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ABSTRACT

The problem is considered of a cloud of neutral dust

which moves into a cloud of static plasma which is con-

fined in a magnetic field. Earlier experiments and

theoretical analysis on critical velocity limitation by

plasma-wall interaction suggest that such limitation also

arises in the case of plasma-neutral dust interaction.

Nevertheless further analysis is required to provide a

full and clear picture of the interaction between plasma

and neutral gas on one hand and plasma and neutral dust

on the other.



1. Introduction

It has earlier been suggested by Alfven (195*0 that

there arises an enhanced ionization process when a charged

and neutral gas cloud move into each other at a relative
1/2velocity which exceeds the critical value v = (2«L/m.) ,

where #. is the ionization potential and m. the ion

mass. The first experimental verification of such a mechanism

was presented by Pahleson (1961) and Angerth et al. (1962)

who showed that the voltage and the associated velocity of a

rotating plasma in a flat homopolar device become limited

at a value which is close to the velocity v . Later such

critical voltage and velocity limitation has been observed

in a number of experiments. Also several theories have been

elaborated with the purpose of explaining the detailed

mechanism or mechanisms of this limitation under various

conditions.

The critical velocity limitation was suggested by Alfvén

in connection with a theoretical model of the formation pro-

cess of the solar system. In the model non-ionized (neutral)

matter is falling towards a magnetized solar body, thereby

moving through a plasma cloud which is kept at rest by a

confining solar magnetic field.

In the present paper the discussion on velocity limitation

will be extended to the case of neutral dust clouds. The röle

of cosmic dust and dusty plasmas has recently become an im-

portant subject in cosmical physics. A summary will first be

given in Section 2 on some experimental results which are

relevant to the process of velocity limitation. This is

followed in Section 3 by a discussion on, the case of a neutral

dust cloud colliding with a magnetized plasma.



2. Experiments on Velocity Limitation by

Plasma-Wall Interaction

A number of experiments have earlier been made in

Stockholm with rotating plasma devices in which there is a

strongly inhomogeneous axisymmetric magnetic field having a

geometry similar to that of internal ring systems. These

experiments were performed with various types of symmetric

as well as non-symmetric boundary and wall conditions, as

summarized in an earlier review (Lehnert 1971).

2.1. Axisymmetric'Boundary Conditions

The first type of experiments just being mentioned was

carried out with the FI device (Bergström et al. 1966,

Lehnert 1971) the geometry of which is outlined in Fig.l.

The radial extensions in the midplane of the confinement

region are rQ1 = 0.19 m and r _ = 0.26 m. The magnetic

field B is purely poloidal, i.e. it is situated in planes

through the axis of symmetry. The average magnetic field

strength B in the midplane has been varied in a range

up to about 1 tesla. The plasma is generated from neutral

gas which originally fills the discharge chanber, by im-

posing a potential difference *$.._ and an electric current

J12 between the anode rings and the cathode plate of Fig.l.

The associated electric field E is essentially at right

angles to the magnetic field B, and this puts the plasma

into rotation around the axis of symmetry, at a velocity y.

When a quasi-steady state has been reached, there is a fully

ionized plasma within the shaded confinement region of Fig.l,

being defined by the magnetic field lines which are tangent

to the electrodes. The plasma body then becomes bounded by

partially ionized boundary layers in the perpendicular

direction of the field B, and by partially ionized wall

layers in the parallel direction of B, where the field lines

end upon the insulator surfaces.



The following experimental results with hydrogen are
of particular interest to the present discussion:

(i) With an applied electrode voltage exceeding about

4>. - 5 kV, and a corresponding discharge current

J._ - 2 kA, a fully ionized plasma is created within

the shaded region of Fig.l. The plasma has an average
pi -\

ion density n = 2x10 m J in the midplane. It rotates
at an angular velocity Si = v/r being rather close to

that expected from the isorotation law, i.e. Q - const,

along a field line in the interior hotter parts of the

plasma confinenemt region. Thus,

fl=v/r=:v/r (1)
o o w w

along a given field liner where (r ,v ) and (r ,v )
are the corresponding radii and velocities in the
midplane and at an insulator surface, respectively.
The radial profile of 8 (r) in the midplane of Fig.l
has a maximum somewhere at the centre of this region,
and drops almost to zero near the boundaries at
r = rQ1 and r = r^.

