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Abstract 

Low frequency, coherent density fluctuations have been studied for three 
typical magnetic configurations in die helica' axis stellarator SHEILA using 
Langmuir probe techniques. The parametric dependence, die threshold 
magnetic field, the frequency spectrum and die spatial structure of die 
fluctuations are measured experimentally. Mode analyses are made in a 
magnetic coordinate system. Bodi die mode numbers dius obtained and die 
smallneis of die direcdy measured values of k.. (kj/k.. ~ 100) indicate a 
close correspondence between die helicity of uie fluctuations and die field 
lines. These experimental results are consistent widi a collisional drift 
wave model, derived from a linearized two-fluid dieory, related to die 
heliac geometry. Density reduction associated widi die fluctuations is 
clearly observed and is consistent widi rough estimates of die cross-field 
particle flux due to die fluctuations. 



1 Introduction 

Density fluctuations have been widely observed in various types of magnetic 

confinement devices. For hydrogen plasma in typical toroidal confinement 

devices, the wavenumber and frequency rpectra of the fluctuations in the edge 

region usually have a turbulent nature, with dominant components in the 

low frequency and small wavenumber ranges, / < 200 kHz and ky < 3 cm - 1 , 

where ky is the poloidal wavenumber (see for example LEVINSON et al., 1984; 

ZWEBEN and GOULD, 1985; HARRIS et ai., 1984; SCHMITZ et al., 1985). 

In the case of heavier ion plasma, when appropriate magnetic fields are applied, 

very low frequency and highly coherent oscillations in the density, potential 

and magnetic field may appear. These fluctuations are generally attributed 

to instabilities of the drift wave type. In the latter case the wavenumber and 

frequency spectra are much simpler and analytic dispersion relations for drift 

waves can be used to compare with the experimental results (HENDEL et al., 

1968; KAWAHATA and FUJIWARA, 1976). 

In this paper we report the experimental study of these fluctuations in a 

new type of helical axis stellarator known as a heliac (BOOZER et al., 1982), 

which has magnetic field configurations characterized by high rotational trans

form, low shear and a substantial mean magnetic well. The experiments are 

conducted in argon plasma in the prototype heliac SHEILA (BLACKWELL 

et al., 1985 and 1989), (major radius 18.75 cm, average minor radius about 

3 cm), at modest plasma density and temperature. This study is based mainly 

on Langmuir probe diagnostics, under conditions where the fluctuations are 

coherent. 

The magnetic configuration in SHEILA can be readily varied over a wide 

range (SHI et al., 1988). Because the plasma 0 is low (typically ~ 10~* -

10~4) and the Ohmic heating current is about two orders smaller than the 

quasi-steady current in the external coil which produces the poloidal field, we 
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need consider only vacuum magnetic configurations in this study. It is found 

that the fluctuations are global with radial wavelength of the same order as 

the minor radius aud that changing the configuration results in very clear 

changes in mode structure. The mode numbers are analyzed in a straight field 

line coordinate system. A simple model, derived from a linearized two-fluid 

theory in cylindrical geometry (FRED RICKS ON and BELLAN, 1985), but 

adapted to the magnetic coordinate system, is compared with the experimental 

results. The complicated geometry of the heliac configuration, which produces 

a markedly non-circular plasma cross-seciion, is approximated as a periodic 

cylinder with an average radius defined for each flux surface. 

Section 2 describes the apparatus, the relevant plasma parameters and the 

diagnostics. The experimental results of the fluctuation studies are given in 

Section 3. Section 4 contains a brief discussion of the analytic dispersion 

relation derived from the linear theory and a detailed comparison with the ex

perimental results. Section 5 is an examination of the effect of the fluctuations 

on the plasma confinement properties and the work is summarized in Section 

6. 
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2 Description of the apparatus 

