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ABSTRACT

Positive voltage steps are applied to a plane electrode immersed in a weakly magnetized
discharge plasma column with its surface perpendicular to the magnetic field lines. Steps of
different amplitude are applied  at various neutral gas pressures. If the amplitude of the
voltage step and the gas pressure are high enough, additional discharge occurs in front of the
anode and a fire-rod is created. In this work time development of the electron distribution
function is measured using Langmuir and emissive probes. The formation of the anode
plasma electron population is followed on the derivatives of the probe characteristics. Results
obtained by Langmuir and emissive probes are compared and are found to be in good
agreement.

1 INTRODUCTION

In recent years considerable attention has been given to the formation of double layers.
Double layers consist of two space charge layers in close proximity. Such layers extend for
several Debye lengths and they represent a spatially localized potential barrier between two
quasineutral plasmas with different space potentials. In laboratory experiments double layers
have been studied in magnetized [1] and nonmagnetized [2] plasmas. Anode type double
layers are created by an anode, which is immersed into the basic (cathode) plasma and biased
to a high positive voltage. In this way  electrons from the cathode plasma  are accelerated to
sufficient energies to ionize neutral gas atoms. Additional discharge occurs in front of the
anode and new quasineutral plasma is created by impact ionization of neutrals by accelerated
electrons. This newly created plasma is called anode plasma and has a higher space potential
and density than the cathode plasma. Both plasmas are separated by the double layer. The
anode plasma also has brighter color than the cathode plasma. If the plasma is not
magnetized, the anode plasma obtains spherical shape. Because of that and of the bright color
of the anode plasma this phenomenon is often called ‘fire-ball’ [2]. If the magnetic field is
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present, the fireball is elongated in the direction of the magnetic field and obtains cylindrical
shape called ‘fire-rod’ [1].

Statical [2,3] and dynamical [4,5] properties of anode type double layers have been
studied. Particle distribution functions have been investigated in computer simulations. To our
knowledge experimental studies of temporal development of the electron distribution function
(EDF) during the creation of  a fire-rod have not yet been reported. Hollenstein [6] has created
a strong double layer in a triple plasma machine by application of a potential difference
between two plasma sources and measured time dependence of electron and ion distribution
functions during the formation of potential jumps in the plasma column. But temporal
development of the EDF during the creation of a fire-rod or fireball by an anode immersed in
plasma has to our knowledge not yet been measured.

2 DETERMINATION OF THE ELECTRON DISTRIBUTION FUNCTION FROM
A LANGMUIR PROBE CHARACTERISTICS

Velocity analyzers [7] and Langmuir probes [8,9]  have been used successfully to
measure the EDF’s in various experiments. The main advantage of the probe is that it is
smaller than the analyzer and therefore less perturbing for the plasma. It is well known [10]
that any isotropic  EDF is proportional to the second derivative of the electron current
collected by a Langmuir probe with respect to the probe bias d2Ip / dVp

2, where the probe bias
is measured with respect to the plasma potential Vs;  Vp = Up  - Vs , where Up  is the probe bias
measured with respect to the ground. The main disadvantage of this method is that double
differentiation of the probe characteristics greatly amplifies the noise, which is always present
in the plasma physics experiments. In magnetized plasmas the EDF is expected to be
anisotropic. The EDF projected to the direction of the magnetic field is proportional to the
first derivative of the one-sided planar Langmuir probe characteristics. An extensive study on
this subject was made by Woods and Sudit [11].  For a planar probe the EDF projected to the
direction of the magnetic field FB  is given by
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Here e0  is the absolute value of the electron charge, me is the mass of electron, Ap is the
surface of the probe and Ip  is the electron current collected by the probe. Note that Vp is
negative so that the quantity under the square root is positive.

 Similar studies have been performed also for cylindrical Langmuir probes [9]. It has
turned out that if the Larmor radius for electrons is much smaller than the length of the probe
the EDF projected to the direction of the magnetic field is proportional to the first derivative
of the probe characteritics dIp /dVp, very similar as for the planar probe. The cylindrical probe
can be oriented either parallel or perpendicular to the magnetic field lines.

3 EXPERIMENT

Experiments are performed in a linear magnetized discharge plasma device at the J.
Stefan Institute in Ljubljana  (Fig. 1). The experimental vessel is evacuated below 10-4 Pa.
Then argon is leaked into the vacuum system.  The pressure is kept between 0.01 and 0.07 Pa.

