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1. INTRODUCTION 

During 1976 the effort and resources of the group were divided between 

completing stage I of LT-4 and maintaining an experimental programme on LT-3. 

Some progress was made with components which will become parts of the link 

between the homopolar generator and LT-4(II). No major new diagnostics 

were introduced during the year although some innovations to existing systems 

and methods were made or proposed. 

Despite some minor difficulties the assembly of LT-4 went ahead 

smoothly, if slowly. Apart from external connections the machine was assem

bled by mid August. Pre-operation tests were completed and a first plasma 

was observed on 14 October. 

Experimental work on LT-3 was generally aimed at investigating aspects 

of the disruptive instability. Magnetic probe measurements were made to 

obtain radial profiles of the toroidal electric field and an electrostatic 

probe was used to identify high frequency fluctuations in the plasma at the 

time of the disruption. Further measurements were also made of local vari

ations in the poloidal magnetic field due to the development of tearing 

MHD modes. Some preliminary work was done in an investigation of the develop

ment of the plasma current profile as operating parameters were varied. 

During the initial operation of LT-4 (I) diagnostics were limited to 

standard electrical measurements, spectroscopic and magnetic field observa

tions, Thomson scattering measurements are included in the longer term 

programme and a ruby laser system has been ordered. New diagnostic tech

niques used with LT-3 include a variation of the swept Langmuir probe and a 
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method for abelisation of spectroscopic observations in toroidal geometry. 

The following sections of the report deal with LT-3 and LT-4 experi

ments (Section 2), asseaibly and construction for LT-4 (Section 3) and dia

gnostics (Section 4). 

2. EXPERIMENTAL 

2.1 Radial Profile of the Toroidal Electric Field During the Disruptive 
Instability in LT-3 (M,G. Bell) 

The rapid redistribution of plasma current during the disruptive 

instability induces a large toroidal electric field in the plasma which 

is manifested externally as the negative spike in the loop voltage. The 

radial profile of this induced electric field has been investigated in 

LT-3 with a modified type of magnetic probe. The probe consists of a set of 

5 separate rectangular loops, 3mm wide and 60(10)100mm long, mounted inside 

a quartz envelope (OD 6mm). The loops were inserted into the plasma with 

the longer sides parallel to the major (Z) axis and the shorter sides paral

lel to the minor (<j>) axis. The construction of the probe and the positioning 

of a single loop are shown schematically in figure 2.1. The voltage induced 

in each loop is simply proportional to the difference between the toroidal 

electric field at the inner and outer ends of the loop, provided that the 

plasma expansion is locally independent of the toroidal (<J>) co-ordinate. 

The external field deduced from the measured loop voltage provides a reference 

to obtain the absolute field at different radii within the plasma. The 

probe could be inserted to a minor radius of 4cm before a deleterious effect 

was produced on the discharge. 

The induced electric field was also calculated from the evolution of 

the poloidal magnetic field, measured with the multi-coil magnetic probe, by 
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This method had the advantage that, by fitting a polynomial function 

to the measured EL profile, the E A profile could be reasonably extrapolated 
6 <p 

towards the axis from the minimum radius to which the probe was inserted. 

It suffered from the disadvantage of relatively poor frequency response in 

the recording system for the multi-probe signals. 

In figure 2.2, we show the time evolution of the electric field through 

a disruptive instability and also its radial profile at the time of the peak 

value on axis. The two measurements were made on different shots but with 

similar operating conditions. The agreement between the two methods is 

extremely good. The higher frequency structure on the results at r = 4cm 

from the E,-probe is thought to be due to the presence of non-axisymmetric 

perturbations of the plasma column. The results indicate that the electric 

field changes from positive (in the direction of the plasma current) at 

the centre to negative at the outside of plasma column. By considering 

the form of Ohm's Law appropriate to a moving plasma 

n . J = E._ = E + v x B =A ~ ~eff ~ 

it may be deduced that as a result of the rapid minor radial motion at 

the disruption (v ~ 103 ms~ ) the effective electric field E _ is 

actually positive throughout the plasma. 

2.2 High Frequency Plasma Fluctuations at the Disruptive Instability (M.G. Bell) 

The magnetic probe measurements in LT-3 have revealed that during a 

disruptive instability, a situation of current inhibition is occurring: an 

increased electric field is being accompanied by a fall in the current density 

near the centre of the plasma. It is likely that turbulent wave excitation 

is responsible for both this current inhibition and the ion heating which 

occurs at the disruption. In an attempt to identify the nature of the 
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(a) Time evolution of the electric field during a disruption. 

