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Abstract

Formation of strong double layers has been observed experimen-

tally in a magnetised plasma column maintained by a plasma

source. The magnetic field is approximately axially homogeneous

except in a region at the anode where the electric current

flows into a magnetic mirror. The double layer has a stationary

position only in the region of non-uniform magnetic field or at

the aperture separating the source and the plasma column. It is

characterized by a negative differential resistance in the cur-

rent-voltage characteristic of the device. The parameter space,

where the double layer exists, has been studied as well as the

corresponding potential profiles and fluctuation spectra.

The electric current and the axial electric field are opposi-

tely directed between the plasma source and a potential minimum

which is formed in the region of inhomogeneous magnetic field.

Electron reflection by the resulting potential barrier is found

to be an important current limitation mechanism.
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1. Introduction

Potential drops along the magnetic field lines and the forma-

tion of electric double layers attract an increasing interest.

However, rather few laboratory investigations of these phenome-

na seem to have been made in non-uniform magnetic fields

(Hatakeyama et al.. 1980, Stenzel et aJL.. 1981, Stenzel e_t al.

1983, Nakamura et al. 1984, Alport et al̂ . 1986). The present

study describes experimental observations of current saturation

and the formation of strong double layers in a cylindrical ar-

gon plasma column at low density. The plasma column is main-

tained by a plasma source at the cathode end, and a double

layer is formed by applying a voltage drop between the source

and a plane anode.

The magnetic field is approximately uniform except in a region

at the anode where the electric current flows into a magnetic

mirror. The formation of V-shaped double layers and the excita-

tion of ion-cyclotron waves have recently been studied in this

type of device in a similar magnetic field configuration to

that used here (Alport e_t a_l. 1986). As in the case of an axi-

ally homogeneous magnetic field the double layer evolves from

an anode sheath (Torvén and Andersson 1979, Torvén and Lindberg

1980, Andersson 1981, Andersson and Sörensen 1983). Similar

double layers have also been observed in unmagnetized plasma at

higher densities (Sanduloviciu and Lozneanu 1986).

Here we shall report some new results concerning the properties

of the double layer, which has a stationary position only in

the region of non-uniform magnetic field, and the limitation of

the electric current which is of importance for the double lay-

er formation. Measurements show that the current and the axial

electric field are oppositely directed in a region between the

source and a potential minimum which forms in the region of

non-uniform magnetic field. Electron reflection in the resul-

ting potential barrier between the source and the minimum is

found to be an important current limitation mechanism, and a
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process maintaining this barrier is discussed. A similar cur-

rent limitation mechanism has also been observed recently in a

triple plasma device (Lindberg and Torvén 1983, Carpenter et

al. 1984, Torvén e_t al. 1985, Carpenter and Torvén 1986).

Between the minimum and the anode the applied voltage drops off

in an anode sheath or in a double layer which shields off the

anode voltage from the remaining part of the plasma.

Experimentally determined current-voltage characteristics are

compared with calculated characteristics obtained from the

electron fluxes transmitted between the source and the poten-

tial minimum for different values of the anode voltage. The

fluxes are calculated on the assumption that the axial electric

field and the magnetic mirror force determine the electron mo-

tion. The calculated characteristics have the same principal

shape as the measured ones, .but there is a discrepancy indica-

ting that other processes are involved. Fluctuations are shown

to be one important mechanism, and further investigations of

these are necessary to understand the current transport.

Regular oscillations are also excited, and they have been in-

terpreted as azimuthally propagating drift waves rather than

ion cyclotron waves as reported by Alport si. al. (1986) who

used a small anode* diameter giving radial profiles differing

from those in this experiment.
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2. The experimental device

The experiments were made with the UML-2 plasma device at the

University of Montreal. In this device a cylindrical plasma co-

lumn is maintained in a steady state by a plasma source at the

cathode end. The bracketed figures below refer to various de-

tails of the device as shown in Fig.1. The plasma in the source

is generated by ä d.c. discharge of a few amperes between an

indirectly heated oxide cathode (4) with a diameter of 75 mm

and a tungsten grid anode (5). Argon is continously fed into

the source through a valve (13). The main vacuum chamber (1) is

of pyrex glass and has a diameter of 15 cm and a length of 1.5

m. The chamber is pumped by two diffusion pumps (2,3) to reduce

the argon pressure there and thereby reduce effects of ioniza-

tion. The plasma source is isolated from the main vacuum cham-

ber by an "iris diaphragm" (9). This has a variable diameter,

which has been chosen between 1 and 2 cm in the present study

to obtain a pressure difference and to reduce the cross-section

of the plasma column. The argon pressure close to the pump (3)

was 0.3 mTorr and 0.5 mTorr close to the pump (2).