Plasma is produced by a discharge from W/Th filaments heated by direct current.
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Figure 1 Schematic of the experimental set-up.
Primary electrons are accelerated by a discharge voltage Ud = 40-50 V and plasma is created
by impact ionization. The discharge current is kept between Id = 120-400 mA. Plasma is
confined by axial magnetic field, which has the density B = 0.01 T. The electron temperature
is approximately kTe  = 2 eV and ion temperature is approximately kTi = 0.1 eV. Larmor
radius for electrons is approximately rLe = 0.2 mm and Larmor radius for Ar ions is
approximately rLi = 2 cm. The plasma density is between 108  and 109 cm-3. Positive voltage
pulses are applied to a 2 cm diameter anode using a fast transistor switch. The switch is turned
on and off by rectangular pulses from the signal generator. Those pulses are also used as a
master trigger for the entire experiment. The on and off times of the switch can be varied and
they are usually chosen to be between 200 and 400 µs. When the switch is off the anode is at
the floating potential which is usually around Vf  = -20 V. When the switch is on, the anode
bias Ua is determined by the external power supply.

Time resolved measurements of the probe characteristics are performed using the
standard boxcar technique. Temporal resolution is about 0.2 �s. The characteristics are
digitized and stored in a computer for further analysis.
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4 EXPERIMENTAL RESULTS

In Fig. 2 the first derivatives of the characteristics taken by a one-sided planar Langmuir
probe are shown for different times after the application of the voltage step to the anode.
Before the application of  the voltage step, the anode is floating. Only one electron population
– the cathode plasma electrons – can be observed on the derivatives, i.  e. electron distribution
functions. The black traces are obtained when the non-isolated surface of the probe is turned
towards the plasma source and the red traces are obtained when the collecting surface is
turned towards the anode.

It can be clearly observed how the anode plasma electron population starts to form
approximately 3 µs after the voltage step. The process of the formation lasts some 6 – 7  µs
and is completed in roughly 10 µs after the voltage step. In the same time the cathode plasma
electron population gradually vanishes. Results shown in Fig. 2 were obtained with the probe
1 cm away from the anode. If the distance is increased, the anode plasma electron population
starts to form later. This is an indication that the fire-rod is created at the anode and then
expands towards the plasma source.

Anode interesting phenomenon can be observed, which is of transient nature.
Approximately 0.8 µs after the application of a positive voltage step to the anode a very
pronounced additional peak appears on the dIp /dUp  versus Up  plot. This peak spreads very
quickly – it disappears in about 2  µs. For the distances between the probe and anode up to 10
cm it has been verified that there is no delay in appearance and disappearance of the transient
peak. This transient phenomenon has already been investigated [11] to some extent. The
potential at which the transient peak is centered increases, if the amplitude of the voltage step
is increased and decreases if the pressure is increased. Also the width of the peak increases, if
the amplitude of the step is increased. This transient phenomenon is observed also if the gas
pressure is so low that the fire-rod is not created, when the voltage step is applied to the
anode.

Similar measurements were performed also with cold (Fig. 3) and hot (Fig. 4) emissive
probe. Cold emissive probe is equivalent to a cylindrical Langmuir probe. Derivatives shown
in Fig. 3 were recorded at 1 cm distance between the probe and the anode. Results are very
similar to those obtained by the plane Langmuir probe (Fig. 2). Again the formation and
disappearance of the transient peak in first 3  µs is  observed but not so good as with planar
probe. Also the process of the formation of the anode plasma electron population can be
followed very well. Both phenomena can be observed even better also with the hot emissive
probe (Fig. 4). On the characteristics of the hot emissive probe another phenomenon can be
observed. Some 6 µs after the voltage step the probe starts to  positive current  to the probe
increases when the probe bias is between the “old” cathode plasma potential and the “new”
anode plasma potential. This creates an additional knee on the probe characteristics, which
results in negative value of the derivative dIp /dUp. After it is created this “knee” then persists
for as long as the fire-rod is turned on. If the distance between the probe and the anode
increases, time delay between the voltage pulse to the anode and the appearance of the knee
on the characteristics increases also.
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Figure 2    The first derivatives dIp /dUp  versus Up for various times after the application
of a positive voltage pulse to the anode recorded by a one-sided plane Lagmuir probe.
The distance between the probe and the anode is 1 cm. Black traces are obtained with
the collecting surface of the probe turned towards the plasma source and red traces are
obtained with the collecting surface of the probe turned towards the anode.
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Figure 3   The first derivatives dIp /dUp  versus Up for various times after the application
of a positive voltage pulse to the anode recorded by a cold emissive probe. The distance
between the probe and the anode is 1 cm.



