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University of California
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ABSTRACT
The problern of current continuity and viscous drag at the boundaries
in rotating-plasma experiments is discusged, We particularly ewnphasize a
hypotﬁetical 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 "Homopolar III" experiment is described in which

~ the flux surfaces were strengly coavex and parallel to the toroidal -shaped

ele_ctrodes.‘ In this way friction at the insulators was reduced, But the
structure qf the discharge deviated drastically from axial symmetry near the
outer surface, Several studies led to the conclusion that the flow pattern
probably involved secondary flows, A detailed analysis of this structure was
not possible, It was also found that the rotational speed could not be raised
above a few cm/psec because the insulators failed in spite of the special |

design of the experiment,
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I. INTRODUCTION
Experiments with highly ionized, rapidly rotating plasmas have been

1-4

in progress for some time, The motivation for this work has been ex-

5,6

pounded by several authors and needs little further e:ﬁpla.nation. Ag can .
be seen in a br’ief summary of the early work given elsewﬁere, 7 in all these
experimenﬁ:s the rotation is produced by pasving a radxa.l -current pulse bes
tween the inner and outer--essenually coaxial --electrodes in the presence

of a primarily axial magnetic field, The principal advantage of this procedure
lies in the very effective energy transfer to ions achieved in é configuration
alrgady suitable for confinement, The main limitation, on the ‘other hand,

is that the pla;sma usuallx) has to come into intimate contact with the electrode g,
at least during the acceleration, Ewventually 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, lMost
experiments to date, however, seem to be very strongly influenced by
boundary effects of one kind or another’. Yor certain studies contact with

surfaces might not be of particular concern, or it might be a necessary

‘requirement, as in the work by Alfvén® and Fahleson.g If a fully ionized

high-temperature plasma is to be generated, however, any exchange of

particles with the surroundings must be minimized,
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In general, the boundary effects of privary concern to us fa}.l into
’thre.e bésic categories: (1) current continuity at the electrodes, (2) viscous
v friction atthe insulators {i,e., velocity gradient along the magnetic-field
lines) and {3) viscous friction at one or both of ihe electrodes (i, e., velocity

gradient across the magnetic-field lines), We discuss these in the crder

. :
listed and illustrate their consequences in connection with some recent
experimental results,

AN
>

'}:1
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II. CURRENT CONTINUITY AT THE ELECTRODES
In the macroscopic description of continuum magnetohydrodynamics
no attention is paid to the nature of the current carriers, Such a simple

model becomes inadequate, however, when (1) the transport properties are

" anisotropic, (2) the Hall effect enters into the problem, and (3) electrodes

are involved, 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 afe required to
connect the plasmé. to an external circuit,

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

if these electrons pass smoothly from the cathodes into the plasma and are

subsequently collected by the anodes, then the simple contiruurn magneto- -
hydrodynamic description is perfectly adequate, In highly-ionized rotating
plasmas with axial symmetry the driving current tends to be carried by ions,

however, rather than by electrons,  This follows immediately from the

generalized Ohm's Law for slowly varying curren’cs:io
- . c .o c o i o
CEF+VvXB - g iXBt 5 VP = L BAY

We write all equations in this paper in the Gaussian (symmetfic’: cgs) system
of units with conventioﬁal rneanings for symbols, 10 In particular, note that
the symbol v here denotes the velociity 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 coordina.teé {n, $, s) appropriate for systems with general axial
symmetry, The unit vector en points in the direction of the outward normal
of the axisymmetric magnetic«flux surfaces, while e | is the ordinary azi-

S

muthal direction, The unit vector e s iz given by e sTeaX g, il.e., it is

n’ o<

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 very useful wl;xen the flux surfaces cannnt
be described analytically and whén .they vary in time, For our discussions,
hdwevexj, the coordinates can be considered as instantaneously staticnary,
and some of the resulting component equations- take on very simple forms,

The ¢ component of Eq, (1), for instance, can be solved directly for Vo

cE . ' '
= - - ; . I 2
Va -Bs _ Es A en ,Jn ! g . (2)

where the subscripts indicate the components of the vectors v, E, B, and

j along the directions e and e s.' The azimuthal component of the

- .
lel MQ}S’