The SHEILA apparatus, which was originally constructed in 1984, had an 

essentially fixed magnetic geometry, now referred to as the 'standard' heliac 

configuration (BLACKWELL et al., 1985). A helical winding added to this 

device during 1986 enables the vacuum magnetic configuration to be varied 

over a wide range (HARRIS et al., 1985; SHI et al., 1988). The field is gen

erated by a set of 24 helically displaced, 2-turn toroidal field coils, a 4-turn 

central conductor (poloidai field ring), a single turn helical winding (helical 

core) and two pairs of vertical field coils; these are all, except for one pair of 

vertical field coils used for fine adjustment, mounted inside a vacuum vessel, 

as shown in Fig. 1. The internal radius of the vessel and mean major radius of 

the central conductor are 32.5 cm and 18.75 cm respectively and the inside di

ameter of each toroidal field coil is 11 cm. A quasi-steady current in these coils 

produces closed and nested toroidal magnetic surfaces with indented bean-

shaped poloidal cross-sections. The magnetic axis of these surfaces forms a 

three-period helix around the central conductor. A typical vacuum configura

tion is shown schematically in Fig. 2. A detailed description is given elsewhere 

(BLACKWELL et al., 1989). 

A small current(~ 100 A-turns) at frequency 96 kHz, derived from an ampli

fier of maximum output power 400 W, is superimposed upon the much larger 

quasi-steady current(typically 10 — 16 kA-turns) in the central conductor to 

induce an oscillatory electric field E* < 17 V/m in the toroidal direction which 

breaks down the gas and maintains the plasma by producing a weak alternating 

Ohmic current. 

The helical winding is wound closely about the central conductor forming 

a helix in phase with the magnetic axis. By means of a shunt the current 

ratio A / / r , where A and Ir are the currents in the helical winding and in 

the central conductor respectively, can be varied continuously from -0.25 to 
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+0.25. resulting in the formation of a series of different vacuum magnetic 

configurations which cover a wide range of rotational transforms yhlh — 0 

for the standard heliac configuration). Fig. 3 shows the vacuum rotational 

transform t and u profiles in this range, where t and th are respectively the 

rotational transforms in the laboratory (toroidal) frame and in the helical 

frame (i.e. the frame rotating with the vector from the central conductor 

to the magnetic axis). The quantity X in Fig. 3 is a convenient flux surface 

parameter which is defined as the horizontal distance (in centimetres) measured 

radially outwards from the magnetic axis (X=0) in the plane ^ = 0, where ^ 

is the toroidal angle. The main machine parameters and typical argon plasma 

parameters in this range are listed in Table I. 

The principal diagnostics are based on single Langmuir probes. Each has a 

2 mm long, 1 mm diameter tungsten wire tip exposed to the plasma. In order 

to minimize the disturbance to the plasma, the rest of the wire is sheathed in 

thin walled silica tube (1.5 mm O.D.). Three pre-set Langmuir probe arrays 

are used in the density fluctuation studies: two of thewe are poloidal arrays, 

located at <f> = 120* and ^ = 150°, while the third array is spaced in the 

toroidal direction (see section 3.4.2). Correlation analysis of the signals re

ceived by these probes during a single shot reveals the poloidal and toroidal 

mode number spectra of the fluctuations and their direction of propagation. 

However, the discharges in aigon plasma are generally sufficiently reproducible 

(ion saturation current signals agree to within ±5% between shots under the 

same experimental conditions) and the density fluctuations so coherent that 

the phase difference between the signals at any two given locations is repeat-

able from shot to shot to within ±10°. By virtue of this the poloidal mode 

structure can also be measured using only two probes: the first, which can be 

moved in two dimensions in the vertical plane at ^ = 120°, in used to record 

the density fluctuations at any point on a given flux surface, while a second 

reference probe is located at a fixed position on the same flux surface at <£ = 0. 
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The protiles of the equilibrium quantities are also measured using the same 

movable probe. The two poloidal arrays and the movable probe are illustrated 

in Fig. 4. 

The magnetic field fluctuations are monitored by a magnetic probe inside 

a 4 mm I.D. silica tube through a port located in the ^ = 0 plane. The probe 

coil has 233 turns in 8 layers wound on a 1 mm diameter. 2.6 mm long PTFE 

former. The high frequency cutoff for the probe is about 100 kHz. 

