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ABSTRACT

We have recently started to use electron-emissive probes for direct measurements of the
plasma potential and its fluctuations in the edge region of the plasma ring in the tokamak
ISTTOK in Lisbon, Portugal. This method is based on the fact that the electron emission cur-
rent of such a probe is able to compensate electron temperature variations and electron drifts,
which can occur in the edge plasma region of magnetized fusion devices, and which are
making measurements with cold probes prone to errors. In this contribution we present some
of the first results of our investigations in ISTTOK.

1 INTRODUCTION

Among the most important parameters of an ionized gas or plasma is the so-called
plasma potential Φpl, which is a function of the spatial distribution of the electron and ion
density ne,i, respectively, and which is governed by the well known Poisson equation:
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Here x is the coordinate vector, t the time, ρ the electric charge density and ε0 the per-
mittivity of vacuum. We have assumed a plasma consisting of electrons and single-ionized
positive ions, as it is mostly the case in fusion experiments. All theoretical and numerical ap-
proaches for describing a plasma will, among others, deliver this parameter as an important
result. In order to compare the theoretical results with the experiments, we have thus to meas-
ure Φpl(x,t) with sufficient accuracy. This is especially vital in hot magnetized plasmas, where
particle and energy confinements are governed by electric fields and their fluctuations [1].
And electric fields are determined by the plasma potential. In this context, a radially varying
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Reynolds stress R ∝ ϑEEr
~~ , where rE~  and ~Eϑ , are the radial and poloidal components of

the electric field fluctuations, respectively, seems to play a decisive role [2].
The usual approach to measure the plasma potential is to use a cold plasma probe (or

Langmuir probe) and either
(i) to record its current-voltage characteristic Ip(Vp) or
(ii) simply to take the floating potential Vfl of the probe as an approximation of the plasma

potential.
In the former case, (i), the value of Φpl can be taken from the inflection point, close to

the so-called "knee" of the characteristic where the electron saturation current region begins.
However, when the temporal evolution of Φpl is required, with this method it can only be
measured with the repetition frequency with which the current-voltage characteristic is
scanned; and this is necessarily low, usually being around 1 kHz.

In the latter case, (ii), a more precise value of the plasma potential can be found by the
relation

Φpl = Vfl + µTe, (2)

which is well known from the theory of cold probes, where in the simplest case µ =
ln(Ies/Iis) (with Ies and Iis being the ion and electron saturation currents to the probe, respec-
tively, and Te the kinetic electron temperature, measured in eV). So in this case, in addition to
the floating potential Vfl(x,t), Te(x,t) has to be constantly monitored. This is especially difficult
when there are strong fluctuations of Te and/or when there are spatial gradients of the electron
temperature, which is regularly the case in the edge regions of hot magnetized plasmas.

An additional, often overlooked fact is that both methods are only valid when the ions
and especially the electrons have purely Maxwellian velocity distribution functions (VDF).
Any considerable deviation from a Maxwellian VDF (for instance due to an electron drift or
an electron beam) will cause a distortion of the characteristic and will shift the "knee" to val-
ues more negative than Φpl. This is due to the ability of drifting electrons to overcome the re-
pelling electric field in the probe sheath according to their kinetic energy and thereby to
simulate a "knee" for values below the actual value of Φpl. Drifting electrons or even electron
beams are often present in hot magnetized plasmas, on one side due to the tokamak mecha-
nism as such, and on the other side for instance due to biased limiters or other electrodes in
the edge plasma region.