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

metry, The component i, does not vanish everywhere, however, as long

b

as the currents, particularly j,&' are not cornpletely stétic}na,ry.
The. first term on the right describes the centrifugal displacement of

the flux surfaces themselves, Its consequences have besn studied

1.2,3,11

extensively, The other two terms represent transport of masse

across the magnetic-flux surfaces, The middle one i due to resistive slip

o s s b et

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

The last term is directed from the ancde to the cathode and shows that when

“_):b

and 'Bd}.-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 form between the anode and

1,12

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

electron gheathy would constitute an E ¥ B "slipping stream, ! however,
with encrmous shear stress and as zuch is certainly expected to be un-
13-1¢

stable, Consequently, their flow no longer being laminar, the electrons
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are able to croass the magnetic field and drain off towards the anode, This
entire process provides current continuity anq creates a virtually evacuocied
region between the anode and the plas‘ma. - A detailed anélysis of thiy process
is very complex, Itis, for instance, likely that pressure gradients can no
longer be neglectéd for such a sheath, Iforeover, there is sorae doubt whether
the initial assumption of azirmuthal symmetry will sﬁll be consistent with the
existence of an un#table anode gheath, |

Alternatively, we may speculate that under such conditions of evacuation
adjacent to the anode surface, gaé is likély te be evcl_ved at a su_Bstanfi:ﬂ. rate,
This gas may get fapidly ionized by the electrons (;f the ihsipﬁem‘. sheath ¢
that the metal surface m.:u) act effectively as an apparent ién source after all,

- %hile such a process cannot be operative for ex_tended times because it leals -
‘to depletion, it seems possible that shortvpulfses of_feasona.ble éurrent density
may, in fact, be émitted transiently by the anodes in all crossed-field plasma-
acceleration processes,

It is also intere sting to speculate on the possible advantages of having
the electric-field vector pointing radially inward; i.e., to select the outer
cylindriéa.l electrode as the anode in the rotating-plasma experiments, In
this case the last term on the right of Eq. (2) opposes the first two, va.nd one
might wonder whether the discharge under these conditions will not simply .
operate in a manner such that the boundary condition v = 0 is satisfied at
the anode, Because of finite heat conduction, diffusion, and viscosity, the
resistivity » will be large and v<> must necessarily be small in the iraracdiate
neighborhood of the surface, But it would again take a detailed analysis to
establish whether the required conditions are realizable in praciice,

There is no experimental evidence, at lease 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, tae a..ctu.;z]. wwde
of operation shows drastic deviations froin the assumed awimuthal symcoctry
whenever the axially syinmetric anode is forced to be in intirmmate contact
with the revolving plasma (see Sec, VI),

Nevertheless, the preceding discussions are not of academic 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 thé‘necessary ion current, The observations were
made on the devicev called Homopolar II, which was very similar in design to
the Hydromagnetic Capacitor described before, ! The quartz discs used as
insulators separating the piasma from the pillbo:ﬁ;ahaped metal container had
a smallexf diameter th%m the chamber itself, so that approx 1/2-in, -wide
annular rings of the top and bottom metal surfaces were exposed to the plasma.,
Smalllmeta'l plates connected to separate llead_s were introduced through the
side and mounted as indicated schematically in ¥Fig, 1.

When the discharge was oscillating it vcouid be demonstrated that moat
of the current passed through probe A when «tﬁe latter was‘a cathode and
through probe B when 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 elgctrons are emitted by probe B, When the outside is the anode, howe
ever, ions are drawn from the plasma existing in this region. The electirons
that are left behind are constrained to drain off along the magnetic-~ficld lines

‘and hence are collected by probe B only., No ions are ernitted by probe A,

The currents to these localized probes were synchronous with and proportional
to the total current through the plasma, indicating that the current in this
discharge was azimuthally symmetric,

It s concluded that a reservoir of ionized gas stored in a "hollow!

electrode behind 2 magnetic-flux surface can serve very well as a virtaal
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anode capable of emitting substantial ion currents when needed for the
efficient acceleration of plasma. The Moscow lon Magnetron experirnent

is an excellent example of such an arrangeiuent,
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I, THE STFADY STATE WITH FINITE VIZCOSITY

