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Abstract

The properties of a strong double layer in a current circuit

with a capacitance and an inductance are investigated in a

triple plasma device. The double layer gives rise to a region of

negative differential resistance in the current-voltage

character;?tic of the device, and this gives non-linear

oscillat- t s in the current and the potential drop over the

double 1 ji (* DT)-
 F o r a sufficiently large circuit inductance

<J_T re; c e 5 an amplitude given by the induced voltage (-Ldl/dt)

which i i >w.ch larger than the circuit EMF due to the rapid

current ..crease when *__ increases.

A vari. »v le potential minimum exists in the plasma on the low

potential side of the double layer, and the depth of the minimum

increases when $ n r increases. An increasing fraction of the

electron 3 incident at the double layer are then reflected, and

this is tound to be the main process giving rise to the negative

differential resistance. A qualitative model for the variation

of the minimum potential with <t_ _ is also proposed. It is based

on the condition that the minimum potential must adjust itself

self-consistently so that quasi-neutrality is maintained in the

plasma region where the minimum is assumed.
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1 . INTRODUCTION

Current carrying laboratory plasmas at low density can sustain

very large potential drops along the magnetic field lines. The

potential drop is then concentrated to a very strong electric

double layer formed in the plasma (Sato e_t al. 1981, Torvén

1982, Sato gt äl. 1983, Hershkowitz 1985).

A strong double layer may interact with the external electric

circuit as recent experiments in a triple plasma device have

shown (Torvén e_fe a_l- 1985). In this device a plasma column is

maintained in the central chamber by plasma sources at each end.

When a voltage UQ in series with a sufficiently large inductance

is applied between the sources, periodic current "disruptions"

are excited spontaneously. These are characterized by a rapid

decrease of the current followed by a much slower increase. The

current decrease produces an inductive voltage "spike" with an

amplitude that is much larger than the applied voltage U . The

induced voltage drops off at a double layer formed in the

central plasma where the magnetic energy, stored in the

inductance, is released as kinetic energy of electrons and ions

accelerated in the double layer. This phenomenon is of interest

in both laboratory and space plasmas (Alfvén 1981).

In this paper we investigate this type of oscillations for such

low frequencies that current and voltage are related by the d.c.

current-voltage characteristic (Carpenter and Torvén 1984,

Carpenter ejfc ål. 1984). The experiments were made at the Royal

Institute of Technology with the same device as used in the

investigations discussed above. We find that the oscillations

are caused by a region of negative differential resistance in

the current-voltage characteristic of the device where the

voltage drop is dominated by the potential drop over the double

layer. In the linear approximation the negative differential

resistance may give rise to an exponentially growing circuit

current, and the fully developed instability gives non-linear

oscillations at a frequency that usually is close to the

resonance frequency of the circuit. The d.c. characteristic must
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be valide at the actual frequency which in general implies that

the resonance frequency must not be too high if the oscillations

are to be excited.

In Section 3 we present measurements of current-voltage

characteristics and the potential structure between the sources.

The applied voltage is essentially concentrated to a double

layer. In the plasma region between the double layer and the low

potential source we also find a potential minimum with a level

V below the fixed potential of the source. V varies with the
m m

potential U applied to the other source. It may therefore

control the electric current variation with U by reflection of

electrons when a strong double layer prevents any back flow of

electrons from the high potential source. A first test of this

proposition is presented in Section 4. Electrons emitted from

the sources are assumed to have half-Maxwellian distribution

functions, and the net electron flux between the sources is

calculated using measured values of U and V . The

current-voltage characteristic obtained in this way shows that

reflection of electrons due to the variable minimum is the main

current limiting mechanism in the plasma. Other processes, that

possibly may contribute to a negative differential resistance,

are also discussed as well as the role of charge transfer

collisions for ion trapping in the potential well surrounding

the minimum.

A qualitative model for the variation of V with U is proposed,
m o

too. It gives a variation similar to the measured one. V is
m

determined from the condition that it must adjust itself

self-consistently for any value of U so that quasi-neutrality

is obtained in the plasma region where the minimum potential is

assumed.
Investigations of the oscillations themselves, when various

lumped impedances are introduced in the external circuit, are

presented in Section 5. The non-linear differential equation,

that describes the oscillations, is also briefly investigated.
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Negative resistance regions have been observed previously in the

current-voltage characterstics of a variety of current-carrying

plasma devices. An example of this and a discussion of earlier

results can be found in the work of Fang et al. (1969). Their

model, which included a minimum between the sources, was able to

explain very well the initial part of the characteristic, but

the experimentally observed negative resistance region could not

be reproduced. No experimental evidence of the existence and

behaviour of the minimum was presented.

Potential minima in the plasma on the low potential side of

double layers have been observed in a Q-machine in double-ended

operation. (Iizuka ££ al. 1982, 1985). In this case the minimum

was observed only when the potential structure was moving, and

it disappeared when the structure slowed down and finally

stopped. The variable depth of the minimum was correlated to

variations in the current.

