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* BOUNDARY EFFECTS IN VISCOUS ROTATING PLASMAS 

Wulf B·. Kunkel, William R. Baker, Alexander Bratena.hl1 t 

and IO.aus Halbach 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 
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.AJ3STRACT 

· The problem of current continuity and viscous drag at the boundaries 

in rotating-plasma experiments is discussed. We particularly emphasize a 

hypothetical model having a steady state with axial symmetry; it is shown 

that·the discharge impedance derived from this model does not agree with, · . . .. 

many observations. The "Horriopolar !II" experiment is described in which' 

the flux,surfaces were strongly convex and parallel to the toroidal-

shaped electrodes. In this way friction at the insulators was reduced. 

But the structure of the discharge deviated drastically from axial sym-

metry near.the outer surface. Several· studies led to the conclusion that 

the flow pattern probably involved secondary flows.· It was also found 

that the rotational speed could not oe raised above a few cm/',.!sec because 

the insulators failed in spite of the special design of the experiment • 

.. ,.. 
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I. INTRODUCTION 

Experiments ~ith highly ioniz~d, rapidly rotating plasmas have been 

in progress for ·some time. l-4 The motivation for this work has been ex

pounded by several authors and needs little further explanation. S, 6 As can 

b~ seen in a brief summ~ry of the early work given elsewhere, 7 in all these. 

experiments the rotation is produced by passing a radial-current pulse be .. 
' ' 

tween the inner and outer--essentially coaxial--electrodes in the presenc~ 

. of a primarily axial magnetic field. The principal advantage of this procedure 

lies in the very effective en,ergy transfer to ions achieved in a configuration 

already suitable for 9onfinement. The main limitation, on the other hand, 

is that the plasma usually has to come into intimate contact with the electrodes, 

at least during the acceleration. ~ventually these difficulties may be over-

come, for instance by removal of all electrodes to large distances and by 

provision for adequate electron flow along the magnetic -field lines. Most 

experiments to date, however,· seem to be very strongly influenced by 

boundary effects of one kind or another. For certain studies contact with 

surfaces might not be of particular co.ncern, or it inigh't be a necessary 

requirement, as inthe work by Alfv~n8 and collaborators.9 If .a fully ionized 

high-temperature plasma is to be generated, howev:er, any exchange of 

particles with the surroundi_ngs must be minimized. 
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In general, the boundary effects of primary concern to us fall into 

three basic categories: . {1) current continuity at the electrodes, {2) viscous 

friction atth.e insulators (i. e4, velocity gradient along the magnetic-field 

lines) and (3) viscous friction at one or both of the electrodes (i.e., velocity 

gradient across the magnetic-field lines). We discuss these in the order 

listed and illustrate their c~nsequences in connection with some recent 

e~perimental results • 
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II. CURRENT CONTD'lUITY AT TEE ELECTRODES 

In the macroscopic description of continuum magnetohydrodynamics 

no attention is paid to the nature of the current carriers.· Such a simple 

model bec'omes inadequate,' however, when (1) the transport properties are 

anisot~opic, _(2). the Hall effect enters into the problem, and (3) electrodes 

are involyed. For one-dimensional phenomena, inclusion of the first of 

these refinements is, of course, trivial. The Hall effect, on the other 

hand, usually leads to complications, particularly when electrodes are 

required to connect the plasma to an external circuit. 

If the current between the electrodes is carried by electrons only, 

and if these electrons pass SJ:!lOOthly from the cathodes into the plasma 

and are subsequently collected b.Y the anodes, then the simple continuum · 
i 

magnetohydrodynamic description is perfectly adequate. In highly~ionized· 

rotating plasmas with axial synnnetry the driving current tends 'to be 

carried Oy ions, however, rather than b,y'electrons. This follows from ·-
10 the generalized Ohm's.Law for slowly varying currents: 

c c 
cE + v X B - - j X B + - V'p ·. = T}j • 
- - .w en """ "* en e .-

(1) 

We write all equations in this paper in the Gaussian (synnnetric cgs) 

10 
sys~em of units with conventional meanings for symbols. In particular, 

note .that the. symbol v here denotes the velocity of the mass flow of the 

. material and terms of order me/mi are neglected when compared to terms ..... 
of order unity. 

It is. convenient to introduce a right-handed .orthogonal set of curvi

linear coordinates (n, ~' s) appropriate for systems with general axial 

synnnetry. In this way we can discuss in a general way various geometries 

. •:' I ' ,;·· 

.. ~-···-···-- ·---·--.---·----.-----
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such as mirror machines like the Ixion experiment,3 toroidal configura-

tions such as the Homopolar experiment described later in this paper 

(c.f. Fig-. 2)., or a straight cylindrical geometry which, because of·its 

simplicity, is the only one treated analytically in any detail in this 

paper, 

As indicated in Fig. 1, the unit vector e points in the direction 
~ 

of the outward normal of the axisymmetric magnetic-flux surfaces, while 

. ~cp is the ordinary azimuthal direction. The unit vector ~s is given by 

~s = ~ x ~cp; i.e., it is tangent to the flux surfaces and lies in a 

plane with the axis of symmetry• 

.~, . 
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Such a coordinate system is not ve_ry useful when the flux surfaces cannot 

be described analytically and when they vary in time. For· our discussions, 

however, the coordinates can be considered as instantaneously stationary, · 

and some of the resulting component equations take on very simple forms. 