Rcvolﬁng-plasma flowe produced by radial currcnts usually contain
radial shear, If the driving current is stopned and {f no iriction exizts be-
tween the plasma and the stationary boundaries, any finite vigcosity within
the plasma will damyp out this s.‘.ﬁear and eventually only rigid -body rotation
will persist, During this process the total gngular rmomentum of the plasma
will stay constant, Conversely, if the plasma slows down and cornes. io fest
in the absence of curreants cutside the plasma, it must be concluded that the
angwar momentumn is somehow tran«mrr 4 to the surrcundings by an
esgentially 'mechanicf process; i, e,, by friction at the boundaries, The
energy, in this case, is usually dissipated primarily in the fluid itself, al=-
though possibly in a thin boundary layer. Tha plasma may, of course, lose
all this energy again ver Y rapidily by radiation and by general heat transfer
to the surrcundings, 3

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

the electric field integrated from one electrode to the other 13 not permitted

to change, This means the average rotation of the plasma is not allowed to

decrease in agpite of any viscous drag, A steady state is evvcntually reached,
akin to Poigeuille flow in hydrodynamics, where ihe vf.scous~-hear streass

is just balanced by a suitable applied force, TFor a rotating plasina this forxce
is not due to a pressure gradient or gravity as it usually is in ordinary

‘

hydrodynamics, but is a j X B body force where the current denaity j must

be supplied by the poewer sapply, It should be pointed out that the driving
current jn shich flows in these axisymmetric configurations requires the
presence of axial components of current in regions near the axisz, thus

causing an aalmuthal component 9, 7( 0 which varies with position, A
€

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

analytic treatments cumbersome,
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In most experiments the revolving-plasma flow is established rather
abruptly by a large-current pulse du‘rirlg wh.ich the viscous drag can bz
neglected, Therefore, during this phase the features of mout intefs‘t are
the 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 peried of a nearly steady state,
which may last for many hundreds of microseconds, depending priraarily
on the total energy available in the driving power supply., If one wishes
tc describe this phase of the discﬁargea us a ptationary flow, the fo?egoing
considerations of viscous effects are of primary importance, For a simpli~
fied analytic treatment of this problem we can attexapt to use the macro-

acopic equation of motion of a conducting fluid of finite viscosity,
plv » V) v =3 X B -vp+vuv)v, (3)

where the last two texrmsa together, so far, stand only symbolically for the

divefgemce of the complete stress tensor, If there is an axisymmetric

| steady state, the azimuthal component of Dhin's law is given by Kq. (2) with

E =0, The longitudinal component is not of much interest in this develop=

¢

ment, but the normal component becomes

. <. B - . -
¢;Bs vsBd,s * en (vnpe +J:}:Bs st¢) My e (4)

Fortunately, quantitative estimates indicate that in the rotating-plasma

cE +wv
n

experiments that are actually being performed, all “rmt. the first two terms
on the left side can usually be neglacted, Similasly, v, as evaluated frqm
Eq. {2) for the steady state, ‘as well as Ve js’ and (\?’p)n can be ignored in-
Eq. (3). Ii we furthermore assuine for simplicity that the viscosity is iso-

tropic and independent of position, the three components of Eq. {3) reduce to

)

Pvébl.l .
- — cosa = J¢Bs , (5)
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I's
™

pvl
= o0~ sina = Jan) - {vp)g (‘f)
and

. 2
0 = }nBs + v X) (7)

¢°

where r denotes the distance from the axis of rotation and the angle a is

defined by sina = Br/Bg. This set must still be avgmented with Maxwell's

equation VX B = 4wj as well as with a relation between p and p, and

boundary conditions on v, B and B, OCbvicusly, self-consistent sclutions of
the stationary-flow problem outlined above {;vill, in general, stil.l be exceed-
ingly complex and we do not atternpt to obtain them here, The cquations of
motion were written in this {orm primarily to summarize once more very
briefly the most important features of idealized rotating plasmas,