Characteristics showing a negative differential resistance,

which is associated with the formation of a weak double layer,

have been reported by Levine and Crawford (1980) and Maciel and

Allen (1984), who also found evidence of a potential minimum on

the low potential side of the double layer. These authors do not

propose any mechanism that can explain the current limitation,

nor do they investigate the low potential side of the discharge

in enough detail so that any potential barrier for the electrons

can be related to the limitation of the electric current. In

early experiments on double layer formation in mercury arcs

(Babic and Torvén 1974, Torvén and Babic 1975) a negative

resistance region was apparently observed due to a slow drift

along the load line. This drift could be attributed to the local

heating of the tube wall, which started when the double layer

formed as evidenced by a sudden jump along the load line.

Weak double layers with a minimum on the low potential side

(triple layers) have also been observed in other devices, and

theoretical studies of triple layers using the one-dimensional

Vlasov-Poisson equations have been presented in a number of
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papers. These structures differ from those observed here in two

respects. Firstly, the potential minimum we observe is too broad

to be interpreted as a space charge structure described by

Poisson's equation so the structure is not a triple layer.

Secondly, the double layer is strong in the negative resistance

region, that is, practically all electrons from the high

potential source are reflected by the double layer. Only when

this condition is fulfilled, the electron current may be

controlled in a simple way by a variable potential minimum.

2. EXPERIMENTAL DEVICE

The experiment was performed in a triple plasma device

consisting of a central chamber with coaxial plasma sources

located on either side as shown in Figure 1. Plasma was produced

in the sources by discharges in argon between heated tungsten

filaments and the source chamber walls. The electrode B. can

also be used as anode. For the same values of gas pressure,

discharge current and filament temperature this alternative

operation gives a higher plasma density but a less quiescent

plasma, and for the present investigation it was left floating.

Plasma penetrates into the central chamber from the sources

through the apertures A., and A_ in the end plates of the central

chamber. These plates are electrically insulated, and the

cylindrical chamber wall is insulated from the diffusion pump.

They can therefore be connected and grounded or biased in

different ways. The apertures determine the diameter of the

plasma column (3.0 cm) which is radially confined by a

homogeneous magnetic field of up to 40 mT. In the current free

plasma the radial electric field is directed inward so that it

confines ions.

Because of the small diameter of the apertures compared to the

diffusion pump (25 cm), it is possible to maintain sufficient

pressure in the sources for their proper operation (10 to 100

mPa) while restricting the pressure in the central chamber to a

few percent of the source pressure and thereby minimizing the
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importance of ionizing processes in the chamber. The plasma in

the central chamber is accordingly synthetized mainly by ions

and electrons coming from the sources. It is this property that

allows the production of very strong double layers with

potential drops up to 3 kV in this device (Torvén 1982) .

The electron distribution function in the sources is not

Maxwellian due to primary electrons from the filaments. Langmuir

probe measurements in the sources gave a temperature of 8 eV for

the bulk of low energy electrons. The tail was overpopulated

relative a Maxwellian distribution determined by this

temperature. In general the temperature depends on the filament

temperature, the source discharge current, and the argon

pressure. It is approximately independent of the current in a

broad current interval for sufficiently high filament

temperatures and not too low pressure, so the source behaves as

an arc discharge in that interval.

Between the central plasma and the sources there are in general

potential drops located to the apertures in the end plates of

the central chamber. Depending on the sign of these there are

different modes for the operation of the device. The one used in

the present experiments may be called "electron riche" analogous

to the terminology used for Q-machines. The potential drops at

the apertures then accelerate ions into the central plasma,

which has a lower potential and a much lower density than the

sources. Due to the large density difference particle fluxes

from the central plasma do not perturb the source plasmas

significantly. The sources are then independent in the sense

that discharge voltages and currents can be varied in either

source with negligible effects on the plasma parameters in the

other source. The source parameters also become independent of

the applied voltage between the sources. The electron riche mode

is obtained when the end plates of the central chamber are at

floating potential or When the sides of the plates, that face the

sources, are covered by an insulating material. We use glass plates

for this purpose so we obtain the electron riche mode independent

of the voltage bias of the plates.
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The experiments have been run with the left end plate grounded

whereas the right end plate and the cylindrical wall has been at

floating potential. A well defined cylindrical plasma column is

then obtained. When both of the plate potentials are floating,

the plasma in the chamber is rather diffuse, probably due to the

following process. Electrons emitted at one aperture and missing

the other are in this case trapped between the plates

simultaneously as they slowly drift outward. The ions follow the

electrons, and a considerable plasma density may build up in the

whole chamber.

Electric potentials were measured with electron emitting probes

which can be moved both radially and axially with electric

motors. The upper cut-off frequency was larger than 100 kHz. The

probes and .the probe circuits have been described elsewhere

(Torvén e_t a_l. 1985). With no heating the probes were used as

ordinary Langmuir probes.

