Edge plasma physics and relevant diagnostics on the CASTOR tokamak
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ABSTRACT

We describe results of two sets of measurements performed with a full poloidal array of Langmuir probes located in the scrape-off layer (SOL) of the CASTOR tokamak. At first, a biased electrode is inserted into the SOL. The resulting poloidally localized electric field structures are identified by means of the ring of probes and a consequent modification of the convective transport is demonstrated. In the second experiment, the turbulent fluctuations are measured in standard ohmic discharges. The analysis of the probe signals reveals a spatially periodic mode with the poloidal mode number equal to the edge safety factor q, which propagates poloidally in the direction of the ErxB drift. This observation is interpreted as a signature of a single turbulent structure, which snakes around the torus several times following the local helicity of the magnetic field. 
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INTRODUCTION

It is widely recognized that the Langmiur probes are a primary tool for studying edge plasma physics in tokamaks because of their temporal and spatial resolution. Single probes are used to measure the local plasma parameters. In large-scale tokamaks with a long pulse length, the probe’s tip is fixed to a reciprocating head to avoid its overheating followed by destruction. One such excursion of the probe head inside and outside the plasma takes typically ~ 200 ms. During this time interval, the radial profiles of the plasma density, electron temperature and floating potential can be determined from the IV characteristics of the probe several times during a discharge.

In small-scale experiments, however, the overheating is avoided automatically because the pulse length is relatively short, typically of the order of several tens of milliseconds. Therefore, the Langmuir probe can survive at a fixed position during the whole discharge. The radial profiles are measured by changing the probe position on a shot-to-shot basis. However, this approach requires sufficiently reproducible discharges and measurements become slightly cumbersome. The above-mentioned complication can be partially overcome by using a row of tips oriented either in the radial or poloidal direction. Such probe arrays appeared to be extremely useful for the analysis of plasma fluctuations. For this purpose, a temporal resolution ~1s is required and the spatial resolution must be in the range of 2-3 mm.

Pioneering experiments with the probe arrays were performed by Zweben(1) in the 80s. These measurements have identified turbulent structures with a typical lifetime 5-40 s and a poloidal and radial correlation length of ~ 1 cm. Systematic measurements of the edge turbulence by probe arrays in large scale experiments were carried out in the ASDEX tokamak(2)  and the W7-AS stellarator(3). There, an array of 16 tips, oriented in the poloidal direction, was fixed to a reciprocating head. In spite of a spatially limited picture, the poloidal periodicity of the turbulent events in the SOL (with a typical poloidal wavelength of about 5-15 cm) has been also observed. Comparable measurements performed in the CASTOR tokamak(4) with a similar array have demonstrated that the SOL turbulence in small tokamaks is basically of the same nature as in larger machines. Later on, a two-dimensional array of 64 tips (8x8 tips) was used on CASTOR to analyze the properties of the edge turbulence simultaneously in the poloidal and radial direction. Coherent structures were identified in these experiments(5).

The probe arrays oriented in the radial direction (so called rake probes) play a decisive role in experiments with biasing of a material object (electrodes, limiter) localized in the edge plasma. They measure the radial profile of electric field, which generates sheared poloidal flows. The consequent edge turbulence reduction leads to the formation of a transport barrier within the last closed magnetic surface (separatrix), as reviewed in (6). 

This contribution is devoted to two examples of use of a recently developed probe array consisting of 124 Langmuir probes uniformly distributed along the poloidal circumference of the plasma column on the CASTOR tokamak. Details of the experimental arrangement are described in Sec. 2. The first example (Sec. 3) demonstrates modification of the particle transport at the plasma edge by inserting a biased electrode into the SOL. The second example (Sec. 4) shows results of measurements of the plasma fluctuations with a high spatial and temporal resolution, which reveal useful information on the structure of the SOL turbulence in tokamaks.

ARRANGMENT OF THE EXPERIMENT
The experiments have been carried out on the CASTOR tokamak, which is a small size torus with a major radius of 0.4 m and a minor radius of 0.1 m, operational in the Institute of Plasma Physics, Prague. The toroidal magnetic field is 1.3 T and the plasma current is varied between 5-12 kA. The line averaged density is ne=1019 m-3. In the present experiment, a poloidal limiter with the radius a = 58 mm is inserted into the vacuum vessel and equipped with 124 Langmuir probes, uniformly distributed along its circumference, as apparent from the photo shown in Fig. 1 (left panel). The individual tips are 2.5 mm long and spaced poloidally by ~3 mm. 
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Fig 1. Probe arrays for spatially resolved measurements. Left picture - the poloidal limiter equipped with 124 Langmuir probes. The respective position of the limiter and the plasma column and location of the biasing electrode are shown schematically; Right picture - the rake probe.
In addition, the rake probe, seen also in Fig. 1 (right panel), is used to measure radial profiles of the edge plasma parameters in a single shot. The probe head is composed of 16 tips spaced radially by 2.5 mm and inserted into the edge plasma from the top of the torus 180o toroidally away from the poloidal limiter. The tips of both probe arrays can measure either the floating potential or the ion saturation current. Gradients of floating potential are indicative of electric fields, and the ion saturation current gives an estimate of the plasma density. The signals are digitized with a 1 MHz sampling rate, 64 synchronized data acquisition channels are available.