The <P componeri.t' of Eq. { 1 ), for instance, can be solved directly for v n, 

cE 
v =·~ 

n B 
{2) . 

s 

where the subscripts indicate the components of the vectors ~~ ~~ ~' and 

j along the directions e , e..+.' and e • The azimuthal component of the 
- -n -'+' -s 

pressure gradient was set equal to zero because of the assumed axial sym-

metry. The component E<j> does not vanish everywhere, however, as long 

as ~he currents, particularly j<j>' are not completely stationary. 
I ,. 

The first term on th.e right describes the centrifugal di~placement of 

the flux surfaces themselves. Its consequences have been studied : .:·_· ·.• .. ·./ 

. 1 2 3 11 extens1vely. ' ' ' The other two terms represent transport of mass 

ac:;..·oss the magnetic-fluX surfaces. The middle one is due to resistive slip 

driven by the centrifugal force and, like the first term, is always outward. 

The last term is directed from the anode to. the cathode and .shows that wP.en 

· 'rJ jcp a;nd E <!> are sufficiently small, practically the entire current jn .must 

be carried by ions. 

This result is not new, of course, and it has been pointed out by 

several authors that an electron sheath should fortn between the anode and 

the plasma proper if the anode cannot serve as an ion source. l, 12 Such an 

electron sheath would constitute an ~ X ~ ''slipping stream, " however, 

with enormous shear stress and as such is certainly expected to. be un

stable. 
13

- 16 Consequently, their flow· no longer· being laminar, the electrons 
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are able to cross the magnetic field and drain off towards the an~·de. This 

entire process provides current continuity and creates a virtually evacuated 

region between the anode and the plasma. A detailed analysis of this process 

is very complex. It is, for instance, likely that pressure gradients can no 

longer be neglected for such a. sheath.. Moreover, there is some doubt whether 

the initial assumption of azimuthal symmetry will still b.e consistent with the 

e-xistence of an unstable anode sheath. 

Alten1atively, we m.ay speculate that under such conditions of evacuation 

adjacent to the anode surface, gas is likely to be evolved a~ a substantial rate. 

This gas may get rapidly ionized by the electrons of the incipient sheath so 

that the metal surface may ac} effectively as an apparent ion source after all. 

While such a process c::annot be operative for extended times because it leads 

to depletion, it seems possible that short pulses of reasonable current density 

may, in fact, be emitted transiently by the anodes in all crossed-field plasma-

acceleration processes. 

It is also interesting to speculate on the possible advantages of having 

the electric -field vector pointing radially inward; i .. e., to select the outer 

cylindrical electrode as the a11-ode in the rotating-plasma experiments. In 

this case the last term on the right of Eq. (2) opposes the first two, and one 

rnight wonder whether the discharge under these conditions will not simply 

operate. in a manner such that the boundary condition v n = 0 is satisfied at 

. the anode. Because of finite heat conduction, diffusion, and viscosity, the 
·•)•. 

resistivity iJ will be large and v <j> must necessarily be small in the immediate 

neighborhood of the surface. But it would again take a detailed analysis to 

establish whether the required conditions are realizable in practice. 

There is no experimental evidence, at least in our own experiments, 

that the discharges behave better when the outside electrode is used as the 
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anode than when it .is used as the cathode. On the contrary, the actual mode 

of operation shows drastic deviations from the assumed azimuthal symmetry 

whenever the axially symmetric anode is forced to be in intimate contact 

with the :revolving plasma (see Sec. VI). 

Nevertheless, the preceding discussions are not of acadernic interest 

only.. In one of our early experiments with rotating plasmas it was demon-

strated that a region filled with plasma can act very effectively as a virtual 

anode capable of emitting the necessary ion current. The observations we"i:e 

made on the device called Homopolar II, which was v'ery similar in design to 

·.the Hydromagnetic Capacitor described before. 1 The quartz discs used as 

insulators separating the plasma from the pillbox-shaped metal container had 

. a smaller diameter than the chamber itself, so that approx 1/2 -in. -wide. 

annular rings of the top ·and bottom rJ;letal surfaces were exposed to the plasma. 

Small metal plates connected to separate leads were introduced through the 

side and mounted as indicated schematically in Fig. 2. 

· When the discharge was oscillating it could be demonstrated that T.o.ost 

of the current passed through probe A v-v:hen the latter was a cathode and 
. -

throu'gh probe ~ wheri it was an anode. The interpretation we have given is 

_as follows: When the outside is the cathode, more ions are collected by probe 

A than electrons are emitted by pr()be B. When the outside is the anode, how-

ever, ions are drawn fro1n the plasma existing in this region. The electrons 

that are left behind are constrained to drain of£ along the magnetic -field lines 

and hence are collected by probe B only. No ions are emitted by probe A. 

The currents to these localized probes were synchronous with and proportional 

to the total current through the pla~ma, indicatl.ng that the current in this 

discharge was azimuthally symmetric. 

