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ABSTRACT

A planar electrode (collector) is immersed in a weakly magnetized discharge plasma
column with its surface perpendicular to the magnetic field lines. Positive voltage steps are
applied to the collector. If the amplitude of the potential step is high enough, additional
ionization occurs in front of the collector and a fire-rod is created. The plasma response is
measured by Langmuir and emissive probes. Time resolved measurements are performed by
standard boxcar technique. In this work results obtained with emissive probe are presented in
more detail.

1 INTRODUCTION

Phenomena occurring in front of positively biased electrodes immersed in magnetized
collisionless plasmas are of  general  interest for the edge plasmas in fusion devices. In this
work we present our experiments, where a disc electrode (collector) is immersed into a
magnetized discharge plasma column with its surface perpendicular to the magnetic field
lines.  Positive voltage steps are applied to the collector and the plasma response is measured
by the emissive and Langmuir probes.

Until now mainly Langmuir probes have been used for the diagnostics of edge plasmas
in fusion devices. Only recently a great usefulness of emissive probes has been demonstrated
on tokamaks [1]. This gives an additional importance to the study of emissive probes in
complex nonstationary conditions in magnetized plasmas in front of positive electrodes. So in
this paper we focus on the presentation of the results obtained by emissive probe.

2 EXPERIMENT

Experiments are performed in a linear magnetized discharge plasma device at the Jožef
Stefan Institute in Ljubljana, 1.5 m long, 17 cm inner diameter (figure 1).  The experimental
vessel is evacuated below 10-4 Pa. Argon is then leaked into the system. In the experiments
described in this paper the pressure was kept between 0.01 and 0.07 Pa.  Plasma is produced
by a discharge from W/Th filaments, which are heated by direct current. Primary electrons are
accelerated by a discharge voltage Vd , which is usually kept between 40 and 50 V. The
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discharge current is usually between 200 and 400 mA.  The magnetic field induction is around
0.01 T.

Figure 1: Schematic of  the experimental set-up.

Under such experimental conditions the electron temperature is between 1 and 3 eV and
the ion temperature is around 0.1 eV. Density of charged particles is 108-109 cm-3. The
Larmor radius for electrons is on the order of 0.1 mm. We estimate that the Larmor radius for
argon ions is around 2 cm.

A collector with 2 cm diameter is immersed into the plasma column with its surface
perpendicular to the magnetic field lines. A positive voltage step is then applied to the
collector. The voltage can be increased in continuous or pulsed way. In pulsed mode a very
fast field effect transistor switch is used. The switch is turned on and off by  rectangular
voltage pulses from the signal generator. These pulses are also used for triggering the
digitizing oscilloscope and the boxcar averager. When the switch is off, the collector is at the
floating potential, which is usually around –20 V with respect to the ground. When the switch
is on, the collector potential is determined by the value Va set on the power supply. Signals
from the probe are sampled and averaged by the boxcar integrator. In this way the signal-to-
noise ratio is increased and time resolved measurements are performed by varying the delay
of the sampling window with respect to the trigger pulse. The width of the sampling window
is usually 200 ns. Output signals from the boxcar are digitized and stored into the computer
for later analysis.
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Figure 2: Derivatives of the planar Langmuir probe characteristics versus the probe bias at
different times after the application of the voltage step to the collector. The black traces are
obtained with the probe turned towards the cathode and the red traces with the probe turned

towards the collector.

When a positive voltage step is applied to the collector, a fire-rod [ 2 ] can be formed in
front of it, if the voltage step and the neutral gas pressure are high enough [3]. Plasma
response to the voltage step is measured by Langmuir and emissive probes.  We use a planar
Langmuir probe with 4 mm diameter insulated on one side. For emissive probe we use a
tungsten wire with 0.2 mm diameter which forms a loop that is about 6 – 7 mm long.