3 Experimental Results 

Three typical heliac configurations are studied, encompassing a wide range of 

rotational transforms. For convenience, we shall call them configurations I, II, 

and HI (see Fig. 3), corresponding to A / / r = 0.15, 0 and —0.05 respectively. 

The equilibrium profiles, the general parametric dependence of the fluctua

tions and mode number measurements by conventional probe arrays will be 

presented in this Section. A method of measuring the wavelength of the fluc

tuations along the magnetic field lines is introduced which is able to resolve 

the long parallel wavelengths encountered in this experiment. 

Density fluctuations are directly measured by the ion saturation current 

fluctuation signals and the electron temperature is assumed constant. These 

fluctuations are also visible in the 2 mm microwave interferometer signal which 

measures the line integral density. 

3.1 Equilibrium profiles 

The equilibrium quantities, such as the electron density n e, the electron 

temperature T e , and the floating potential Vf, are measured as functions of 

the flux surface parameter by the movable probe at <j> = 120° in each of the 

three chosen configurations. These quantities are shown in Fig. 5 plotted 

against, instead of X, another flux surface parameter r which we use later 
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for the purpose of simplifying the heliac configuration to apply theory based 

on cylindrical geometry (see section 4.1). r is defined by equating xr2 to the 

cross-sectional area of the surface averaged over ^ = 0, 30°, 60° and 90°; r=0 

corresponds to the magnetic axis. 

The density profiles all show central maxima consistent with the particles 

being well confined inside closed flux surfaces (SHI et al., 1988). Each of these 

profiles can be approximated by a Gaussian form: n e = n e(0) exp[—(r/6)2] 

, where n,(0) is the density at the magnetic axis and 6 is a constant. The 

electron temperature and the floating potential profiles are relatively flat over 

the whole plasma region. Flat and even slightly hollow electron temperature 

profiles have also been observed in low temperature argon plasma discharges 

in other devices (VOJTSENYA et al., 1977; FREDRICKSON and BEI LAN, 

1985), where the radiation was the dominant energy loss process. 

3.2 Dependence of fluctuations on the magnetic field strength 

Fluctuations in the density and magnetic field signals are observed under 

certain conditions. The density fluctuation level has a strong dependence on 

the magnetic field, while its frequency spectrum is much less sensitive to the 

magnetic field. When the applied magnetic field exceeds some critical value, 

which varies with the configuration and the ion mass (BLACKWELL et al., 

1989), fluctuations appear in both the ion saturation current and the floating 

potential signals as coherent oscillations, which are recorded digitally at 2 x 10s 

samples/s for subsequent Fourier analysis. Typical signals and their frequency 

spectra averaged over 1 ms are shown in Fig. 6. The dominant frequencies are 

11 kHz, 13 kHz, and 7 kHz for configurations I, II, and III respectively. 

A graph of the amplitude of the density fluctuations versus magnetic field 

is shown in Fig. 7. The critical value of the magnetic field Bt for the onset 

of the fluctuations is indicated on the graph for each configuration. As the 

magnetic field is increased above the critical value, the fluctuation amplitude 
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increases rapidly to a maximum, then slowly decreases. 

The poloidal magnetic field and the density fluctuations are found to have 

similar frequency spectra (see Fig. 8), but the magnetic field fluctuations are 

much weaker. Measured values close to the plasma edge are typically 

§~io-'i o) 
a nt 

where B is the total magnetic field and B% is its poloidal component. 

3.3 Dependence on the electron collision frequency 

At a given magnetic field the frequency and the amplitude of the density 

fluctuations are observed to vary with both the gas filling pressure and the 

applied r.f. power. However, the experimental data can be more generally 

related to the total electron collision frequency v (electron-ion and electron-

neutral) which can be derived from the knowledge of the filling gas pressure and 

the electron temperature and density at a given r.f. power. As an example, 

Fig. 9 shows the fluctuation frequency and amplitude as functions of the 

electron collision frequency in configuration II. In the low collision frequency 

range (f < 6 MHz) the fluctuation frequency decreases and its level increases 

with the collision frequency. When the collision frequency increases further 

the fluctuation amplitude decreases markedly. 