It is concluded that a reservoir of ionized gas stored in a ''hollow 11 

.electrode behind a magnetic-flux surface can serve very well as a virtual 
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·anode capable of emitting substantial ion currents· when needed fo1· the 

efficient acceleration of plasma. The 'Moscow Ion Magnetron experiment 

4 
is an e~cellent example of such an arrangement. 

,I 

. •. ,.. .. 
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IlL THE STEADY STATE WITH FINITE VISCOSITY 

Revolving-plasma flows produced by radial currents usually contain 

1·adial shea:i.·. If the driving current is stopped and if no friction exists be-

tween the plasma and the stationary boundarie s 1 any finite viscosity within 

the plasma will damp out this shear and eventually only rigid-body rotation 

"vill persist.. During this process the total angular momentum of the plasma 

"vill stay constant .. Conyersely1 ·if the plasma slows down and comes, to rest 

in the absence of currents outside the plasnJ.a1 it must be concluded that the 

angular mornentun1 is .somehow transferred to ·the surroundings by an 

essentially mechanical process; i.e., by friction at the boundaries. The 

energy1 in this case1 is usual~y dissipated primarily in the fluid itsel£1 al-

though possibly in a thin boundary layer. The plasma may1 of course, lose 

all thi;;; energy agg.in very :ra,pidly by radiation and by genera,.l heat transfer 

to the surroundings. 3 

If the electrodes remain connected to a constant-voltage power supply, 

the electric field integrated from one electrode to the other is not perm.itted 

to change. This 1neans the average rotation of the plasma is not allowed to 

decrease in spl.te of any viscous drag. A steady state is eventually reached, 

akin to Poiseuille flow in hydrodynamics 1 where the viscous -shear stress 

is just balanced by a suitable applied force.. For a rotating plasma this force 

is not due to a pressure gradient or gravity as it usually is in ordinary 

hydrodynamics 1 but is a l X ~ body force where the current density l must 
.. ·.·· 

be supplied by the power supply. It should be pointed out that the driving 

·current jn which flows in these axisymmetric configurations requires the 
.. 

presence of axial components of current in regions nea:c· the axis, thus 

causing an azimuthal component B <PI 0 which ~aries with position. A 

curvature (rather than a gradient) of the magnetic field results making 

analytic treatments cumbersome. 
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In most experiments the revolving-plasma flow is established rathe1· 

abruptly by a large -current pulse during which the viscous drag can be 

neglected. Therefo14 e, during this phase the features o£ most intej."St are 

. t..'!.:te distortion of the magnetic field resulting from the centrifugal force, 

and the boundary problems at the electrodes. Under many conditions this 

.initial- phase is followed by an extended period of a nearly steady state, 

which may _last for many hundreds Of microseconds, depending primar::.ly 

on the total energy available in the driving power' supply. If one \vishe;,; 

to describe this phase of the discl-.:.arge as a stationary flow, the foregoing 

considerations of viscous effects are of p14 irnary irn.portance. For a simpli-

fied analytic treatment of this problem we can attempt to use the macro-

scopic equation of motion of a conducting fluid of finite viscosity, ,, 

(3) 

whe1·e the last two tenns together, so .far, stand only symbolically for the 

divergenc;:e of the complete st14 ess tenco:c.. If there is an ax.isymm.etric 

steady state, the azimuthal component of Oh:m 1 s law is given by Eq. (2) with 

The longitudinal component is not o£ much interest in this develop-

ment, but the norr.1.al component b.ecomes 

· cE + v"' B . - v B -J,. + ~ ( \1 p + J. cb B 
n 'i" s s 'i" . en n e . · · s -jB,)='lljn. 

s <p 
(4) 

Fortunately, quantitative e$timates indicate that in the rotating-plasma 

experiments that are actually being performed, all but the first two terr . ...-1s 

on the left side can usually be neglected. Sirr~ilaily, v as evaluated from 
n . 

Eq. (2) for the steady state.,. as well as v s'~ j s' and (\/p)n can be ignored in 

Eq .. (3} .. If we furth~rmore assume for simplicity that the 'viscosity is iso

tropic and independent of position, the three components of Eq. ( 3} reduce to 

(5) 



I 
i 

I: I:. 
I I~ 

l' 
j 
1 

1 

j: 

·" i 
~ 

·!: 
1· 

' i. 
' 

. ' 
i 

'!' 
' 

1

1 i 
,l 

j' 

/i 
! 
i. 

\. 
I. 