The dashed curve was deduced by extrapolation of the B, 

measurements. 

(b) Radial profile of the electric field near the time of its 
peak value on axis. 
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plasma turbulence, measurements with a double Langmuir fluctuation probe have 

been made in LT-3. The two electrodes of the probe were connected through a 

broadband (l-120MHz), isolating and balancing transformer to a high speed 

storage oscilloscope to record the fluctuations. The electrode spacing 

was 2.5mm. With the probe inserted to minor radii between 6 and 8cm brief 

bursts (~lus) of high frequency oscillation, (30-120MHz) superimposed on 

irregular slower (2-10MHz) oscillations were observed during the disrup

tions. Between the instabilities only the slower (<10MHz) oscillations 

were observed. An example of the fluctuations is seen in figure 2.3, 

together with a record of the loop voltage showing the period during which 

the burst occurred. Owing to the difficulty experienced in matching the 

probe to the signal line, and the uncertainty in the high frequency sheath 

impedance of the probe, a meaningful frequency spectrum of the fluctua

tions has not yet been obtained. We estimate however that the observed 

signals would correspond to a fluctuation level in the plasma of at least 

40V between the electrodes. 

V'/' %y%. 

Figure 2.3 Example of plasma 

fluctuations during a disruptive 

instability. Upper trace: loop 

voltage, lOOV/turn/div; sweep: 

2.5Ms/div. Lower trace: probe 

voltage; sweep 50ns/div 
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2.3 Fast Growing Helical MHD Modes Associated with the Disruptive 
Instability in the Tckamak (D.B. Albert, A.H. Morton) 

The association between the presence of helical MHD modes and the 

disruptive instability in the Tokamak has long been established and investi

gations into the type and structure of these modes have been conducted on 

many devices throughout the world. An extension of this approach to the 

identification and description of the fast modes (time scale ̂ Oys) 

occurring immediately before the disruption has been made in recent experi

ments in this area. 

It has been observed in these experiments, that modes associated with 

the q = 2 surface (or nearby non-integer q surface eg q = —) are of 

major importance in the disruptive process. For disruptions with q(a) 

slightly greater than 2, modes having toroidal periodicity of both n = 1 

and n = 2 have been observed (as Fig 2.4 indicates). Correlation of the 

toroidal and poloidal structures indicate that the n = 2 component which 

appears MOus before the negative peak in the voltage spike, is localised 

near the q = 2 surface and may be instrumental in the triggering of the disruption. 

It was also observed that the disruption appeared to initiate in one 

region where it was considered that the m = 2 and m = 1 modes were 

coupled, ana propagated around the discharge from this point. The magni

tude of the magnetic disturbance was similarly observed to have a maxi

mum in this region which provides support for the theory that the disruption 

is not a process which occurs throughout the plasma at one time but is 

initiated at some point generally associated with mode interaction. 

2.4 Investigations of the Current Profile During the Early Stages of 
Discharges in Tokamak LT-3(L.F. Peterson, A.H. Morton) 

Magnetic probes, designed to respond to the poloidal magnetic field 

are the major diagnostic used in a series of experiments to examine the 

dependence of the current density profile on the initial pressure (p ) 
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and total plasma current in LT-3. Hutchinson (1976) developed a multicoil 

probe consisting of a number of pickup coils aligned in the poloidal direc

tion spaced equidistantly along a minor radius of the confinement vessel 

as a way of overcoming tha problems of 'shot to shot' variation inherent 

in the use of a single coil to map the magnetic field. This same multi-

coil probe has been used in a systematic investigation of the current 

density profile for torus base pressures ranging from 0.2 mtorr to 0.7 

mtorr, and total plasma currents from 8kA to 20kA. Integrated signals 

from the pickup coils give a direct indication of the poloidal magnetic 

field B (r) . The current density profile is then computed from 9 

^(r) = Tr" W ( r V o 
Substantial variations in the current density profiles have been 

observed and the effects of variation in p and I . clearly demonstrated. 
o g? 

Figure 2.5 shows the current density profile for the conditions 

I . = 8kA, p = 0.5mtorr. Throughout the first 1.25msec of the dis-9<p o 
charge the current density is highest on the axis q(r) >4.0 for all radii 

r > 4.0cm. 