3. SIMULTANEOUS MEASUREMENTS OF STATIC CURRENT-VOLTAGE

CHARACTERISTICS AND THE POTENTIAL STRUCTURE BETWEEN THE

SOURCES

The non-linear oscillations, that may be excited due to the

negative resistance region of the characteristic, must be

suppressed when the static characteristic is measured. Here we

measure the characteristic with only a power supply in the

external part of the current circuit between the sources, and

only the distributed capacitance and inductance of the circuit

determined the resonance frequency which was estimated to be 60

kHz. Non-linear oscillations are then not excited because the dc

characteristic is not valid at such high frequencies. In fact,

hysteresis gives a noticeable deviation from the dc

characteristic already at 1 kHz as is discussed further in

Section 5.
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To obtain a characteristic, the potential U applied between the

anodes of the sources was slowly varied, either by hand or by

using a function generator to control a power supply with

voltage-control programming. The resulting plasma current was

measured using a precision 1 ohm resistor in the circuit (Fig.

1). Since the potential of the right end plate was floating, the

measured current is the current passing the right aperture which

may differ from the current passing the left aperture due to

radial losses. The effect of these on the characteristic is

discussed in Section 4. The data were taken using a calibrated

X-Y plotter, or a calibrated two-parameter transient digitizer.

The emitting probes were used to measure both axial and radial

potential profiles for different values of U . An example of the

axial potential structure observed between the sources is shown

in Fig. 2 for U = 150 V. A minimum in the potential is clearly

seen between the double layer and the left aperture, and the

minimum potential is in this case 31 V below the fixed plasma

potential in the left source. The radial electric field is

directed inward in this region as in the current free column.

The potential drop between the symmetry axis and the edge of the

column is about the same as the axial potential drop in the left

aperture. In the plasma on the high potential side of the double

layer the radial field is directed outward.

Fig. 3 illustrates the fact that the position of the minimum

depends on the applied voltage. For the source parameters used

in this run it. was found that the position varied from about 5

cm to about 18 cm from the end plate A.. The double layer is off

scale in the figure. To obtain the magnitude of the potential

minimum as a function of U , it was convenient to record the

potential versus U at various positions which spanned the

region where the minimum was known to be located. A sufficient

number of curves were taken to completely determine the lowest

(most negative) envelope which thus becomes a graph of V , the

most negative potential that exists anywhere between the

sources, versus the applied voltage U .
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An example of such an envelope is shown in Fig. 4 below the

corresponding current-voltage characteristic in the upper half

of the figure. The minimum potential V was measured relative
m

the grounded anode of the low potential source. The plasma

potential in this source remained constant when U was varied,

and was (1.5 i 0.5) V in the case shown. The current I became

negative for U < 24 V because the density in the high potential

source was about four times larger than the density in the low

potential source in this case.

For higher voltages than shown in Fig. 4 the characterstic had a

very flat minimum between 200 and 300 V. The subsequent increase

of the current up to 500 V, the highest value tested, was less

than 2 å 3 mA, and the corresponding change of V was within the

experimental accuracy.

Data were taken in the manner described for twelve different

combinations of source discharge currents such that the plasma

density in both sources varied by an order of magnitude. No

unusual data were observed and they were in all cases

characterized by a current maximum in the characteristic and a

corresponding maximum of the minimum potential V .
m

The magnetic field was varied between 100 and 400 Gauss. We

found that the difference between the maximum current and the

asymptotic current for large U increased with increasing

magnetic field.

To show that the results are not significantly influenced by the

wall potentials, characteristics were observed for all possible

interconnections between the end plates, the chamber wall, and

ground. Any essential difference was found only when both end

plates were at floating potential and the radial density and

potential profiles were broadened as discussed above. The total

current drop in the negative resistance region was then

significantly smaller than the one obtained with a well defined

cylindrical column.
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4. DISCUSSION OF THE RESULTS

In this section we shall show that the current-voltage

characteristic can be explained by electron reflection due to

the variable potential minimum in the plasma. Other processes

that possibly may affect the characteristic are also discussed.

Finally, a qualitative model for the variation of the minimum

potential with U will be proposed.

Let the minimum potential in the central plasma be denoted by V

and the plasma potentials in the sources by V and V (V > V ).
p n p n

Here the subscript p refers to positively biased right source

and n to the left source. These potential drops were measured

with the Langmuir probes in the sources, and it was found that

v p - v n « u o (1)

where U is the applied voltage between the anodes of the
o

sources. The maximum deviation from this equation was found to

be less than +1 V over a variation of U by more than 200 V.

The electrons are assumed to be radially confined by the

magnetic field so that an one-dimensional model applies for

their motion. This is assumed to be stationary and unperturbed

by collective interaction. These assumptions will be discussed

later.

