, show certain unexpected features. These may

be associated with the presence of other modes and with the effects

of the plasma density and temperature radial distributions which

have not been taken into account in calculating the theoretical

profiles.
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IV THEORY

4.1 Quasi-electrostatic wave density oscillations in TORTUS

(B.E. Clancy*, N.F. Cramer** and I.J. Donnelly*)

Alfven resonance heating involves the mode conversion of the

compressional Alfven wave to a quasi-electrostatic wave (QHW) at

the Alfven resonance position (at some minor radius r Q ) . The QEW,

which has a short radial wavelength, and which is heavily damped,

determines the spatial profile of the plasma heating. Measurements

of the QEW dispersion relation for comparison with theory is therefore

of importance. This can be done using laser scattering from the

electron density oscillations associated with the wave, and such

experiments are planned for TORTUS.

Kinetic theory has been used to calculate these density

perturbations in TORTUS for a range of plasma temperatures. At

high temperatures the QEW is termed the kinetic Alfven wave; it

propagates towards the plasma centre. At low temperatures the QEW

carries energy towards the plasma surface and it is called the

surface electrostatic wave. The QEW field profiles are usually

those of a damped wave propagating away from a source. However,

when rfl is near the centre of a hot plasma, or when r. is near the

edge of a warm plasma, standing waves with enhanced amplitude can

be established.

In the calculation of these waves, TORTUS is modelled by a

cylindrical plasma surrounded by an antenna current sheet with space

and time dependence £ ( r - O cos (m6 + n4> - ut); see Donnelly and

Cramer [1] for details. The current sheet generates plasma density

oscillations of the form

nel(r,t) * nej0r)cos(me+n<fi-u)t) - n J(r)sin(m9+n<J)-cot).

Typical results for propagating waves in both hot and warm plasmas
are shown in Fig. 4.1 for wave numbers m » -1, n • 1. The density
fields are given as a function of i|>(* cot - m9 - ncj>) and r. Fig. 4.1a,

* Australian Atomic Energy Commission •

** Department of Theoretical Physics

[1] I.J. Donnelly and N.F. Cramer. Plasma Physics § Controlled

Fusion, 26, 769 (1984).
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in which the central temperature T = 200 eV, shows the kinetic

Alfven wave propagating away from rQ(- 0.6 r ) towards the plasma

centre. Fig. 4.1b, in which T = SO eV, illustrates the excitation

of the QtlV at rQ (.- 0.7 r ). It is interesting to note that this

wave is backward propagating, so it carries energy towards the plasma

surface but its phase velocity is directed towards r . In both
-5

cases the wave amplitude is about 10 of the central plasma density

for a half-turn poloidal antenna carrying a current of 1 amp.

Fig. 4.1 The QHW density field as a function of time and radius

for (a) a 200 eV plasma, and (bj a 50 eV plasma. Hach

curve represents constant ty (or t). The plotted fields

extend over two wave periods.
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4.2 Energy deposition by the kinetic Alfven wave

(B.E. Clancy*, N.F. Cramer** and I.J. Donnelly*)

In hot plasma the Alfven resonance damping of the compressional

Alfven wave proceeds by its mode conversion to the kinetic Alfven wave

which undergoes electron Landau damping, and thereby heats the plasma,

as it propagates away from the resonance position. This wave experiences

spatial dispersion due to ion Larmor radius effects, so its radial

energy flux can be expressed as F = S + T where S is the Poynting

flux and T is the thermal energy flux. In a plasma cylinder the

period-averaged radial component of the thermal flux associated with

the kinetic Alfven wave can be written as

vi2 ahTr * -0.75 - ^ 2JL Re[(l+ctZ(cO)Er EJ ,

where a = to/viv k, k is the axial wavenumber, v . are thermal
e e,i

velocities and Z(a) is the plasma dispersion function. The energy

deposition is given by P = Pc+P_ where P_ = -r" fd/dr)rS and
. o i a r

P = T~LW&T)T T
Fig. 4.2 shows the radial profiles of P, P_ and P_, for a wave

with m = - l , n = l i n a TORTUS plasma with T = 200 eV. The frequency

is such that r. - 0.3 r and a standing kinetic Alfven wave is

established. We see that Pg is negative near r = 0, so it is obviously

necessary to include P_ in order to obtain the correct energy deposition

profile which is everywhere positive.

0.2

'a 0

-0.2

y y i •• I ' I ' I '

[/ Pr

K r 1 1 *

•MMH

•

•

*

•

•

Fig. 4.2 The total energy deposition (P) and its Poynting flux

(Ps) and thermal energy flux (PT) components.

* Australian Atomic Energy Commission
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4.3 The spectrum of a diffuse linear pinch

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

As an extension of earlier work on the wave and instability

spectrum of a current-carrying plasma, we have calculated the spectrum

of a plasma with a strongly twisted magnetic field. Such a (force-

free) field is modelled by the Bessel function model (BFM). The

frequency is assumed much less than the ion-cyclotron frequency.

