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Abstract. One of the most important plasma parameters is the plasma potential (pl. In this review a survey is given of two probe methods, by which the plasma potential can be measured directly since the floating potentials of the probes become equal to (pl. There are two ways to achieve that: (i) to increase the positive probe current, or (ii) to reduce the negative probe current. The first method is realized in the electron-emissive probe whose floating potential is almost equal to (pl when the emission current becomes approximately equal to the electron saturation current. The second method can only be applied in a magnetic field where the gyroradii of the electrons are much smaller than those of the ions. Therefore it is possible to screen off a well-defined part of the electron current by a kind of shield in front of the probe collector until it becomes equal to the ion saturation current, whereas the ions can pass by the barrier almost unhindered. 
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1. INTRODUCTION

Among the most important plasma parameters is the electric space potential of the plasma which is usually called the plasma potential (pl. Since potentials can only be determined with respect to a certain reference potential, in a plasma device this is usually the wall or one of the electrodes of the discharge that produces the plasma. Naturally also this potential is given by Poisson's equation, where the charge density ( = e(ni – ne) is due to the presence of free positive and negative charge carriers (with the number densities ni,e of ions and electrons, respectively) assuming a conventional plasma with electrons and only single charged positive ions: 
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We emphasize that the plasma potential only depends on the densities of the ions and electrons but not on their velocity distribution, and thus also not on possible particle drifts due to currents or beams. On the other hand, a gradient of (pl produces an electric field which gives of course rise to corresponding charge carrier drifts. 

In general, the spatial profile and the temporal evolution of the plasma potential are decisive not only for the overall stability of a plasma but also for the loss of plasma across the magnetic field, especially in the case of a magnetically confined plasma such as in toroidal fusion experiments, which on the long run are expected to make possible the gain of energy from a real fusion plasma. 

For instance, it has been shown that the transition from the low-density mode (L-mode) to the high-density mode (H-mode) of a tokamak is, among other phenomena, also related to a strong variation of the radial profile of the plasma potential [
,
,
,
,
]. The radial transport of particles in the edge region of a magnetized plasma torus is mainly related to the fluctuation-induced particle flux (, which may account for a large part of the anomalous energy and particle losses observed. 

A counteracting mechanism might be the Reynolds stress Re, which is a measure of the anisotropy of turbulent velocity fluctuations. These produce a stress on the mean flow causing a poloidal flow [
,
,
] if the Reynolds stress has a gradient. The poloidal flow will be sheared, which can reduce the radial turbulent transport [8]. This mechanism plays a key role in explaining the L-H transition and has indeed been found to reduce plasma losses [
]. 

Both, the fluctuation-induced flux and the Reynolds stress are related to the fluctuations of the electric field in the edge region of a tokamak. These fluctuations can only be determined correctly by measuring the plasma potential directly on appropriate locations by various sets of probes and calculating the difference between the various values of (pl, taking into account the distances between the probes [
,
,
]. 

These are just two examples why it is vital to measure the plasma potential directly and as fast as possible with a good spatial and temporal resolution. In the following we will describe two different probe methods for this purpose. 

2. BASIC FACTS ABOUT PROBES


[image: image2]
Fig. 1. – 

Typical current-voltage characteristics of a cold probe (solid line), of an emissive probe (dashed line), and of a ball-pen probe (dotted line) in a plasma with Maxwellian velocity distributions for the electrons and ions. Concerning the two latter probe types see below. 

The simplest, least expensive and easiest to handle plasma diagnostic tools are cold plasma probes which are known since their invention by Langmuir [
]. A cold probe (also called Langmuir probe) consists of a small electrode of various forms which is inserted into the plasma and externally biased with respect to the plasma potential. However, since the plasma potential is not directly accessible, the bias has to be applied with respect to the external reference electrode. A probe is called "cold" as long as it only passively registers the charge carrier fluxes towards it, but does not emit particles. These fluxes depend on the surrounding plasma, on the probe bias Vp, on the form of the electrode, and on a possible magnetic field. 