3 RESULTS

Originally our intention was to measure the time development of the electron energy
distribution function (EEDF). It is well known, (see e.g. [4]) that in a magnetized plasma the
EEDF projected to the direction of the external magnetic field is proportional to the first
derivative of the electron current Ip collected by the probe with respect to the probe bias Vp.
The surface of the probe must be perpendicular to the magnetic field lines.   We have reported
on our measurements of the time development of the EEDF during the creation of the fire-rod
previously [2]. An example of such measurement is shown in figure 2. The distance between
the collector and the probe is 1 cm. Approximately 1 µs after the application of a positive
voltage step to the collector a very pronounced peak is formed in the EEDF. This peak is
related to the initial electron current overshoot to the collector. The peak disappears in 2 – 3
µs. This is consistent with the duration of the initial current overshoot. The anode plasma
electron population starts to form approximately 3 µs after the potential step to the collector
and is completed in about 6 – 7  µs.
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Figure 3: Examples of emissive probe characteristics recorded at different times after the
application of the potential step to the collector. The distance between the collector and the

probe is 1 cm.

In order to obtain additional information about the whole process we have repeated
similar measurements also with emissive probe. Examples of emissive probe characteristics
recorded at different times after the application of the potential step to the collector are shown
in figure 3. One immediately observes the following. Approximately 6 – 7  µs  after the
potential step to the collector the emissive probe starts to collect additional positive current
when the probe bias is between the plasma potentials of the “old” cathode plasma and the
“new” anode plasma. This means that the current collected by the probe, when Vp  is between
both plasma potentials is larger than the ion saturation current collected by a strongly
negatively biased probe. This additional current is collected for as long as the positive bias on
the collector is turned on – that is usually around 200 µs.

The phenomenon is additionally illustrated in figure 4. Here the first derivatives dIp /dVp
are plotted versus the probe bias Vp at various times after the application of the potential step
to the collector. First the ion saturation current is subtracted from the characteristics in the
following way. A straight line is fitted to the ion saturation part of the characteristics. Then
this line is extrapolated to the entire range of the voltage sweep of the probe and at each
voltage the value of the line is subtracted from the measured value of the probe current. In this
way we obtain only the electron current to the probe. This current is then differentiated
numerically. When the probe starts to collect additional positive current, this results in the
negative values of the derivative (figures 4 and 5).

In figure 4 derivatives of the emissive probe characteristics are plotted for various times
after the application of the potential step to the collector. Results are similar to those obtained
by the Langmuir probe (figure 2). First a new peak appears, which vanishes in approximately
2  µs and approximately 3 µs after the potential step, the anode plasma electron population
starts to form. A new element is that approximately 7 µs after the pulse the probe starts to
collect additional positive current, when the probe bias is between the “old” and the “new”
plasma potential.
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Figure 4: Derivatives of the emissive probe characteristics recorded at different times after
the application of the voltage step to the collector.  The distance between the collector and the

probe is 1 cm.

Figure 5: Derivatives of the emissive probe characteristics recorded at different times after
the application of the voltage step to the collector.  The distance between the collector and the

probe is 5 cm.
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We have decided to investigate this phenomenon in more detail, so we have varied
various parameters. First we have varied the axial distance between the collector and the
probe. If this distance is increased, the additional positive current collection by the probe
starts at a later time after the pulse.  This indicates that the phenomenon is related to the
creation of the fire-rod, which expands from the collector into the plasma column. This is
shown in figure 5, which is very similar to figure 4, only the distance between the collector
and the probe is increased to 5 cm. Note that the negative values of the derivatives start
around 14 µs after the pulse.

Figure 6: Emissive probe characteristics and the corresponding derivatives for various
heating currents of the probe Ih.

Next we examine the effect of  probe heating. In figure 6 the emissive probe
characteristics together with the corresponding derivatives are shown for various probe
heating currents Ih of the probe. The distance between the collector and the probe is 1 cm and
the characteristics are recorded 100 µs  after the application of the pulse. The duration of the
pulse is 200 µs. Additional positive current collections can be observed also at very small
emission, when electron emission current is only some 50 % of the electron saturation current
recorded at the plasma potential.