Plasma from the source penetrates into the chamber, and a plas-

ma column is formed between the source and the movable anode

(6). The diameter of the column can be varied by varying the

diaphragm diameter. The plasma is radially confined by a magne-

tic field (Magnion solenoid (8)) which is approximately uniform

and equal to 350 Gauss in the region between whe diaphragm and

the right end ot the solenoid. There the axial field strength

decreased towards the anode and assumed a value of 100 Gauss at

the anode surface (Fig.2). The anode diameter is so large that

a magnetic field line passing the edge of the diaphragm hits

the anode surface.

As will be shown in the next section there is a sharply loca-

lized potential drop of the order of JcTe/e at the diaphragm.

This potential drop accelerates ions into the chamber. The cur-
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rent free plasma column has inwardly directed radial field, and

the radial potential drop between the symmetry axis and the

edge of the plasma column is of about the same magnitude as the

potential drop at the diaphragm.

In spite of the ion confining radial electric field many ions

should be lost as they move from the source to the anode. It

seems likely that such losses cause the fairly large density

gradient along the column (Fig.3a). The electron number density

in the column is proportional to the source discharge current,

and the density in the column near the potential minimum was

varied between 2-1O15 and 10 1 6 m~3 in the experiments.

The electron temperature, as obtained from Langmuir probe

measurements, also decreases somewhat towards the anode.

Examples of radial profiles are shown in Fig.3b. There is an

appreciable plasma density also for radii larger than the

diaphragm radius as discussed further in the next section.

Plasma potentials were measured by sampling and averaging the

floating potential of an axially and radially movable electron

emitting probe (12) with a filament radius of 0.1 mm and a

length of 10 mm. An axially movable (12) and a radially movable

(11) cylindrical Langmuir probe were also available.

Typical numerical values of some parameters are Debye length

A Q E * 0.15 mm, electron gyro radius oe * 0.2 mm, plasma

frequency wp * 5 GHz, and electron cyclotron frequency

u>ce * 6.5 GHz.

We have observed similar results to those reported here in the

following parameter space: Source discharge current 1 to 5 A,

argon pressure in the chamber 0.1 to 1 mTorr, magnetic field

strength 100 to 600 Gauss, diaphragm diameter 1 to 2 cm, and

anode diameter 9 to 14 cm. All the double layers were observed

when A Q E * pe and u»p i u>ce.
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3. Properties of the double layer and the current carrying

plasma column

A typical example of a current-voltage characteristic is shown

in Fig.4a. When the anode voltage Ua is increased from floa-

ting potential (-15 V) up to U a = Um « 4 V, the current I

increases monotonically from zero up to a maximum, I = Im.

Then it drops sharply and varies little up to
ua * *DL * 3 3 v» when a double layer with a voltage drop

<t>DL forms in this case. Fig. 4b shows the corresponding axial

potential profiles for some different values of Ua. <t>DL
 an<*

Um are independent of the plasma density in the range

explored. The local plasma potential at some distance from the

anode surface is not much perturbed by the anode voltage. It

varies only a few volts when Ua is increased from -15 V up 33

V, and the voltage drop between the anode and the plasma is

essentially concentrated to an anode sheath or to the double

layer which shield off the anode voltage from the remaining

part of the plasma column.

As discussed further below oscillations and fluctuations are

present, and the measured values are time averages. The anode

voltage is determined by a low impedance power supply and is

approximately time-independent.

The double layer evolves from an anode sheath. Icnization with-

in the sheath is of importance for the double layer formation,

because the ionization mean free path for electrons accelerated

in the sheath is of the order of (,m^/me)^ ̂ d or smaller

(Torvén and Andersson 1979). Here m^ and me are the ion and

electron masses, and d is the thickness of the anode sheath.