All the above mentioned problems can be circumvented when a probe is used, which
not only passively registers the flux of plasma electrons and ions (as the cold probe) but ac-
tively emits an electron current [3,4,5,6,7,8,9]. An electron emission current will be able to
flow from the probe to the plasma as long as Vp is below the plasma potential Φpl, without
being affected by the flow of plasma electrons or by electron temperature fluctuations. For
Vp ≥ Φpl, the emission current drops and electron collection begins to dominate the probe cur-
rent. Also in this case, the inflection point of the characteristic is the most precise measure of
the true value of the plasma potential [3], but usually simply the floating potential of the
emissive probe can be taken as a sufficiently accurate measure for the plasma potential. There
are, however, restrictions of this method when the electron emission becomes too strong and a
space charge of emitted electrons forms around the probe [10,11].
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2 EXPERIMENT

Figure 1: Schematic of a typical tokamak, as for instance the Instituto Superior Técnico
Tokamak "ISTTOK" in Lisbon. The plasma ring is confined by a superposition of a toroidal

magnetic field (produced by the external poloidal coils) and a poloidal magnetic field which is
produced by the toroidal plasma current itself.

2.1 The Instituto Superior Técnico Tokamak (ISTTOK)

The toroidal vacuum vessel of ISTTOK has a major radius of 0.46 m. The plasma ring
has a minor radius of a = 85 mm, determined by a metallic limiter, which can also be biased
in order to vary the conditions in the edge plasma region. After evacuation, before each dis-
charge, the chamber is filled with H2 up to a pressure of around 10–4 mbar. Each tokamak dis-
charge has a duration of up to 40 ms. The strength of the toroidal magnetic field on the minor
axis is usually 0.5 T, the toroidal plasma current is typically 9 kA. The maximum attainable
plasma density is on the order of 5×1018 m–3 and the electron temperature is in the range of
80 - 220 eV. In the edge plasma region the density drops to values around (5 - 10)×1016 m-3,
and Te is on the order of 10 eV [12,13]. Fig. 1 shows a schematic of a tokamak of the IST-
TOK type.

2.2 The emissive probe array in ISTTOK

In order to measure an approximate radial profile of the plasma potential and its fluc-
tuations simultaneously during one discharge, in ISTTOK an array of three emissive probes is
mounted on one of the flanges. Each probe consists of a ceramic tube (Al2O3) of 2.8 mm outer
diameter and slightly different lengths around 65 mm. Each of the Al2O3 tubes has four bores
of 0.5 mm diameter. Through two opposite bores, a 0.2 mm diameter tungsten wire is inserted
in such a way that on one side of the tube (at the "hot end") a W-wire loop of an approximate
total length of 5 mm is formed. More details about this probe construction can be found in
[6,8]. For heating the probes, three 12 V lead batteries together with appropriate regulating
electronic circuits have been used. It has turned out that each probe has to be heated with
about 7.2 A to achieve sufficient electron emission.

The three probes are mounted at a distance of 20 mm from each other, and the tips of
the loops of all three probes are situated on the same poloidal meridian, i.e., they have the
same toroidal coordinate ϕ, but different poloidal positions ϑ. Their lengths are such that the
probe tips are on different minor radii r1 = 86 mm, r2 = 89 mm and r3 = 92 mm. With a =
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85 mm all three probes are thus in the shadow of the limiter, but not directly in contact with
the core plasma. Fig. 2 shows this arrangement schematically.

Figure 2: Schematic of the array of three emissive probes inserted in ISTTOK. The probes
are situated on the same poloidal meridian. Their minor radii are r1 = 86 mm, r2 = 89 mm and

r3 = 92 mm.

3 RESULTS

3.1 The basic behavior of the probes

Figure 3: Electronic circuit for heating an emissive probe and for scanning the current volt-
age characteristic with a frequency of about 1 kHz. The heating power supplies are three Pb-
batteries which are preferable in order to avoid 50 Hz noise from conventional power sup-

plies. The characteristics are sampled with a frequency of about 100 kHz.

In order to record the current-voltage characteristics of all three probes simultaneously,
three electronic circuits are applied to the probes, by which the probe voltage can be scanned

Probe 1, r1 = 86 mm
Probe 2, r2 = 89 mm
Probe 3, r3 = 92 mm

Tungsten wire,
0.2 mm diam.

Ceramic
tube,
Al2O3
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between ±150 V, and simultaneously also the currents through the probes are registered. One
such electronic circuit is shown in Fig. 3.