Introduce the distribution functions F (v) (0 < v < °° ) and F (v)
n p

(-» < v < 0) for the electrons emitted from the sources at the

potential levels V and V . The net electron flux, 4* , which is

constant in space, is evaluated most conveniently at the

potential minimum, and we get ')J- F (- 7v + 2e(V-\)/%) v dv
J (2)
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Since F and F are constant and determined by the source
n p

parameters only, ¥ is a function of only V - V_ and V_ - V .
n m p m

The positive elementary charge is denoted by e and m is the

electron mass. Due to the radial density profiles (2) is valid

only close to the symmetry axis. Assume now that F and F are

half-Maxwellian distribution functions with different densities

n and n but equal temperature, T = T . Then we get

1/2

Y = (2kTn/™e) exp(-n)[nn - n exp(-z)] ( 3 )

Here n = e(V - V )/kT , z = eU /kT , and (1) has been used ton m n o n
eliminate V . The net flux vanishes for some particular value z

= z, when n = Hi- T n e electron number density at the potential

minimum is then given by 2n where

"o = nn exP<-V = np

We also assume that ¥ is proportional to the current I passing

the right aperture, that is, the measured current, and get

I = I Q exp(n1 - n)[1 - exp(Zl - z)] (5)

Here

1/2

a ( 2 k T / )

where a is the proportionality constant between I and
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Using measured values of V - V to evaluate T\(Z) we find that
n m

(5) reproduces the measured current-voltage characteristic

excellently for I = 193.6 mA and kT = 15.5 eV. The magnitude

of the deviation is less than 1.6 \ at any point. The first

sharp rise of the current, when U is increased, is mainly due

to an increasing reflection of the electrons from the right

source, and their contribution to the net flux becomes almost

negligible at the current maximum. For a further increase of U ,
V - V increases. The net flux then decreases due to reflection
n m

of electrons from the left source which gives a region of

negative differential resistance.

The temperature obtained from the fit is higher than the

temperature of the bulk of low energy electrons in the sources

(8 eV). This may be expected. The low energy electrons in the

sources should be of less significance for the net flux due to

the large potential differences between the sources and the

minimum (V - V > 22 V, V - V > 46 V). The distribution
n m p m

function in the chamber should therefore partly be determined by

the shape of the source distribution functions tails. Due to

primary electrons from the filaments the tails are overpopulated

compared with a Maxwellian distribution determined by 8 eV.

Besides, the total variation of V - V is only 10 V. If the
n m

distribution function in the left source can be approximated by

an arc of a Maxwellian distribution in this interval, it would

give the correct contribution to the net flux apart from an

additive constant which may be adjusted by the fitting

procedure. A similar reasoning can be applied to the flux from

the right source although in that case the distribution function

must follow an arc of a Maxwellian distribution in a larger

energy interval.

Measurements of electron temperatures at the potential minimum

confirmed this picture. The probes used for the potential

measurements were used as ordinary Langmuir probes, and the

cylindrical wire (diameter 0.1 mm, length 7 mm) was

perpendicular to the magnetic field. The temperatures obtained

from the probe characteristics were considerably higher than the
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one in the sources. However, they were also found to vary with

the current and were in the range 12 to 17 eV in the case

considered. The temperatures were obtained from semi-logarithmic

plots of the probe characteristics by straight line

approximations covering a voltage interval of about 15 V. For

still larger electron energies the probe current was in general

smaller than the one obtained from a Maxwellian distribution

with the temperature determined.

The variation of the net electron fluxes with U has been
o

calculated for some different temperatures and compared with the

measured current-voltage characteristic (Fig. 5). I has been

chosen so that all the current levels coincide at the current

maxima. These occur at voltage levels which rather well agree

with the voltage level observed at the maximum. However, the

total drop of the net fluxes in the region of negative

differential resistance seems to be somewhat larger than the

measured drop. This may be expected since the fluxes have been

evaluated at the symmetry axis. The radially averaged fluxes

should vary less rapidly with U because V - V has a maximum
o n m

at the symmetry axis. The variation of the electron temperature

with the current may be an evidence of the non-Maxwellian

character of the tails of the source distribution functions, but

it may also to some extent reflect the varying anisotropy of the

distribution function which will influence the electron

collection efficiency of the probe. As discussed below high

frequency fields may also modify the electron distribution

function.

The result obtained shows that the variable depth of the

potential minimum is the main mechanism controlling the current.

However, the possibility that other processes also contribute to

the negative differential resistance cannot be quite excluded as

discussed below.
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A high frequency spectrum peaked in the vicinity of the plasma

frequency existed in the plasma on the high potential side of

the double layer. The spatial distribution of the high frequency

power was the same as observed earlier at a double layer (Torvén

and Lindberg 1980, Lindberg 1982, 1985). The power level started

to grow above the back ground level at about 100 Debye lengths

from the double layer. It increased by typically a factor 100

over the next 50 å 100 Debyelengths and then decayed at larger

distances from the double layer.