V< 

' ( 

UCRL-10399 Rev 

and 

2 
- pv <P 

r 
sin a. = j B-~-. - ( 'llp) , 

n 't' s 
(6) 

( 7) 

where r. denotes the distance from the axis of rotation and the angle a. is 
· ( s~e Fig. 1). . 

defined by sin-a. = Br;Bs)\ This set must still be augmented with Maxwell's 

equation. '17 X ~ = 4rrl_ as well as with a relation between p and p, and 

boundary conditions on:::::_, ~ and ~"' Obviously, self-consistent solutions of 

the stationary-flow problem outlined above will, in general, still be exceed-· 

ingly complex and we do not attempt to obtain them here. The equations of 

motion were written in this form primarily to summarize once more very 

briefly the most important features of idealized rotating plasmaso 

Equation (5) :::-elates the centrifugal force to the so -calle~ 11 diama,gnetic" 

current j<P, knowledge of which is needed in Eq. {2) for the. evaluation of v n· 

Equation (6) describes the macroscopic 11centrifugal confinement" of rotating 

plasmas which is superimposed on the ordinary pinch effect jnB<P whenever 

the flux surfaces are ·convex 

Finally, Eq. ( 7) expresses the 

obvious fact that steady rotation in the presence of friction is possible only 

if a steady driving current L is supplied~ Furthermore, it is clear that 
. J.; 

for a·given shear stress this driving current is inversely proportional to 

the magn,etic field. In the remaining discussions we will be primarily con-

cerned with the implications of Eq. ( 7)~ 

Some insight into the natu:re of possible flow patterns is readily obta1ned 

if we make drastic simplifying assu;mptions about the flux distribution and 

hence also a·bout the natural coordinate system introduced earlie:;;. If, for 
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instan.:::e, e ~ is pa:rallel to the axis of 1·otation everywhe:::e, v.>e have sL--.r~ple 
- oJ 

cylind:dcal coordinates with n = rand s = z; Eq. ( 7} becomes17 

1 
1' 

. 2. a v, 
cp 

-2-
0T 

2 
8 vI Jl.B'/ C,) ~ 

--az.=,u. 
.z 

( 8} 

Because of the requi:.:ement \1• l = 0 for stationa1·y currents ar;_c.:. because of 

the earlie1·. assumption that J. ~ 0, we can further substitute 
I Z 

(9} 

where r 
0 

is any suitable radius such as that of the out~r electrode. Furthe1.· 

jr( r 
0

, ~) can be eliminated by r.c.eans of Ohm 7 s law, Eq. ( 4), which nov; read~ 

( l 0} 

Note that the new unknown, Er' which is introduced by Eq. ( l 0), is incle::>encler::.t . -

of·- z since \1 X E = 0 and 3E'7/&r may be consider·ed negligible in this - ,__ 

approximation. Equation ( 8), after- the substitutions (9) and (1 0}, can then be 

solved if Bjr) is prescribed and the bou.-J.dary conditions for v. are given. 
k ~ . 

Actually, we m.ust sim.ultaneou.sly solve for v. and B ( 1·) with the help of 
cp z 

Eqs. (5) and (6) where now a = 0., But the centrifugal distortion of B is 

negligible if 

aB 
4T;T 4:~rp 2 r z \) << 1 • B 0 l" 

= l3 = v<P 2 
z z B 

( ll) 

z 

In other words, when the :rotational speed is rnuch sm.alle:· than the Alfven 

velocity, 
. 

B can be considered as una:ffected by the flow. 
z 

solution is possible for any axisymmetric geometry, only the straight cylin-

drical case has been solved explicitly and will be presented in the next 

t;.ro sections. 
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.. If the plasma ·is allowed to be in contact with a rigid surface z = z
1

, 

this surface must be an insulator because, as stated before, E must be 
r 

finite there.. If, in addition, at this surface the boundary condition :::_·= 0 

is imposed {,no slip) the term a2v ~/8z2 
. in Eq. ( 8) must also be finite. There

fore, j · is forced to be a function of z and it has been shown that, for uniform 
r 

B at least, and for typical conditions of rotating plasma experiments, the . 
z. . 

current would tend to concentrate in thin boundary layers close to the insula

tors. 18• 1 9 In any such ~umerical calculation it is assumed that the coeffi-

dents 11' and jJ. which 'enter the problem can be estimated from kinetic 

theory, and that all La:;:-mor radii are small enough so that the macroscopic 

de.scri:ption represents a good approximation. Note that the "Hartmann"-

.type boundary layers at the insulators a1·e predicted to be stable for the l.irge 

. . -1/2 . 
Ha1·tmarin numbers M = BL ( 11 !J.) encountered in the laboratory €Nhen the 

conducting fluid is plasma rather than mercury). 20 ' 
2 1 But since the laye1·s 

·are expected to be thin, they probably are very sensitive to surface roughne'ss, 

and since they tend to carry high current densities, they are likely to cause 

surface erosion and insulator failure. 

Therefore, it is most essential that the plasma. not be subject to viscous 

friction at the insulators. It should, for instance, be possible to design an 

experirnental arrangement with a very long axial dimension such that the 

j B 11pinch effect'' of Eq. (6) forces p to vanish at these surfaces even if 
n <P 

sin a. = 0.. It is much more practical and attractive, however, to make use of 

the centrifugal effect and convex flux surfaces in order to drive the plasma 

away from the insulators. Undoubtedly this objective was at least pa1·tia.lly 

accornplished in the Ixion experiment, where a "magnetic mirror"· configu

ration was used .. 3 Even more strongly curved geometries have been int:ro-

d 'd . h . . '. 18 ' 2 ·2 . . f h' h . d' ' . uce 1n two ot er recent 1nvest1gac1ons, one o w lC 1s 1scussea 1n 
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detail 1n Section VI o£ ou1· paper. 