Simultaneous measurements with the radial and poloidal probe arrays allow to deduce positioning of the plasma column within the vacuum vessel. The final result is schematically shown in the left panel of Fig. 1, from which the respective position of the separatrix (the last closed magnetic flux surface) and the poloidal limiter is evident. As can be seen, the plasma column is displaced in the downward direction, and its radius is consequently less then the radius of the limiter. It is evident that the plasma outside the separatrix is divided into two regions, according to the parallel connection length L to a material surface, which is represented by the poloidal limiter:

· Limiter shadow is the region between the chamber wall and the leading edge of the poloidal limiter (58 mm < r < 100 mm). The corresponding connection length is about one toroidal circumference, L~ 2R.

· Scrape-off layer (SOL) with a much longer connection length is formed at the upper part of the plasma column because of the vertical shift of the plasma. The connection length L~ q2R is proportional to the local safety factor q (typically q = 6-9 in CASTOR). The radial extent of the SOL is largest at the top of the torus (typically 10-20 mm) and depends on the plasma displacement. This SOL has a magnetic configuration similar to that of a tokamak equipped with divertor or toroidal limiter.

Measurements are performed either in standard ohmic discharges or in regimes with edge plasma biasing. In the latter case, a mushroom-shaped graphite electrode is immersed into the edge plasma from the top of the torus (see Fig. 1). Its total collecting area is of about ~ 15 cm2. The electrode is biased with respect to the tokamak vessel by applying a positive pulsed voltage (Vb = 100-200 V Ib = 20-40 A) during the flat-top phase of the discharge.

FIRST EXAMPLE – FORMATION OF CONVECTIVE CELLS IN THE SOL

A rather complex picture is observed, when the biasing is inserted into the SOL, as documented in Fig. 2, where the poloidal distribution of the mean floating potential in ohmic and biasing phase of a discharge is compared.
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Fig 2. 
Left - Poloidal distribution of the mean floating potential Ufl along the ring in ohmic (triangles) and biasing (squares) phase, as measured in four reproducible discharges. The poloidal position of the biasing electrode is marked by the bar. The biasing voltage is +150 V. Right - Projection of the biased flux tube originating at the electrode to a poloidal plane is shown schematically for qedge ~ 8. Some equipotential surfaces are shown.
It is seen that the whole upper part of the plasma column is biased with respect to the ohmic level. Moreover, a strong poloidal modulation of the floating potential is observed in the range of poloidal angles  = 0o-200o. The peaks are interpreted as a signature of a biased flux tube, which originates at the electrode and extends along the helical magnetic field line. The electrode current flows predominantly parallel to the magnetic field in the upstream and downstream direction and terminates on the electron and ion side of the bottom part of the poloidal limiter.

The projection of this biased tube on a poloidal plane is schematically depicted in Fig. 2. It is seen from the figure that the resulting perpendicular electric field is two-dimensional, having not only a radial, but also a poloidal component Epol. Its amplitude and even the sign change with the poloidal angle. A possible consequence of this is the occurrence of a convective motion of the SOL plasma because of the Epol(Bt drift directed either inward or outward according the sign of the Epol. In order to detect this effect, the tips of the poloidal ring have been used to measure either the floating potential or the ion saturation current in two subsequent discharges. A detailed distribution of these two quantities along one quarter of the poloidal ring is shown in Fig. 3.
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Fig. 3.

Left - Poloidal distribution of the floating potential (squares) and of the ion saturation current (triangles) along one quarter of the poloidal ring (High field side – top). The ion saturation current is normalized to its ohmic value. Right- Radial profile of the ion saturation current in the ohmic  (diamonds) and biasing (triangles) phase of the discharge. The gray bar marks the electrode position.
It is seen from the figure that the poloidal distribution of the ion saturation current (proportional to the plasma density) is indeed modulated by biasing with the same periodicity as the potential distribution, but is shifted poloidally. The ion saturation current (plasma density) increases at one side of the potential hills, while it is reduced below the ohmic level on the other side, i.e. at the angles where the poloidal electric field is maximum or minimum. The right panel in Fig. 3 demonstrates a strong modification of the radial plasma density profile. 

