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Abstract

Experiments are reported showing the plasma potential response when a step voltage is

applied over the plasma column between the two plasma sources in a triple plasma machine.

The time resolution is sufficient to resolve potential variations caused essentially by the

electron motion, and two independent probe methods are used to obtain this time resolution.

Depending on the initial conditions two different responses were observed on the time

scale of the electron motion. When the initial ion density varies along the plasma column and

has a local minimum (that is, forms an ic> density cavity), the applied potential drop

becomes distributed over the cavity aft .- ? ;w electron transit times. Later the profile

steepens to a double layer on the time t of the ion motion. The width of the cavity is

comparable to the length of the plasrr u n> .mn. When the initial density is axially uniform,

most of the potential drop instead core» nt ates to a narrow region at the low potential end of

the plasma column after a few electror vjisit times. On the time scale of the ion motion this

potential drop begins to propagate irfy n e plasma as a double lay r.

The results obtained are con i ;nt with those from nume» ical simulations with similar

boundary conditions. Further exper." *nts are necessary to get conclusive insight into the

voltage supporting capability of an ic ? density cavity.



1. Introduction

Electric double layers (DL) have been studied experimentally in different plasma machines,
but the significant mechanisms in different processes for DL formation are still unclear.
Many laboratory experiments have been made in double plasma machines using a single
plasma source at one end. These machines require a relatively high background density of
neutral atoms because local ionization by electron impacts with neutral atoms is needed to
maintain the plasma. When a sufficiently large electron current is drawn to an anode in such
a plasma, the anode sheath is converted into a double layer (Torvén and Andersson 1979,
Torvén and Lindberg 1980, Andersson 1981, Fujita et al. 1984, Stenzel et al. 1981, Merlino
et al. 1984, Plamondon et al. 1988). It has been proposed (Torvén and Andersson 1979) that
the significant mechanism for the formation of the double layer is the generation of positive
ions in the anode sheath by electron impacts with neutral atoms. The importance of this
process has been confirmed in later investigations (Andersson and Sörensen 1983, Cooke
and Katz 1985). Ionization phenomena also limit the voltage drop over steady double layers
to some tens of volts.

Most of the effects of ionization phenomena are avoided by using a differentially pumped
triple plasma machine. This has two gas discharge plasma sources, one on each side of a
central chamber. Between the sources a plasma column is maintained and radially confined
by an axial magnetic field. The neutral atom density in the central chamber is kept much
lower than in the sources where a certain minimum neutral atom density is required to get
quiescent discharges. The plasma column can be considered approximately as collision free.
Circular apertures, which connect the sources and the central chamber, define the radius of
the plasma column. Stationary double layers can be produced simply by applying a voltage
drop between the sources, and the voltage drop over the double layer can be controlled by
the applied voltage drop. Double layer drops up to several kV have been observed (Torvén
1982) in contrast to the small voltage drops obtainable over the "ionization double layers"
described above. This paper describes experimental investigations of the dynamic response
of the plasma in a triple plasma machine when a step voltage is applied between the plasma
sources. In the final steady state, a double layer is formed.

The formation of a double layer has already been studied in the plasma column of a Q-
machine (Iizuka et al. 1982,1985). A step voltage was applied between the two hot plates
emitting electrons and ions at each end of the plasma column, and the dynamic plasma
potential response was studied. After a few electron transit times most of the the applied
drop was found to be concentrated to a narrow region at the cathode plate. Here an electron
transit time is defined as the time an electron moving with the thermal speed needs to travel
between the plates. On the time scale of the subsequent ion motion this potential drop began
to move into the plasma as a double layer. The electron injection at the boundaries was
"electron rich", i. e., sheaths at the plates reflect the excess of the injected electrons. In the



3
initial, steady state the Q-machine plasma column was axially uniform. In this work it will be

shown that the result from the Q-machine experiment can be reproduced in the triple plasma
machine when the plasma column is kept as homogeneous as possible in the initial state.

As a new experimental result it will be shown that a quite different plasma potential response
is obtained when the initial ion density has a local minimum thus forming an ion density
cavity. The importance of ion density cavities for the voltage supporting capability of a low
density plasma has already been demonstrated by numerical simulations (Rowland and
Palmadesso 1987, Bohm andTorvén 1990).

In the triple plasma machine the axial ion density profile can be varied by running the
machine in different modes. For identical source parameters a density minimum can be
produced halfway along the plasma column which forms a cavity with a width comparable to
the length of the column. Asymmetric cavities can also be obtained. The response observed
after about an electron transit time was a potential profile that varied almost linearly over
most of the length of the plasma column, and the electron emission from the low potential
source was limited by a potential minimum. A double layer formed on the time scale of the
subsequent ion motion by a steepening of this profile. The boundary conditions are similar to
those in the Q-machine experiment At the apertures of the plasma sources, potential drops
exist which reflect some of the source electrons back to the source and accelerate source ions
into the central chamber. A detailed description of the triple plasma machine and its
operation modes is given in Section 2.

The result obtained shows that an ion density cavity may support very large potential drops
for several electron transit times. Such potential drops are usually called anomalous potential
drops since the plasma is collision free. In contrast to a double layer, which has a spatial
scaling constant equal to a Debye length, the extension of the cavity potential drop is
determined by the cavity width. The cavity potential drop evolves slowly into a double layer
on the time scale of the ion motion. In view of this result one may expect that the existence
of ion density cavities strongly modifies the voltage supporting capability of the plasma.
This may be the case when periodic density modulations are excited in a plasma by a non-
linear, low frequency ion wave as has been demonstrated in numerical simulations with
periodic boundary conditions (Rowland and Palmadesso 1987).