Further investigations of the double layer formation have been

presented by Andersson (1981), Andersson and Sörensen (1983),

and Alport e_fc aj,. (1986). Ionization by fast electrons which

have been accelerated in the double layer, also maintains the

new plasma (anode plasma) that separates the double layer and

the anode. The plasma on the low potential side (cathode plas-
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ma) is still maintained by the source and has an inwardly di-

rected electric field as in the current free column. In the

anode plasma, however, the radial electric field is directed

outward.

The cathode plasma is characterized by a drop in the luminosity

at a radius roughly coinciding with the diaphragm radius R<j.

A conspicuous phenomenon is the radial expansion of the lumino-

sity at the double layer. However, the radial density profile

in the cathode plasma is not characterized by a sharp density

drop for r = R^, but it is broader and similar to the profile

shown in Fig.3b. the broadening may be due to electrons that

have drifted radially and become trapped between the grounded

diaphragm plate and the potential minimum. Only electrons with

axial velocities corresponding to energies less than about 1 eV

may be trapped in this way. At the minimum the potential in-

creases with the radius, and the trapped electrons will even-

tually be able to pass the minimum, as they drift radially out-

ward, and give rise to light emission when they have been acce-

lerated up to a sufficiently high energy by the double layer.

As has been shown elsewhere (Torvén and Lindberg 1980) the ra-

dial density profile in the cathode plasma also differs insig-

nificantly from the one at the double layer for r > R<j. Al-

though radial density profiles do not give any evidence of a

radial plasma expansion at the double layer, some expansion may

possibly occur if there is an enhanced radial electron drift

due to the high frequency fluctuations excited close to the

double layer (Torvén and Lindberg 1980, Lindberg 1982, Alport

e_fc al. 1986) .

Examples of axial double layer potential profiles are given in

Fig.5 showing that the stationary position of the double layer

moves towards the source when U a is increased. However, there

is no stationary position for the double layer in the region of

axially homogeneous magnetic field when the magnetic field is

sufficiently strong (Bo > 200 Gauss) showing that the boun-

dary conditions for a stationary double layer cannot be ful-
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filled there. This may be due to the fact that an increase of

the magnetic field strength gives a plasma column with a smal-

ler axial density gradient, and it should be more difficult to

satisfy the boundary conditions the more homogeneous the plasma

is .

When U a is increased sufficiently, the double layer finally

finds a new stationary position at the diaphragm. Then no ions

but only energetic electrons are injected into the chamber, and

all the ions in the plasma column must be produced by ioniza-

tion. The current can then be increased to large values at

about constant voltage so the discharge behaves as*an arc dis-

charge. The double layer at the diaphragm is of the same type

as the double sheaths observed long ago in arc discharges at a

constriction in the discharge channel (e.g. Schönhuber 1958).

An interesting intermediate state can also exist. This is cha-

racterized by large amplitude current and voltage fluctuations

which indicate that the double layer "jumps" randomly between

the diaphragm and any position in the region of inhomogeneous

magnetic field. Further investigations are required to show

whether this phenomenon can be described by propagating double

layers.

The potential level in the source is approximately independent

of Ua and close to 5 V in the case considered. There is a

sharp potential drop of the order of kTe/e at the diaphragm.

As shown in Fig.6a, the potential then decreases up to a mini-

mum. This is assumed at the anode surface when U a < <t>p and

in front of the anode sheath or the double layer, when

Ua > <Pp. Here » p is local plasma potential at some dis-

tance from the anode. The corresponding current-voltage charac-

teristic is shown in Fig.6b. The electric current and the axial

electric field are accordingly oppositely directed all the way

between the diaphragm and the minimum. The potential decrease

along the plasma column can be understöd in terms of radial ion

losses which give an ion number density decreasing towards the
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anode. When radial electron losses are neglected as a first ap-

proximation, a corresponding decrease of the electron number

density is obtained if the potential decreases towards the

anode, and quasineutrality can then be maintained.