Equation (5) relates the centrifugal fprcee to the so-called "diamagnetic"
current j‘iﬁ' knowledge of which is necded in By, (2) for the evaluation of Vo
Equation (6) describes the macroscopic "centrifugal confinement' of rotating
plasmas which is superimposed on the ordinary pinch effect jnB<§~, whenever

' : 8-8
the flux surfaces are convex {i, e,, when ——— < 0 eyerywhere. where o = 0
on some surface given by s5 = constant), Fianally, Eq. (7) expresses the
obvious fact that steady rvotation in the presence of friction is possible only
if a steady driving current jn_ is supwlied, Furthm‘mo:re, it is.clcar that
for a given shear stress this ("’.I‘i.Viﬂg curreut is inversely proportional to
the magnetic field, In the remaining discussions we will be prima:rily con-
cerned with the irmaplications of Eq. {7).

Some insight into the nature of possible flow patterns is veadily obiained
if we make drastic simpiifying assumptions about the flux distribution and

hence also aboat the natural coordinate systemn introduced earxlier, If, for
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instance, e c is parallel to the axis of rotation everywhere, we have siraple
Pl
cylindrical coordinates with n® r and s & z; Eq. {7) becomes
2
ov 7w ]

v . v B ,
OO S S/ S S R
rZ .91'2 az2 Ty

Becauwgse of the requirement V. j = 0 {or stationary currents and because of

the earlier assumption that jz =~ 0, we can- further subatitute

i lr2) = e 2) x g/ )
where r is any suitable raldics such as that of the outer electrode, Further
jr(ro, z) can be eliminated by means of Ohm's law, Eq. (4), which now reads

cEr+v¢Bz= njr. (10)
Note that tl"xe New Un®NOwWL, Er' which i introduced by £q. (10), is independent
of 2 eince YXE =0 and ar-:z/ar may be considered negligible in this
approximation, Equation (8), after the substitutions (9) and (10), can then be
solved if Bz(r) is prescribe& and the boundary conditiumz for v¢ ares given,
A.ctL'tally. ‘we must simultaneously solve for v ® and Bz( r) with the help of
Eqgs, {(5) and (6) where now a = 0. But the centvifugal distortion of B is
negligible if

. 2B
¥ z_4mrj ':%Ei 2<< 1. (11)
z

= - v
B, Br B, ¢ ¢

In other words, when the rotational speed is much smaller than the Alfvén

velocity, Bz can be considered as unaifected by the flow,
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1V, VISCOUS FRICTION AT THE INSULATORS

If tl“w plasma i:; allowed to be in contact with a rigid surface z = Zyo
N this surface mnust be an insulator because, as stated before, Er st be
finite there, If, in addition, at this surface the boundary condition v =0
is imposed (no slip) the term E)qub/azz in Bqg. (&) must also be finite, There-~
fore, jr is forced to be a function of z and it has been shown that, for uniforin
Bz at least, and for typical conditions of rotating plasma experiments, the '
current would tend to concentrate in thin boundary layers close to the insula~

17.18 In any such numerical calculation it is assumed that the coeffi-

tors,
cients  and p whick entexr the problein can be estixnafed from kinetic
fheory, and that all Larmor radii are amall enoagh so that the macroscopic
description represents a good approximation, INote that the "Hartmaan'-
'type boundary layers at flne insulators arce predicted to be stable for the large
Hartmann numbers M = BlL.(yq M)-l/.?. enclount,eréd in the laboratory {vhen the

19,20 Put since the layers

conducting fluid is plasma rather than inercury),
are expected to be thin, they probably are very sensitive to surface roughness,
and since they tend to carry high current densities, they are likely to cause
surface erosion and insulatdr failure,

Therefore, it is most essential that the plasina not be subject to viscous
friction at the inswlators, It showld, for instance, be possible to design an
experimental arrvangement with a very long axial dimension such that the

jnB¢ pinch effect” of Iig. (6) forces p to vanish at theae surfaces even if

sina = 0, Itis much more practical and atiractive, howaver, to rake use of
the centrifugal effect and conven flux surfaces in srder to drive the plasma
away from the insulators, Undoubtedly this objective was at least partially
~accomplished in the Ixion experiment, where a "magnetic mirror" configa-
ration was used, - Iven more strongly curved geometries have bheen intro-

daced in two othos recent tnvestigations, one of which is discussed in
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Jdetail ia Section VI of our paper,