Our first experiments demonstrating this new type of plasma potential response have already
been presented in a conference report (Bohm and Torvén 1987). These investigations were
the stimulus for further studies by numerical simulations (Bohm and Torvén 1990). The
similarities between the experimental results and these numerical simulations will also be
discussed below. The boundary conditions in the simulations resembled those in the
experiments, and the natural ion to electron mass ratio was used to obtain a realistic
distinction between the electron and ion motion. The simulations cover about three electron
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transit times which corresponds to about 1 (is in the experiments. The time resolution of the

potential measurements in the experiment is accordingly of crucial importance for any

comparison with the simulations. The different methods, which have been used to improve

and check the time resolution of the potential measurements by electron emitting probes, are

described in Appendices A2 and A3. A rise time of 0.3 us was achieved. Plasma potential

variations occurring during this time are essentially caused by the electron motion because
the initial ion density profile is not significantly perturbed during such short time intervals.
Phenomena occurring on the time scale of the electron motion are also tractable theoretically
since the positive ions may be considered as stationary as a first approximation. A theoretical
model explicitly giving the cavity potential drop has been presented (Bohm and Torvén
1990). In earlier measurements of potential profiles in the triple plasma machine (Carpenter
and Torvén 1987) the time resolution was insufficient to show changes of the potential
profiles within a few electron transit times.

The measurements of the dynamic potential profiles are described in Section 3 where also
the correlation to the initial ion density profile is demonstrated. The results are discussed and
the conclusions are presented in Section 4.

2. The triple plasma machine

The triple plasma machine, which is shown schematically in Fig.l, has been described
elsewhere (Torvén 1982, Torvén et al. 198S). Coaxial plasma sources are located
symmetrically on each side of the central chamber. Separate discharges in argon between the
arrays of filaments, F{ and F2, and the source chamber walls produce plasmas in the sources.
These connect to the central chamber by the circular apertures (no grids are used) of a
diameter of 3 cm in the end plates of the central chamber. The end plates of the central
chamber can be given bias voltages or can be grounded separately. The apertures in the end
plates determine the diameter of a 60 cm long plasma column in the central chamber where
the plasma is confined radially by a homogeneous magnetic field variable up to 40 mT.
Since the aperture diameter is small compared to the diffusion pump diameter (25 cm), it is
possible to maintain sufficiently high density of argon atoms in the sources for their proper
operation (10 to 100 mPa) while simultaneously the density in the central chamber is only a
few percent of the one in the sources. This minimizes the importance of ionizing processes in
the chamber. The plasma there consists mainly of ions and electrons coming from the
sources. It is this property that allows the production of very strong double layers in this
device, and the potential drop over the double layer is approximately proportional to the drop
applied between the sources.

In the steady state there are potential drops of the order of kBTe /e at the apertures separating
the plasma column and the sources. These aperture potential drops work in the same way as
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the sheaths in a Q-machine operated in the election rich regime. They reflect some of the
electrons back to the source and accelerate source ions into the central chamber. This mode
of operation is obtained when the end plates of the central chamber receive the ion saturation
flux from the source plasma, and this is achieved by using insulating glass plates covering
those sides of the plates that face the sources. The ion density in the aperture regions will
decrease because ions will flow to the glass plates. This means that some of the magnetically
confined electrons must be reflected back to the source by an axial electric field. In this way
quasineutrality is maintained in the central plasma. Electron rich operation prevails
independent of the voltage bias of the end plates. Different end-plate voltages may be used
to produce the two different initial states of the plasma column as described below. The ion
losses in the aperture regions, and thereby also the aperture potential drops, can be varied
within certain limits by varying the source parameters.

In general it is advantageous to work with a rather high aperture potential drop and a
correspondingly large density difference between the sources and the central plasma. Then
the particle fluxes from the central plasma to the sources, which can change drastically if for
example a double layer is formed, do not perturb the source plasmas significantly, and the
particle fluxes injected to the plasma column depend only on the aperture potential drops and
not on other phenomena appearing in the central plasma. Under these conditions the sources
are also independent of each other in the sense that the plasma parameters of one source can
be varied, or the source even be shut off, with negligible effects on the particle injection
from the other source.

In the steady state the density of the plasma column varies axially and has a minimum in the
middle of the plasma column when the two sources are operated with identical parameters.
This density variation is due to radial ion losses. For the weak magnetic field used only the
electrons have an average gyro radius that is much smaller than the radius of the plasma
column, and the ions are confined by a radial electric field. There are two modes of operation
of the machine which here will be called the inhomogeneous mode and the homogeneous
mode. The inhomogeneous mode is obtained when the end plates are biased at a much higher
potential than the plasma column. Positive ions are then reflected from the plates which
increases the density in the regions close to the apertures. The homogeneous mode is
obtained when the end plates of the central chamber are biased at a much lower potential
than the plasma column. This gives enhanced ion losses at the ends of the plasma column,
and the density decrease in the end regions flattens the profile. The shape of the cavity varies
little when the magnetic field is varied between 40 and 5 mT. Weaker magnetic fields were
not used since the radial boundary of the plasma then becomes less well-defined. Examples
of the axial profiles measured by a probe are shown in Fig. 2. Here the probe current at the
plasma potential was used as a measure of the electron number density as described in
Appendix A4. The two sources were operated with identical parameters so the density cavity
was symmetric.