With vacuum boundary conditions, the BFM is found to yield

similar modes to the uniform-current case: a surface wave connecting

to an unstable mode (the external kink mode), as well as a dense

spectrum of discrete (shear, Alfven waves. For the BFM the surface

wave is often located in the Alfven continuum, so that an impedance

calculation with small damping is . u--.de to determine the frequency

and resonance damping of the mode.

New features of the BFM are that (1) an extra branch of unstable

modes appears when the current is increased past a critical value,

and (2) when the axial field undergoes a reversal in direction (as

in the reversed field pinch), a new propagating mode appears which

we identify with the fast Alfven wave propagating primarily along

the azimuthal magnetic field.

* Department of Theoretical Physics

** Australian Atomic Energy Commission
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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 scanning interferometer designed to permit the measurement

of electron density profiles in the TORTUS plasma is now installed

in the tokamak laboratory. This interferometer, which is described

in detail in the 1982 Annual Progress Report, uses a large, rapidly

spinning rotating mirror assembly to scan the probe beam from a formic

acid laser across the plasma several times during the tokamak discharge.

The optics of this interferometer, for which the beam path from the

output of the laser to the detector is about 18 m, have been aligned,

and interference fringes observed.

5.2 Submillimetre laser development program

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

The primary aim of this collaborative project with the CSIRO

Division of Applied Physics is to increase the efficiency, and hence

the output power, of optically pumped submillimetre laser systems.

The improvements to laser design resulting from this work will be

incorporated in lasers used for the plasma scattering experiments

at the University of Sydney, and for testing detectors at CSIRO.

Measurements of the output power from a formic acid vapour

laser oscillating at 394, 419, 432 and 513 urn as a function of gas

pressure, output coupler transmittance and waveguide diameter have

been completed. Far infrared output powers of approximately 50 mW

have been obtained for the wavelengths around 400 urn with 48 mm and

68 mm waveguides when using optimum output coupling.

A laser which can oscillate on either of two cascade transitions

shows a large increase in output power when the cavity length is

such that the laser is simultaneously resonant at both wavelengths.

This effect is shown in Fig. 5.1 where the output power of our laser

is recorded as a function of resonator length. The maxima in the

output power, which correspond to cavity resonances, increase as the

* CSIRO Division of Applied Physics



Fig. 5.1 A resonator interferogram (output power vs cavity

length) for a laser oscillating at 419 pm and 433 urn,

showing the enhanced output when the laser cavity is

doubly resonant (larger peaks at centre of trace).
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resonant length for the weak 432 um line approaches that for the

stronger 419 urn line.

Such a double resonance of cascade transitions could enhance

the power of both lines: it provides increased depopulation of

the lower level of the upper transition, and more efficient pumping

of the upper level of the lower transition. For the 433 um line

and its cascade line at 446 um, measurement of the power of the

individual cascade transitions, which were isolated by transmission

through an appropriately-tuned Fabry-Perot interferometer showed

that while the power of both lines increased, the fractional

increase was much greater for the normally weaker 446 um line.

A single lasing transition has been observed to oscillate in

two orthogonal polarizations in a laser with a 30 nun bore waveguide,

for which the small-signal gain is larger than for the wide-bore

tubes usually used. Resonances for these polarizations occur for

different separations of the mirrors of the laser's resonator, as

the phase shift on reflection from the grid output coupler used is

different for the two polarizations. This observation, and the

enhanced oucput for cascade transitions when the laser cavity is

doubly resonant, are relevant to the design of submillimetre lasers

for specialised applications.

S.3 Laser induced fluorescence

(I.S. Falconer, S.H. Law and W. Wright)

The aim of this project is to develop the observation of laser

induced fluorescence as a technique for investigating the properties

of plasmas, with emphasis on its application to the measurement of

ion temperatures from the spectral lineshape of the fluorescence

signal. We have now developed our equipment sufficiently to permit

the estimation of the ion temperature in a helium plasma from the

spectral lineshape of the laser induced fluorescence, which is a

milestone in our application of this technique as a plasma diagnostic

tool.