The solid line in Fig. 1 shows a typical current-voltage characteristic, Ip = Ip(Vp), of a cold probe in a conventional plasma, consisting of electrons and single-charged positive ions, where both particle species have Maxwellian velocity distributions. The other two characteristics (dashed line and dotted line) will be explained below. 

As we can see, the characteristic is asymmetric, since the ion saturation current is much smaller than the electron saturation current, wherefore the floating potential Vfl of such a probe is more negative than the plasma potential (pl. The reason for the strong discrepancy between the currents lies in the fact that the electrons have a much smaller mass than the ions and therefore a much higher mean velocity and average flux than those of the ions. The average current density of electrons and ions in a conventional unmagnetized plasma is given by: 
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 are the mean velocity of ions and electrons, Ti,e the ion and electron temperature (to be taken in eV) and me,i the electron and ion mass, respectively. 

Thus practically always je >> ji (unless Ti >> Te, which is practically never the case; on the contrary, in a normal gas discharge plasma Te >> Ti!). We note here that Eq. (2) does not yield the true value for the ion saturation current density, which should rather be calculated taking into account the ion acoustic velocity, but for our basic consideration it suffices. 

The fact that the electron flux is higher than that of the ions in the overwhelming majority of plasmas has the effect that any electrode, which is in touch with a plasma and which carries no current, becomes negatively charged; or vice-versa, the plasma adjusts itself on a positive value with respect to the electrode. 

The relation between the floating potential of a cold probe and the plasma potential in the case of a conventional Maxwellian plasma is well known from simple probe theory: 
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We see that when the electron temperature Te is known, it is in principle sufficient to measure the floating potential of a cold probe, and the plasma potential can be calculated. However, on one side is it not so easy to measure Te with sufficient accuracy, on the other side Te can fluctuate during the measurement and there can be temperature gradients in the region of investigation, which is always the case in the edge region of a hot magnetized plasma. Moreover, also the ratio between the ion and the electron saturation currents Ies/Iis cannot always be determined precisely, especially in a strong magnetic field [
]. 

An additional, often ignored fact is that the entire characteristic of a cold probe shifts to the negative side and will therefore deliver erroneous results for the plasma potential whenever there is a stronger deviation of the electron velocity distribution function from a Maxwellian, for instance when there is an electron drift or an electron beam or runaway electrons. 

In the following two chapters we will discuss two possibilities, by which the floating potential of a probe can be shifted to become equal to the plasma potential. Thereby a direct measurement of (pl becomes possible. Such a probe can, however, no longer be a simple cold probe. 

3. PROBES FOR DIRECT PLASMA POTENTIAL 
MEASUREMENTS

From the two other characteristics in Fig. 1 we see that the floating potential of a probe becomes identical to (pl when the characteristic is symmetric. This can also be proven theoretically. We note here that a symmetric characteristic will also be yielded in the case of a plasma that consists of positive and negative ions of similar mass but no electrons. In this case, provided that the two ion species have also similar temperatures, from Eq. (2) follows that the fluxes become equal. But in the case of a conventional electron-positive ion plasma, we have to resort to other means. 

In principle there are two ways to achieve an equality of the current on both sides of the characteristic and thereby a shift of the floating potential towards the plasma potential: 

· Either we compensate the plasma electron saturation current by an almost equally strong current on the negative (left-hand) side of the characteristic (dashed line in Fig. 1),

· Or we reduce the plasma electron saturation current on the positive (right-hand) side of the characteristic, until it becomes equal to the ion saturation current (dotted line in Fig. 1). 

In the following the two types of probe are discussed and typical results are presented. 

3.1. Emissive probes

3.1.1. Emissive wire probe

An electron emissive probe is usually realized by a small half-loop of tungsten or thoriated tungsten wire of a diameter of 0,2 mm. The two ends of this half-loop are pulled through the two bores of a double-bore ceramic tube and are at the other end connected by feed-throughs to an external power supply. Thus the loop can be heated to the necessary temperature (white glow ( 2500 K). In order to heat only the protruding tungsten wire loop, we have devised a method to increase the conductivity of the wires inside the bores, which prevents the heating therein. For more details see [14,
,
].