The current density profile for a total plasma current of 12kA 

(p = 0.5mtorr) is shown in figure 2.6. One millisecond after the 

initiation of the discharge the current profile is hollow, but at 1.25msec 

the profile is again peaked on the axis, q(r) is less than 4 for the 

hollow and all subsequent profiles. This phase of discharge develop

ment in which the current density is greater at some radius other than 

on the axis has been observed previously by Hutchinson & Morton (1976), 

and attributed to a local increase in the conductivity temperature due 
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to the skin effect of the ohmic heating currents. This increased con

ductivity temperature results in an increase in the electrical conductivity 

of this layer, enhancing the skin effect and giving a hollow current pro

file. MHD or 'infilling' instability of the hollow profile leads to its 

destruction and rapid infilling to give a peak current density on the axis 

of the discharge. 

Experimental studies of the initial period of such discharges are in 

progress, to investigate the nature of the 'infilling- instability and 

development of the final 'peaked on axis' current density profile. 
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2.5 Initial Operation of Tokamak LT-4 (D.B. Albert, M.G. Bell, R.G. Goldberg, 
R.J. Kimlin, R.M. McLeod, G.L. Ostheller, L.F. Peterson, C.F. Vance) 

The first plasmas were prepared in IT-4 in October. For the initial 

operation, both the toroidal field and the primary circuit were powered 

by the LT-3 capacitor banks with the charging and firing sequences con

trolled by the existing LT-3 operating system. 

In order to simulate the conditions in LT-3 as far as possible during 

the first, investigations, LT-4 was initially assembled with a molybdenum 

diaphragm limiter having an aperture of only 10cm radius. When operating 

from capacitors, this limiter was subject to considerable electromagnetic 

forces owing to the rapid rate of rise of the toroidal magnetic field 

(LC quarter period = 3ms). A temporary clamping mechanism for the limiter 

had had to be installed during the assembly awaiting the arrival of 

specialised bellows for the permanent clamp, and to prevent excessive 



force on the clamp, the toroidal field was limited in the initial experi
ments to about 0.4T peak (a maximum of IT is possible with the existing 
toroidal field bank). The discharge current was in turn limited to about 
15kA peak to maintain the aperture safety factor above 2.5; below this 
value highly unstable discharges were produced. 

An investigation was made first into the conditions necessary to 
achieve reliable gas breakdown without using an elaborate preionisation 
system. A simple analysis of the breakdown process showed that it 
should be possible to produce breakdown in hydrogen in LT-4 under the 
influence of the toroidal electric field E . provided that: 

E, / p ^ 100 V/m/mTorr <p o 
a n d B<j) * p

0 I 0.5 Tesla . mTorr 

where p is the gas pressure and B, is the toroidal magnetic field. These o <p 
requirements are based on the need to contain the electrons during the 
ionisation period when the plasma current is very small. To assist the 
breakdown in LT-4, a small thermionic filament is used to seed the gas with 
a few electrons before the toroidal electric field is applied. The pre
dictions concerning the breakdown were roughtly confirmed experimentally. 
For example, in figure 2.7 we show the effect of varying the toroidal 
electric .rield on the time taken to break down the gas: the minimum delay 
occurs for E, /p ^ lOOV/m/mTorr. It was also found that breakdown was <f> o 
affected very significantly by stray fields from the biased iron core. As 
the bias current was increased to drive the core towards saturation, the 
time to break down the gas increased very rapidly. An optimum value for 
the core bias current of about 600A turns was foundi above this value, 
the increased delay to breakdown, during which the loop voltage remains 
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high, used up the increased flu.: swing made available. With this optimisa

tion of the electric field and the bias current, breakdown could be 

achieved reliably at pressures down to 0.5mTorr while using up less than 

10% of the available core flux swing of about 0.3Vs. 

Once the breakdown experiments were complete, investigations of the 

plasma equilibrium were commenced. In the absence of a stabilising 

copper shell, the plasma in LT-4 must be maintained in equilibrium by 

magnetic fields generated by external windings. Initially, the control 

windings producing the vertical (major axial) equilibrium field were fed 

with fixed fraction of the primary current derived by a resistive net

work. This soon prov3d inadequate and so two stages of switched control 

were incorporated in the divider network to change the ratio of the 

control current to the primary current (and therefore tha plasma current) 

at two variable times during the discharge. 