3.4 Mode structure 

3.4.1 Magnetic coordinates 

The inherently three-dimensional geometry of the heliac configuration, with its 

non-planar axis, irregularly shaped flux surfaces of toroidally variable cross-

section, and considerable departure from any symmetries in laboratory space, 

suggests that it would be more useful to relate all measured quantities to 

their location in a coordinate system directly related to the magnetic field. Of 

several possible straight field line systems, we have chosen for convenience a 
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variant of the coordinate system used in the PEST equilibrium and stability 

code (DEWAR et al., 19*4). 

The coordinates r, •&. 4 are defined as follows: 4> is taken as the usual 

toroidal angle in the laboratory frame; the flux ('minor radius') coordinate 

r is defined in section 3.1; while the poloidal coordinate -d is chosen so that 

d#/d^=const= *k along each field line. This coordinate system is illustrated in 

Fig. 10, which shows lines of constant d and ^ on a flux surface r = const. The 

density fluctuations can then be written in the form n e = £•»,* n,(r) exp t(mtf— 

n^), where n is a toroidal mode number measured around a closed loop at con

stant 0 (i.e. in the helical fram**), and m is a poloidal mode number measured 

along the short loop at constant ^. 

3.4.2 Mode number measurements 

The variations of phase and amplitude of the density fluctuations around 

the periphery of the flux surface cross-section are derived by comparing the 

ion saturation current signals simultaneously measured by the movable probe 

located at $ = 120* and the reference probe at ^ = 0. Fourteen points 

equally spaced in # are sampled for each flux surface in every configuration. 

Typical measured fluctuation patterns are shown in Fig. 11 together with 

their t? spectra (see below). The dashed lines in Fig. 11 represent the density 

fluctuations on the surface shown, with the relative amplitudes and their phases 

indicated by the length and direction of the arrows. 

The d spectrum is obtained numerically for each flux surface in the three 

configurations by a discrete Fourier transform of a sequence of M ( M s 14 

in our case) complex numbers. The spectra show that in each configuration 

the modes propagate poloidally in the electron diamagnetic drift direction. 

The radial profiles of these poloidal modes are shown in Fig, 12. For both 

configurations I and II two modes appear to co-exist at the same frequency, 

but with maxima at different radial positions. These modes are m=2 and m=l 
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in configuration I. and m=3 and m=i in configuration II. In configuration III 

only a single mode, m=l, appears. 

Because probe access is limited, the most detailed mode number (m and 

n) measurements have been made only at an outer flux surface (at r=3cm) in 

configuration II by the probe array method. The relative phase of the signal 

from each probe in the two poloidal arrays, which are set on the same flux 

surface, is measured as a function of its poloidal coordinate tf. This is shown 

in Fig. 13(a), where the straight lines correspond to single modes m=2,3, and 

4 propagating in the electron diamagnetic drift direction. The observation is 

clearly most consistent with the presence of a dominant m=3 mode in the 

same direction, as found with the two-probe technique. 

The toroidal probe array consists of four probes which are positioned at 

approximately the same tf (±5*) on the same flux surface as the poloidal 

probe arrays, at ^ = 0, 90*, 120* and 150°. The phase difference between 

these probe signals, shown in Fig. 13(b), corresponds to the presence of a 

dominant n=5 mode. The approximate matching between the measured mode 

numbers and the rotational transform (in the helical frame) on that surface, 

i.e. I* = 1.710 « | , implies that the fluctuations are close to resonance with 

the magnetic field lines. 

The magnitude of &||, the wavenumber along the magnetic field lines, is a 

measure of how close the fluctuations are to this resonant condition. The n 

number measured in the helical frame can be approximately related to k\\ by 

h = as=sa l t (2) 
where L is the length of the helical plasma column for one revolution in <j>. 

When the measured mode numbers (n=5, m=3) are used the value of k\\ 

on that particular surface is about 0.036 cm"1, corresponding to a parallel 

wavelength about 11 m, or 7.5 toroidal rotations. This small value of Aty can be 

resolved because of the well-determined magnetic geometry of plasma-current-
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free stellarators. 

