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ABSTRACT 

A laboratory experiment was carried out in order to study the nonlinear saturated stage of the cross- 
field electrostatic Kelvin-Hclmholtz instability in a strongly magnetized plasma. The presence of 
large vortex-like structures in a background of wide-band turbulent fluctuations was demonstrated 
by B conditional sampling technique. The formation of the structures w a  interpreted in terms of 
a n  inverse cascade, i.e. as the  combined result of small scale structures generated by the instability 

by numerical simulations. The importance of the large scale structures for the turbulent plasma 
transport acro~s  magnetic field lines was analyzed in detail. 
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INTRODUCTION 

Two basically different forms of turbulent, transport can be envisaged. In one extreme limit the 
displacement of a particle can be considered as the result of very many small individual random 
movements, a limit res'embling Brownian diffusion. In the opposite extreme, particles are convected 
by random bursts occuring at  irregular intervals seperated by more or less quiescent periods. 
Finally, of course a mixture of the two types of processes can be realized. While the limit of 
Brownian diffusion is well covered in the litterature, the mechanisms for random bursts and their 
consequences for particle transport are less understood. In the present study we describe an 
experimental investigation of this problem. carried out in a strongly magnetized plasma. The 
purpose of the study is twofold. First, methods are developed for detecting and identifying coherent 
structures, which can cause sporadic bursts of plasma across magnetic field lines. The origin of 
these structures (in the present case having the form of two-dimensional vortices) is discussed 
on the basis of a numerical simulation. Next, the statistical importance of these events for the 
turbulent transport is considered. 

EXPERIMENTAL RESULTS 

The experimental investigations were performed in the Ris0 Q-machine. The fluctuations were 
generated by the Kelvin-Helmholtz instability due to a strongly sheared azimuthal flow in the 
residual plasma (the scrape-off layer) surrounding the main plasma column (Kent et al. 1969, 
Huld et al. 1991). The radially varying dc-electric field E,(r) was controlled by the bias on 
a limiting aperture inserted perpendicularly to  the  plasma column near the plasma source (i.e. 
the hot piat.ej. 'The fiuctulations in the floating potentiai and density were measured by small 
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1 mm diam. platinum probes. Fluctuating electric field components were measured by taking the 
potential difference between two closely spaced probes. The fluctuations were characterized by a 
broad frequency spectrum for a weak radial electric field Eo, whereas narrow peaks appeared for 
strong, localized radial electric fields, see Huld et al. (1988, 1991). Also the radial component of 
the turbulent plasma flux was studied. An important observation was that  the actual value of 
this flux was strongly dependent on the shape of the turbulent spectrum. In  particular, it was 
demonstrated (Iluld et al. 1988) that  the internal phase relations between density and electric 
field fluctuations were important. This phase relation was shown to vary with frequency within 
the spectrum. A narrow frequency spectrum could have a large amplitude without contributing 
significantly to the overall average plasma flux. 

The presence of relatively long-lived coherent vortical structures, or eddies, was demonstrated by 
employing a conditional averaging technique (Huld et al. 1991), where a signal is analyzed only 
in time intervals, where a certain prescribed condition is fulfilled in a reference signal. T h e  basic 

the turbulence, is described by Johnsen e l  al. (1987) and Kofoed-Hansen et al. (1989). For the 
present investigations we recorded simultaneously two time series of 200 ms duration obtained with 
a sampling rate of 125 kHz and an 8 - 3 t  resolution. One of the series, the referencz, came from the 
azimuthal electric field component, E ,  the other from the potential fluctuations, 4, measured by a 
movable probe. Such pair of time series were obtained for positions in a grid of 9 x 13 points with a 
3 mm spatial resolution in the plane perpendicular to the magnetic field. T h e  conditional averaging 
was subsequently performed numerically for each position oi the movable probe. The space-time 
evolution of the conditionally averaged potential is shown in Fig. 1 for typical plasma parameters 
with a relatively strong radial electric field. The formation, propagation and beginning decay of a 
large monopole-like structure is clearly noticable. The propagation velocity is approximately 250 
m/s, which is compatible with the averaged plasma Eo x Bo/B$velocity i n  the scrape-oll layer. 
Depending 011 the parameters the dominant structures can appear as monopole 01 dipole vortices. 
Monopoles with negative potential, i.e. having a rotation in the same direction a s  the bulk plasma 
rotation in lhe scrape-off layer, tend to  dominate in the cases with strong radial electric fields. 

