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1. Introduction

A reliable determination of the plasma potential is essential in many plasmas. The confinement and stability of magnetized fusion plasmas and the transport across the scrape-off layer (SOL) is believed to be determined by the radial potential profile of the SOL and by the turbulent fluctuations there. 

In fusion plasmas up to now mainly cold probes were used for measuring the plasma potential (pl. Here we present an investigation where an electron-emissive probe was used for that purpose, not only in the edge plasma region of a small tokamak but for the first time also inside the last closed flux surface. [
]. 

Langmuir probes are helpful for a quick localized determination of ne,i, Te and (pl (where the symbols have their usual meaning). The most accurate measure of (pl is obtained from the "knee" of the current-voltage characteristic of the probe. Also density and potential fluctuations can in principle be registered with cold probes. 

Usually many compromises have to be made for a simplified evaluation of the probe signals. Therefore the plasma parameters can be subject to severe systematic errors. One of the gravest errors concerns the determination of the plasma potential, since it is often assumed that the floating potential Vf is a measure for (pl. Indeed, in a plasma with Maxwellian velocity distribution functions of the ions and electrons the two values are proportional to each other.

Also electric fields E have been determined by using two cold probes and taking the difference between the floating potentials Vf,1/2 
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with e21 being the unit vector between the two probes and d the distance. However, this requires the supposition that there is no difference of the electron temperatures between the positions of the two probes. But this is often not the case.

Moreover, any stronger electron drift or an electron beam will distort the whole current-voltage characteristic of a cold probe, in the simplest case by shifting it to the left by a voltage which corresponds to the mean kinetic energy of the drifting electrons. In such a case a determination of the plasma potential from the "knee" of the characteristic delivers an erroneous result, and also Vf is no longer proportional to (pl.

All these problems can be avoided when we use an emissive probe [1,
,
,
,
,
]. An electron emission current can flow from the probe to the plasma as long as Vp is below the plasma potential (pl, irrespective of the flow of plasma electrons and of electron temperature fluctuations, and usually the floating potential Vf of an emissive probe is taken as a measure for (pl.

2. Experimental arrangement
The CASTOR tokamak has major/minor radii of 0.40 m and 75 mm, respectively. The chamber is filled with H2 up to 10–4 mbar. Each shot has a duration of up to 30 ms. The toroidal magnetic field on the minor axis is 0.5 T, the toroidal plasma current is 10 kA. The plasma density is about 1019 m–3 and Te ( 80 – 220 eV. In the SOL the density drops to around 5 - 10(1016 m–3, and Te is about 10 eV. 

The emissive probe consists of a ceramic tube (Al2O3) with an oval cross-section of 1.4(2.3 mm outer dimensions and a length of 8 cm. The tube has two bores of 0.7 mm diameter each. Through them a 0.2 mm diameter tungsten wire is inserted, forming a loop of about 6 mm length. Inside the bores, each W-wire is spliced twice with about 12 copper threads with diameters of 0.05 mm [1,5]. In this way, inside the bores the conductivity of the wires is larger, and only the exposed loop of the emissive probe is heated when a current is passed through the probe. 

3. Results and discussion

By means of a signal generator a sinusoidal voltage Vp with (100 V and with 1 kHz was applied to the probe. During one CASTOR discharge of about 30 ms duration, about 10 probe characteristics were recorded with a sampling rate of 1 MHz. Fig. 1 shows three typical characteristics for various heating currents. The solid lines are least square fits of the experimental points with an appropriate function which approximates the total probe current in this range. The lowermost curve in Fig. 1 is taken without any probe heating, thus showing the characteristic of the cold probe.

From the cold probe characteristic the ion saturation current Is and the electron temperature Te were calculated. After fitting, from all curves the floating potential Vf and the saturation value of the electron emission current Iee were determined. These values are given in the insert of Fig. 1. To achieve an emission current of Iee = 272 mA, a probe heating current of 6 A was necessary.
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Fig. 1
Three typical probe characteristics, taken with the emissive probe, in the range around the floating potential. The probe heating current is increased from characteristic to characteristic. The solid lines show the fitting of the characteristics.
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Fig. 2
Floating potential of the emissive probe, normalized to the kinetic electron temperature, versus the electron emission current, normalized to the ion saturation current for two different radial positions: the crosses are valid for r = 85 mm, the open diamonds for r = 70 mm, while the biasing electrode is situated at r = 75 mm.

As expected, the floating potential of the probe increases with stronger electron emission, and Vf approaches a saturation value, which in the ideal case is (pl. This can be seen from Fig. 2, which shows Vf, first of the cold probe and then of the heated probe, normalised to the kinetic electron temperature Te, versus the electron emission current Iee, normalised to Is. The temperature was obtained from the characteristic measured with no probe heating. The open diamonds have been obtained for r = 70 mm, i.e., somewhat inside the last closed flux surface, the crosses for r = 85 mm, i.e., in the SOL. We see that for Iee > 20 Is, the value of Vf/Te saturates. The saturation value is 2.5Te approximately for r = 70 mm and 3Te approximately for r = 85 mm. These values represent the plasma potential in the two locations. 

An important observation is that the difference be​tween Vf for the cold probe case (given by the points at Iee = 0) and Vf for a sufficiently emissive probe (( (pl) is for both cases approximately 1.5Te. This is in contrast to the result of standard Langmuir probe theory, which would suggest for the CASTOR edge a value of 2.5Te, taking into account the different effective collection area for ions and electrons. This result suggests that refinements of the standard theory, which is routinely used in the edge of fusion devices to deduce the plasma potential from floating potential measurements, are probably required.

After having established that the plasma potential can be successfully measured, the emissive probe was used to measure a radial plasma potential profile in the edge region of the CASTOR device in a range of 60 ( r ( 100 mm. This has been measured for two different cases: (i) under normal conditions and (ii) for the case when an electrode, inserted at r = 75 mm, was used to bias the edge plasma with +100 V. It turned out in the latter case the radial electric field is enhanced both in the SOL and in the confined plasma, and thus the E(B velocity shear at the plasma boundary is increased. A very important observation to be made is that the radial electric field is increased also more internally than the location of the biasing electrode. This is a very encouraging result about the possibility of actively changing the properties of the edge plasma through edge biasing also in the experimental conditions where no large insertion of the electrode can be achieved. 
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