The electron distribution functions in the sources deviate from a Maxwellian distribution
owing to primary electrons from the filaments. The bulk of low energy electrons can be
ascribed a temperature between 6 and 8 eV. However, the tail of the actual distribution is
then overpopulated relative to a Maxwellian distribution determined by this temperature. In
general the temperature depends on the source discharge voltage and the argon pressure. In
the experiments presented here the emission from the filaments was space charge limited and
the argon pressure was kept so high that the discharge behaved as an arc discharge, that is,
the discharge voltage is constant and independent of the current in a certain current interval.
Then the temperature is approximately constant in that interval, and the source density is
proportional to the rource discharge current. The electron temperature in the central plasma
is higher than in the sources. This is not due to some heating process, but is a dynamic effect
due to the modification of the non-Maxwellian source velocity distributions when the
electrons are retarded and partially reflected in the aperture potential drops. The electron
velocity distribution in the central plasma depends on the magnitude of this drop. For the
reasons discussed above a rather large potential drop is desirable, and 30 V is a typical for
the experiments. Then the bulk of low energy electrons in the sources is entirely reflected.
Probe measurements under this condition showed that the velocity distribution in the central
plasma was approximately Maxwellian with a temperature of 12 to 15 eV (depending on
position) for symmetric operation of the machine.The radial electric field in the steady
plasma column is directed inwards.

3. Experimental methods and results

3.1. Experimental methods

In the initial state one source was grounded and the other was at floating potential. At the
time t = 0 a mechanical relay was used to connect the latter source to a power supply (see
Fig.l) giving a voltage rise-time less than 20 ns. The relay was opened after a few
milliseconds and the plasma relaxed back to the steady, initial state. This process was
repeated with an interval between the "shots" of 20 ms. In some measurements the relay and

the power supply was replaced by a resistor of 200 ft, and a periodic current pulse through

this resistor was used to apply a voltage drop between the sources. This low impedance

external circuit gave a more stable initial state. The plasma potential was measured by

emissive probes, that is, a probes heated to give electron emission (Langmuir 1923, Kemp

and Sellen 1966, Schuss and Parker 1974, Smith et al. 1979, Jizuka et al. 1981, Makowski

and Emmert 1983). The probe filament is heated by an alternating current (50 Hz) from a

transformer. The construction of the emissive probe and the probe circuit (Fig. 3) are
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described in detail in Appendices A2 and A3. Also the basic principles of the potential

measurements and improvements of the time resolution are described there. A rise time of

0.3 (is was achieved for the probe potential. The floating potential of an emissive probe, i.e.,

the probe potential obtained when the probe is disconnected or connected to ground by a

large series impedance, is approximately equal to the plasma potential. Two such probes

were used in the machine to allow simultaneuos measurements at different points. The

probes are mounted on a grounded probe carriage, and they can sample values of the plasma

potential at any desirable time and position. The probe carriage is axially and radially

movable by means of a motor-driven screw mechanism along the wall of the central chamber

as indicated in Fig. 1. A probe control unit gave the probe coordinates as voltages which

were fed to a computer controlling the motors driving the probe. The probe potential was

measured by a sampling oscilloscope (sampling period 20 ns) and the frequency

compensated voltage divider shown in Fig. 3 and described in Appendix A2. To obtain the

probe potential at a time t, the probe signal was first averaged over a number of shots. Then

the mean value was formed over a time interval (t-At, t+At) where At was typically 100 ns.

This value for the time t was plotted versus probe position when the probe made a sequence

of slow movements determined by the computer. A particular HP-Basic program was written

for these measurements, and it made it possible to obtain plots of potential profiles as those

shown in Fig. 6 below. A special circuit, shown in Fig. 4, was deviced in order to check the

potential mesasuremems by an independent method. This is further described in Appendix

A3.

The measurements of the initial ion density profiles are described in Appendix A4. When
the two sources are operated with identical parameters, the density minimum occurs in the
middle of the column, and the density cavity becomes symmetric. The symmetric cavity can

be characterized by the cavity depth, AN=Nj-Nm where Nm is the ion number density at the

minimum and Nj the ion number density just inside the aperture region (see Fig. 7a below).
The density NQ of the electrons injected from the sources at the apertures is, according to the
simulations, another important parameter characterizing the boundary at the apertures. Under
the "electron rich" conditions in the experiment we have NQ>N| as described in Section 2
and the density drops sharply at the apertures from a higher value in the sources to a lower
value in the plasma column.

Similar boundary conditions were used in the simulations (Bohm and Torvén 1990), and

some similarities between the results from the experiment and the simulation will be pointed

out below. According to the simulations the parameter NQ/(N]-AN) and the applied voltage,

normalized to kT^e, are the relevant parameters determining whether the voltage drop will
concentrate in a narrow region at the low potential boundary or whether it will be distributed
over the cavity. The value of Njj/Njwas estimated in the experiments by using particular
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"source" probes which could be put into the low potential source and there covered a

distance of 7 cm along the column axis.

The magnetic field was 10 mT in all the measurements presented.

3.2. Experimental results

Fig. 5 shows axial potential profiles measured at different times after the application of the
step voltage. The initial cavity is asymmetric in this case as shown by the axial profile given

by the probe current in Fig. Sb. For t=l \is the potential varies quasi-linearly along the

magnetic field. Then the potential profile steepens slowly on the time scale of the ion

motion. During the steepening a certain potential level remains approximately stationary in

space (corresponding to the final position of the double layer) while higher and lower

potential levels propagate in opposite directions towards this position. The potential probe

used did not cover the region z<15 cm. The density in the low potential source is more than

ten times higher than the minimum density as was shown by separate measurements with the

source probe. The asymmetric cavity was achieved by having a larger discharge current and

thereby a higher density in the high potential source. The right end plate of the central

chamber was also floating whereas the left end plate was grounded. As seen in Fig. Sb, the

minimum density is assumed about 10 cm from the left aperture. Then it increases

monotonically up to the right aperture where it increases sharply to the value in that source.