When such a probe is inserted into a plasma and heated sufficiently, in the current-voltage characteristic the electron emission current Iem is observable on top of the ion saturation current Iis (cf. the dashed line in Fig. 1). This is due to the fact that a current of electrons emitted from the probe has the same sign as the current of positive ions flowing from the plasma to the probe. An emission current can flow as long as the bias of the probe is more negative than the plasma potential. For increasing probe heating, the current on the left-hand side of the characteristic increases while the floating potential shifts to the right-hand side towards the plasma potential until a kind of saturation of this value is reached, and further heating will be to no avail. Then this value is assumed to be a sufficiently good approximation of (pl and is henceforth measured directly with a high-impendance data acquisition system, while the heating is maintained. Fig. 2 shows a schematic presentation of [image: image1.wmf](
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an emissive wire probe together with the heating circuit. 

Fig. 2. – 

Schematic presentation of an emissive probe inside the plasma together with the heating circuit. 

The theory of the determination of (pl by an emissive probe is the following: If the probe is heated externally until electron emission, the total probe current Ip, as a function of the probe voltage Vp, is given by Ip(Vp) = Ii + Iem ( Ie, where Ii,e are the ion and electron currents (not necessarily the saturation values).

We are only interested in the part of the characteristic up to the plasma potential, i.e., Vp ( (pl, where the electron current is space charge limited. Then for the ion and electron currents we have to insert: 


Is = Iis 
and
(4a)
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Then, for a Maxwellian plasma, the floating potential of the probe can be calculated by putting Ip = 0, and an analogous equation as Eq. (3) can be derived: 
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Here Vfl,em is the actual floating potential of the probe which depends mainly on the emission current. Since we are interested in the difference between the floating potential of the emissive probe and the plasma potential, we define ( as follows: 
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(6)

For the emission current we have to insert Richardson's emission law:
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with Aem being the emitting area, A* the Richardson constant, Tw the temperature of the wire (in K) and Ww the work function of the wire material. For tungsten A* ( 6(105 Am–2K–2 and Ww = 4.55 eV. 

From Eq. (5) we see that for increasing emission current Iem, the second term decreases and vanishes for Iem = Ies ( Iis, while ( in Eq. (6) becomes zero. Thus when the emission current just compensates the electron saturation current (minus the ion saturation current, but this is usually negligible), the floating potential of such a probe equals the plasma potential: Vfl,em = (pl. 

Fig. 3a shows the decrease of the magnitude of ( (here negative for reasons of better lucidity) with increasing emission current normalized to the ion saturation current. We see that for Iem/Iis ( 11 the difference reaches zero, i.e., Vfl,em = (pl. For this theoretical consideration we had to make an assumption of Ies/Iis = 12, which means the ion saturation current is about 8% of the electron saturation current. This value depends on Ti,e and on the magnetic field, which determines the effective probe area for ion and electron collection and is therefore partly questionable. 
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Fig. 3. – 

(a) Approach of the floating potential of an emissive probe to the plasma potential according to Eqs. (5,6) which increasing emission current; (b) Comparative results from an experiment in the CASTOR tokamak in Prague at two radial positions in the edge plasma region. 

This simplified treatment is true only for Maxwellian electrons, but it can be shown that also for drifting electrons the floating potential of an emissive probe is sufficiently near to the plasma potential, however, in this case Iem > Ies. 