3.4.3 Direct mmtumm«ats of fcg 

Given that k$ is sufficiently small, the value of ky for each m mode can be 

directly measured on each flur surface in the following way. The fluctuation 

amplitude and relative phase is measured (again using the movable and ref

erence probes) at those location! corresponding to consecutive interceptions 

of a given field line with the plane «> = 120*. This is equivalent to having a 

toroidal probe array with a probe separation equal to the length of the helical 

plasma column in one toroidal turn, and so is subject to aliasing errors for par

allel wavelengths shorter than one toroidal turn (approximately 1.4 m). Once 

a field line is followed far enough both the amplitude and phase appear to be 

periodic functions along the field line for each configuration studied. As an 

example, Fig. 14 shows the fluctuation amplitudes and relative phases along 

field lines on two different flux surfaces in configuration II. The amplitude 

and phase repeat every nine turns for the inner surface (r= 1.57 cm) and every 

eleven turns for the second surface (r=2.39cm). The possible values of Jt|| are 

then obtained for each of the two flux surfaces by Fourier analysis (as in 3.3.2) 

performed over one period. Similar measurements and analyses are made in 

the other two configurations and the measured radial profiles of k\\ for each of 

these poloidal modes are shown in Fig. 15. 

As a further check, the phase lag between two probes separated toroidally 

by 120" along a field line on a same flux surface (r=1.5cm) in configuration 

III has been measured and gives k^ « 0.004 cm' 1 , which is consistent with the 

result given in Fig. 15(c) by the above method, and eliminates the possibility 

if aliasing referred to above. 
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4 Theory and Comparison With Experiment 

4.1 Linear drift wave theory 

Any stability study in a stellarator is greatly complicated by the three-

dimensional nature of its configuration. This is particularly the case in the he-

liac, and to date no drift wave theory has been derived for such a configuration. 

For this reason we shall adapt the theoretical model derived by FREDRICK-

SON and BELLAN (1985) in cylindrical geometry for a large aspect ratio 

tokamak and use it to compare with our experimental results. The model is 

based on the linearized versions of the Braginski two-fiuid equations with the 

following assumptions: (i)the fluctuation frequency <*> is much below the ion 

cyclotron frequency u>d, (ii)the plasma j3 is in the range me/rm < ^ < 1, 

and (iii)the ions are cold. An analytic dispersion relation was also derived 

in the same paper under several further assumptions, namely: (i) the radial 

density profile has a Gaussian form, (ii) the electron temperature is uniform in 

space and constant in time, (iii) the dependence of the the parallel wavenum-

ber fc||, the Alfven velocity VA and the electron-ion collision frequency vt{ on 

the minor radius can be neglected. Under these conditions the quantities 4 , 

A, and rie/ne, which are the fluctuation amplitudes in the space potential, in 

the parallel component of the vector potential and the relative density respec

tively, are linearly related and their radial dependences described by the Bessel 

function Jm(krr). 

The dispersion relation can be expressed analytically as: 

(1 - •u» |M&? * K " «•»)[! - Hh VA) 2 ] , (3) 

where kr is defined as Xf/ra and XJ1 is the jth zero of the mth Bessel function, 

r„ is the radius of the plasma. In our case the lowest radial mode is considered, 

so kr = X%/ra. u. is the electron diamagnetic drift frequency: 

«. = - (m/r ) (cT. ( fe ) /n .eS) f (4) 
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pi is the ion Larmor radius evaluated at the electron temperature: 

p] = T./(M*£), (5) 

and 

^ * m . W ( * | T . ) . (6) 

The assumptions needed by this model are approximately satisfied in our 

experimental conditions except that the values of k§, V A and cn- do vary with 

the minor radius. For thu reason the values used for each wave are taken from 

the radial region where the mode has its maximum amplitnde. In addition, i/„-

in the dispersion relation is replaced by v. This is because under the conditions 

prevailing during this study the degree of ionization of the argon is about 20% 

or less, so that collisions between the electrons and neutrals must be taken 

into account in the momentum balance. 

The toroidal field coils can be considered as the effective plasma boundary, 

giving an average maximum plasma radius of about 4 cm. The last closed 

magnetic surface is not taken as the plasma boundary because neither the 

measured plasma density nor its relative fluctuation level are negligible on this 

surface in any of the three configurations. 