Although we first observed laser induced fluorescence for the

587.6 nm Hel line in SUPPER II in 1983, the fluorescence signal was

insufficiently powerful to permit the determination of its lineshape.
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This year we have upgraded the tunable dye laser system we used for

our helium observations by replacing the nitrogen laser pump with a

frequency-doubled ruby laser, which increased the output energy per

pulse from the dye laser by a factor of four. The light collection

system was also improved, the most significant modification being the

incorporation of a grating monochromator to cut down the continuum

plasma emission entering the photomultiplier. These changes improved

the signal-to-noise ratio sufficiently to obtain spectra of the laser

induced fluorescence by summing the fluorescence signal over a number

of shots. The ion temperature in the plasma was estimated by

comparing the measured fluorescence spectrum with a calculated spectrum

which takes into account the hyperfine splitting of this triplet

transition, and the anomalous Zeeman splitting of its hyperfine

components as well as Doppler broadening. This fitting procedure

gives the ion (strictly, an "atom") temperature at 1,000 us after

plasma preparation of 0.5 ± 0.25 eV. Fig. 5.2 shows the measured

laser induced fluorescence spectrum at this time and the calculated

spectrum corresponding to an ion temperature of 0.5 eV.

Concurrent with these measurements we are developing equipment

for the measurement of laser induced fluorescence for the Ha transition

in the TORTUS tokamak. Calculations of signal-to-noise ratio, based

on the recent theoretical paper of Gohil and Burgess [l] for laser

induced fluorescence of a hydrogen plasma indicated that major

improvements in signal-to-noise ratio could be best achieved by

"pumping" this transition with a long Olus) laser pulse. For this

reason we have started building a high-power broadband coaxial

flashlamp excited dye laser as a pump source for the dye laser we

constructed for our laser induced fluorescence measurements, and which

is described in the 1982 Annual Progress Report.

Our signal-to-noise ratio calculations indicate that neutral

hydrogen temperatures in the TORTUS tokanak may be obtained for
18 -3

electron densities > 10 m and neutral hydrogen atom densities

> 10 m" with excitation from a long C^us) laser pulse. The signal-

to-noise ratio achievable with a long laser pulse is an order of

magnitude greater than that we could obtain by pumping the transition

[1] P. Gohil and O.D. Burgess, Plasma Physics, 25, 1149 (1983).



Fig. 5.2 The spectrum of the laser induced fluorescence for

the 587.6 nm Hel transition, 1,000 us after plasma

preparation in the SUPPER II plasma source. Each

data point is the average of six measurements. The

theoretical spectrum (solid line) corresponds to an

atom temperature of 0.5 eV.
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to saturation with a short pulse such as would be obtained if we

used a frequency-doubled ruby laser or an eximer laser to excite

the dye laser.
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VI GYROTRON DEVELOPMENT AND APPLICATIONS

1

6.1 Gyrotron III

(G.F. Brand, Z. Chen*, N.G. Douglas**, M. Gross, J.Y.L. Ma and

L.C. Robinson)

The third University of Sydney gyrotron, Gyrotron III, incorporates

a split resonant cavity (Fig- 6.1). The mean radius of the cavity is

11.6 mm; its length is 9.6 mm. The separation of the two halves can

be changed while the gyrotron is operating and this provides mechanical

fine tuning of the gyrotron frequency.

The detail of the mechanism is interesting. Since the inside

of the gyrotron is evacuated (Fig. 6.1a), air pressure on the thin

stainless steel membranes (dark shading) attached to each cavity

half (light shading) pushes the two halves together. The resonant

frequency can be lowered by increasing the separation of the two

halves again (small arrows in Fig. 6.1b). Thij is done by pushing

the wedge-shaped pieces on either side in the direction shown (large

arrow). Electrical contact with the output waveguide is made by

spring fingers.

Gyrotron III was able to take advantage of the replacement

superconducting solenoid assembly from Cryogenic Consultants which

arrived at the beginning of the year. The magnet can now attain

the high fields of the original specifications. The maximum field

is now slightly over 12 T and true submillimetre operation has been

achieved.

All of our gyrotrons operate cw and Gyrotron III delivers watts

of power. Without the additional mechanical tuning provided by

the split cavity, the operating frequency can be scanned from 100 GHz

(3 mm) to 325 GHz (0.9 mm), with the major peaks 6.5 GHz apart, simply

by raising the magnetic field. Changing the separation of the

cavity halves allows any frequency in between to be reached.

* Beijing Vacuum Electron Device Research Institute,

Beijing, People's Republic of China.

** ESTEC, Noordwijk, The Netherlands
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The observed rates of tuning (as the separation is increased)

is in good agreement with what is predicted when the cavity cross-

section is taken to be 'an ellipse of increasing eccentricity

(Fig. 6.2).

The observed mode spectrum is richer than that expected. A

possible explanation is that the conducting boundary made up of the

supports and mechanism that lie beyond the split cavity allows new

modes to exist. The split cavity is connected to this region by

the gaps.

6.2 Gyrotron IIIA

Gyrotron III was constructed in such a way as to allow the

resonant cavity to be changed easily. A new tunable cavity is

being made. In the meantime, a new fixed radius cavity (radius

7.5 mm, length 10 mm, Fig. 6.3) has been installed.