Fig. 3b shows exemplary results of an experiment in the CASTOR tokamak with an emissive probe in the edge region where the plasma density was about 1018 m–3 and the electron temperature Te ( 10 eV [14]. CASTOR has a major radius of 40 cm and a minor radius of about 8.5 cm. The magnetic field is 1 T and the plasma current 10 kA. Shown is also the difference ( as function of Iem/Iis at two different radial positions (one inside, one outside the last closed flux surface, which is at r = 7.8 cm), but here ( = [image: image12.wmf](
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The results of Fig. 3b show a good qualitative agreement with Fig. 3a. Starting from a cold floating potential of Vfl ( +13 V, Vfl,em increases up to a saturation value of [image: image15.wmf]*
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 ( +45 V. There is, however, a discrepancy to the value of (pl ( +56 V determined from the cold characteristic. This corresponds to the discrepancy between the maximum value of (, which is –2.5 in the theoretical case (Fig. 3a) and about –1.4 in the experiment (Fig. 3b). This effect is not yet completely clarified, but seems to be due to a space charge of emitted electrons around the probe, which cannot leave the probe even for Vp ( (pl due their much lower temperature (corresponding to the wire temperature Tw ( 0.2 eV) than the plasma electrons (Te ( 10 eV). This pulls the floating potential below (pl [14,
]. In the case of the CASTOR measurements this leads to the effect that [image: image16.wmf]*
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 remains about 1.1 Te below the value of (pl determined from the cold probe characteristic. 

The floating potentials of Fig. 3b were taken from successive measurements of the characteristic for increasing probe heating current during a serious of shots of CASTOR. Fig. 4 shows examples of such characteristics where the increase of the probe current on the negative side of the characteristic and the corresponding shift of the floating potential to the right is clearly visible. The lowermost characteristic (crosses) was taken without probe heating, therefore it shows the cold characteristic from which Te and Iis were determined. The uppermost characteristic (triangles) was taken for strongest probe heating. 
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Fig. 4. – 

Three typical probe characteristics from CASTOR tokamak in Prague in the edge plasma region for increasing probe heating and thus emission current, which is indicated. 

3.1.2. Laser-heated emissive probe

Fig. 5a,b show similar results as Fig. 4 and 3b, respectively, from a very recent investigation at the VINETA plasma machine at the Max Planck Institute, Greifswald Branch, Germany [
]. This device produces an argon plasma of 10 cm diameter and 4 m length in a magnetic field of 0.1 T with a density of about 1019 m–3, an electron temperature of 3 eV and an ion temperature of 0.2 eV. The plasma is produced by a helicon discharge of less than 6 kW [
]. 

The probe consists of a cylindrical piece of lanthanum hexaboride, LaB6, with a diameter of 3.2 mm and a height of 2.2 mm. The LaB6 electrode is connected to a molybdenum wire of 0.2 mm diameter, which also provides the electrical connection to the probe. The Mo-wire was spliced with a number of copper threads and pulled through a one-bore ceramic tube to provide the electrical connection. The LaB6 electrode is heated by an infrared high-power diode laser JenLas HDL50F from the company JenOptik, Jena, Germany, with a maximum output power of 50 W and a wavelength of 808 nm. The laser beam is coupled to a conventional glass fibre of about 3 m length that ends in a lens head, by which, in a distance of 15 cm, a focus of 0.6 mm diameter can be produced. This laser-head was positioned directly on a quartz-glass window perpendicular to the direction of the probe insertion. 
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Fig. 5. – 

(a) Typical probe characteristics from the VINETA device in Greifswald for increasing probe heating by laser irradiation; the laser power and the corresponding temperature of the probe are indicated; (b) Approach of the floating potential of the laser heated emissive probe to the plasma potential versus the laser heating power. 

From Fig. 5a we see that also the laser-heated emissive probe shows the same typical behavior as a conventional emissive wire probe, i.e., the emission current supersedes the ion saturation current while the floating potential shifts to the right-hand side.) The inserted values of the electron temperature, Te = 4.12 eV, and the plasma potential, (pl = +11.6 V, have been determined from the cold I-V characteristic (for PL = 0 W) for comparison. Fig. 5b shows the variation of the floating potential of the probe with the laser heating power. Starting from the floating potential Vfl ( (3.3 V of the same but cold probe, with increasing heating power the floating potential rises. At a laser power of PL ( 13 W, the floating potential jumps up and reaches a final saturation of [image: image20.wmf]*
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 = +8.8 V for PL ( 40 W. This value lies about 2.9 Te above Vfl. We emphasize that ( here has the same meaning as in the theoretical case (see Fig. 3a), i.e., the difference between the actual value Vfl,em and (pl = 11.6 V determined from the characteristic of the unheated probe.