Vortices like those described here are not associated with wave-like motion. Rather, fluid or plasma 
elements are trapped in closed orbits within the structures. Propagating vortices are thus expected 
to be particularly effective in mediating particle transport by a burst-like process in contrast to 
slow Brownian motion. 

The properties (such as growth or damping) of the averaged vortical Structures obtained by the 
conditional sampling method need not reflect the properties of the vortices in individual realizations 
(Johnsen et al. 1987, PCcseli and Trulsen 1989, Kofoed-Hansen et al. 1989 and Nielsen et al. 1992). 
Thus, an apparent damping of the averaged structures may simply be caused by a "smearing- 
out" due to  a spread in the velocities of the individual structures. This question was resolved by 
performing a coincidence counting of the occurrence of local extrema in the fluctuating potential 
signals at  two paints in space separated by a distance, L, in the direction of propagation, as 
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minima occurring a t  two probes (with L=14.6 mm), subject t o  the condition that the minimum 
at the first probe is smaller than 4. = -0,-1.50 or -20 , respectively. Here a denotes the rms- 
value of the fluctuations. Subsequently the signal from the other probe is searched in a suitably 
chosen time interval for the deepest minimum, which defines Al. The distributions obtained for the 
three values of 8. are essentially identical giving an averaged value of the velocity corresponding 
to 300 m/s. From results as those shown in Fig. 2 we have derived velocity distributions, and 
we observed that the potential wells, corresponding to  the vortical structures, propagate with a 
moderate spread in velocity (for the case in Fig. 2 we find A V  = 30 m/s). Thus, i t  may be 
argued that the evolution of the conditionally averaged structures of negative potential reflect the 
properties of individual structures, and is not just a consequence of a spread in their velocities. 
For these plasma parameters, where monopolar vortices with negative potential were found to 
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Figure 1: Space-time evolution of the tonditional averaged potential. The 
imposed condition was that E should exceed thevalue E. = 1.50 
and that a,E > 0. Positive potentials are given with full lines, 
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V. The heavy semi-circle in the panel for t = 011s indicates 
the  projection of the aperture opening. Plasma conditions were 
no(v = 0) = 2 . 1 O "  m-3 and BO = 0.35 T. 
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Figure 2: Distribution of timc delays A/ between occurence of local po- 

tential minima a t  two probes seperatcd azimnt,hally by L = 14 
mm. The curves are normalized by the peak value, indicated 
by a circle. Plasma conditions were n o ( r  = 0) = 7 . l U 1 4  m+, 
Bo = 0.285 T. 
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Figure 3: Spa,ce-time evvlution 01 the  perturhed potcntial, d2  for an ini-  
tially unstable potential profile. The equilibrium or vacuum pro- 
file 40 - lnr has heen subtracted. Positive d-values are shown 
with full lines, negative &values with dashed lines. For this case 
U = 0.001. 

dominate, a similar analysis of the  o c c ~ m e n c c ~  of local maxima gave a different result. Although 
a peak in the distribution of time delays could be discriminated, it was not significantly above the 
background level, and it was not possible to  assign a velocity distribution for potential humps 