The potential drop at the diaphragm, which also is associated

with a step-like density drop, can be understood in a similar

way. The potential of the diaphragm plate is below the source

plasma potential so the plate receives the saturation ion flux

from the source plasma. The radial electric field on the source

.side of the plate has not been measured, but it should be

directed outward there so ions may be deviated radially to hit

the plate instead of passing the diaphragm. Enhanced ion losses

are therefore likely, and an axial potential drop must then

develop to give approximately the same decrease of the electron

number density so that quasineutrality can be maintained in the

chamber. The potential drop at the diaphragm decreases, when

the diaphragm diameter is increased, and it vanishes only when

this equals the diameter of the grid anode in the source.

Harmonic oscillations with discrete frequencies in the range 5

to 20 kHz can be already observed in the region U a < Um

where the plasma still is quiescent (Fig.4 and 6). They were

detected on the floating potential of a Langmuir probe and

observed in the region of uniform as well as non-uniform magne-

tic field. The oscillations have been interpreted as azimuthal-

ly propagating drift-waves excited by the azimuthal electron

drift velocity which exists due to the radial density gra-

dient. It should be noted that the observations of ion-cyclo-

tron waves in a similar device reported by Alport ££. al. (1986)

were made when the anode diameter was smaller than the diameter

of the plasma column. This gives radial density and potential

profiles that differ strongly from the radial profiles in this

experiment, and different types of wave excitation can be ex-

pected. Also it is of interest to note that it may be difficult

to distinguish wave modes from relaxation oscillations (cf.

Popa et al., 1985, for the case of ion-cyclotron oscillations).



- 10 -

For increasing current and mostly for U a > Um no discrete

modes exist locally. When the sharp current drop occurs (Fig.4a

and 6b), a new spectrum of fluctuations from a few kHz up to

1 MHz is excited. The level of the current fluctuations is

about an order of magnitude larger for U a > U m than for
ua < um- ^he spectrum of current fluctuations is a decrea-

sing function of the frequency. Peak amplitudes up to 1 V in

the plasma potential were observed and current fluctuations up

to 50% of the time averaged current. After the double layer

formation the current fluctuations decrease to some ten percent

of the average. A further increase of U d leads to the large

amplitude fluctuations that may possibly be connected with pro-

pagating double layers as already mentioned.

The current-voltage characteristics also have regions showing a

negative differential resistance. In general this may lead to

excitation of relaxation oscillations at a frequency close to

the resonance frequency of the current circuit (e.g. Carpenter

et al. 1984). This frequency is of the order of 1 MHz or larger

in the present experiment because it is determined by the stray

inductance and the stray capacitance only. For such high fre-

quencies the d.c. characteristic should be quite irrelevant,

and it seems unlikely that the oscillations and fluctuations

reported here are influenced by the negative differential re-

sistance of the characteristics.

An interesting feature of the characteristic is the sharp cur-

rent drop for U a > Um. The current drop cannot be inter-

preted in terms of anomalous resistivity of the plasma column.

Since the average current and the average electric field are

oppositely directed, any resistivity connecting these quanti-

ties will be negative. However, for U a * U m the anode po-

tential is always close to the fixed potential of the source

plasma, so the fluctuating state appears when ions from the

source no longer can reach the anode but start to be re-

flected. This should give an ion distribution function in the

plasma column consisting of two oppositely directed "beam" dis-
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tributions in addition to trapped ions formed by charge ex-

change collisions. An instability may accordingly develop for

Ua > Um, and it may lead to increased radial ion losses.

Following the arguments already used the average potential of

the column should then decrease relative to the source because

then the electron number density will also decrease, and quasi-

neutrality must be maintained in the column. Thus the level of

the potential minimum, $m, decreases as observed experimen-

tally since the potential level <t>5 in the source plasma is

independent of Ua and the shape of the profiles varies little

with Ua.

The variation of the height of the electron reflecting poten-

tial barrier <PS - <t>m should be an important current con-

trolling mechanism since this height partly determines the

fraction of the source electron flux that can pass the minimum

and reach the anode. <t>s - * m is a function of Ua since

<Dm varies with Ua, and this function can be determined ex-

perimentally from measurements like those presented in Fig.4

and 6. These diagrams show immediately that <Pm is correlated

to the current which increases, when <tm increases, and de-

creases when 4»m decreases.