As in the case of the emissive wire probe (section 3.1.1.), again we see here the discrepancy between this value and the saturation value of [image: image21.wmf]*
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 = 8.8 V, which is ascribed to the formation of negative space charge sheath around the emissive probe [17]. However, in contrast to the emissive wire probe in CASTOR, here [image: image22.wmf]*
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 lies only about 0.68 Te below (pl. This is in agreement with simulations [
]. Obviously this effect still needs further investigations. 

3.2. The ball-pen probe

The other method to shift the floating potential of a probe towards the plasma potential is to reduce the electron saturation current. Coming back to Eq. (3), we see that the second term of this equation will also vanish for Ies = Iis. Obviously this cannot be achieved with a normal cold probe and especially not in an isotropic plasma. But in a strong magnetic field we can take advantage of the fact that the gyroradius of the electrons is much smaller than that of the ions. Also this is due to the much smaller mass of the electrons since the mean gyroradius is given by: 
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So, for instance, in the CASTOR tokamak with a hydrogen plasma with Te = Ti = 10 eV and B = 1 T the gyroradii for ions and electrons are approximately ri = 0.46 mm and re = 0.01 mm, respectively. 

In the sixties of the last century, Katsumata and Okazaki invented a new type of probe, which was supposed to be sensitive only to ions [
,
]. Indeed it was able to record the ion energy distribution perpendicular to the magnetic field. The idea was that in a magnetic field the electrons can be shielded off from the cylindrical collector by a ceramic tube behind which the collector is withdrawn by a distance roughly corresponding to the average ion gyroradius. The collector was movable and was inserted with the surrounding tube perpendicular to the magnetic field. On a similar principle we have constructed an ion-sensitive tunnel probe by which the ion energy distribution function could be measured ion CASTOR [
,
]. 

To measure the plasma potential, we have developed Katsumata's idea further on in order to shield of not the entire electron current but an adjustable part of it. In order to make the transition between full electron collection and no electron collection smoother, the collector has a conical tip in contrast to the original by Katsumata and Okazaki [21]. Fig. 6 shows this probe, which is also inserted perpendicular to the magnetic field into the edge region of CASTOR. Since the collector can be shifted up and down inside the boron nitride tube similar to a ball-pen we have baptized the probe accordingly. 

The coordinate h indicates the collector position with respect to the lower end of the BN tube: h = 0 means the tip lies exactly in this plane as also shown in Fig. 6. Positive values of h mean the collector is protruding; for negative values the collector is withdrawn inside the BN tube. Obviously in this latter case the electrons should not be able to reach the collector at all, whereas the ions can still pass by the shielding tube due to their larger gyroradius. 

Coming back to Eq. (3), this can be rewritten as: 

[image: image30.bmp]Fig. 6. – 

Schematic of the ball-pen probe. The collector can be shifted up and down on a shot-to-shot basis in CASTOR. The coordinate h indicates the position of the collector tip relative to the top cross section plane of the shielding BN tube. 
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Thus for Vfl becoming equal to (pl, we have to postulate that 
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While we cannot change the current densities jes,is in the plasma, what we can do with the ball-pen probe is to vary the effective areas for electron and ion collection Ae,i, depending on h and of course on the magnetic field strength. Assuming a very strong magnetic field, from geometrical consideration, in the range 1 > h ( 0 mm, we have made estimates of the effective areas for electron and ion collection as functions of h, based on which the ratio Ae/Ai becomes: 
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Estimates of the saturated current densities of the ions and electrons towards a probe in a typical CASTOR plasma with ne = ni = 5(1018 m–3 and Te = Ti = 10 eV (now taking into account that the ions should have the ion acoustic velocity), we obtain a ratio of 
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 ( 20. Inserting this and Eq. (11) into Eq. (10) delivers h ( 0.27 mm. This is within the expectations. 
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Fig. 7. – 