Fig. 6 shows radial potential profiles measured at different axial positions for two different

times after the application of the step voltage. The initial cavity was the same as shown in

Fig Sb. A double layer forms after about 100 \is with a position between z=52 cm and z=56

cm.

Fig. 7a shows the initial cavity when the machine was run symmetrically. The

corresponding axial potential profile for t=l ^s is shown in Fig. 7b. Again the potential is

distributed almost linearly over the cavity. The applied voltage is 100 V, and the ratio AN/Nj

is given by 0.62. Separate measurements with the source probe showed that the density

increased sharply close to the left aperture, and the source density was about 9 times larger

than Nj at the probe terminal point in the source. The corresponding potential drop at the

aperture was close to 1 .Sk^TJc so most of the source electrons were reflected back to the

source. Te is the electron temperatur in the central chamber. Note that the electron velocity

distribution in the sources is not Maxwellian. We may approximately identify N o (the

density of the injected electrons) with half of the source density and obtain NQ/NJ>4.5 and

No/(NrAN)>11.8.
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Fig. 8 shows an example of the quite different plasma response obtained when the plasma
column is kept as uniform as possible. The sources were run with identical parameters. The
steady density profile was measured, and then a fine adjustment of the source parameters
was made until the initial profile became as flat as possible. In this way the initial plasma
density was kept constant within 10% in the region between z=5 cm and z-SScm. At these
points the density started to increase to the source densities. The sources were also run with
small discharge currents in order to reduce the density ratio NQ/N,. The density measured by
the source probe at z=-7 cm was somewhat less than 3 Nj. For small density ratios the
separation between the source plasmas and the central plasma is less well-defined, and the
electron emission from the sources is perturbed by the electron flux from the central chamber
to the sources. Then NQ cannot be identified with half the electron number density in the
source as in the previous case. However, we can state that No/Nj<3.

It is also of interest to measure the relative level of electric field fluctuations for frequencies

of the order of coJ(2n). The level of the high frequency fluctuations gives a first indication

of the importance of anomalous resistivity. The fluctuations are excited because the electron
distribution function is in general unstable due to the applied potential drop (Torvén and
Lindberg 1980). Electrons from the left source are accelerated and tend to form an electron
beam which interacts with electrons from the right source. The velocity distribution of these
electrons tends to become centred around the velocity v=0 due to reflection. A coaxially
screened double probe was used, which is described in detail elsewhere (Lindberg 198S). It
consists of two thin parallel cables with the inner conductors protruding 2 mm into the
plasma and with a separation of 3 mm. The outer conductors are carefully joined at the end,
and therefore they have a common potential there. This unknown potential is eliminated by
forming the difference between the signals in a hybrid tee. The difference between the
potentials of the probe tips is fed to a spectrum analyzer. All cables are terminated in the
receiving end to avoid standing waves.

Fig. 9 shows power levels of the probe signals when the probe was moved along the

symmetry axis of the plasma column. The position z=60 cm denotes the aperture of the high

potential source. The noise level is the level obtained without any plasma. The spectrum

analyzer was used as a receiver with a bandwidth of 3 MHz, and the diagram shows the

levels at 50 MHz (Fig. 9a) and 300 MHz (Fig. 9b) for two different times, t=1.5 us and t=30

Us. The 300 MHz power level was selected as the maximum level in the band 100-600 MHz.

This level, at 1.5 \is, was found to be about equal to the maximum level excited on the high

potential side of the steady double layer that finally formed. When a steady double layer has
formed, no significant potential drop can be associated with the high frequency region which
then has become well separated from the narrow double layer (Torvén and Lindberg 1980).
Therefore it seems unlikely that the electric field fluctuations observed during the first few
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microseconds can give rise to any significant anomalous resistivity. Excitation of high
frequency fluctuations due to beam-plasma interaction has also been observed in the
numerical simulations (Bohm 1991).

4 Discussion and conclusions

The presentation here has been restricted to showing that two types of plasma response exist
depending on the initial conditions. The different initial states have been obtained by
adjusting the machine parameters. More investigations are required to get an experimental
proof of the voltage supporting capability of an ion density cavity, and the results presented
here give only the first evidence of this. Further evidence may be obtained by correlations
between initial ion density profiles and potential profiles. This can be done to some extent by
varying the machine parameters as done here. However, to obtain a better understanding, a
more controllable ion density cavity is needed. In such investigations it would also be of
great interest to study the voltage supporting capability of periodic ion density modulations
by having a low frequency ion wave as initial state as discussed further below.

Before discussing the results it is useful to evaluate some plasma parameters for a typical
case. For these evaluations we use the density N j shown in Fig. 7a and a temperature given
by kTc=14 eV. The effect of the magnetic field on the probe was neglected, thus the

effective probe area was chosen equal to the geometrical probe area A (A=2.20 mm2). This

gives Nj=1.10- 1015 m"3 and O-'ieQ.SS-10*9 s, where (Op is the plasma frequency. For the

ions (argon ions) we get a>pi"
1=1.44-10'7 s where <o_j is the ion plasma frequency. The

thermal electron velocity v^kTJmji112 becomes 1.57-106 m/s, and the Debye length

A.D=v(/a>p becomes 0.83 mm. With L=0.6 m, the electron transit time, L/vt, becomes 0.4 us.