These measurements demonstrate a strong impact of the poloidal electric field on the particle transport in the plasma edge. A similar effect was recently obtained in the JFT-2M(7) and MAST (8,9) tokamaks, where the divertor plates are biased and broadening of the SOL profiles has been achieved. It is assumed that this is because of the formation of a toroidally elongated flux tube of potential - convective cells, associated with the biased plate. The experiments on CASTOR described above employ the exceptional spatial resolution of the new poloidal probe array of 124 Langmuir probe to investigate properties of such convective cells in detail.

SECOND EXAMPLE – FLUCTUATION MEASUREMENTS

The second example of using the poloidal probe array is devoted to the analysis of plasma fluctuations in the SOL. In this particular case, the floating potential Ufl is recorded simultaneously by 32 tips uniformly distributed around the plasma column. Consequently, the spatial resolution in the poloidal direction is ~11 mm. The signals of individual tips, recorded by the sampling rate 1 s, consist of the time-averaged and fluctuating parts Ufl = (Ufl(T + (Ufl. Figure 4 shows the spatial-temporal plot of the fluctuating part (Ufl during a part of the ohmic discharge. The red (or blue) patterns emphasize the poloidal position/time instant where the floating potential is higher (or lower) than its mean value. The most interesting feature, which can be drawn from the plot are quite regular red/blue belts, which are apparent in the range of poloidal angles 0-200o, i.e. at the top of the torus, where the probe tips are located in the SOL (see again the displacement shown in Fig. 1). One such pattern is marked by the yellow line.
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Fig. 4: Left - Spatio-temporal plot of floating potential fluctuations measured by the poloidal array during the quasistationary phase of a discharge.
A detailed statistical analysis was performed on the data from probes from the upper half of the torus, which are located in the SOL roughly at the same magnetic surface. The belts have significantly different character in the range of poloidal angles 200 o - 300o. The following explanation of the plot is offered:

· The patterns are a signature of turbulent features existing in the SOL.

· The turbulent features propagate poloidally. The poloidal velocity, deduced from the inclination of the patterns is typically 1 km/s. This is consistent with the value of the local ExB drift deduced from the rake probe data.

· The turbulent features appear to be poloidally periodical. For example, 3-4 belts can be observed simultaneously in this range of poloidal angles at the time t = 120 s, which implies the poloidal mode number m= 6-8. Additional measurements(10) have shown that the poloidal mode number m is equal to the edge safety factor q(a) and the toroidal mode number is n=1.

· Correlation measurements using a probe located toroidally away of the ring proved that the patterns correspond to turbulent structures of potential elongated along the magnetic field lines.

· Some observed temporal periodicity is a result of poloidal propagation. Frequency spectra of individual signals are broad and peaked around ~20-60 kHz.

All these experimental observations can be simply interpreted, just assuming that only a single dipole turbulent structure is formed in the SOL, where the magnetic connection length is long enough because of the downward displacement of the plasma column. Such turbulent structure snakes several times around the torus and ends up at the electron and ion side of the poloidal limiter. Figure 5 shows a dipole turbulent structure schematically plotted on the unfolded magnetic surface, which is associated with the upper part of the poloidal probe array.

The formation of the dipole structure can be explained by the flute-like instability model in the SOL described in the ref. (11), which predicts fluctuating parallel currents flowing in the SOL to the surface of the limiter (divertor plates). These currents charge flux tubes connected to the limiter at different potentials [4]. Such a model has been adopted by M. Endler et al [6] to describe the SOL turbulence in the ASDEX tokamak where individual fluctuation events with a bipolar structure and propagating poloidally have been observed.

Finally, it must be noted that the m=q mode discussed above is superimposed to a broadband turbulence. Moreover, features with a significantly lower mode number (m = 0 or 1) are also observed under some discharge conditions.
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Fig. 5: Unfolded magnetic surface in the SOL of the CASTOR tokamak for the edge safety factor q~8. The red/blue colors denote regions of the magnetic surface with a higher/lower potential then its time-average value. The dipole structure of a length ~13 m, which follows helical magnetic field lines from one to the other side of the poloidal limiter, is depicted. The poloidal mode number is m=q. It propagates poloidally because of ErxBT drift. The lifetime of the structure is probably determined by duration of its contact with the limiter surface. When the contact is lost, the structure dies, but a new structure is formed. 
CONCLUSIONS

It is evident that full understanding of the edge plasma physics in tokamaks requires experimental information with a high spatial and temporal resolution. A good representative of the diagnostic, providing such kind of experimental data are the arrays of Langmuir probes, which are relatively non-expensive and easy to build. Major investments are a multichannel and fast data acquisition system and sophisticated software for data processing.

We try to demonstrate in this contribution 
that the probe arrays can be efficiently employed in small tokamaks because of their flexibility. The most important point is to find whether the obtained results do not reflect only particular features of the given experiment, but that they are relevant also for large-scale devices.
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