Anothe1· ::lrOI:nising atteinpt to avoid contact between the plasma anC. 

the insulators is being niade in the Hornopola1· V experiment in which the 

gas in injected into and the plasma is created in the center of a very long 

. . . . . 23 
evacuatea rrurr0r rnacnn'le. 

·:"· 

.. 
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V. VISCOUS FRICTION AT THE ELECTRODES 

While the friction at the end.plates can in principle be avoided, some 

contact with electrode surfaces must usually be taken into consideration. r£ 

we assume as a simp~ification for illustrative purposes that the geometry is 

still-cylindrical and B z is uniform, Eq. (.8) is still applicable and the term 

z I z · 
~ v <P az can tl.OW be neglected. This means Eq. ( 8} is independent of z, 

and Ohm 1s law [Eq. ( 1 0}] is not needed. The solution then is found to be a 

Poiseuill~ -type flow pattern: 

(12) 

where the constants c
1 

and Cz. must be evaluated from the boundary condi

tions on v <P" For insta.rtce, if the outer surface is rigid and there is no slip 

we must have v <P(ro}. = o. If the inner boundary, on the othel' hand, is fre'e at 

. r = ri, then th.e stress there must be zero; i.e.,~ av<P/ar = v<P/r at r = ri. The 

resulting flow is given by 
2 i j~( r O}Bzr 0 [ 2 

(I 2 ro 2 ..!:__ \ I . ( 13) v = 4f.Lr 
r in -2 -: r. ro2} J <P 1 r 

.We can now directly obtain the electric-field.distribution E (r) by using 
r 

Eqs. {10} and (13); it is int'eresting to note that the form obtained fits the 

observations made on Ixion better than the undistorted vacuum field shown by 

Baker et al .. 3 Thi~ may be fortuitous, however, because, a·s·. Baker et al. 

·.have already pointed out, the viscosity f:l deduced in this way. appears to be 
. d ... }~ 

unreasonably high. A very direct quantitative evaluation is obtained if the 

resistance R
1 

of a unit length of such a steadily rotating discharge is calcu

lated from Eqs. (10) and {13); · 

R = 
1 .. 21Tr0jr(r.b} 

ro 

L c 

l 

E dr 
r. 

{14) 
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. The first term on the right represents the ordinary electric resistance of 

the plasma and can usually be assumed negligible. The second term is due 

to the.viscous dissipation. Since the ordinary viscosity coefficient is expected 

to decrease with increasing magnetic field, the total resistance shouldincrease 

with more than the second power of Bz. This behavior is clearly not observed. 

We must therefore conclude that the drag is. enhanced by an anomalous vis~ 

c,oslty or, more probably, that. the actual flow pattern cannot at all be app:..·oxi

mated by the laminar axisymmetric conditions underlying our analysis. Indeed, 
. . . . 

the probe measurements in Ixion as well as in some of our own observations 

(see Section VI) indicate that the structure of the plasma near the outer 

electrode is not'necessarily axially symmetric. 

...... ' 

··"' 

... ···. 

·· ... 

I 

'I 



\ . 

i . ~ . ' 

<. '· 

I . I 
/_17J 
/.--_I UCRL-1 0399 Rev 

VI. THE HOMOPOLAR III EXPERIMENT 

A. Gene1·al De scription 

Since the 1nost serious limitation in the work with rotating plasmas 

invariably involved failure of the insulators, we have atten"1pted a drastic 

solution of this problem in the device called Homopolar'IU (see Fig. 3 ). 

Thi~ work was started in 195 8 and discontinued early in 1960. A very brief 

I. • . f. h . h b . b f lB· Th descnptlon o t e. experurtent as een g1ven e ore. e geometry was-

. 7 
similar to one suggested by us earlier and resembled that used in recent 

experiments at Stockholm. 22 Its containment properties have been considej_·ecl 

·in some detail by Bonne vier and Lehnert. 6· ;~e .Principal features of our 

arrangen1.ent were as follows; The flux surfaces (4) were nearly toroidal 

because the magnetic field was generated by a pulsed ring current flowil:).g-. 

in a circular coil ( 7)~ This "field coil 11 was embedded inside the inner elect-

rode and connected via welding cables ( 8) and ignitrons to a 5 -kV 12, 000-!J.F 

electrolytic-capacitor bank. The inner electrode (3) was made of thin stain-

less steel so that the magnetic field (3 to 10 kG) could easily pass into the 

space between the electrodes. The outer electrode ( 1), on the other hand, 

was made of 0.5 -in. thick high-conductivity aluminum alloy which amounted 

toabout one skin depth at the frequ~ncy corresponding to the half-cycle time 

ofthemagnetic field (approx 100 cps}. The 'amount of flux leaking through 

the outer shell dur'ing the first 2.5 msec was therefore insignificant. Except 

for some leakage at the top and bottom edges of th~ el~-~trodes, then, the 

flux surfaces were fairly parallel to t~e electrodes. Two auxiliary field 

coils,_ not sho~n in the figure, were at times placed as, "trimmers" on the 

outside-just above and below the outer shell... These could be operated with 

de currents so that their fields would penetrate through the aluminum and 
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locally add to (or subtract from) the pulsed field of the coil ( 7). 