(ii) Due to the isorotation law and the centrifugal force,

the average ion density n near an insulator surface

becomes about an order of magnitude smaller t. an the

average density n in the midplane. The plasma, which

has temperatures up to T = K K K at v = l(Pin/s in

the central parts of the confinement region, will be

partly lost by streaming along the field lines and

hitting the end insulator surfaces. Hern the ions and

electrons recombine and form a backscattered flux of

neutral gas having a local temperature T << T.



In a steady state this backstreaming neutral gas becomes

reionized in the wall layers of Fig.l, thus replacing

the plasma which is lost to the insulator surfaces.

There is efficient electron heat conduction from the

plasma interior along B and a correspondingly high

ionization rate E prevails in the wall layers. This

fact, in combination with a low temperature ratio T /T,

results in a wall layer of small thickness

-1/2 — —where k = l+k , k =(2w) , n and n are thew u v nw W
average neutral and ion densities in the layer and

m is the mass of a neutral particle (Lehnert 1968,1971).

In device FI the densities n and n are both

rather high, thus resulting in d - lO"-* m. The thickness

d resulting from this balance at a wall surface

should not be confused With the penetration depth of

neutrals (Lehnert 1971,1975) which diffuse from a large

reservoir into a static plasma.

(iii) By gradually increasing the power input, the voltage

0 1 ? and the velocity v are observed to increase as

well, but only up to a certain critical level. When

this upper level 4>.~ is reached, a further power

input does not enhance 6.? and v but introduces an

irregular mode of operation during which large amounts

of material are boiled off from the insulator surfaces.

Combination of the isorotation law with various experi-

mental data including Doppler shift measurements

(Lehnert et al.1963) indicates that this voltage and

velocity limitation sets in as soon as the velocity

v =v (r /r ) reaches Alfven's critical value v within
w o w o' c
some local region in a wall layer. This occurs in device

FI when the maximum of the velocity profile in the mid-

plane reaches the value v _ ~(r /r )v *3v *1.5xlO"Ws.
C/tim x cj <w Q* c

The onset of the critical velocity phenomenon is clearly

demonstrated in these experiments which are performed in

a strongly inhomogeneous magnetic field and where the



"radial ratio" r /r is substantially larger than

unity. This makes it possible to allow the electrode

voltage 4>y

from below.

voltage 4>.~ to approach the critical value <$.._ slowly

(iv) The velocity limitation in the reported experiments is

equivalent to the original picture suggested by Alfvén

(195*0, but it is here restricted to plasma-neutral gas

interaction within the thin wall layers.

(v) Further confirmation of the observations and of the

interpretation of the velocity limitation has been

provided by a special experiment performed by Bergström

and Hellsten (1976). This experiment was based on an

attempt to suppress the mechanism of critical velocity

limitation in the wall layers by short-circuiting an

associated azimuthal electric field by means of a set

of concentric metal rings the spacing between which was

chosen to be smaller than or equal to the local ion Larmor

radius (Lehnert 1974). For this purpose 50 ring probes

were placed at the upper end insulator surface, as out-

lined in Fig.l. However, a suppression of the critical

velocity limitation was not achieved in the experiment,

but several interesting results were still obtained. First,

measurements of the voltage distribution between the rings

in a quiescent plasma state revealed a velocity distri-

bution being largely of the form suggested by earlier

investigations on discharges being run below the critical

voltage level. Second, when voltage limitation was seen

to appear, a voltage difference corresponding to a local

velocity v =5x10 m/s=v was also recorded at a certain

pair of neighbouring rings. Third, the plasma resistance

between such a pair was found to decrease drastically

when the critical velocity was reached. This reveals a

strong local change in the discharge conditions within

the wall layer, just at the position where the critical

velocity is first being approached.