The dispersion relation is then solved for each m mode, using the measured 

Gaussian density profile, the electron temperature, argon filling pressure, ap

plied magnetic field, and the value of Av given by the relationship above. Eq.(3) 

has three roots, two of which correspond to waves with negative growth rate 

over the parameter range of our experiment. In the following, we consider only 

the unstable drift wave branch. 

4.2 C mparison between theory and experiment 

The dispersion curves obtained by solving the dispersion relation Eq.(3) for 

the observed mode numbers m are plotted in Fig. 16 for each of the three 

configurations. Also shown on the plots for the real part of the frequency are 
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the experimentally measured values of u? and fc|| for each mode, the value of k\\ 

being taken as that where the mode has largest amplitude. In every case the 

agreement is very close. 

The dispersion curves on the right show that each mode has its largest 

theoretical growth rate at some small but finite value of % The parallel 

wavelength of each observed saturated mode is also shown for comparison; in 

each case the dominant mode has its k\\ close to the value corresponding \o 

the maximum linear growth rate. 

The radial eigen-functions of those m modes are shown by solid lines in Fig. 

12. Their maxima are normalized to those of the measured profiles. Although 

the absolute peak positions of the measured profiles are not the same as those 

of the theoretical ones, the general behaviour is very similar. 

The frequency and growth rate for each m mode as functions of the to

tal electron collision frequency v can be obtained from the dispersion relation 

Eq.(3) at fixed k\\. As an example, for the dominant mode (m = 3) in config

uration II, the variations of the frequency and growth rate with the collision 

frequency are plotted and compared with the experimental data in Fig. 9. 

Fig. 9(a) shows very good agreement between the measured and calculated 

fluctuation frequencies, especially in the lower collision frequency range. Also, 

in Fig. 9(b), the increase in theoretical growth rate with v for v < 6 MHz 

qualitatively matches the experimental amplitude data. However, at higher 

collision frequencies, the actual fluctuation amplitude decreases much more 

rapidly than does the predicted growth rate. 

The dependence of the linear growth rate of each m mode on the magnetic 

field is also predicted by this dispersion relation when k\\ is fixed. The re

sults for the dominant modes in the three configurations are compared with 

the experimental results in Fig. 7. The theoretical curves show no threshold 

behaviour, bn+ have their maximum growth rated at fields very close to those 

where maximum amplitudes are seen in configurations I and III. In configura-
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tion H there is a factor of about 1.7 disagreement between them. 

The magnetic perturbations derived from this model result from the cou

pling of the drift wave to the Alfven wave and can be expressed by (FREDRICK-

SON and BELLAN, 1985) 

where k± is the perpendicular wavenumber. Using typical experimentally de

rived values, e.g. •*- ~ 0.1, £*> ~ 100, 0 ~ 10~s (near the plasma edge) and 

£ « a* we obtain 

2*5xW£ (8) 
which, in order of magnitude, is consistent with the experimental results given 

in section 3.2. This implies that the local magnetic field oscillations arise only 

from the variation of the local plasma pressure, i.e. 

B2 

T- + n«T, ~ const, (9) 
8ir 

and suggests that the fluctuations are very nearly electrostatic in nature. 

4.3 Discussion 

The linear collisional drift wave theory can clearly account for the main ex

perimental results. The remaining disparities can possibly be explained by the 

various mode damping mechanisms and the non-linear mode coupling which 

are not included in this simple linear model. 

For example, the second mode which appears in both configurations I and 

II does not correspond to a large linear growth rate (see Fig. 16). However, 

the linear theory predicts that this second mode would have a very similar 

frequency to the dominant one, so that it could readily be non-linearly excited 

by the main mode. 