The ·insulators (2) were straight cylinders 12-in. diam and 6-in. high 

made of Pyrex,. ceramic, ~r initially even of plexiglass. The Pyrex was too 

.fragile and the plexiglass contaminated the plasma very much (although it 

was not too badly attacked by the discharge!) The ceramic insulators, which 

were descdbed as high grade {98o/o) alumina by the manufacturer, were most 

~atisfactory although they, too, discolored slightly after prolonged operation. 

Rubber-gasket seals were· made between the insulators and both electrodes 

so that the space between the latter could be pumped out to pressures well 

-3 .. 
below 10 -mm Hg. The major diameter of the. entire device was 2.4 in. and 

. 5 3 
the total volume enclosed was about 10 em • The operating gas was bled 

in through a needle··valve {10) and continuously removed through the pump 

line (11)., Obviously, the system was not in~ended for·high-:-purity plasma 

work. 

The primary purpose of the experiment was the study o.f a highly 

. ionized rotating plasma which has no contact whatsoever with the insulator . 

surfaces. The geometry described above should be suitable, according to 

Eq .. (6), if the gas is fully ionized and v~ is muchlarger than the random. 

speed of the ions., Such a supersonic flow can be established if the ioniza- . 
be-· 

tion process can/made to take place in a low electric field which is allowed 

to rise gradually.·, The criterion for this condition of "reversible" accelera

tion is that E /E << w ., where w . = eB/cm is the ion gyrofrequency .. 
n n Cl Cl · 

4 ...... 

, Stated differently,,_ the driving current supplied ,by the set of coaxial cables 

(9) must be limited sothat cjn << env <P at all times. In' the upper sketch of 

Fig.y we show an e~;:tre1ne case for a cold plasma compressed by the 

centrifugal fo~ce to form a flat ring in the equatorial pl~me { 6) •. The electric 

. field (5) is indicated as pointing in,ward; i., e., the outer shell is· taken as the 

anode. . .. 
. ;:·· 

;•· I; 
., . /'. 

t • ••• 
.: ' . 
. , ... ·.· 
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In actual operation the above conditions were only pa1·tially realized. 

Particularly,· the ionization phase in a low electric field could never be 

clearly est:;tblished• Usually hydrogen or deuterium gas was used at initial 

pressures between 5 and 100 jJ. Hg. The driving current was supplied by 

a 10-kV 600-jJ.F condenser bank which was connected to the electrodes by a 

set of ignitrons at the m.oment the magnetic field reached its peak value. 

By and large, the voltage and current behavior of the discharge was very 

.· . 1 . . 
similar to. that of earlier Homopolar expenments but was extended 1n tlme 

scale to the point of being practically indistinguishable from the Ixion ex

periments reported more recently. 3 In parti~ular, the rotational state 

(voltage-holding mode) usually lasted for more than 500 j.l.Sec and the quasi-

stationary (holding) voltage could never be raised above about 3 kV. This 

meant that the steady ... sta.te· rotational velocities on the a.vcl·a.ge were only' a 

few times 106 em/sec. Sh~rt-circuiting experiments 1 showed that the 

amount of revolving material and its moment of inertia remained fairly. 

constant up to starti):lg potentials of 5 kV and, indeed, no appreciable dis-

tortion ofthe.,magnetic field by the cent:r-ifugal force was expected. Unfor-

tunately, beyond 5 kV the ''hydromagnetic capa,.city'' of the rotating plasma 

increased rapidly with the applied voltage reaching five· times the initial 

value at 7.5 kV. At the same tirr.1.e the gas pressure increased markedly after 

each discharge. There could be no doubt that large quantities of gas were 

evolved from the surfaces under these conditions, and that the diamagnetic 

displacement of the flux surfaces must have been appreciable. This 

behavior at elevated voltages apparently was very different from that 

repo:rted for the Ixion device. 3 Since no other very significant conclusions 

could be drawn from such simple external observations, further details of 

these findings need not be given here •. 
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B. Cu:i.·rent Distribution at the Electrodes 

·The overall results were clearly disappointing. Localized measure-
. . 

· ments we:i.·e required to· establish whether the plasma was in fact confined 
. ' 

'to the equatorial regions. Observations with probes immersed into the 

plasma region proved t<J be rather unsatisfactoi-y in this geometry. It was 

easy to isqlate small regions (so-called current buttons}, howeve:·, in the 

OUter electrode and COnneCt them tO the (grounded) Shell· via 10\X/-inductance 

paths .of small but finite. resistance { 0.1 0}. The local current clen:.>ity to the 

electrode could thus easily be observed by means of oscilloscopes. A set 

Of four such current buttons was installed along the perimeter· of. the machine, 

andalong the "meridian" line ,of one of these machines two more buttons 

0 0 
were 1nounted at 30 and 60 above the 11equatbrial" plane. The results 

! 