Since the plasma potential profile shows only a single minimum, electrons are not trapped by

the potential profile observed, and the electrons present initially should have left the plasma

column after about one electron transit time. Then a new state should be established,

determined by the distribution functions of the electrons injected and the electron motion in

the self-consistent electric field. The potential profiles measured after 1 \is should represent

this state *»h;ch is stationary on the time scale of the electron motion and varies slowly on
the time scale of the ion motion. It is remarkable that the two different initial states also give
quite different evolutions of the plasma potential on the time scale of the ion motion and
accordingly different types of ion motion as shown by Fig. 6 and Fig. 8.

It is also of interest to point out similarities between the results from the experiments and the
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simulations (Bohm and Torvén 1990). Since these cover only time intervals up to three

electron transit times, a comparison can be made for times of about 1 us. The maximum ion

displacement during 1 us can be estimated to be less than 6 mm so the ion density profile

does not differ much from the initial profile.

First some difficulties in any comparison with the simulations will be mentioned. An
important point is whether the electron motion in the axial magnetic field can be considered
as one-dimensional in the experiment. For instance, the plasma column has a radial density
profile and there is a radial electric field. One consequence of this field and the axial
magnetic field is an azimuthal drift motion. If there is perfect axial symmetry within any
cylindrical shell, the axial electron motion may be considered to be independent of the
azimuthal drift. However, the azimuthal electron drift will differ from the ion motion
because only the electrons have an average gyro radius that is small compared with the
radius of the plasma column. The relative drift between electrons and ions may give rise to
an instability destroying the axial symmetry. Further investigations are required to decide
whether this effect is of importance. The actual distribution functions of the injected
electrons also differ from the half-Maxwellian velocity distributions used in the simulations.
Further investigations of the particle injection mechanism at the apertures are required to
decide whether this is sufficiently similar to the particle injection in the simulations. Here a
Q-machine may give a better approximation of the boundary conditions used in the
simulations although it may be difficult to obtain a good estimate of the density ratio NQ/N]
in a Q-machine.

In spite of these differences interesting similarities can be found. Consider the case

according to Fig. 7 for t = 1 u,s. The applied potential drop was 7.1 kTg/e. The parameter

NQ/(N|-AN) was larger than 11.8 and AN/Nj=0.62. According to the simulations these

parameter values should give a plasma potential drop distributed over the cavity as is also

observed experimentally. The potential profiles from measurements and simulations have

similar shapes. The result obtained is also consistent with the theoretical model presented by

Bohm and Torvén (1990). The model gives the potential profiles over the cavity, and a

condition for the existence of steady cavity potential drops (on the time scale of the electron

motion). In the case shown in Fig. 8 the parameter N^N^AN) is less than 3.3 and the

potential drop applied was 23 kTg/e. The drop between the ends of the plasma column is

about 14 kTg/e and the remaining drop is concentrated in a narrow region at the right

aperture. According to the theoretical model, which is supported by the simulations, most of

the potential drop should concentrate in a narrow space charge region at the low potential

boundary for an applied voltage larger than 8 kTg/e. In this case there is also a similarity in

the time evolution of the potential profile on the time scale of the ion motion. By reducing

the ion to electron mass ratio in the simulations it has been possible to show that the cathode
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sheath "detaches" itself from the boundary and begins to propagate into the plasma as a

double layer (Singh 1982).

The experimental results are accordingly consistent with the theory and the simulations. The
similarities observed are promising, and in future investigations rigorous comparisons
between simulations and experiments should become possible.

Ion density cavities are of interest in models for anomalous resistivity (Rowlands and
Palmadesso 1983). In this context, numerical simulations of the response of a plasma diode
to an applied electric field have been made (Rowlands and Palmadesso 1987). An initial ion
density inhomogeneity in the form of a periodic ion wave was used, and this structure could
support applied potential drops for several electron transit times. A sharp concentration of
the electric field to the cavities was observed. The boundary conditions were periodic, that is,
any particle leaving the diode at one boundary was immediately injected at the other
boundary with the same velocity. The velocities of the injected particles will then increase
continuously with the simulation time. Although such boundary conditions are less realistic
when a voltage drop exists over the diode, the result demonstrates the importance of periodic
ion density cavities. It has been proposed that weak double layers may form at the density
minima when a voltage drop is applied to a plasma with a periodically modulated ion
density. Such models are of interest to explain the potential drop existing in the
magnetosphere above the aurora. This drop seems to have a spatial extension that is orders of
magnitudes larger than the one given by a single double layer. An idea discussed in this
context is that the voltage drop is supported by a large number of weak double layers which
are distributed over a region of several thousands of kilometers. Weak double layers have
been observed in the acceleration ^gion above the aurora (Temerin et al. 1982, Boström et
al. 1988).
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APPENDICES.

A 1 . Emissive probes.

A sketch of the probe circuit is given in Fig. 3. The plasma resistance and the distributed
probe capacitance to ground are shown by dashed lines. The probe used consists of a 10 mm
long tungsten wire (diameter 0.1 mm) which is spot welded to two 12 cm long molybdenum
leads. Two thin alumina ceramic tubes (internal diameter 0.7 mm) insulate the leads and 1.5
mm of the tungsten filament at each end leaving 7 mm exposed length. The filament is
carefully centred in the tubes so that it is not in contact with the tube walls. Using this
construction the filament maintains its high resistance to ground even if the outside of the
ceramic tubes become covered with metal deposits because of the rather high rate of
sputtering in the experiment. Besides, the relatively cold non-emitting end points of the
filament are not exposed to plasma.