100 ps 
B 0 a0-2 T , Pressure * 05mTorr 

Figure 2.7. a) Effect of varying the Initial toroidal electric field 
on the time taken to break down hydrogen in LT-4. b) Effect of vary
ing the core biasing current on the delay to breakdown. Bias current 
settings: 600, 800 and 1 000 A-turns; delay increases with bias current 
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for these experiments, the plasma position in the torus was sensed 

both magnetically and optically. The magnetic position signal was obtained 

from the outputs of four full toroidal loops by the method described in 

section 4.4 of this Report. A plate spectrum from the plasma in the range 

2500 - 5000 8 showed that the dominant impurities were molybdenum and 

nickel fiom the limiter and the inconel vacuum chamber walls respectively, 

and oxygen desorbed from the walls during the discharge. As the level of 

Mol emission from the plasma was very sensitive to displacement of the 

plasma loop, time resolved measurement of the line Mo2716A were used in 

conjunction with the magnetic measurement to adjust the equilibrium control 

circuit. 

Aii estimate of the poloidal-beta of the plasma was obtained from 

its diamagnetic effect, measured with a single loop using the method 

previously developed for use on LT-3 by I.H. Hutchinson. During quiescent 

periods in the discharge, the value of 3g was low, probably less than 0.2; 

at such low values, the diamagnetic technique becomes unreliable and there 

is considerable experimental uncertainty in the exact value of 8Q. 

Following the disruptive instability, however, (L could rise by up to 0.2, 
0 

representing an effective doubling of the transverse energy content of 

the plasma. The value of 3 a then decayed over with a time constant 

of order lOOys to its quiescent level. Similar effects have previously 

been observed in LT-3. 

In figure 2.8, we sho* waveforms for a fairly typical discharge in 

the conditioning series taken after a total of some 2000 shots in the 

device. The conditioning process is not yet complete: the discharge 

resistance has dropped only to about 3 mft, which compares with a 

resistance of less than 1 mfl in a well conditioned discharge under 

similar conditions in LT-3. The appearance of cv emission from the plasma 
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indicates that an e lectron temperature of about 30 eV i s being reached in the 

discharge. 

Mo 
•mission 
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IRA) 

Diamagnetic 
signal 

Toroidal 
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5 ms 

Figure 2.6. Waveforms during a discharge in LT-4, Stage I. Trace 
settings: Toroidal field » 0.2 T/div.; Loop voltage = 20 V/turn/div.; 
Plasma current • 5 kA/div.; Control current = 200 A/div.; Position 
AR x I , • 1 cm kA/div. The diamagnetic signal gives f$Q - 0.2 p i asma w 
during quiescent periods, increasing by about 0.2 after the disruption 
near 2.5 ms. 

3. LT-4 CONTRUCTION AND ASSEMBLY 
3.1 LT-4 Coil Assembly: (R.J. Kimlin. R.M. McLeod, C.7. Vance) 

As indicated in the previous progress report, the LT-4 toroidal field 

coil is designed to run from two very different power supplies, with relat

ively rapid changes between them. In stag? I -- and later for conditioning 

stage II - all 128 turns are fed in series from a 10 kV capacitor bank. 

Stage II will normally be powered by the Homopolar Generator, with the coil 

connected as 8 octants in parallel, each carrying a peak current of 55kA 

for a field of 2.8 T. To withstand the forces in the HPG mode, it is 

necessary to minimise the "sogginess" cf the structure, in particular, the 

inter-turn insulation on the vertical inner bars of the coil consists of two 

layers of only 50 um polyethylene terephthailate (I.C.I. Melinex type S). 

However, the volts p'.r turn average less than 80V. The coil as a whole must, 
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of course, be insulated to withstand lOkV to any other part of the machine. 

To facilitate assembly,coils are made with small gaps between their 

inner edges, which are later wedged to compact the structure. At 4 places 

(which must be between the two coils of an octant) are expandable brass wedges 

shown being inserted in photos 5 and 6. These are uninsulated except for flat 

phenolic laminate separating them from the 50 um "Melinex" of the adjoining 

coils. The other 12 wedges are non-adjustable, made of Aluminium in two 

halves, wrapped with re-entrant Melinex and padded with laminate. If one 

simply connected octants in series as one came to them, the start and finish 

would have to be insulated from each other for 10 kV. Instead, a method of 

zig-zag series connection has reduced the maximum voltage across the fixed 

wedges to 2.5 kV. 