We have made a first check of this correlation by assuming

that source electrons with a half-Maxwellian distribution func

tion are emitted into the chamber at the potential level <t>3.

The corresponding axial electron current at the symmetry axis

is then given by

j Q = AAenQ (2 kTe/irmJ
/2 (1)

Here n o is the electron number density in the flux emitted

from the source and AA is a surface element. We can assume that

the transmitted current is reduced by electron reflection due

to the electric field only in a region between the source and a

point z<| close to the right end of the solenoid. For

z-| < z < z&, where z& is the coordinate of the anode sur-
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face, the electric potential 4>(z) has a minimum for z = zm,

and the electron reflection is determined by th*» minimum value

of the "effective potential"

V(z) = <D(z) - (p/e) B(z) (2)

B(z) is the magnitude of the axial component of the magnetic

field, e the positive elementary charge, and p =

= (1/2) m vx
2(z)/B(z) the magnetic moment. The position

of the minimum of ¥(z) will therefore in general coincide with

the minimum of <t>(z) for u = 0 only. With increasing transverse

velocity of the injected electrons the position of the minimum

will move towards z-\, and finally the minimum may disappear

so that all electrons reaching z-\ with a sufficiently large

transverse velocity are transmitted independent of their

parallel velocity. The transmitted electron current will

therefore in general depend on the spatial distribution of H>(z)

and B(z) in the whole interval z-j < z < zm (Raadu 1986).

To get an estimate we shall here approximate <t»(z) and B(z) by

straight lines in the interval z-j < z < zm. This seems to

be a good approximation as shown by the straight line approxi-

mations in Fig. 2 and Fig. 4b for z-| = -13. Then the minimum is

always assumed at the boundary z = zm. By integrating over

the appropriate region of the phase space we find that the

electron current transmitted to the anode through a surface

element close to the symmetry axis is given by

1-exp(-cup' )
- J- ] (3)

Here <pm = e(d>s-<t>m) /kTe, a = R/(1-R), and R =

Bm/Bo«1. Bm is the axial magnetic field strength at the

potential minimum the position of which varies with Ua.

Using experimental values of Bm, ipm and kTe (4 eV) we

have calculated j as a function of Ua. This function has been

compared with the measured current-voltage characteristics by

assuming that the measured current is proportional to j. The
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proportionality constant is adjusted so that the calculated

current fits the experimentally determined current for Ua =

Um. As seen from Fig.7 the calculated current shows a similar

behaviour to the measured one, but its profile around the cur-

rent maximum is much broader than the measured one. This result

shows that reflection of electrons by the variable potential

barrier is an important mechanism for controlling the current,

but it also indicates that other processes not included in the

calculation are of importance.

One obvious objection against the calculation is the use of

time-averaged values of q>m and Bm. The latter will fluc-

tuate, too, because of fluctuations in the position of the mi-

nimum. For oscillation periods larger than the electron transit

time, (3) would still be valid if <pm and Bm are replaced by

M>m + <Pi(t) and B m + B-|(t), where «p-| and B-| repre-

sent the fluctuations. The time averaged current will then be

given by an average of the right hand side of (3). Due to the

non-linearity the averaging would strongly modify the current

if the amplitudes of ip-\ and B-| are large, and the current

would depend on the fluctuation amplitudes as well.

There are also other possible reasons for the discrepancy. High

frequency fluctuations with periods shorter than the electron

transit time have not been investigated here. They may give

rise to increased electron losses to the grounded diffusion

pumps. It should also be noted that (3) is valid at the sym-

metry axis only whereas the measured anode current is deter-

mined by a three-dimensional structure.
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4. Conclusions

Strong double layers (e«DL/kTe > 10) have been observed in

an argon plasma column in an axially symmetric magnetic field

with an axial field gradient in a region at the anode. For not

too weak magnetic fields the double layer assumes a stationary

position only in the region of inhomogeneous magnetic field.

However, for a sufficiently high anode voltage a transition to

an arc discharge occurs, and then the double layer has another

stationary position at the diaphragm separating the source and

the plasma column.