In view of the arguments presented in Section II the outer electrode 

was usually chosen to be the anodeo In that case it was noted that the local 

current density invariably fluctuated wildly and irregularly during the 

acceleration phase and steadied down to rather regular short pulses (app:·ox 

2- !J.Sec du1·ation) during the nearly steady voltage -holding phase. The 

amplitude of these pulses was about three orders of rnagnitude lower nea1· 

the insulators than in the "equatoriaJ,." region. Typical oscilloscope traces 

are shown in Fig. 4. Analyses of the phases of these pulses at the various 

locations along the:perimeter disclosed that the current pattern consisted of 

10 to 13 spokes movhig roughly with the estimated mean speed of the re-

volving plasma. ~twas also established that the main current entered the 

ano.de first in the equatorial region and spread within about 10 !J.Sec all the 

way up to the region 60° above the equator. During the nearly steady 

rotation the regularly spaced spokes also extended about 50 em to either 
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side of the equator exactly along the r...J.agnetic-field lines. They were about 

2-cm wide at the equator, narrowing with distance from it, and the total 

current in each amounted to 100 to 200 A. We made unsuccessful atterr..pts 

to supp1·e ss this banded structure of the ano~e .current by deflecting th2 

outer flux surfaces into the aluminum s_hell near the top and bottom end of 

the machine {using the auxiliary de coils mentioned above). These failures, 

h,owever, may have been caused by the lack of power available to adequately 

energize the trimmer coils. 

When the ·outer shell was used as the cathode, the banded structure 

of the current was much less pronounced. A steady background current 

appeared, presumably due to ion collection, and the regular pulses were 

weak but occasional very sharp peaks were observed. These latter were 

undoubtedly caused by erratic .cathode spots .. 

C. Structure of the Dischar!?.'e 

Evidently, it was very important to determine how far into the interior 

of the discharge thes,e spokes reached. We were also interested in finding 

out whether the extent of the spokes along the flux lines was a n1easure of 

the thickness 'of the plasma and whether the plasma density had a ribbed 

structure as sharply defined as the anode current. ·As mentioned before, 

electric- or magnetic -field probes protruding into the interelectrode space 

. did not yield usable results. A srnall double Langmuir probe, however, 

\vhen inserted very little beyond the anode surfac~ through the port of-one 

of the current buttons, gave a hint of a small E<P comp'o'nent appearing 

sirnultaneously with each current spoke., 

When a small quartz rod was thrust through a hole in a current button 

into the interior, the current collected by that button had a steady component 

superimposed on the regular puls.es., We interpreted this as evid'ence for 

~-
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a nea:rly steady motion of a finite plasrna that extends into regions between 

the spokes.. The magnitude of this current increased uniformly with the 

length of the rod.. Evidently, the stopping of the plasma by the rod caused 

current flow along the rqd to the anode. This effect was very.pronounced 

in the equatorial plane and was 'very· feeble at a position 50 Clr~ above this 

plane. We concluded that the plasma was indeed confined to a region sub

tended by an angle of appro~imately 45 ° on either side o£ the central plane. 

Piezo-electric probes were used in an attempt to explore the press-.He 

fluctuations in the plasma. · If those probe observations are accepted at face 

value, it can be inferred that the spokes in the central plane a1·e accompanied 

by pressure pulses of about 15% above the ••steady" level. Unfortunately, 

these measurements could not by extended to l'egions outside the equato:rial 

Since the plasma was clearly very ten1.1ous near the insulators, mag-

netic search coils could be introduced there without interfering with the 

discharge.· In this way it was discovered that flashes of current along the 

insulators occurred whenever the initial voltage was raised above 5 kV. 

These findings were qualitatively very similar to those reported on the 

!;.::ion experiment., 
3 

They were di~appointing to us because the entire ex-

periment had been specifically designed to avoid them .. Evidently, the 

centrifugal-pumping action of this device was indequate to remove the sur-

face gas from the ceran1.ic material well enough to prevent· failure under 

the severe conditions of irradiation from the plasma. The copious liberation 

of gas noted in these cases could then readily be ascribed to the disc11a:rges 

along the insulators • 
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VII. DISCUSSION 

. , 3 4 24 
It is clear· from the findings reported here and e.tsewhere ' ' that 

neithe~ the flow nor the current distribution i~ rotating plasmas is usually 

completely a.xisymmetric, at least in the:neighborhood of the outer bounding 

surface if this surface is an electrode in contact with the plasrna. In the 

case of the Homopolar III e::~peri1nent, the observed phenomena did not 

I 
appear to be turbulent~ however, but rather suggested the existence of 

well-behav~d, fairly regula:r ilute -shaped structures. It is tempting to 

speculate that the discharge involved stationary secondary flows of some 

form which naturally- would assume a cellular pattern. This speculation is 

certainly in keeping with the fact that the spacing between the observed 

spokes roughly equaled the distance between the electrodes. However, an 

metry is a formidable task, since it would have to be based on hydromagnetic 

stability calculations of Poiseuille -type flo·ws in curved channels. Only a 

few general remarks can be nJ.ade. 