According to the theory [9], for typical edge plasma conditions the floating potential of
a cold probe Vfl is about 2.5Te below Φpl, i.e., in Eq. (2) µ = 2.5. For increasing electron emis-
sion from the probe, i.e., by increasing the heating current in the probe loop, the floating po-
tential of the probe approaches Φpl according to the formula
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where Iem is the electron current emitted from the probe. Since always Iis << Ies, the
floating potential reaches the plasma potential for Iem ≅ Ies. But this theory is only valid for
purely Maxwellian VDFs of the electrons.

Fig. 4 shows typical current-voltage characteristics, as they can be recorded during each
ISTTOK shot, for increasing electron emission current. The lines show appropriate fits ac-
cording to the theoretical formula given in [9]. We observe that the floating potential of the
probe (i.e., the crossing point of the characteristic with the Vp-axis) indeed moves to the right
for increasing emission current. Moreover, for a certain value of the emission current, namely
Iem > 10 Iis ≅ Ies, the floating potential stops to increase further but settles down to a saturation
value which we consider to be the plasma potential. Also this agrees well with the theory (cf.
Fig. 4 in Ref. [9], see also [14]).
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Figure 4 Four typical probe characteristics, taken with the cold and then heated probe 2 at
three different heating currents (from ISTTOK). From the fitted lines we see that the floating
potential of the probe increases with the emission current, approaching the true value of the

plasma potential.

3.2 Temporal variations of the plasma potential

As mentioned above, fluctuations of Φpl, respectively of the electric field in the edge re-
gion of a hot magnetized plasma, especially of a toroidal tokamak or stellarator plasma seem
to have a decisive influence on the stability of the entire plasma and to govern the radial
plasma loss across the magnetic field. In view of this, we have started to measure the temporal
behavior of Φpl in the ISTTOK with our three-probe array. Fig. 5 shows the raw probe signals
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of the three probes during a shot of ISTTOK. In this case, after having determined the neces-
sary probe heating currents from the characteristics, and switching on the probe heating a few
seconds before each shot, the floating potentials of the emissive probes have been directly re-
corded from which both, the dc and the ac behavior can be deduced.

From the raw signals in Fig. 5 the power spectra were calculated. This is shown in Fig.
6 on a double-logarithmic scale. We see that in a certain range of frequencies, the spectral
power density shows a linearly decreasing behavior. The straight lines are fits according to
the law f–α, with α being around 1.9. For a so-called flicker noise spectrum [15], α should be
exactly one. Such a spectrum could be an evidence that the edge region is a result of self-
organized criticality [2]. This question will be one of the main goals of future experiments
with our emissive probes in various types of toroidal fusion devices.

Figure 5 Raw signal of the floating potential (which here corresponds to the plasma potential)
from the three emissive probes (from ISTTOK) without limiter biasing.
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Figure 6 Power spectra of the three probe signals of Fig. 5. In the range of about 200 < f <
60000 Hz linear fits of the power spectral density shows linearly decreasing behaviors ac-

cording to the formula f–α, with α being around 1.9.



702.7

Proceedings of the International Conference Nuclear Energy in Central Europe, Portorož, Slovenia, Sept. 10-13, 2001

4 CONCLUSION

In our investigations in the ISTTOK we have proven for the first time that emissive
probes can be used not only in laboratory plasmas but also in the environment of the hot and
dense plasma of a small fusion experiment [8]. We have shown that, in agreement with the
theory, the floating potential of a probe, which is heated with increasing heating currents until
electron emission, approaches the true value of the plasma potential. Therefore such an emis-
sive probe can be used for measuring not only the static plasma potential and its spatial be-
havior [9] but also the temporal evolution of Φpl. With the arrangement of three emissive
probes in ISTTOK we can also measure approximate radial profiles of Φpl and of its fluctua-
tions and can thereby find more evidence for the radial transport of plasma across the mag-
netic field driven by fluctuating electric fields.
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