The windings going the long way round the torus (primary, bias and 

equilibrium) are all brought out to terminal boards as single turns, for 

maximum versatility. Those in the space between the torus and the corners 

of the toroidal coil are tied to plywood supports (see photo 1). Those on 

the core are potted in polyester resin (photo 8). 

Because of the high flange pressures needed for gold wire vacuum 

seals compared with 0-rings of softer material, it was considered essential 

to assemble the whole vacuum vessel before the toroidal coil. Therefore, 

the latter could not be made of prefabricated full turns. It was, at first, 

hoped that one could make the breakable joints, at the bottom outside and 

the top inside, so that the lower portion could be permanently installed 

as a bonded mass like a top-hat (with its "lid" missing) and the upper half 

only would be lifted off to allow removal of an intact torus. In the end, 

the problem of breakable joints in the crowded inner edge of the coil was 

abandoned; they could not be made strong enough. Therefore, inner joints 

are permanently silver-soldnrnd, qivinrj the "C" sections shown being 

installed as a bundle of four (photo 1) or individually (photo 2). The 

vertical outside bars are then interleaved, and insulated studs inserted to 

complete each turn. 
'Photos ] - y are shown in Fig. 3.1. 
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Photo 3 shows the first few turns positioned to give access to an 

oval viewing port (between two coil quadrants). On the lower left, at the 

centre of a quadrant, are the "drop bars" connecting the two octants of 

this quadrant to the basement. Between them and the turns near the viewing 

port are the "return bars" which are as near as possible to the kinks in 

the lower horizontal limbs of the "C" sections, necessary to put the turns 

in series. The stray field of the series connections and return bar 

combinations is averaged to zero over each quadrant, by reversing 

the helicity from one octant to the next. Photo 4 shows insertion of the 

last few turns of a quadrant, near the "drop bars". 

In photo 5, the fixed wedges are in place and one of the brass expanding 

wedges is being inserted. After expansion with the aid of a hydraulic jack 

(photo 6), a double layer of phenolic laminate is inserted (photo 7) so that 

the thin insulation on the coil is protected froi. damage when inserting 

the centre limb of the upper part of the core (photos 8,9). The polyester 

resin and glass roving rings (top one shown in photo 7) together with the 

wedges, pre-load the central vertical bars of the coil and their insulation 

to prevent hammering when the field is applied. 

This composite structure is intended to take the magnetic inward forces, 

with the core (rounded out with glass reinforced polyester resin) as a backup 

in case of instability. The Youngs modulus of the composite (coil inner 

verticals plus insulation) is likely to be under half that of the metal in 

it, in spite of the thinness of the insulation. It is quite impossible to 

predict its coefficient of restitution and the resulting release of strain 

energy on suddenly removing the field. Only measurements under running 

conditions will show. Fortunately the decay time for field current supplied 

by the H.P.G. is considerably longer than the rise time, so the pre-loading 

rings should not have to absorb too large a fraction of the released strain 

energy. Mechanical diagnostic equipment has still to be designed to check 

this point. 
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Figure 3.1. Assembling LT-'* 
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Photo k Photo 5 

Photo 6 

Figure 3.1 (cont'd). Assembling LT-'f 
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Photo 7 

f£ JDll 

Photo 8 Photo 9 

Figure 3.1 (cont 'd) .Assembl ing LT-i» 



3.2 LT-4 earthing system: (M.G. Bell) 

In both its Stage I and Stage II configurations, LT-4 is powered, at 

least in part, by the LT-3 capacitor banks. The machine is connected to the 

capacitor banks by two coaxial cables. Although all circuits on the machine 

are electrically isolated from the machine frame and the diagnostics, there 

are exposed high voltages on the toroidal field coil windings. To protect 

experimenters and equipment in the event of a fault in which either the 

toroidal field coil or the primary became connected to the frame or other 

equipment, the frame is connected to the common negative terminal of the 

capacitor banks by a heavy aluminium busbar which follows the supply cable 

route to minimise the inductance. This busbar is connected near its centre 

to a star earthing point in the diagnostic area of the laboratory. The 

system is designed to prevent lethal voltages appearing in any part of 

laboratory where experimenters are permitted during a shot. 