The electrons emitted from the hot probe have so low temperature that the current-voltage
characteristic agrees with that of the cold probe down to probe potentials only a few tenths of
a volt above the plasma potential. Such a small potential drop over the probe sheath is
sufficient to reflect most of the electrons emitted and prevents them from moving into the
plasma. For probe potentials slightly below the plasma potential the hot and cold probe
characteristics begin to differ significantly. The hot probe current drops sharply owing to the
escape of the electrons emitted. This drop is used to determine the plasma potential. If the
emission saturation current, given by the filament temperature, is larger than the electron
collection current at plasma potential, the sharp probe current drop extends to negative
values. An increase of the filament temperature thus leads to a decrease in the difference
between the floating probe potential and the plasma potential. After the emission saturation
current has become about twice as large as the electron collection current this difference

assumes a practically constant value, AUfp. For vanishing or sufficiently weak magnetic

fields AUfp is only a few times kTj/e where T f is the filament temperature. However, for

magnetic fields such that the average electron gyro radius is of the order of the probe wire

diameter or smaller (say, 40 mT giving an average electron gyro radius of 0.22 mm) AUt{) is

typically about 0.5 kT^e where Te is the electron temperature in the plasma. No explanation

of this increase of AUfp has been found in the literature. The increase may be caused by the

gradual change with increasing magnetic field of the cylindrical space charge sheath

surrounding the probe into a shape like the one at a plane probe. In this paper we use the

floating potential - approximated by the probe potential at sufficiently small probe current -

as a measure of the plasma potential. The error in the absolute level is of minor importance

because the relevant potential drops measured are much larger than kTg/e.
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A 2. Improvements of the time resolution.

In a dynamic plasma state the electron number density and thus the probe collection current
may vary strongly in space and time. Since probe currents exceeding the collection current at
plasma potential will cause large errors, the probe current should be kept as small as

possible. For a time resolution of about SO us, the probe capacitance to ground can be

neglected, and the probe current can be limited by a large resistance connecting the probe to

ground. To improve the time resolution further, the probe capacitance has to be reduced.

A first reduction of the effective, distributed probe capacitance was obtained by

disconnecting the heating current circuit about 400 u.s before the measurements were made.

The measurements themselves cover about 100 us, and the decrease of the probe temperature

is negligible. Mechanical, mercury wetted relays were used to disconnect the circuit.

A second improvement was obtained by constructing a frequency compensated voltage
divider particularly for these measurements (Fig. 3). The resistor Rt and the capacitor Cj are
placed inside the central chamber on the probe carriage. The capacitance C t is only 3 pF and

R] 10 Mft. The capacitance of the cable, which connects the probe and the oscilloscope, and

the input impedance of the oscilloscope form pans of R2 and C2. The damping ratio is 100:1.

The total probe capacitance, including the distributed capacitance Cp, was estimated to 12
pF. The probe resistance to ground over the plasma, R_, is the relevant resistance for an
estimate of the time constant of the probe circuit since it is in general much smaller than the
voltage divider resistance, which is connected in parallel with it. Estimates of Rp as the
differential resistances at floating potential, given by d.c. probe characteristics of the

emitting probe, gave 15 kQ as an upper limit for R_. This gives a time constant smaller than

0.18 |is. However, the differential resistance given by the d. c. characteristics may fail to

give a good approximation of the dynamic plasma resistance at frequencies of the order of

MHz. The measuring method was therefore checked in special control shots where the main

probe circuit and an alternative one were used in rapid succession (see Appendix A3).

It should be noted that the use of a high impedance voltage divider requires a very careful
screening of the whole probe circuit to avoid stray signals from the time-varying plasma. The
only parts not screened were the ceramic tubes covering the molybdenum leads. A screening
of the tubes, which would have increased the probe capacitance to ground, was not necessary
because the capacitive coupling to the plasma was negligible. This was checked by
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observing, under actual operating conditions, the response of a "blind probe" without any

filament and consisting of only the molybdenum leads and the ceramic tubes.

A 3. Control shots and direct measurements of rise and fall times

The probe resistance over the plasma to ground, Rp, may vary widely and, as mentioned in

Appendix A2, it may be difficult to check that it is sufficiently small. Thus, to ensure a good

time resolution for any operating conditions, the resistance connecting the probe externally

to ground should be small. However, the current from probe to plasma must be small if the

probe potential is io be a good approximation of the floating potential. These two

requirements can be combined if an EMF in the external circuit is used to balance the

potential difference between the probe and ground. A method based on this principle has

been used by Iizuka et al. (1981). It requires that the experiments are easily reproduced in

sufficient detail over a long series of shots. The probe is biased by a voltage source with a

variable output. The probe current is measured at the same time in each shot, and a feedback

circuit adjusts the voltage source output until the probe current becomes small. The voltage

source output is then close to the floating potential of the probe at the time chosen, and it can

be recorded as a function of time or of the probe position while the probe moves slowly in

the plasma. The external probe resistance to ground is given by the small resistance needed

for the measurements of the probe current, and the dominating capacitance is that of the

coaxial-cable connection to the probe carriage.

In many experiments, including ours, the probe bias required varies rapidly and with

amplitudes much larger than kTg/e in the course of one shot. However, when the adjustment

for a particular time is completed, the applied probe bias is constant during the whole shot.