The analysis· of stability of Poiseuille motion is difficult even in 

ordinary hydr.odynan"lics and in perfectly straight channels. 2 5 The hydro-

magnetic problem is probably still more complicated. The special case 

offlow parallel to a straight and uniform magnetic field has been wo1·ked 

·out, however, and it was found, of coul·se, ·that the field can have a strong 

''l' .. .(:.C 26 stao1 1z1ng eJ..J.ect. The c1·ossed-field m.otion, oi interest in the present 
...... 

context, has apparently not yet been attacked. Here the stabilizing effect 

ofther..:1agnetic field is expected to be much weaker if not totally absent 

because the one -dimensional problem seem.s to become independent of the 

field. As a first approximation, then, we rnay regard the stability problem 

for parallel crossed-field flow as a. purely hydl·odynanJ.ic one. 
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For rotation the situation is not so simple. Unfortunately, even in 

ordinary hydrodynamics the stability of revolving Poiseuille motion has 

never been analyzed for the modes of interest here. Only axisymmetric 

.·:perturbations (Taylor instabilities) have been studied· because in the 

absence of a magnetic field these are considered to be the most important ·· 

ones. It is likely, on the other hand, that for the rotating plasmas 
I . 
under discussion all '~ = 0" modes are completely stabilized because the 

Hartmann numbers based on the electrode spacing are always very large. 

While this statement has not been proven rigorously it is inferred simply 

from the stability of hydromagnetic circular flow without driving current. 

The latter has been studied extensively in rec~nt years by Chandrasekhar 
27 . \i 

and others and the stabilizing effect of the axial magnetic field has 
. . 28 

been ole~~ly d@mon~trated· Qn~y axisymmetr~c :pert~bations bave been 

' considered so far, ·however, even in the problem of pressure-driven 

Poiseuille motion circulating between coaxial cylinders. 29 The fact that 

the spokes were in phase along the magnetic-field lines can be taken as 

an experimental confirmation of the above inference. 

It should be. pointed out thB.t for Poiseuille motion in :perfectly 

smooth straight pi:pes25 the onset of turbulence is calculated to occur 

at Reynolds numbers of at least 5000. In this case the propagation vector 

of the dominant mode is parallel to the direction of flow, i.e. it is 

indeed describing flutes in the sense of our present discussion. It is 

quite possible that any curvature of the flow channel reduces the critical 

Reynolds number for this perturbation mode an~ we might expect such flutes 

to grow, forming a cellular pattern of a stationary secondary flow. The 

Reynolds number, R = pv r/~, for the rotating plasmas in question is 
e ~ . . 

usually rather low, however, certainly much less than 1000~ On.the other 

.. ~--·-·- -- .. ---------.-----··------·~------·-------- . ..-------····---------- ------------ .. ~ . . 
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handJ it is evident that the problem of flute instabilities in rotating 

· plasmas cannot be completely reduced to a question in ordinary incom-

pressible hydrodynamics. The reason for the difference is that the 

centripetal force in such rotating plasmas must be derived from a body 

force j x ~ while in hydrodynamics it is always ascribed to a pressure 

gradient. 

..,.. 
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In experiments with convex :Elm: surfaces, iil which the plasma is 

ccn1.p1·essed along the field lines by the centrifugal effect, one 7 s difficdties 

are com.pounded because the secondary flows in _all likelihood arc three-

dimensional. This is directly seen on inspection of Eq. ( 6 ). Since the 

velocity close to the su1·faces is very low~ the centrifugal cor.::1ponent 

there becomes negligible and the plasxna can escape along the field lines. 

It is quite possible that this effect contributes to the insulator failu:ce at 

elevated power levels. 

To all these argumer~ts 'vve nave to add the ccnsideratior.;;; of 
,, 
cnc cha:·ge 

tl·ansport discussed in Section II. If the n:10tion is not ·co~:J.pletely a:;.;:i.sym-

metric, azi:rnufhal co1nponent~ of electl·ic field can well exist i::t ~he interior 

of the plasma; therefore, some of the charge flow may be due to elect:::cr~ 

cirift towards the anode. Obviously, such regions must be :_nriodic alm-'"g. 

concentric circles, just as observed. Only in the immediate neighborhood 

of the anode we have to invoke srnall-scale instabilities of an electron 

sheath rather than aii1nuthal fields to perrnit charge collectica at that sur-

face. Ion ernis sion would, in that case, not be needed. Because of the 

speculative and vague nature of this discussion, however, a more detailed 

analysis of the possible modes of charge t:ransport does not seem justified. 

In summary 'we. conclude that the ano1nalous dissipation in our 1·otating 
at least in part; 

nlasmas can·n.J: :robablv)
1
be ascribed to a com"Olex How pattern rather than to a 

~ . JJ \ ~ -

small-scale turbulence which might enhance both resistivity and viscositya 
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FIGU;RE LEGENDS 

Fig. 1 Natural. coordinates tor _axisymmetric .flux surfaces. 

Fig. 2. _Homo:Polar .II experiment (schematic) showing collector probes 

at the outer electrode. 

Fig. 3· Homopolar III experiment. 

Fig.- 4 Oscilloscope traces ·from Homopolar III experiment. 
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·'. 

(a) Current-button response, 1 A/em; 50 ~sec/em; 

(b) . Voltage/ 3 kV/cm; 50 ~~ec/cm; 

(c). Tot.al current, 40 kA/cm; 50 ~sec/em; 

(d)· and (~) .. Current-button responses at a speed of 10 ~sec/em 

starting at. 6o j.lSec after breakdown.-
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