3.3 Components for LT-4 II: (A.H. Morton) 

The circuit for the toroidal field coil of LT-4 is shown diagrammat-

ically in Figure 3.2. An aluminium bus connects the H.P.G. (homopolar 

generator) to the FN Sw (fast make switch) and four copper buses connect 

common positive and negative terminals following the FM Sw to the toroidal 

field conductors, where each divides into two to connect to sixteen turn 

octants. The ECB (electrolytic circuit breaker) has been in operation for 

many years. The ECR (electrolytic circuit resistor) is not essential for 

operation of LT-4 II and will probably not be used for initial operation. 

It provides a low resistance, which is variable, in parallel with the ECB 

and allows operation with less stored energy in the HPG. The ISOL 

(Isolator) is a double pole hydraulically operated switch which allows 

LT-4 to be isolated from or connected to the H.P.G. bus. The FM Sw is a 

single pole hydraulically operated switch which is closed after the H.P.G. 

is at speed, with the ECB closed, and possibly beginning to open. Peak 

current in LT-4 toroidal coil is reached in about 0.3 S from closing of 

FM Sw. 



22 

LT-4 
Figure 3.2. Circuit for toroidal field coil of LT-A II 

Approximate values of circuit elements are as follows: 

Equivalent capacity of HPG 
Resistance of Al bus 
Resistance of ECB (closed) 
Resistance of ECR (closed) 
Resistance of Cu bus and 
toroidal coil (octants) 

Inductance of toroidal coil 
(_.c.rallel octants) 

5.56 KF 
60 ufi 
90 uft 
40 pQ 

100 uft 

20 UH 

During the year the design of the ECR has been re-activated (D. Barrott, 
* 

R.A. Marshall, J.W. Blarney) and some progress made towards assembling the 

plates (16*x4'x%") which serve as electrodes (E.A. Fox, P. Tzifas). Main 

component: for the FM Sw were ordered and some further detailed design was 
* * 

carried out (J.W. Blarney , A.D. Campbell , U.H. Ulmer). 

* Members of Department not in Plasma Physics Group. 



4. DIAGNOSTICS 

4.1 Swept Langmuir Probe; (I.H. Hutchinson) 

A technique for multiple sweeping of the bias of a Langmuir probe has 

been developed for use on LT-3 in an attempt to combine the advantages of a 

swept probe with the facility of obtaining information at more than one 

instant during the discharge. This is achieved by the display of a number 

of characteristics on the oscilloscope, each translated by an amount proport

ional to the time at which it is taken. 

The probe is continuously swept with a triangular wave. The probe 

circuit is shown in Fig. 4.1(a). The bias voltage is obtained from a function 

generator, stepped up by the 10 : 1 transformer to provide adequate voltage. 

The current provided by the generator used is sufficient for the present 

purposes, but for larger probe currents an amplifier would be necessary. The 

probe current is measured by a second isolating transformer ir parallel with 

a ten ohm resistance. This acts as a current transformer whose impedance is 

negligible compared to the effective probe impedance (̂  5 k fi). 

In order to display the characteristics, a Tektronix 555 oscilloscope 

is used. This has fully independent dual beams thus enabling the upper beam 

to be used to display the characteristics while the lowei beam displays the 

time evolution of another plasma parameter, in our case V . The probe current 
<P 

signal is applied via the scope plug-in amplifier to the y-plates. The 

horizontal displacement of the upper beam is controlled by the external-x 

input which is driven by the circuit of Fig. 4.1(b). The saw-tooth output 

from the lower beam tine base is added to the probe voltage signal and 

applied to the external-x. The x-gain is adjusted so that for zero probe 

voltage the upper beam sweeps at just the same rate as the lower beam, 

as if it operated from the same time base. Then when the oscillating probe 

voltage is applied, the centre point moves so as to define the time. In 

other words, the characteristic is translated by an amount which is proport

ional to the time elapsed. The 'bright-up' is controlled by a pulse 
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Figure 4.1 (a) Langmuir Circuit 
(b) Scope horizontal input circuit 

generator which is gated on by the gate of the lower beam time base. The 

pulse length is adjusted to last for just one cycle of the probe sweeping 

signal, to provide a number of separated characteristics. 