To sum up the experimental results with axisymmetric

boundary conditions, it is thus round that

a sharply defined critical velocity phenomenon given by the

limit v occurs within a localized and thin partially

ionized wall layer;

- this phenomenon has a substantial effect on the entire

plasma balance;

under axisymmetric boundary conditions this phenomenon

has been observed in a situation where the plasma ExB wind

is tangential to the interacting wall surface and the magne-

tic field lines end upon the same surface.

2.2. Non Axisymmetric Boundary Conditions

A later series of experiments was performed with the

non-axisymmetric FII device (Lehnert et al.1966), being

outlined in Pig.2. In this geometry the magnetic field lines

only end upon an insulator surface within a minor part of the

perimeter of the device. Thus, most of the field lines pass

freely around the main coil which is supported by an oblique

rod covered by an insulator. Movable tubes of ceramics can

be inserted in the equatorial plane (midplane). In addition,

a turnable tube of ceramics has been used in part of the

experiments.

The following experimental results are of particular

interest to the present discussion:

(i) In absence of the movable and turnable tubes, critical

voltage and velocity limitation are observed, being

of the same character as that occurring in the axi-

symmetric PI device. Thus, the limitation is not

avoided even if 8/9 of the field lines do not end upon

an insulator surface. The relatively high rotational

speed, as compared to the thermal ion velocity along
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the field lines, makes the oblique rod insulator act

like a conical wall. The strong plasma wind hitting the

insulator surface, and the corresponding formation of

an immovable back-scattered neutral gas cloud, gives rise

to a violent plasma-neutral gas interaction and critical

velocity limitation within a thin wall layer at the insu-

lator surface. This occurs as soon as the velocity

v = (r /r )v reaches v at some point along the oblique

rod. The transition from a quiescent mode with classical

particle and energy losses to a violently disturbed mode

with large losses and heavy insulator interaction was found

to be extremely sharp, i.e. within a few percent of the

corresponding changes in electrode voltage 4>.7 and power

input into the rotating plasma discharge.

(ii) When the movable tubes were inserted into the equatorial

plane, the velocity in this plane immediately became

limited to v <v by violent plasma-wall interaction.

This occurred even with such a small tube diameter as

5 millimeters. The ion Larmor radius is then somewhat

smaller than one millimeter.

(iii)Taking away the movable tubes and inserting the turnable

tube, the latter produces a voltage limitation being

similar to that by the oblique rod. In this series of

experiments the critical limit was approached slowly from

below, at various values of the rod angle 6 . The results

gave a clear picture of a sharply defined velocity

limitation determined by v =(r /r )v where r =r (6)
o o w c w w

is the radius of the corresponding field line which

ends on the turnable tube.

To sum up the experimental results with non-axlsymmetric

boundary conditions, it is thus found that

- a sharply defined critical velocity phenomenon occurs within

a localized and thin partially ionized wall layer, also when

this layer is formed around an obstacle of limited size;



even a small obstacle gives rise to a substantial effect

on the entire plasma balance;

under non-axisymmetric boundary conditions the critical

velocity limitation is observed also when the plasma

ExB wind is perpendicular to parts of the interacting wall

surface and only part of the magnetic field lines end on

this surface.
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3. Application to Neutral Dust

We now turn to the problem of a cloud of neutral cosmic

dust moving into a static cloud or plasma which is confined

by a magnetic field, as outlined in Fig.3- Here the conse-

quences of the experiments described in Section 2 will be

discussed and some problems of further analysis be identified.

3.1. The Model of Interaction

When a cloud of neutral cosmic dust grains moves at the

velocity y into a static plasma cloud being confined in the

magnetic field B, a situation arises which in several respects

becomes analogous to that of the just described experiments.

The scenario which can be outlined is as follows:

(i) As soon as the grains move into the plasma, ions and

electrons will hit the grain surfaces and recombine there.

This produces a primary generation of back-scattered neutral

gas which then surrounds the grain surfaces.

(ii) For a given total mass of dusty neutral matter per unit

volume, we have to consider two extreme cases, namely that

of few large grains per unit volume, and that of many

small grains per unit volume. The total surface area

of the grains and the amount of back-scattered neutral

gas is larger in the second than in the first case.