The diameter of the plasma column is larger than the diaphragm

diameter, and a possible mechanism for the radial expansion is

trapping of electrons between the diaphragm plate and a poten-

tial minimum which forms in the region of non-uniform magnetic

field.

The electric field and the current are oppositely directed bet-

ween the source and the potential minimum. Electron reflection

in the resulting potential barrier has been shown to be an im-

portant current limitation mechanism, and the variation of the

height of the barrier has been correlated to measured current-

-voltage characteristics which show regions of current satura-

tion and negative differential resistance. A probable process

maintaining the potential barrier is radial ion losses, and va-

riations of these may cause the variable height of the bar-

rier. Waves and fluctuations are excited, and further investi-

gations of these are required to understand the current trans-

port in the plasma.
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Figure captions

Fig. 1 Schematic picture of the experimental device. A plasma

column is maintained between the diaphragm (9) and the

anode (6) by a source where plasma is generated by a

discharge between the oxide cathode (4) and the grid

anode (5).

Fig. 2 Normalized axial magnetic field strength at the right

end of the solenoid, Bo being the value in the cen-

ter . The axial gradient has a maximum at the end of the

solenoid, which is used as zero point for the axial

length scale. The dashed straight line represents the

approximation used to derive Equation (3).

Fig. 3 (a) Axial profiles of the electron number density and

the electron temperature measured at the symmetry axis.

The position -100 is 50 cm from the diaphragm, and the

anode position is marked by an arrow.

(b) Normalized radial density and electron temperature

profiles.

Source discharge current 3 A, chamber pressure 0.3

mTorr, Bo = 350 Gauss, diaphragm diameter 1.5 cm, and

anode potential floating.

Fig. 4 (a) Time averaged current-voltage characteristic for the

plasma column. The anode voltage is given relative to

ground. The vertical bars indicate the peak-to-peak am-

plitudes of the current fluctuations in the different

regions of the characteristic. There is a small hyste-

risis at the critical voltage for double layer forma-

tion. At the transition to an arc discharge the double

layer "jumps" to the diaphragm separating the source and

the plasma column.

(b) Axial potential profiles corresponding to some dif-

ferent values of the anode voltage (Ua) in Fig.4a. The

dashed straight lines represent the approximations used

to derive Equation (3).

The plasma parameters are the same as in Fig.3.
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Fig.5 Axial potential profiles for two different anode vol-

tages when a double layer has formed. The time averaged

potential drop over the double layer, <J»DL' ^S approxi-

mately equal to Ud, and the potential drop fluctuates

with peak-to-peak amplitudes up to 25*o of <&DL- ^ e

plasma parameters are the same as in Fig.3.

Fig.6 (a) Axial profiles of the plasma potential at the sym-

metry axis. The position of the diaphragm is -150. The

differences between the source plasma potential and the

left end points of the curves give approximately the po

tential drops at the diaphragm because the potentials

are approximately constant between -150 and -100.

(b) The corresponding time averaged current-voltage cha-

racteristic. The plasma parameters are the same as in

Fig.3 except the diaphragm diameter which is 1.15 cm.

Fig.7 Current voltage characteristic calculated from equation

(3) (dashed line) by fitting to the experimental curve

(full line) at the current maximum.
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Formation of strong double layers has been observed experimen-

tally in a magnetised plasma column maintained by a plasma

source. The magnetic field is approximately axially homogeneous

except in a region at the anode where the electric current

flows into a magnetic mirror. The double layer has a stationary

position only in the region of non-uniform magnetic field or at

the aperture separating the source and the plasma column. It is

characterized by a negative differential resistance in the cur-

rent-voltage characteristic of the device. The parameter space,

where the double layer exists, has been studied as well as the

corresponding potential profiles and fluctuation spectra.

The electric current and the axial electric field are oppo-

sitely directed between the plasma source and a potential mini-

mum which is formed in the region of inhomogeneous magnetic

field. Electron reflection by the resulting potential barrier

is found to be an important current limitation mechanism.

Key words: Laboratory plasma, Current limitation, Potential

minimum, Double layer, Non-uniform magnetic field,

Fluctuations, Azimuthal drift waves.