This may cause a considerable perturbation of the adjacent plasma. This perturbation is

likely to be much larger than what would result if the probe were at, or near, floating

potential. Such a perturbation may have a life-time of several microseconds determined by

the ion motion. Experimental evidence of this effect is presented below.

Instead of using a steady probe bias we have used a modified method where the bias is

applied immediately before the potential measurement by means of a transistor relay. The

circuit is given in Fig. 4. The transistor relay can be triggered to change its impedance from

about 100 MQ to values less than 50 Cl during a closing time of less than 0.5 (is. The relay

connects the resistor for current measurements in series with a grounded voltage source to

the probe. The voltage source gives the probe bias Vj. The probe current is measured by an

isolation amplifier and a digital oscilloscope with two channels. The other channel is used

for the main-method probe measurements using the voltage divider as described in Appendix

A2. When a check of the main-method was desirable at some particular time tj and position,
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the transistor relay was triggered to close at t=tj. The probe current at t =( tj+0.5 us) was

measured with the isolation amplifier over the resistance (1 kQ). Vj is varied so that this

current becomes small, meaning that the probe potential is close to floating potential. This

potential can then be compared with the probe potential measured by means of the voltage

divider at t = tj when the transistor relay was open. When not in use, the probe bias circuit is

disconnected by the mechanical relay Mj. The circuit described can also be used to measure

the full current-voltage characteristics of a hot or a cold probe at a specified time in a rapidly

varying experimental plasma by slowly sweeping the voltage source level over a long series

of repeated shots.

We also made simple and direct measurements of the rise and fall times of the probe

response which, however, appeared to be influenced by the perturbation of the adjacent

plasma discussed above. A steady voltage bias was applied to the probe over a relay. The

plasma was in a steady state. Then the bias was removed by opening a mechanical relay, a

procedure taking about 20 ns, and the probe voltage response was measured by means of a

voltage divider during the approach to floating potential. In this way both the fall time and

the rise time were measured by applying a voltage of typically 100 V above or below plasma

potential. These times are different for the following reason. During the fall time the probe

potential is larger than the plasma potential, and the equivalent probe capacitor has to be

discharged by the probe collecting electrons from the plasma. The fall time will accordingly

shorten with increasing plasma density. During the rise time the equivalent capacitor is

negatively charged, and it will be discharged by electrons being emitted from the probe. The

rise time can be shortened by increasing the emission saturation current. Due to the non-

linearity of the probe characteristic the rise and fall times also depend on the amplitude of

the voltage variation.

This behaviour was confirmed by the experiment. In a typical case the electron number

density was 1015 m'3and the emission saturation current twice as large as the electron

collection current at plasma potential. A level of 100 V above or below plasma potential then

gave a fall time of 0.5 us and a rise time of 0.3 us for a decrease of 90 % of the magnitude of

the difference between the initial and final levels. However, the final 10 % of the process

was much slower, and the final level, within about 1-2 %, was assumed after typically 5 us.

It is likely that this effect is due to the perturbation of the ion number density caused by the

large magnitude of the probe potential which is applied steadily in this case. Because of the

slowness of the ion motion the perturbation may need several microseconds to relax to the

much smaller perturbation prevailing when the probe is at plasma potential.
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A 4. Measurements of initial profiles.

For an ideal plasma the electron number density is proportional to the probe current I at

plasma potential according to well-known formulas. Although our plasma is far from ideal,

we have considered I_ to be an adequate, relative measure of the density. To determine the

initial axial density profiles, we combined using probes in hot (emissive) and cold

(Langmuir) modes. In the later measurements a computerized method developed by Axnäs

(1990) was used. The current-voltage characteristics of both the hot and the cold mode were

measured at each probe position. The plasma potential was inferred from the position of the

point where the hot and cold mode characteristics are seen to separate. For comparison we

also register the cold-mode probe current If at the potential given by the hot-mode floating

probe. If was smaller than I_, typically 10 to 30 %, mainly depending on the magnetic field.

An error of this magnitude in the absolute level is of minor importance for a relative

comparison between different intitial density profiles. To simplify the experimental

procedure, a new type of probe directly giving a current close to If has been developed and

tested by Axnäs and Torvén (1990) and used in the main part of our experiments. This probe

comprises one hot and one cold probe filament. Direct electron transfer between the

filaments and mutual perturbation is inhibited by placing them in a plane at right angles to

the axial magnetic field and separating them by a distance of a few electron gyro radii

(typically 3 mm). Accordingly the collection and emission currents flow essentially along the

magnetic field. The filaments have a high impedance to ground. They are connected by a

resistor of a few kQ allowing measurements of the current flowing between them by an

isolation amplifier. This current is a good measure of the electron number density. The hot

probe keeps the cold probe close to the floating potential of the hot probe because of the

much greater steepness of the hot-mode characteristic down to negative probe currents well

exceeding the magnitude of I .
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Fig 1. Schematic picture of the differentially pumped triple plasma machine. A plasma

column is maintained in the central chamber by the two sources S j and S2. There the plasma

is produced by two separate discharges between the arrays of filaments Fj and F2 and the

source chamber walls. Gas is continuously flowing into the sources at Gj and G2.
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Fig 2. The probe current, which is taken to give a measure of the initial ion density, as a

function of the distance from the low potential aperture for two different modes of operation.