Such a high frequency spectrum is expected since electrons

accelerated in the double layer are shot into thermal electrons

in the high potential plasma. However, there was no enhanced dc

field in the high frequency region which was clearly separated

from the double layer. The high frequency field would be of

importance for the observed negative resistance if there is a

strong local heating of electrons so that there is an increased

back flow of electrons from the high potential side to the low

potential side of -the double layer . If the heating increases with

increasing U in a certain voltage interval, the back flow might

give a decreasing current in that interval. A similar effect may

be obtained from secondary electron emission from the wall of

the right source, which is bombarded by energetic electrons.

Only elastically scattered primary electrons are of importance,

and these are scattered preferentially in a direction given by

the angle of incidence of the primaries. Such electrons make,

however, only a small fraction of the total secondary yield and

should be of little significance in the present experiment.

Radial losses of electrons would also be of importance if the

losses increase sufficiently with U in the negative resistance

region. For 55 V < U < 200 V we found that the maximum change

of the current to the left end plate, Alp» always was less than

20\ of the total drop in the measured current I between 55 V and

200 V. Since the right end plate was at floating potential, the

left plate collected those electrons which entered the chamber

through one aperture but missed the other due to radial drift.

Thus AI gives an upper limit for the drop of I, that is caused
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by radial losses, and these can accordingly give only a minor

contribution to the current decrease in the negative resistance

region. In the part of the characteristic where the current

increases (24 V < U < 55 V), AI was larger. This is probably

due to electrons from the right source hitting the left end

plate instead of reaching the left source. Since the current

increase in this interval is essentially brought about by an

increasing reflection of electrons from the right source, such

losses are of little significance for the model considered.

Another high frequency spectrum, also peaked close to the plasma

frequency, existed in the plasma between the double layer and

the left aperture. The total power level was much smaller than

the level in the spectrum discussed above, and in contrast to

this it existed also when the current vanished. It may represent

the electron response in the potentially unstable system

consisting of the electrons and the two ion "beams" that are

injected into the region over the potential drops V - V and

V - V . For T = 15 eV the ion velocities are only of the order
p m e

of 1% of the thermal electron velocity so the electron

distribution function is probably not much perturbed. There was

also a broad spectrum in the vicinity of the ion plasma

frequency which may be an evidence of ion-ion interaction.

We believe that collective processes are of importance to

energize slow ions which are formed by charge exchange

collisions and trapped in the potential well between the double

layer and the left aperture. The mean free path for charge

transfer collisions is about 4 m. For actual ion number

densities heating of trapped ions due to coulomb collisions with

the ion beams is insufficient to give a loss rate equal to the

production rate. Since slow ions are produced at different

potential levels, their total average energy is not very

different from the energy corresponding to the barrier height.

The total average energy of trapped ions will, for instance, be

half of that energy for a parabolic shape of the potential and

uniform production. However, it would appear that also the

self-collision time for coulomb collisions is too long to
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produce a tail accounting for the losses unless the height of

the barrier is less than about 1 V. Detailed measurements of

radial and axial potential profiles failed to disclose any

escape path for ions with such low energies. The height of the

barrier, measured in any direction, was found to be larger than

at least 10 V. This observation leads us to believe that there

is an efficient ion heating mechanism, and that the ion trap is

populated and de-populated at a higher rate than the one given

by charge transfer collisions. In fact, the total production of

slow ions per unit time in the ion trap can be estimated to be

of the same order of magnitude as the number of ions lost per

unit time to the ceramic tubes surrounding the probe shafts

(diameter 0.7 mm and exposed length 15 mm). By introducing one

or two perturbing probes into the region while measuring the

potential with a third probe we found that the probe shafts gave

an insignificant perturbation of the potential. This again

indicates that trapping and de-trapping are determined by other

processes than charge transfer collisions.

Finally, we present a qualitative model for the variation of

V - V with U . Trapped ions will be neglected. As a basic
n m o

assumption we shall assume that the region of space between the

double layer and the left aperture is a quasineutral plasma

region. Even though potential variations exist there, they are

only of the order of kT /e and occur over many hundred Debye

lengths so the departure from neutrality is negligible. We shall

neglect potential and density variations in this plasma region,

and the radial ion losses there are also assumed to be

independent of U . The quasineutrality condition imposes

conditions on the fluxes of ions and electrons incident at each

end of the region. When U is varied from one value to another,
o

the contribution from the right source to the ion as well as

electron number density will change, and the quasineutrality

condition would be violated unless the density contributions

from the left source also change. This can be brought about only
if V - V changes since the source parameters are independent

n m
of U . V n - Vffl must accordingly be a function of U .
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One could think of applying the same reasoning to the plasma

region between the double layer and the right aperture. In this

plasma, however, the radial electric field is directed outward

which gives an additional degree of freedom for control of the

ion number density. This should be very sensitive to any change

in the radial potential profile which is much more flat-topped

here than a parabolic profile.