The result is illustrated in Fig. 4.2. The sweeping signal frequency 

used here is 50 kHz and a characteristic is taken every 50 psec. In this 

early stage of the discharge the density is rising and the saturation current 

therefore also is observed to rise from practically zero. The character

istics are quite symmetric, as expected for this probe. Fluctuations on 

the characteristics caused by plasma variation faster than the sweep rate 

are not too serious in this period. Naturally the characteristic curves 

do not close after the full cycle since they have been translated by 20 ysec 

(0.4 div). This effect can be easily compensated in analysing the curves. 
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In addition to this factor, there is a visible 'hysteresis' effect. For 

example, even for the 'baseline' where no plasma is present and no true 

probe current flows,the characteristic curve is approximately a flat 

rectangle. 

Figure k.2. Upper: The swept Langmuir probe characteristics, 
50 V per division horizontal, k.k mA per division vertical. 
Lower: V., 21 V/turn per division; 50 usee per division. 

The hysteresis is due to the parasitic capacitance mentioned earlier. 

If the probe has effectively a capacitance in parallel with it, then there 

is an extraneous current passed by this capacitance proportional to the 

derivative of thn probe voltcge. Even though this capacitance is kept 

as small as possible ( ^ 18 pF in our cas e ) , at these high frequencies the 

effect is noticeable. Herein, however, lies the motivation for using a 

triangular wave sweeping signal rather than any other form such as sine-

wave or saw-tooth. The derivative of the triangular wave has a particularly 

simple shape: the square wave; hence the rectangular shape of the 'base line' 

signal. For the upward or the downward sweeping halves of the characteristic, 

therefore, it is a simple matter to correct for the constant upward or downward 

shift. In order that this correction should be manageable and that sufficient 

current should be available from the generator, we are still limited in the 
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present implementation to frequencies £100 kHz. The capacitance may be 

compensated for by subtracting an appropriate current from the observed 

current, for example, by using a simulated probe without plasma. This would 

then allow an increase in frequency up to that where the probe-plasma-sheath 

impedance becomes important (perhaps~500 kHz). 

The present results are quite adequate for our needs, however, especially 

in view of the uncertainty of interpretation of characteristics in high 

magretic fields, and the comparative ease and speed with which the charact

eristics may be analysed, constitute a considerable advantage over static 

techniques. 

4.2 Abelisation in toroidal geometry; (M.G. Bell) 

Tokamak LT-3 suffers from a lack of diagnostic access. This is partic

ularly a problem when attempts are made to deduce the radial emission profiles 

of spectral lines: it has generally been necessary to take chordal observat

ions on successive shots through one of the seven available tubular viewing 

ports arranged symmetrically above and below the meridional plane of the torus. 

Errors in the alignment of the line-of-sight of the detector with the axis of 

each probe port can lead to errors in the derived profiles which are substant

ial in some cases. In an attempt to overcome some of these problems, a new 

technique for Abelisation in toroidal geometry was tried. In the new method, 

the line-of-sight through the plasma was defined by a small mirror mounted at 

an angle on the end of a tube inserted through a probe port. The mirror was 

positioned just inside the torus, outside the plasma aperture radius. 

The mounting tube could be rotated about its axis to sweep the line-of-sight 

across the plasma without changing the external optical configuration. The 

geometry is shown in Fig. 4.3. Numerical calculation showed that with 

appropriate choices for the mirror angle and for the azimuthal angles of the 

probe, an inversion of observations could be performed with reasonable 

accuracy to a poloidally symmetric piece-wise linear profile with up to 

five ordinates uniformly spaced in radius. Unfortunately, when tried in 

practice, the technique did not materially improve the measurement on LT-3 

owing to the poor centring of the discharge in the vacuum vessel. 
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lines-of-sight 
light to detector through plasma 

Figure **.3 Geometry for Abel isat ion of radiation from an 
axisymmetric toroidal plasma 

* 4.3 Fast Neutral Beam Diagnostic System: (E.L. Bydder , L.F. Peterson) 
A diagnostic system to yield a measurement of fn d£ in Tokamak LT-3 

has been designed and built. Hydrogen ions of 1 - 2 KeV energy are fired 
into a charge-exchange cell or drift tube of neutral hydrogen, and the 
resulting fast neutral beam is directed through the plasma. Ionizing 
collisions between the neutral atoms of the beam and the plasma ions 
attenuate the beam according to 

! t 
o = exp 0 In d£ 

where I is the initial beam intensity, I is the a tenuated beam intensity o 
0 = collision cross-section. This attenuated beam is then reconverted 
into an ion beam through another charge exchange cell, and this beam is 
used to generate secondary emission electrons for a scintillator-photomult-
iplier system. 