(iii)When the average grain radius is comparable to or larger

than both the corresponding wall layer thickness d and

the ion Larmor radius, the situation becomes equivalent

to that of the plasma-wall interaction studied in the

symmetric and non-symmetric experiments described in

Section 2. This applies to all possible orientations of

the grain surface elements with respect to the direction

of the flow velocity y and the magnetic field B. When

the velocity v of the neutral dust cloud in Fig.3 ap-

proaches the critical value v , a violent interaction
C
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is thus expected to take place. By this at least part of

the grain surface matter will be boiled off and become

ionized, and there should also arise a strong retarding

force on the neutral dust cloud.

(iv) When considering grains of a very small radius, the para-

meters of dust-plasma interaction will on the other hand

end up in a regime being different from that of so far

performed experiments. However, for sufficiently many small

grains per unit volume the average separation distance between

the grains will at least in certain cases become comparable

to the wall layer thickness d . Then the back-scattered

neutral gas is expected to form a cloud which moves with

the grains and Tills the entire space between them. This

leads back to the conditions of a neutral gas cloud moving

into a magnetized plasma and being subject to critical

velocity limitation, in the same way as in earlier experi-

ments .

(v) It should also be observed that the layer thickness d of

eq. (2) increases to large values at low plasma densities.

The plasma then becomes "permeable" to the penetration of

back-scattered neutrals (see also Lehnert 1971,1975)-

Consequently the space between the grains will be filled

with neutral gas produced by the primary plasma-grain

interaction. This case also leads back to the classical

conditions of critical velocity limitation.

(vi) As soon as the mode of critical velocity limitation sets

in, matter is expected to be boiled off from the grains at

an enhanced rate,thus increasing the amount of neutral gas

at the grain surfaces as well as in the spacing between

the grains.



12

3-2. Further Analysis

Further theoretical and experimental analysis is

required to connect the details of the classical type of

critical velocity limitation by plasma-neutral gas interact-

ion with those of plasma-neutral dust interaction. Such an

analysis includes a number of questions such as

the relations between grain radius, wall layer thickness

and ion Larmor radius;

the effects of particle-wall interaction at the grain

surface, including the spectrum of recombined and

reflected particles, sticking probabilities and all

other effects which are involved in the plasma-grain

and neutral gas-grain balance (Lehnert 1970);

the large Larmor radius (LLR) and associated charge

separation effects which arise from heavy charged

particles of a dusty plasma.
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4. Conclusions

From the present discussion can be seen that there are

experimental as well as theoretical arguments for a cloud

of neutral dust to be subject to critical velocity limitation

when moving into a static magnetically confined plasma cloud.

Thus, there seem to be many features of this kind of plasma-

neutral dust interaction in common with those of the classical

plasma-neutral gas interaction at the critical velocity.

Nevertheless further analysis is required to provide a

full and clear picture of these two types of interaction and

their relevant parameter ranges.
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Figure Captions

Fig.l. Outline of the axisymmetric rotating plasma geometry

in a device of FI type. The magnetic field B is given

by the heavy lines. A potential difference and an electric

current are imposed between the anode rings and the cathode

plate. This creates an electric field E being essentially

at right angles to the magnetic field B. The plasma within

the shaded area is set into rotation around the axis of

symmetry, at a velocity y. The latter drops nearly to

zero at the field lines which are tangent to the anode rings

and the cathode plate. Neutral gas surrounds the fully

ionized plasma body. Of special importance in this connection

are the tin wall layers at the end insulators, having the

thickness d . These layers are formed by plasma which

recombines at the insulator surfaces and forms a back-stream

of neutral gas. In part of the experiments the upper end

insulator has been provided with a set of concentric metal

rings.

Fig.2. Outline of the non-axisymmetric rotating plasma device

FII. The magnetic field lines pass freely around the main

coil, with the exception of 1/9 of the perimeter where the

same lines end upon the support rod of the main coil.

Movable tubes of ceramics can be inserted in the equatorial

plane (midplane). In addition, a turnable tube of ceramics

has been inserted as an extra wall in part of the experi-

ments .

Fig.3. A cloud of neutral dust moves at the velocity y into

a cloud of magnetically confined static plasma.
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