Using the model already discussed for the electron motion the

electron number density, N , in the plas

double layer and the left aperture becomes

electron number density, N , in the plasma region between the

N e = n Q exp(n1 - n) [1 + exp(z1 - z)] (7)

To get an estimate of the ion number density in the same region,

we first consider the density contribution from the left source,

N. , and make the following assumptions. Ions from the leftin

source passing the plasma region have been accelerated in the

potential drop V - V . Their initial kinetic energy in the

source is negligible and they have been accelerated in a

presheath before they fall through the main part of the

potential drop in the aperture. The simplifying assumption
2

m.v. /2 = eV = kT is also made. Here v. is the ion velocity
i xo o e xo

after acceleration in the presheath and V the presheath
-1/2 °

potential drop. Then we get N. = An where A is a constant

since we have assumed that the radial ion losses are independent

of U . The constant A is not easily related to the ion number

density in the source due to the losses, which should occur

particularly in the aperture in the end plate and the insulating

glass plate. However, when U assumes large values (z•*<*>), the

electron density contribution from the right source is

negligible, and we may also assume that the corresponding ion

density contribution vanishes. The constant A can then be

determined from the quasineutrality, when z+°° , which gives

1/2
Nin = no exp(n1 " n») ^./nU)]
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Here n is the asymptotic value of n *or large z. The

experimental value

maximum value of n.

experimental value is riw = 2.1 (kT = 15.5 eV) which also is the

The density contribution N. from the right source is more

difficult to estimate because the radial ion losses in the

plasma region on the high potential side of the double layer are

likely to vary with U . Such losses are expected to occur when

the radial electric field there is no longer inward but becomes

outward. This field reversal occurs when a double layer has

formed for U between 30 and 35 V. As an example we shall here

consider a loss-free system only. Using the same model as above

we get

Nip = no B ( n + z) (9)

where

X/2 l/2

B = (n1 + z^ [2 -(n^/n.,) exp(n1 - nj] (10)

has been determined from the quasineutrality condition for

z = z.. The equation

N e = N i n + N i p (11,

now gives n as a function of z for z^ < z < <» . This function has

been calculated to give V as a function of U as shown in Fig.
m o

6 where the experimentally determined variation also is shown

for comparison. The calculated curve shows a similar variation

as the measured one, but its maximum value is too high and it

approaches its asymptotic value for large U too slowly.
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The approximation used for N. should be adequate up to the

point of field reversal. For U > 35 V it seems likely that the

radial losses increase with increasing radial field, that is,

with increasing U . N. would then decrease faster than
-1/2 ° i p

(H + z) for large values of z, and better agreement would be

obtained. Further studies are required to take this effect into

account.

However, it is interesting to note that even a loss-free system

gives a decreasing V for large values of U and thus a region
m o

of negative differential resistance in the characteristic.

Qualitatively the variation of V can be understood as follows.
m

Since the charge contribution from the left source,
p ~ N. - N , must vanish when n •* n , p will be negative andKn in en' °°' Kn *
monotonically increasing in the interval n < n < n . Here n is

m ' 'co m

the minimum value of n. This follows from the above condition

and the fact that N. varies more slowly with n than N . The

charge contribution from the right source p _ ~ N. ~ N
e p» i s

positive, and it increases from z. up to a maximum for z = z
i m

because N decreases much faster than N. . However, for large
ep lp

values of z, N is entirely negligible, and p then decreases
since N. decreases. In the interval z. < z < z n must

lp i m
therefore first decrease to maintain p + p = 0 . For z ± z »n

n p m
assumes a minimum, and then it must increase again for z > z .

m
V will accordingly increase to a maximum for z = z and thenm m
decrease for z > z . A region of negative differential

m

resistance will therefore appear under very general conditions.

The essential condition is only that N. and N. vary

sufficiently slow compared with N and N
5. NON-LINEAR OSCILLATIONS

In this section we shall briefly demonstrate some examples of

the oscillations obtained. The oscillations were excited when

the resonance frequency of the current circuit was lowered by

introducing a parallel LC-circuit between the EMF U and the

wall of the source S2. The capacitance added to the stray
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capacitance of S_ which was 3 nF. The voltage drop V between the

sources is then related to the current I by the following

equation: LC d2V/dt2 + Ldl/dt + V = UQ. Here the resistance of

the inductance and the small resistors used for the current

measurements have been neglected. We introduce a normalized
-1/2

time t = t(LC) and the dimensionless function

g(V) = (L/C) 1 / 2 dl/dV, where dl/dV is given by the static

current-voltage characteristic of the plasma. It is also

convenient to refer the zero of the potential to the external

EMF U , that is, we put V = U + U. Then we get

<L£ + g(u + u} du + 0 = 0 (12)
dx2 ° dr

For small amplitudes (U << U ) we may neglect the non-linearity.

If then g(U ) < 0,any solution of (12) will grow exponentially

in time. The non-linear time evolution should depend strongly on

the magnitude of g. If L and C are chosen so that | g | << 1 in

the region where dl/dV < 0, the voltage oscillation should be

nearly sine shaped because the perturbation during one period

will be small. However, the amplitude may be large depending on

the shape of g(U + U). If on the other hand |g| 2 1» the

oscillation should contain harmonics.