The smaller radius was chosen so that the main modes would be

further apart (10 GHz) in order to make it easier for modes due to

second harmonic operation to appear. Such operation would have

the advantage of doubling our operating frequencies (halving our

wavelengths).

A rotating mirror Michelson interferometer (originally built

by our far-infrared group and taken to the DITE tokamak in Culham,

England to look at electron cyclotron resonance emissions from the

plasma) has been reinstated and modified by honours student, Andrew

Madry. This instrument allows a rapid acquisition of the gyrotron

power spectrum and the presence of any second harmonic will be quickly

revealed.

At the time of writing, no second harmonic has been seen. Small

fractions of a millimetre misalignments of the beam allows high

azimuthal number modes to be excited instead. Total power constraints

forbid us from simply raising the operating voltage in order to

facilitate the excitation of second harmonic.

Gyrotron IIIA operation begins at 55 GHz (5 mm) and continues

up to 330 GHz (0.9 mm). This wide runing range appears to be a record

for a coherent source of electromagnetic radiation. The power output

is cw and levels in excess of 20 W have been measured.
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6.3 Mode conversion

The observed output power levels (many watts) of all our gyrotrons

are many orders of magnitude in excess of the fractions of a milliwatt

expected if only a single waveguide mode were present throughout the

system.

The explanation is that a few percent of the power travelling

towards the junction of the cavity and the output taper (point A in

Fig. 6.3) undergoes mode conversion into a lower radial number mode

which can easily pass through the constriction that lies beyond.

Conventional theoretical treatments of mode conversion at

waveguide-taper junctions are inadequate because they are not applicable

to waves in the vicinity of cutoff. It will be recalled that waves

in a resonant cavity have frequencies just about the cutoff value.

A full and accurate analytical account of mode conversion at waveguide-

taper junctions has been developed. This has applications beyond

the gyrotron cavities we are concerned with.

6.4 Absorption spectroscopy

Tunable, moderately-powered, cw sources like our gyrotrons are

well suited to study the millimetre-submillimetre wave properties

of materials.

We have constructed a cell for studying absorption in liquids.

It consists of oversized waveguide bounded by mylar windows (Fig. 6.4)

whose separation can be varied accurately by means of a stepping

motor. Because of the high power levels produced by the gyrotrons,

compared with other laboratory sources operating at millimetre

wavelengths, we can use much thicker samples (in the case of water,

several mm) than other workers.

Fig. 6.5 shows how the absorption coefficient varies with

frequency for a solution of calf thymus ONA in water.



Fig. 1 Split cavity.



increase in separation (mm)
Fig. 2. Tuning.



Fig, 3. Gyrotron IIIA cavity.



Fig. 4. Absorption apparatus



frequency (GHz)

Fig. 5. Absorptivity results
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VII. MAGNETRON SPUTTERING DISCHARGE

(I.S. Falconer, B.W. James and D.R. McKenzie*)

This project is concerned with investigating the basic physics

of the magnetron sputtering discharge employed by the Department of

Applied Physics to manufacture the selective surfaces used on their

solar collectors. Dr. D.R. McKenzie and technical staff from the

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

The investigation of the thermalisation of sputtered copper

atoms through the measurement of emission lineshapes, reported in the

1983 Annual Progress Report, is almost complete. Analysis of the

lineshapes show that, at a fixed distance from the cathode, the

decrease of "temperature" with increasing pressure is in better

agreement with Westwood's [1] theory than that of Meyer et al [2].

Measurement of the relative intensity of copper emission lines

has been used to estimate the electron temperature of the plasma

just inside the anove of the discharge - i.e. away from the anode-

cathode region. These indicated that the electron temperature was

essentially independent of pressure from 2.0 Pa (15 ratorr) where it

was 1.2 + 0.1 eV, to 20 Pa [150 mtorr), where it was 1.6 ± 0.4 eV.

However, as the data did not fit well to that expected for a Boltzmann

distribution of the populations of the excited states of the copper

atoms, and the measurements were made a low pressures, where we do

not necessarily expect the populations of these states to be in

Local Thermal Equilibrium, there is some doubt as to the validity

of these figures.

A better knowledge of other discharge parameters, and in

particular the electron density, will be required to further our

understanding of the processes by which those energy levels are

populated before these relative intensity measurements can be

reliably interpreted.

* Department of Applied Physics.

[1] W.D. Westwood, J. Vac. Sci. Technol., 15, 1-9 (1978).

[2] K. Meyer, I.K. Schuller and CM. Falco, J. Appl. Phys.,

52, 5803 (1981).
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Much of the experimental work and data analysis related to the

relative line intensity measurements were performed by four of our

1984 Third Year Distinction Class students as an undergraduate

laboratory project. We wish to acknowledge the valuable contributions

of these people to this project: Eugenia Kuo, Patrick Larkin,

Simon Mahon and Peter Patonai.
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