S

Another promising attewnpt te avoeid contact between the plasina and
the insulators is being made in the Homopolar V experiment in which the
gas in injected into and the plasma is created in the center of a very long

evacuated rairror machine,
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V. VISCOUS FRICTION AT THE ELECTRODES
While the friction at the end plates can in principle be avoided, somne
contact with electrode surfaces rnust usually be taken into consideration, If
we assume as a simplification for {llustrative purposes that the geoinetry is
‘gtill cylindrical and_Bz is unif.@rm. Eq. {8) is still applicable.and the ter:n
62v¢/8z2 can now pe neglected, | This means Eq, (8) is independent of z,

and Chm?'s law [Fe. (10)] is not needed, The solution then is found to be a

Poiseuille -type flow pattern:

j (rO)B T > 2 '
v, = "E‘“‘z‘;rz 0. (C, +C,° - x“Inr), | (12)

where the constants C1 and C 5 must te evaluated from the boundary condi-

-

tions on v¢. For instance, if the outer surface is rigid and there is no slip

we must have v¢(r0) = 0, [If the innesr boundary, on the other hand, is free at

x =X, then the stress there must be zero; i, Cas f)v(,‘/ar = v¢/r at r =1, The
?

resulting flow ie given by

. d
Jr(-'rO)BZrO 2 0 2 r o
V(b:f—-z-‘:-}-m r An -;-2— -Ti‘ l - :‘z . (13)
0

We can now directly obtain the electric-field distribution Er(r) by using
Eqa. (1.0) and (13); it is interesting to note that the form obtained fite; the
observations made on Ixion better than the undistorted t.racuum field shown by
Baker et al, 3 This 111537 be for&xitouﬂ, however, because, as Baker et al,
have already polnted out, the wviscosity p deduced in this way appears to bé
unreasonably high, A very direct guantitative evaluation is obtained if the

resistance R, of a unit length of such a steadily rotating discharge is calcu-

1
lated from ¥qs. (10) and {13),
o 2 2 2\ %
c 0 r : Bz ry r, ‘
R, = : Edr= Mfn o= +-2—[1- . (1)
2wr . j {r,) N 2n 5 mp r 2
0'r'70 T - 0
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The first term on the right represents the ordinary electric resistance of
the plasma and can usually be assumed negligible, Th2 second term is due
to the viscous dissipation, Since the ordinary visco-sity coefficient is expectiad
to decrease with increasing magnetic field, the total resistance should increase
with more than the sec:nd power of Bz. This behavior is clearly not cbserved,
We must therefore conclude that the drag is enhanced by an anomalous vis~
cosity or, more probably, that the actual flow pattern cannot at all be approxi-
mated by the laminar axiayz'nmetfic conditions underlying ;)LIT a;ﬂxalysis. Indeed,
the probe ineaéureinenta in Izion as well as in some of our own observations
(see Section VI) indicate that the structure of the 'plaéma near the outer

clectrode is not necessarily axially symmetric,



“16- - CUCRI-~10399
Vi. THE HOMOPOLAR I EXPERIMENT

A, General Description

Since the most serious limitation in the work with rotating plasmas
invariably involved failure of the insul.ators, we have attempted a drastic
solution of this problem in the device called ﬂomopolér 111 (see Fig. 2).

This work was started in 1958 and discontinued early in 1960, A very brief'
deacriptioﬁ of the experiment has been given before, 17 The geometry was
similar to one suggested by ué earliex'7 and resermabled that used in recent
experiments at Stoc.k;holm. 21 Its containment properties have been considered
in some detail by Bonnevier and Lehnert, 6 The principal features of our
arrangement were as followsd, The flux surfaces {4) were nearly toroidal
because the magnetic field was generated bya, pwleed ring current floxving"

in a circular ¢oil (7)., This "field coii" was embedded inside the inner elect~
: rode and c.onmected via welding cables {8) émi ignitrons toa 5-kV 12,000-uF
electrolytic~capacitor bank, The inner electrode {3) was made of thin stain-
leéz; steel so that the magnetic f.ield (3 to 10 k@) 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
to about one skin depth at the ‘frequency corresponding to the half-cycle time
of the magnetic field (approz 100 cps), The amount of flux leaking through