14 



In this model the ions are assumed cold, so any viscous damping mecha

nism for drift waves caused by the ion-ion or ion-neutral collisions (VENEMA, 

1986; TIMOFEEV, 1964) is not included. This exclusion could explain the 

discrepancy in the observed variation of amplitude and linear growth rate at 

the higher electron collision frequencies (see Fig. 9), as well as in the threshold 

dependence on magnetic field strength (Fig. 7). However, it is found exper

imentally that, in all the cases studied, when the ion Larmor radius reaches 

a critical size, i.e. k±pi ~ 1, the fluctuations are stabilized; this agrees qual

itatively with a stability criterion derived from a linear slab model theory 

(HENDEL et al., 1968). 

5 Influence of Fluctuations on Particle Confinement 

In earlier work (SHI et al., 1988) it was shown that changes in the magnetic 

configuration can have a large effect on the particle confinement. By compari

son the presence or absence of fluctuations has a less obvious but still significant 

effect. For instance, Fig. 17 shows, for each configuration, the dependence on 

magnetic field strength B of both the mean density and the fluctuation am

plitude (for configuration III the density is somewhat lower because the probe 

tip is on an outer flux surface) for otherwise constant conditions. It is clear 

that the general monotonic increase in density with B is reduced when the 

fluctuations appear, i.e. when B > Bt, and, at least qualitatively, the effect 

(as indicated by the reduction in ne in comparison with its extrapolated value) 

increases with the fluctuation amplitude. Very roughly, the maximum particle 

loss due to the fluctuations appears to be about one third of the total. 

Although no precise measurement of particle confinement time has been 

made, we can make an order of magnitude estimate from the density decay 

observed immediately following the end of the r.f. pulse. Fig. 18 shows 

a typical waveform taken for B * 0.15 T, which indicates a total loss rate 
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S,oui = n^i-dnjdt) as 4 x lOV*. 

We may estimate the time-averaged cross-field particle flax T caused by a 

simple coherent electrostatic mode of amplitude $ from the readily-derived 

result (POWERS, 1974) 

r . * « . # i w , ( i i ) 

where 6 is the phase difference between the density and potential fluctuations. 

If we take as typical the quantities measured in configuration I on the flux 

surface r = 2.2 cm, the values k* = m/V as 0.9 cm - 1 , it, w 1 x 10" cm - 3 , 

* « 2 V = 2 x 3J5- x 10~2 statvolU, B « 0.16T = 1600G, and the measured 

value of 6 is approximately 10*, then Eq. (11) predicts an outwards fluctuation-

driven particle flux across the r = 2.2 cm surface of T « 1 x 10 1 5 c m - 2 s"1. The 

corresponding contribution to the particle loss rate is thus S — 2T/rnt « 

1 x 10 3 s _ 1 , for n e as 1 x 10" cm*3, i.e. the fluctuations would contribute 

about one quarter of the total particle loss rate, which is consistent with the 

results shown in Fig. 17. 

6 Summary and Conclusions 

Low frequency fluctuations in electron density, floating potential and mag

netic field signals in an argon plasma have been studied in a heliac geome

try. These fluctuations are essentially electrostatic. The measured parametric 

dependence of those fluctuations on the magnetic field and the electron colli

sion frequency suggests that these are collisional drift waves as described by 

HENDEL, et al., 1968; and VENEMA, 1986. Detailed studies of the mode 

spatial structure in several typical configurations clearly show the close cor

respondence between the dominant mode numbers (m, n) and the rotational 

transform in the helical frame th, i.e. t& « n/m. For the heliac configuration, 

with its non-planar magnetic axis and azimuthally variable bean-shaped cross-

sections, the use of the magnetic coordinates has simplified the physics and 
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the interpretation of the experimental results. 

These experimental results are supported by a simple linear collisional drift 

wave theory (FREDRICKSON, and BELLAN, 1985). Although this model, 

derived in cylindrical geometry, has been adapted to the heliac configuration 

by assigning an average radius for each irregularly shaped flux surface, the 

agreement of the measured wave frequencies, amplitudes and even their radial 

eigen-functions with this theory is surprisingly good. 

This is partly a consequence of the fact as already demonstrated experi

mentally (BLACKWELL et al., 1985) that the unperturbed plasma quantities 

depend only on the flux surface label, which we have equated to the mean 

radius, just as in a circular cross-section cylinder. Another possible reason 

for this could be that the large scale (long wavelengths in both toroidal and 

poloidal directions) fluctuations are affected only in an average sense by the 

irregular geometry. 