The initial ion source and drift tube, both of which depended on the 
availability of hydrogen from the Tokamak itself (figure 4.4), was found 
to be difficult to calibrate. A modified system (figure 4.5) enabling 
individual adjustment of the ion source and drift tube pressures has been 
designed and is under construction. 

* 
University of Waikato, Hamilton, N.Z. 
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Figure **.5 Modified ion source and charge exchange cell for 
neutral beam source. 

4.4 Magnetic sensing of plasma position in LT-4: (M.G. Bell) 

For the initial investigations of plasma equilibrium in LT-4, it was 

decided to measure the plasma position with four full toroidal loops mounted 

outside the vacuum ssel, as shown in figure 4.6. The sensing loops were 

mounted in spare positions on the boards carrying the primary and control 

field windings. By appropriately summing and integrating the outputs 

of these loops, analogue signals were obtained which depended on the displace

ments of the plasma column in either the major radial or axial directions. 

Detailed analysis showed that for the loops used on LT-4 and for reasonable 

current distributions in the plasma, the output signal, when normalised to 

the plasma current, was proportional to displacement within 5% for displace

ments up to 4 cm in either direction. The method has the advantage that, 
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Figure k.G Positioning of toroidal loops for magnetic 
position sensing in U-k. The major radial position signal 
is obtained by integrating the sum (V| + V, - V, - \l.), 

with appropriate compensation for the mutual inductances 
with the primary and control currents. 

compared to localised measurements, the output is relatively insensitive 

to distortions of the plasma column other than the fundamental displacement 

mode n = 0, m = 1. It suffers, however, from the disadvantage that careful 

compensation is necessary of the mutual inductance of the sensing loops with 

the primary and the control field windings. In addition, part of the coupling 

of the sensing loops with both the plasma current loop and the primary occurs 

via the stray field of the iron core; the measurement can therefore be 

distorted slightly when the core approaches saturation at the end of a 

discharge. 

4.5 Thomson Scattering "or LT-4: (G.B. Gillman, A.H. Morton) 

The now well established measurement of T by Thomson scattering 
e 

with a ruby laser will be employed on LT-4. If the laser and detector system 

is calibrated by using known cross-sections for Rayleigh scattering, it may 

also be employed for determining the electron density. The Q-switched laser 

oscillator and amplifier, supported by a grant from the Australian Institute for 

Nuclear Science and Engineering, have been ordered from Quentron Optics and are 



expected shortly. The system will have an output of 6 Joules in 30-50 

nsecs with a 3 m rad divergence. 

Because of the small cross-section for Thomson scattering, there 

will be a lower limit to the plasma density for which, with a given laser 

system, useful measurements can be made. Where a line shape is to be 

determined this limit will be set by the width of line over which measure

ments are to be made using a multichannel detecting device. With our 

detecting system, the output of the dispersing instrument is divided into 

a number of channels each covering a specific wavelength interval and each 

having a detector. For such a system, using photomultiphers having 10% 

quantum efficiency as detectors, the expected uncertainty in photon counts 

is shown in Table 1, for the indicated electron densities. These figures 

assume seven channels extending between ±1.4 times the half width of the 

scattered line at e maximum intensity. In the table, channels are 

numbered positively and negatively from the centre one, which is numbered 

zero. 

Table 1 Percentage uncertainty in photon counts 

N \ Channel 0 ±1 ±2 ±3 

5X1011 22 24 31 45 

io 1 2 16 17 22 32 

5X10 1 2 7.1 7.7 9.7 14 

io 1 3 5 5.4 6.8 io 
5X10 1 3 2.3 2.4 3.1 4.5 

Unless there is a good reason to expect asymmetry in the scattered line, 

determination of the line shape from half the line is all that is 

required, thereby decreasing the number of required detector.?. If the 

line shape is the expected gaussian profile, then or.ly two detectors are 

required. 
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Initial measurements will be taken with the laser fixed some 4 m from 

LT-4 and the beam suitably iefleeted via mirrors and focussed through 

aperture No. 1. to a fixed laser dump beneath the machine. Vertical radial 

scans will be m.tce by vertical movement of the detector assembly. As soon 

as possible, the laser and detector will be mounted on a trolley which will 

enable horizontal radial scans to be made easily, vert cal scans will be 

made by adjusting the trolley height. 
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