g the first 2,5 mosec was therefere insignificant, Except

(]

the outer shell durin

for some leakage at the top wnd bottem edges of the clectrodes, then, the

fluw surfaces were fairly parallel to the electrodes, Two auxiliary fleld

coils, not shown in the figure, wera at tix::ﬁea 3 jgp!.aﬁ,cefl as "iriwoners' on the
- )

cutside just above and below the outex shell, Thess could be operated with

de curvents so that their fields would penetrate through the aluminum and



\ -17- UCRL-10399
locally add to (or subtract from) the pulsed field of the coil (7).

The insulators.(?‘) were gtraight cylinders 12-in, diam and 6-in, high
made of Pyrex, ceramic, or initially even-of plexiglass, The Pyrex was too
fragile :;md the plexiglass contarninated the plasma very much (although it

“was not too badly a.ttackeri by the discharge!) The ceramic in;suxlé.tors, which
>were described as high grade‘(98%‘) alurnina by the manufactarer, were most
satisfactory 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 pwmnped out to pressures well
below 10-3-mm Hg., The major diémeter of the entire device was 24 in, and
the total volume enclosed was about 105 cm3. The operating gas was bled
in through a needle valve (10) and continuously removed through the pump
line {11)., Obviously, the aystem was not intended for high-purity plasma
work, |

The primary purpose of the experimént was the study of a highly
ionized rotating plasma which has no coutact 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 inuch larger than the random

$

speed of the ions, Such a supersonic flow can be e¢stablished if the ioniza-
‘tion process car:;nade' to take place in a low electric field which is allowed
to rise gradua.lly; The criterion for this condition of "reversible'" accelera-
tion ia that En/E.n << w o where w . = eB/cr is the ion gyrofrequency.
Stated differently, the driving current supplied by the set of coaxial cables
(9) must be limited so that cjn << env¢ at all times, In the upper sketch of
Fig., 2 we show an extreme case for a cold plasma corz‘;pressed by the
centrifugal force to form a flat ring in the equatorial plane (6), The electric

field (5) is indicated as peinting inwaxrd; i, e,, the outer shell is taken as the

anode,



-18- UG L1029

‘.Par_ticularly., .the ionization phase in a low electric field could never be
clearly eastablished, Usually hydrogen or deuterium gas was used at initial
prsssureé between 5 and 100-p Hg, The driving currenf; was supplied by
a 10-kY 600-pF condenser bank wﬁich was conunected to the electrodes by a’

" set of ignitrons at the moment the magnetic field reached its peak value,

By and large, the voltage and current behaw'fior of the discharge was very

5imilai to that of earlier Homopolar expérimenml but was extended in tiine

~scale to the point of being practically indistinguishable from the Ixion ex-
periments reporf«-:»d movre recently, 3 In particular, the rotational state

(vbltage ~holding mode) usually lasted for more than 500 psec and the guasi-
Vstationary {holding) voltage could never be raised above about 3 k¥, This

“meant tl’xavt.the-. steady -state rotational velocitie 5 on the average were only a
few tirmes 10b cm/see, $hort-circuiting e:ap_@rims:nt:‘sl showed that the
amount of revolving material and its moment of inertia remained fairly
congtant up to starting potentials of 5 kV and, indeed, no apprveciable dis-
tortion of the magnetic field by the centrifugal force was expected, Unfor-
tunately, beyond 5 kY the "hydromagnetic capacity" of the rotating plasma
increased rapidly with the applied voltage reaching five tirnes the initial
value at 7.5 kV, . At the same tirne 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, Thi.:a
behavior at elevated voltages apparently was very different frow that |

Y
reported for the Ixion device,” Since no other very siguificant conclusions

could be dravwn from such simple external ohservations, further details of

these findings need not be given here,
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B, Current Distribution at the Electrodes