Some degradation in particle confinement with the appearance of these 

coherent fluctuations is clearly observed in the experiments. The additional 

particle loss rate due to fluctuations, estimated from the experimental data, 

can qualitatively explain the change in mean density which follows the appear

ance of the fluctuations. 
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FIGURE CAPTIONS 

Fig.l: The SHEILA heliac, showing the magnetic field coils inside and out

side the vacuum tank. 

Fig.2: Vacuum magnetic surface with field lines on it. A cross section at 

<j> = 220° is shown below. 

Fig.3: Computed profiles of rotational transforms * and t>, for various val

ues of Ihlh- */N is the rotational transform per period, N = 3 in 

'SHEILA'. The rotational transform profiles (I), (II) and (III) corre

spond to the three configurations studied. 

Fig.4: Two poloidal Langmuir probe arrays and the movable probe. 

Fig.5: Equilibrium profiles of the electron density, temperature and the float

ing potential. The dashed lines are Gaussian approximations. Filling 

pressure 2 x 10"" ton. r.f. power 380 W. (a) 5=0.17 T, configuration 

I, (b) 5=0.13 T, configuration II, (c) 5=0.1 T, configuration III. 

Fig.6: Fluctuations in the ion saturation current and their spectra, (a), (b) 

and (c) as for Fig. 5. 

Fig. 7: Density fluctuation amplitude and the computed linear growth rate 

versus the magnetic field. The critical magnetic field, Bt, is indicated 

for each case, (a), (b) and (c) correspond to configurations I, II and 

III. 

Fig.8: The correlated signals of the magnetic field fluctuations B$ (top trace) 

and the fluctuations on probe ion saturation current (bottom trace). 

Fig.9: Measured fluctuation frequency and amplitude as functions of the 

electron collision frequency v = j / e , + i/ e n. configuration (II), 5=0.13 T. 
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Lines are theoretical results calculated from the analytic dispersion re

lation for the dominant mode m = 3, &|| = 0.006 cm - 1 . 

Fig. 10: Helical magnetic surface with constant # and 4> lines. 

Fig.ll: Typical density fluctuation patterns (dashed lines) along the mag

netic surfaces (solid lines) :(a) r = 1.80 cm, configuration (I), (b) 

r = 2.39 cm, configuration (II), (c) r = 2.01cm, configuration (III). 

Their corresponding 0 spectra are shown on the right. 

Fig.12: Measured radial profiles of the poloidal modes and the calculated 

eigen-fvnctions. (a), (b) and (c) as for Fig. 7. 

Fig.13: Phase of the fluctuation signal versus (a) the poloidal coordinate tf 

(b) the toroidal angle <j>. configuration (II), probe arrays are positioned 

on r = 3 cm flux surface. 

Fig.14: The variations of the fluctuation amplitude and phase along a field 

line on two flux surfaces in configuration II, (a) r = 1.57 cm. (b) r = 

2.39 cm. 

Fig. 15: fc|| profiles obtained from direct measurement of k\\ on eight different 

flux surfaces. The horizontal bars indicate the ranges where the modes 

have largest amplitude, (a), (b) and (c) correspond to configurations 

(I), (II) and (III). 

Fig. 16: Experimental results compared with the solutions of the dispersion 

Equation. The symbol A is for the m=l mode in each case, (a), (b) 

and (c) as for Fig. 15. 

Fig. 17: Density and its relative fluctuation level as functions of the applied 

maximum magnetic field, (a), (b) and (c) as for Fig. 15. 
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Fig.18: Ion saturation current signal in configuration I. The straight line 

shows the decay rate immediately after the r.f. is switched off. 
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Table I. Machine and Plasma Parameters 

Radius of the central 

conductor (cm) 
18.75 

Mean radius of the last 

closed surface (cm) 
2.0-3.5 

B(T) <0.20 

Plasma current (A) < 100 

n e ( cm" 3) (0.5-1.0) x 10" 

Te(eV) 6 - 1 0 

0 ~ 10"5 - 1 0 ' 4 
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