The machine was operated symmetrically and only the variation between 3 and 30 cm is

shown. The homogeneous mode, where the density is nearly constant over most of the length

of the plasma column, is obtained with the end plates at floating potential. The

inhomogeneous mode is obtained when the end plates are biased positively relative to the

plasma column. The measurements were made with the double probe described in Appendix

A4.
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Fig 3. Electric circuit used for the emissive probe measurements described in
Appendices Al and A2. To reduce the probe capacitance to ground, the heating circuit is

disconnected by the relay 400 us before the potential was measured. The probe resistance to

ground over the plasma, R-, and the distributed probe capacitance, Cp, are shown by dashed

lines. The probe potential is measured by a frequency compensated voltage divider (RlCl =

R2C2) connected to a digital oscilloscope. The relevant time constant, RptCj + Cp), was

esimated to be 0.2 jxs.



relay
probe
filament

• •

transistor
relay

trigger |

tci

digital
oscilloscope

isolation
amplifier 1 kQ

computer

Fig 4. Electric circuit used for checks of the plasma potential measured by the emissive

probe as described in Appendix A3. The voltage source V l is applied by means of a

transistor relay that can be triggered to close at any time t=tj and has a closing time less than

0.5 ^s.The probe current at t = (tj+0.5 [is) is measured with the isolation amplifier over a

resistance of 1 kQ. Vj is varied so that this current becomes small meaning that Vj and thus

the probe potential are close to floating potential. It can then be compared with the probe

potential measured at t = tj by the voltage divider, when the transistor relay was open. When

not in use, the probe bias circuit is disconnected by the mechanical relay Mj.
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Fig 5a. Potential profiles along the column axis at different times after a step voltage of 270

V has been applied between the plasma sources. The initial ion density cavity is shown in

Fig. 5b. After 1 us the potential varies almost linearly along the plasma column. The profile

steepens on the time scale "f the ion motion, and a double layer forms after about 100 us.
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Fig 5b. The probe current, which is a measure of the initial ion number density, as a

function of the distance from the low potential aperture. The initial ion density distribution is

asymmetric and has a minimum about 10 cm from the low potential apenure.
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Fig 6. Radial potential profiles for different axial positions 1 (is (left) and 100 us after a step

voltage of 160V has been applied between the plasma sources, z denotes the distance from

the aperture on the low potential side. The initial ion number density is the same as in Fig 5 b.

Note that the profiles are not all equidistant.
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Fig 7a. The initial ion density cavity, as given by the probe current, when the triple plasma

machine was run symmetrically with NQ/(NJ-AN)>1 1.8 and AN/Nj=0.62. z is the distance

from the low potential aperture. No is the number density of the electrons injected from the

sources, N j the ion number density at the ends of the plasma column, and AN the cavity

depth. Only the region between 0 and 30 cm is shown.
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Fig 7b. The axial potential profile at ljas after 100 V has been applied. The initial ion

number density is shown in Fig 7a. Most of the applied potential drop is distributed over the

cavity.
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Fig 8. Potential profiles obtained when N(/(NrAN)<3.3. The plasma column was kept as

homogeneous as possible with AN/Nj<0.1. Axial potential profiles are shown 5 and 15 jas

after a step voltage of 325 V has been applied between the plasma sources. In contrast to the

profile shown in Fig.7b, most of the applied potential drop is now supported by a narrow

space charge region at the low potential boundary, and the potential along the plasma

column is approximately constant. The potential drop propagates into the plasma on the time

scale of the ion motion.
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Fig 9. Axial profiles of the relative power level of electric field fluctuations in arbitrary

units (bandwidth 3 MHz) at 50 MHz (Fig. 9a) and 300 MHz (Fig. 9b) and at different times

after a step voltage of 70 V has been applied. The initial ion density profile is the same as in

Fig. 5b. The variation of the profile at 300 MHz can clearly be correlated to the double layer

formation. The 300 MHz power level, which is about constant in space at 1.5 [is, tends to

concentrate (30 (is) to the plasma on the high potential side of the double layer being formed

where the plasma potential is nearly constant in space (compare Fig. 5a).Thus no appreciable

anomalous resistivity exits there. Therefore it seems unlikely that the electric field

fluctuations of comparable magnitude observed during the first few microseconds can give

rise to any significant anomalous resistivity.



TRITA-EPP-91-04

THE ROYAL INSTITUTE OF TECHNOLOGY, DEPARTMENT OF PLASMA PHYSICS

S-10044 STOCKHOLM

EXPERIMENTAL OBSERVATIONS OF ANOMALOUS POTENTIAL DROPS

OVER ION DENSITY CAVITIES

M. BOHM

August 1991, 30 pages incl. ill., in English

Abstract

Experiments are reported showing the plasma potential response when a step voltage is

applied over the plasma column between the two plasma sources in a triple plasma machine.

The time resolution is sufficient to resolve potential variations caused essentially by the

electron motion, and two independent probe methods arc used to obtain this time resolution.

Depending on the initial conditions two different responses were observed on the time

scale of the electron motion. When the initial ion density varies along the plasma column and

has a local minimum (that is, forms an ion density cavity), the applied potential drop

becomes distributed over the cavity after a few electron transit times. Later the profile

steepens to a double layer on the time scale of the ion motion. The width of the cavity is

comparable to the length of the plasma column. When the initial density is axially uniform,

most of the potential drop instead concentrates to a narrow region at the low potential end of

the plasma column after a few electron transit times. On the time scale of the ion motion this

potential drop begins to propagate into the plasma as a double layer.

The results obtained are consistent with those from numerical simulations with similar

boundary conditions. Further experiments are necessary to get conclusive insight into the

voltage supporting capability of an ion density cavity.

Key words: Triple Plasma Machine, Magnetic-Field-Aligned Electric Field, Ion Density

Cavity, Electric Double Layer