The overall results were clearly disappointing, Localized measuxe-
ments were required to establish whether the plasma was in fact confined
to the eguatorial regioﬁs. Observations with probes irmmersed into the
| plasma region proved to be rather unsatigfactory in this geometry, It was
easy to isolate small regions (so-called current buttons), howe"ver, in the
outer electrode and counnect them to the (grounded) shell via low-inductance
paths of srnall but finite resistance {0,12). The local current density to the
electrode could thus easily be observed by means of oscilloscopes, A set
of four such current buttons was installed a.loné the perirmeter of the machine,
and along the "meridian! line of' one of these machines two more buttons
were mounted at 30°% and 60° above the “equatorial' plane. The results
were astonishing. |
In viéw of the arguments presented in Section II the outer electrode

‘was usually chosen to be the anode, In that case it was noted that the local
current density invariably fluctuated wildly and irregularly dui‘ing the
acceleration phase and steadied down to rather regular short pulses {approx
2-psec duration) during the nearly steady voltage-holding phase., The
axhplimde of these pulses was about three orders of magnitude lower near
the insulators than in the "equatorial’ region., Typical Qsci}.}.oscoPé traces
.are shown in Fig., 3. 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 moving roughly with the estimated mean speed of the re-
volving plasma, It was aléo‘established that the main current entered the
anode first in the equatorial region and spread within about 10 psec all the
way up to the region 60° above the equator, During the nearly steady

rotation the regularly spaced spokes also extended about 50 cm to either
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side of the equator exactly along the magnetic-ficld 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 attempts
to supp;'ess this banded structure of the anode curreﬁt by deflecting the
outer flux surfaces into the aluminum chell near the top and bottom end of
the machine (using the auxiliary dc coils xhentioned above), These failures,
however, 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 &as much less pronounced, A gteady background current
appeared, presumably due to ion collection, and the regular pulseg were
weak but qccasional very sharp peaks were observed, These latter were
un&ouBtédly caused by erratic cathode spots,

C. Structure of the Discharge

Evidently, it was Qery important to deterrnine how {ar into the interior
of the discharge ;tl1esse spokes reached, We were also interested in finding
out whether the extent of the spokes along the flux lines was a measure of
the thickness of the plasma 2nd whether the plasma den?;ity.had a ribbed
structure as sharply delined as the anode cufrent. As mentinned before,
electric- or magnetic-field probes protruding into the interelectrode space
did noi yield usable results, A sinall dou.bie Langmuir probe, however,
when inserted very littie beyond the anode surface through the port of one
of the current buttons, gave a hint of a small Egb component anpearing
simultaneously with each current spoke,

When a small quartz rod was thrust through a hole in a current button
into tfxe interior, the current collected by that button had a steady component

superimposed on the regular pulses, We interpreted this as evidence for
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a nearly étgady rxx?)tion of a finite plasma that extends ixlt6 régions between
the spokes, The magnitude of this current increased uniformly with the
length of the rod, ¥vidently, the stopping of the pl.as'ma by the rod caused
current flow along the rod to the anode, This effect was very pronounced
in the equatorial plane and was very feeble at a position 50 cm above this
‘plane, We concluded that the plasma was indeed confined to a region suh-
tended by an angle of approkimétely 45° on either side of the central plane,

- Piezo-electric probes were used in an attempt to explore the pressure
fluctuations in the plasma, If th\.t)se pr;b'be observations are acceioted at face
value, it can be inferred thg.t the ‘spékea in the ceniral plane are accompanied
by pressure pulses of about 15% above the ''steady" level, Unfortunately,
these measurements could not be extended to regions outside the equatorial
_plane,

Since the plasma was clearly very tenuous near the insulators, miig-
netic search coils could be introduced‘ there withoﬁt interfering with the
discharge. In this way it was discovered that ﬁashes of current a_iong the
inaulators occurred whenever the initial voltage was raised above 5 kV,
These findings were qualitatively very similar to those reported on the
Ixion experiment, 3 They were disappointing 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 ceramic 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 readiiy be ascribed to the discharges

along the insulators,
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Vil, DISCUSSION