The formation of the large scale vortical structures is believed to  be accomplished by an inverse 
spectral cascade, which is characteristic for two-dimensional turbulence (Seyler et al. 1975) and 
w a s  studied previously for our experimental conditions (IIuld et al. 1988). The saturated turbulent 
spectrum will thus be dominated by the large scale structures, and i t  contain little information 
about the linear instability, which is driving the fluctuations. A linear stability analysis of the 
measured potential and density profiles showcd tha,t several modes with high azimuthal mode 
numbers (m 5 15 ) were unstablc ( A d d  et al. 1991). This also indicatcs that the instability 
saturates mainly by nonlinear spectral cascades and not by changing (e.g. Rattening) the potential 
and density profiles driving the fluctuations. The interpretation in terms of inversespectral cascade 
is further supported by a numerical study of the nonlinear evolution of the Kelvin-Helmholtz 
inst,ability on an annulus, modelling the edgc region of the Q-machine plasma. 

NUMERICAL RESULTS 

The numerical invstigations are based on  the flute-mode equations lor lowfrequency elcctrostatic 
fluctuations (i.e. the frequencies are much smaller than the ion cyclotron frequency), which are 
equivalent to  the Navier-Stoka equations for twwdimensional incompressihle Rows: 

acw + ( 2  x 04) . vu = uv2w, (1) 

where the normalized potential, 4, takes the role of the streamfunction with thc velocity given as 
V = i x Om, i is the unit vector in the direction of Bo, and the vorticity, w = Vz$, is equivalent 
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Figure 4: Conditionally averaged time varying flux < ?(t)lE 2 Eo-> at a 
reference position R = 16 m m  subject to the conditions E 2 to, 
with 4 = 1.5, shown with fu l l  line, E = 1.0, with dashed line, 
while f = 0.5 is shown with dotted line. Plasma conditions were 
no(r = 0) = 6 .  IO" m-' and Bo = 0.275 T. 

to the charge density. Equation 1 is salved numerically in an  annular geometry employing a fully 
de-aliased, spectral scheme, see Coutsias el al. (1969). The viscosity on the right hand side is 
introduced to suppress, in a controlled manner, the short wavelength ringing that is otherwise 
produced due to the finite spatial rcsolution. This viscosity may be thought of as representing 
damping due to finite Lamor radius effects. A s  initial condition we have set up a vorticity (charge) 
distribution corresponding to the averaged distribution in the experiments. This distribution 
corresponds to  an azimuthal velocity with a jet-like radial profile, and a radial potential profile 
increasing from the inner boundary. The potential was kept at  a constant, prescribed, value on the 
boundaries resulting in free slip boundary conditions, i.e. the radial velocity component vanished 
on the boundaries. The vorticity was set equal to  zero on the boundaries. In Fig. 1 we show 
an example of the evolution of the potential. The flow quickly develops a growing short wave 
instability in correspondence with predictions from a linear stability analysis. However, this high 
mode-number instability cvolves nonlinearly, demonstrating the inwrsc cascade, i.e. coale~cence 
of like-signed vortices, and the instability saturatcs when the energy is condensed in large scale 
structures. Note that for the present profile the m = 1 mode i s  linearly stable, while the m = 2 
mode is only weakly unstable. Thus, the saturated state is far from what would have been predicted 
by a quasi-linear analysis. This behavior agrees qualitatively with our experimental observations. 

TURBULENT TRANSPORT 

In order to monitor thc turbulent t[nnsport we measured t.he density fluctuations, A, and the 
azimuthal electric field componcnt, E ,  with closely spaced I,angmuir probes. The radial plasma 
velocity component for both ions and electrons is wcll approximated by BIB, for these low fre- 
quency fluctuations. The iocal radial plasma flux is then :eadily obtained by midtiplying the two 
signals electronically. Analyzing the resulting flux signal r(l) = f i ( l )E( t ) /Bo  we can get detailed 
information ahout the nat.rire of the plasma transport. We performed a conditional analysis of 
this signal, selecting time sequences which were characterized hy an electric field eneding, at  a 
reference time, a prescribed value, E,, which we measnnd in units of the rms-value, 0, of the 
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