These predictions are confirmed experimentally. Fig. 7a shows an

example of the obtained oscillation for U = 55 V, L = 57.8 mH

and C = 2.08 yF giving f = (2TT /LC")"1 = 459 Hz and
1/2 °

(L/C) =167 ohm. From the corresponding characteristic, which

is given in Fig. 8, it is seen that | dl/dV | < 10 ohm in the

region where dl/dV < 0. Then | g | << 1 in that region, and the

observec. voltage oscillation is also nearly sine shaped with a

frequency very close to f . Fig. 7b shows the oscillation

obtained for nearly the same value of f (440 Hz) but
1/2(L/C) ' = 1.83 kohm giving |g| of the order of unity. The

frequency of the first harmonic is still of the order of f but

depends as well on U , and the oscillation now contains higher

harmonics.
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Oscillations are excited only when U. < U < U_. Here U1 is the

potential level at current maximum (Fig. 7) in agreement with

the instability condition predicted by (12). There is also a

very flat current minimum occurring at about 300 V in this case

(not shown in Fig. 7). U_ was found to be smaller and dependent

on L and C as well. This could be correlated to the small

resistances of the inductors used which were of the order of 1

ohm or less. When a resistance R in series with L is taken into

account, too, the condition for exponential growth of the

solution of the circuit equation, linearized at the point V =

v
d l

d V o

becomes

< - R C

L (13)

1/2
This condition holds for R < (L/C) ' . V is determined by

V +RKV ) = U . For R = 1 ohm (13) is of significance in the
o o o

neighbourhood of the flat current minimum where dl/dV assumes

small negative values ( |dl/dv| < 10~ ohm" ).

When |g| ^ 1 as in the examples above the amplitude of U is of

the order of U . When C is small and L is large so that | g| >> 1

in the region of negative resistance, the amplitude of U can be

much larger than U . With C equal to the stray capacitance (3

nF) and values of L in the range 0.05-1 H, the voltage

oscillations assume the shape of voltage "spikes" with

amplitudes that increase with L (Torvén s_fc al. 1985). During a

voltage spike there is a sharp current decrease ("current

disruption"). For the L-values considered the amplitude of U

increased from about 300 V to 1 kV and the frequency decreased

from about 11 kHz to 3 kHz. Also for these higher frequencies

the current decrease during a disruption can be related to

reflection of electrons due to a time variable potential minimum

(Torvén e_fc al- 1985). The amplitude U of the voltage spike is

now mainly determined by -Ldl/dt. As a rough estimate for

frequencies up to 10 kHz we found that U « LwAI = (L/C)1' AI.

Here AI = I - T^ where I is the maximum current and 1̂  the



Page 22

current level for large values of V.

When L was decreased further for a constant value of C (3 nF),

the amplitude of the oscillation decreased and reached a value

below 1 V when there was no external inductor. The frequency was

then somewhat less than 60 kHz. This is close to the resonance

frequency obtained for L « 2.7 mH, which was the stray

inductance estimated for the circuit. Accordingly, when L
1/2decreases, U decreases much faster than L suggesting that

also AI decreases for frequencies larger than about 10 kHz.

To check whether I and V still are related by the d.c.

characteristic for higher frequencies, we measured

characteristics when V was swept linearly between O and 200 V at

rates up to 4 V/u s. For dV/dt > 0 a current maximum was always

observed, but the maximum was shifted towards higher voltages

and AI tended to decrease for the highest sweep rate. This

indicates that the drop of U for large frequencies is partly due

to a decrease of AI and that AI may vanish for sufficiently high

frequencies. Experiments with still larger sweep rates are

necessary to confirm this. The model for the variaton of the

potential minimum discussed in the preceeding section also

implies that the period of the oscillation must be larger than

at least the ion transit time across the double layer. This

gives an upper limit of the order of 100 kHz for the

oscillations.

For dV/dt < 0 the current maximum disappeared for high sweep

rates, and the current decreased monotonically with decreasing

V. This hysteresis limits the validity of the d.c.

characteristic to frequencies below about 1 kHz. It is of

importance for the energy transfer from the .inductance to the

plasma during a voltage spike.

Powerful approximation methods have been developed to obtain

asymptotic solutions of the type of equation discussed when

analytical expressions are available for * ( ^ o
 + u) (e.g.

Bogoliubov and Mitropolsky, 1961).



Page 23

6. CONCLUSIONS

To predict the behaviour of a current circuit containing a

double layer, a functional relation is needed between the

current and the voltage drop over the double layer. This is an

important problem in laboratory plasmas as well as in

astrophysics and space physics (Alfvén 1981, Smith 1983, Hénoux

1985).

For low frequencies the current and the voltage are related by

the d.c. characteristic, and in this case we find that a strong

double layer gives rise to a region of negative differential

resistance in the characteristic. Non-linear oscillations are

then excited spontaneously if the oscillations are not damped by

a sufficiently large circuit resistance. The resonance frequency

of the circuit must also not be so high that the d.c.

characteristic becomes invalid at that frequency.