(a) I-V characteristics for various collector positions. h is negative when the collector is inside the shielding tube; (b) floating potential Vfl and ln(Ies/Iis) with respect to h. 
Fig. 7a,b shows analogous graphs as Fig. 5a,b. On the left, Fig. 7a shows typical current-voltage characteristics of the ball-pen probe for three values of h. These measurements have been made at a radial position of r = 7.5 cm in the edge region of CASTOR, i.e., slightly inside the last-closed flux surface, for purely ohmic discharges (this means that no edge biasing has been performed). For h = 1.5 mm (fully protruding collector) the characteristic looks like a typical characteristic of a cold probe. For h = 0.6 mm, where the collector is no longer fully exposed to the plasma, we see already a decrease of the electron saturation current with respect to the ion saturation current. And for h = –1.0 mm, both currents are almost equal. We emphasize, however, that here for better comparison the probe current has always been normalized to the value of Iis for h = 1.5 mm. 
On the right, Fig. 7b shows the dependence of the floating potential of the probe on h (squares). Coming from the right side, i.e., for positive values of h, we first obtain a value of Vfl ( –11 V. For h = 1.0 mm the floating potential begins to increase, reaching a maximum of about 24 V for h = 0. This value remains rather constant up to the left side of the graph for h = –2.0 mm. Even for smaller values of h we still are able to detect a clear value for the floating potential. From that we have to conclude that even then both particle species are able to reach the probe collector. 

The circles in Fig. 7b show the behavior of the factor ln(Ies/Iis) appearing in Eq. (3). As we have seen this quantity has to become zero in order to attain Vfl = (pl. For a normal cold probe in a magnetized hydrogen plasma this quantity is about 3 and is identical to (Vfl – (pl)/Te (see also Eq. 6) [14]. This is also the value in Fig. 7b for h = 1.7 mm. Going to the left, ln(Ies/Iis) decreases, reaching a minimum for h = –0.5 mm. This minimum is, however, not completely zero but about 0.2. Then it increases again a little bit. 

The value of Vfl ( 23 V for h = –0.5 mm has been taken as the value of the plasma potential. Further measurements have been taken be directly recording the floating potential of this probe at this value of h. The fact that in this position the collector was not exposed to the direct flux of particles in the plasma, is very beneficial since such a probe could be used even in plasmas with a much stronger particle flux without danger for the collector. 

The surprising fact that even for very much pulled in collector, electrons and ions can still reach the collector, is tentatively explained by invoking an E(B drift where the electric field is formed between the plasma and the BN tube walls which are naturally on floating potential, i.e., more negative than the plasma. There where this E-field is at an appropriate angle to the B-field the resulting E(B drift would be more or less parallel to the tube axis and thus drive both particle species into the tube. 

CONCLUSION

We have developed and discussed various types of plasma probes, by which a direct determination of the plasma potential is possible, even in the edge region of smaller toroidal fusion experiments. These probes are constructed in such a way that their floating potential yields an acceptably good measure of the plasma potential. One type is the emissive probe, of which we have presented the conventional emissive wire probe and the newly developed laser-heated emissive probe. In this case an electron emission current compensates the electron saturation current from the plasma. Another principle is used for the ball-pen probe which is based on the difference between the gyroradii of electrons and ions in a magnetic field. With these probes also the temporal development of the plasma potential can be recorded with all fluctuations, and arrangements are feasible by which the electric field in various directions can be determined directly. A certain perturbation of the plasma by such a probe can unfortunately not be avoided. But this depends also on the size of the probes and can still further be improved. 
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* Inside the ceramic tube, the W-wires are spliced with Cu-threads to increase the conductivity so that only the probe loop is heated to electron emission. 
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