Additional positive current collection is observed also when the fire-rod is not created,
if for example the gas pressure is to low. However, in this case additional positive current
collection does not last until the end of the positive voltage pulse, but only a few µs,
depending on the gas pressure and the amplitude of the potential step. Such an example is
shown in figure 7. The neutral gas pressure is 0.02 Pa, the distance between the probe and the
collector is 1 cm. Note the negative values of the derivatives between 5 and 15 µs after the
pulse, which indicate additional positive current collection.
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Figure 7: Derivatives of the emissive probe characteristics, recorded at various times after the
application of the voltage step to the collector. The pressure is 0.02 Pa, so that no fire-rod is

created.

 Figure 8: Characteristics of the one-sided emissive probe for continuous operation of the
collector (a) and for pulsed operation (b). Characteristics of the one-sided emissive probe for
pulsed operation of the collector, with Vd = 0 with the probe turned towards the cathode (c)

and towards the collector (d). The potential step Va to the collector is varied.
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Then we have insulated the emissive probe on one side with mica insulator.  Some
measurements with such “one-sided” emissive probe are shown in figure 8. In figure 8 (a)
characteristics obtained with the probe turned towards the cathode (black) and towards the
collector (red) are shown, with the collector bias kept constant. In figure 8 (b) similar
measurement is shown with the collector operated in pulsed mode. The duration of the pulse
is 200 µs and the characteristics are recorded 100 µs after the application of the potential step.
Additional positive current collection occurs when the probe is turned towards the collector.
Next we turn off the plasma production by putting the discharge voltage Vd at the plasma
source to zero. The neutral gas pressure (argon) is kept constant at approximately 0.07 Pa. We
take the current-voltage characteristics of the emissive probe with  both orientations of the
probe at various amplitudes of the potential step Va applied to the collector (figures 8 (c) and
(d)).  Same as before, the duration of the pulse is 200 µs and the characteristics are recorded
100 µs after the application of the potential step.  When the probe is oriented towards the
plasma source, we observe the expected form of the characteristic. As long as the probe bias
Vp is below a certain value Vp0 (which is around –15 V in figure 8 (c)), electrons are emitted
from the hot probe and the corresponding current is measured. When the probe bias exceeds
Vp0, the emitted electrons are attracted back to the probe and the measured probe current is
zero, because there are no other charged particles present in the experimental vessel. When
the probe is turned away from the collector, the bias Vp0  depends very little on Va, although
the distance between the collector and the probe is only 15mm. But when the probe is turned
towards the collector, Vp0 depends strongly on Va. Furthermore, we observe (figure 8 (d)) that
the electron emission current from the probe increases, when the probe bias approaches Vp0
from the negative side. This indicates that additional positive current collection, observed
during the creation of the fire-rod is (at least partially) due to the increased electron emission
from the probe. Increased electron emission from the probe is probably caused by interaction
between the probe and the collector. It is very probable, that when a fire-rod is created, the
increased electron emission is not the only reason  for the increased positive current collected
by the probe. Results shown in figures 4, 5 and 7 indicate that additional positive current
collection is related to the ionization process during the creation of  the anode plasma after the
application of a positive potential step to the collector.

4 CONCLUSIONS

We have experimentally investigated the creation of a fire-rod in a weakly magnetized
discharge plasma column. Such plasmas are generally considered to be collisionless, although
this question deserves a more detailed discussion (see e. g. [5]). In this work results obtained
by an emissive probe are presented. They are in good agreement with results obtained by
Langmuir probe presented earlier [2].  The fire-rod starts to form at the collector
approximately 3 µs after the application of the potential step. The process of the formation
lasts approximately 6 – 7  µs. But an unexpected phenomenon is observed, which has, to the
best of our knowledge, not yet been reported in the literature. This is additional positive
current collection by the emissive probe, that starts approximately 6 – 7  µs after the
application of the potential step to the collector. Additional positive current collection is
caused by space charge effects that take place around the probe. Because of the interaction
between the positive collector and the probe, the potential barrier that prevents electron
emission from the probe is decreased, when a micro discharge is formed between the probe
and the positive collector. The additional positive current collection is observed only, when
the collector is operated in a pulsed mode. This indicates that plasma memory effects are
important for this phenomenon. The plasma memory is much longer than the inverse values
of any of the plasma frequencies.
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