Hysteresis effects limit the validity of the d.c. characteristic

to a few kHz, but for increasing voltage the region of negative

differential resistance persists up to at least some tens of

kHz. The corresponding periods are typically 10 times the ion

transit time across the double layer. For these higher

frequencies and a sufficiently large circuit inductance the

oscillations assume the form of "voltage spikes" caused by the

rapid current decrease (current "disruption") when the voltage

increases. The amplitude is then much larger than the circuit

EMF, and it is mainly determined by -Ldl/dt. This voltage drop

is concentrated to a double layer where magnetic energy, stored

in the inductance, is released as kinetic energy of the

electrons and the ions that are accelerated in the double layer.

The essential plasma process, that controls the current and

gives rise to the negative differential resistance, has been

found to be reflection of electrons at a variable potential

minimum which is formed in the plasma on the low potential side

of the double layer. When the double layer is strong, the depth

of the minimum increases with increasing potential drop over the
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double layer. An increasing fraction of the electrons moving

towards the double layer are then reflected, and the current

will decrease. This is the main process giving rise to a

negative differential resistance, but further investigations are

required to tell whether contributions from other processes are

entirely negligible.

A qualitative model for the variation of the minimum potential

with the double layer potential drop has also been proposed. It

i~ based on the condition that the minimum potential must adjust

itself self-consistently so that quasineutrality is maintained

in the plasma region where the minimum exists. The variation of

the minimum potential level with the double layer potential drop

is similar to the measured one and gives rise to a region of

negative differential resistance. However, the variation of the

radial ion losses in the plasma on the high potential side are

neglected in the model, and it must be taken into account to get

good agreement with the experiments.
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Figure Captions

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

column is maintained in the central chamber between A
1

and A- by inflow from the sources S. and S .

Fig. 2 Axial potential structure between the sources showing the

double layer and the potential minimum in the low

potential region. The source parameters were I.. = 0.89 A,

U1 =33 V, p1 = 1.5 ' 10~
4 Torr and I2 = 1.4 A, U2 = 33

V, p« = 4 ' 10 Torr. p1 and p_ are the argon pressures

in the sources, and the currents and the voltages are

defined in Fig. 1. B = 130 Gauss and U = 150 V.

Fig. 3 Axial potential profiles showing that the position of the

minimum depends on the applied voltage U . The double

layer is off scale in the figure. In this case the source

parameters were chosen to give approximately the same

densities in the sources.

Fig. 4 Current-voltage characteristic showing the current I

(Fig. 1) as a function of the applied voltage U (upper

curve). The lower curve shows the corresponding variation

of the level of the current-limiting potential minimum.

The plasma parameters are the same as in Fig. 2.

Fig. 5 Comparison between the net electron fluxes (dashed

lines), evaluated at the symmetry axis, and the measured

current-voltage characteristic (full line). The net

fluxes have been normalized to coincide with the measured

current level at the maxima. Electrons emitted from the

sources have been assumed to have half-Maxwelljan

distribution functions with the same temperatures, and

experimental values of the potential minimum V have been
m

used in the calculation.
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Fig. 6 Example of the calculated variation of the potential

minimum V required to maintain charge neutrality in them
low potential region. The measured variation is shown for

comparison. The discrepancy should be due to the variation of

the radial ion losses with U which has been neglected in

the calculation.

Fig. 7 Examples of oscillations showing nearly sine shaped

voltage oscillations when the non-linear perturbation is

small during one period (a). For stronger perturbation

the voltage oscillation contains higher harmonics (b).

The resonance frequency of the current circuit is

approximately the same (450 Hz) in the two cases.

Fig. 8 Current-voltage characteristic corresponding to the case

shown in Fig. 7. The parameters differed slightly from

those used earlier (I1 = 0.55 A, U1 = 28 V,

P1 = 2.3 ' 10~
4 Torr, I2 = 1.8 A, U2 = 23 V,

P2 = 0.7 ' 10~
3 Torr, B = 167 Gauss).
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The properties of a strong double layer in a current circuit

with a capacitance and an inductance are investigated in a

triple plasma device. The double layer gives rise to a region of

negative differential resistance in the current-voltage

characteristic of the device, and this gives non-linear

oscillations in the current and the potential drop over the

double layer (<J>_T). For a sufficiently large circuit inductance

$_.T reaches an amplitude given by the induced voltage (-Ldl/dt)

which is much larger than the circuit EMF due to the rapid

current decrease when $__ increases.

A variable potential minimum exists in the plasma on the low

potential side of the double layer, and the depth of the minimum

increases when $__ increases. An increasing fraction of the

electrons incident at the double layer are then reflected. and

this is found to be the main process giving rise to the negative

differential resistance. A qualitative model for the variation

of the minimum potential with $__ is also proposed. It is based
DL

on the condition that the minimum potential must adjust itself

self-consistently so that quasi-neutrality is maintained in the

plasma region where the minimum is assumed.
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