Tomaž Gyergyek, Milan Čerček page 7 of 9
EXPERIMENTAL INVESTIGATION OF THE CREATION OF A FIRE-ROD BY LANGMUIR AND…

Proceedings of the International Conference Nuclear Energy in Central Europe, Bled, Slovenia, Sept. 11-14, 2000

Figure 4    The first derivatives dIp /dUp  versus Up for various times after the application
of a positive voltage pulse to the anode recorded by a hot emissive probe. The distance
between the probe and the anode is 1 cm. Note the negative values of the derivative in
the potential region between the old cathode plasma potential and the new anode plasma
potential.
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5 DISCUSSION AND CONCLUSIONS

Time development of the EDF during the creation of a fire-rod by the application of a
positive voltage step to an anode immersed in a magnetized discharge plasma column was
followed experimentally. The anode plasma electron population at the anode approximately 3
µs after the application of the voltage step to the anode and is formed in some 6 – 7 µs.  The
fire-rod expands from the anode towards the plasma source. Approximately 0.8 µs after the
voltage step  an interesting transient phenomenon is observed. A very pronounced peak
appears on the derivative of the probe characteristics. This peak spreads very quickly – it
disappears in about 2  µs. For the distances between the probe and anode up to 10 cm it has
been verified that there is no delay in appearance and disappearance of this phenomenon. The
potential at which the new peak is centered increases, if the amplitude of the voltage step is
increased and decreases if the pressure is increased. Also the width of the peak increases, if
the amplitude of the step is increased. This transient phenomenon is observed also if the gas
pressure is so low that the fir-rod is not created, when the voltage step is applied to the anode.

A possible explanation for this peak could be the following. Positive electrode draws
electrons from the plasma column. Electrons move very easily along the magnetic field lines
and so the plasma potential increases almost simultaneously along the entire plasma column.
But such high potential plasma can not exist for long time. In about 2 µs the plasma potential
either decreases to a lower value, or a fire-rod is created if the pressure is high enough, so that
enough neutral atoms for ionization are present. On the derivatives it can be seen that all the
time during the appearance and disappearance of the transient peak the old cathode plasma
electron population still exists, as if it was an electron beam present in the new transient
plasma. This would imply the existence of a potential structure that accelerates the beam of
cathode plasma electrons and travels from the anode towards the cathode (about 1.2 m) in
about 2 µs with the velocity around 600 km/s, which is close to electron thermal velocity

ee mkT / . Existence of such a traveling potential structure was not confirmed by our
measurements but nevertheless this remains a very probable assumption. More light could be
shed on this problem by afterglow measurements. We plan such investigations for the near
future.

Another interesting phenomenon is the additional increase of  positive current to the hot
emissive probe, when the probe bias is between the cathode plasma potential and the anode
plasma potential. This gives rise to an additional knee on the probe characteristics. It starts a
few microseconds after the voltage step and then persists until the fire-rod is turned on. We
have already done some further investigations of this phenomenon and here we briefly
describe some experimental results without figures and draw possible conclusions. Close to
the anode the knee on the probe characteristics appears some 6 µs after the voltage step to the
anode. This means that the knee appears when the formation of the anode plasma is already
well in progress. If the distance between the probe and the anode is increased, this time
increases. This is in agreement with the expansion of the fire-rod away from the anode. We
have done measurements at various neutral gas pressures and with various amplitudes of the
voltage step to the anode and various probe heating. The results indicate that the appearance
of the knee is very probably related to the ionization process in front of the anode. The knee is
observed also if the ionization rate is not sufficient to create the anode plasma and the fire-rod
is not created. Also the probe emission has to be above certain limit in order to observe the
knee. The knee is observed only when the anode is operated in the pulsed mode. If the bias of
the anode is kept constant we obtain the usual emissive probe characteristics of the anode
plasma. We have varied the duration of the pulses, but we were not able to go above several
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hundred µs. In the interval between 50 and 500 µs the pulse duration has almost no effect to
the shape of the knee. Additional positive current is collected, when the probe bias is between
the old cathode plasma potential and the new anode plasma potential and the anode is
operated in the pulsed mode. This fact together with the hysteresis observed on the
characteristics of the anode, when Ua is varied slowly indicates, that the plasma has certain
ability to memorize its history, as has been argued by Sanduloviciu and coworkers [5].
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