It is clear from the findings reported here and e}.sewhere3’ .23

that
neither the flow nor the current distribution in rotating plasinas is usually
completely axisymmetric, at least in thencighborhood of the outer bounding
surface if this surface is an clectrode in contact with the plasma, In the
case of the Hornopolar III experiment, the observed phenomena did not’
appear to be turbuleat, however, but rather suggested the existence of
well ~behaved, fairly regular flute-shaped structures, It is tempting to
speculate that the discharge invol}ved 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 cbserved
spokes roughly equaled the distance between &ht; electrodes, However, an
analysis yielding predictions concefning stable flow patterneg in this geo-
metry is a formidable task, since it would have to be based on hydromagnetic
stability calculations of Poiseuille-type flows in curved chann_elS,  Only a
few genexval. remarks can be made, |

The analysis of stability of Poiseuille moticn is difficult even in
ordinary hydro d-yriamica and in perfectly straight channels, 24 The hydro-
magnetic problem is probably still more complicated, The special case
of flow parallel to a straight and uniform magnetic field has been worked
out, however, and it was found, of course, that the field can have a strong
stabilizing effect, &= The crossed-field motion, of interest in the present
context, has apparently not yet been attacked. Here the stabilizing effect
oithe magnetic {ield is expected to he much weaker if not totally absent
because the one-dimensional problern seems to become independent of the
field, As a first approximation, then, we may regafd the stability problem

for parallel crossed-field flow as a purely hydrodynamic one,
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For rotation the situation ig not so simple, Unfortunately, even in
ordinary hydrodynaimics the stability of revolving Poiseuille miotion has
never been analyzed {or the modes of interest here, Oaly axisynunetric
perturbations ( Taylor instabilities) have been studied because in the absence
of a magnetic field these are by far the most iraportant ones, It is likely,
on the other hand, that for theé rotating plaémas under dism:\ssion all "xﬁz o
modes are completely stabilized because the Hartmann numbers based on
the clectrode spacing are é.lw}:a,y.s very large, While this statement has not
been proven rigofously it is inferred simpiy from the stability of hydro-
magnetic Couette flow, The la,tte;~ haa been studied extensively in recent
years by -Chandrasekhar and othe 1'326 and the stabilizing éffecf of the axial
rmagnetic fié;d has been clearly demonatrated.«,z" Only axisymmetric
perturbations have been considered soc far, however, even in the problem
of this Couétté flow between revolving cylinders, |

The fact that the spokes were in phase along the ma.,g.nét‘ié-field lines
can be taksn as an experirnental confi;*matien of the above inference, It is
also evident that the problem of flute instabilities in rotating plasmac cannot
simply 'b‘e reduced to a question in ordinary hydrodynamics, The reason for
the difference is that the centripetal force in such rotating plasmas must be
derived from a body force 3% B while in hydrodynamics it is always ascribed
to a pressure gradient, Indeed, the Reynolds number, Re = pv&br/p. for the
rotating plasmas in guestion, is usually rather low, certainly much less
than 1000, whereas for onset of hydrodynamic turbulence in straight
Poisecuille motion this number24 has to be at least 5000, In other worda,
the inferred secondary flow is most likely initiated by a hydromagnetic_

rather than a hydrodynamic instability--but a full umierstanding is still

lacking,
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In experiments with convex flux surfaces, in which the ‘plasma is
corapressed along the field lines by the centrifugal effect, one's difficulties
are compounded because the secondary flows in all likelihood are three-
dirnenai;)nal'. This is directly seen on inspection of Eq. (6), Since the
velocity close to the surfaces ié very low; the centrifugal component
there be.comes negligible and the plasn;xa, can escape along the field lines,

It is quite posaible that this effect contributes to the insulator failure at
elevated power levgls.

To all these arguments we have to add the considerations of the charge
transport discussed in Section II, If the motion is not cdmpletely axisym-
metric, azimuthal cqnﬁponents of electric field can well exist in the interior
of the plasma; therefore, some of the charge flow may be due to electron
drift towards the anode, Obviously, such regions must be periodic along
concentric circles, just as observed, Only in the immediate neighborhood
of the anode we have to invoke small-scale instabilities of an electron
sheﬁth rather than azimuthal fielas to permit charge collection at that sur~ '
face, lon emission would, in that case, not be needed, Because of the
speculative and vague naturé of thia discussion, howéver, a more detalled
analysis of the possible modes of charge transport does not seem justified.,

In summary we conclude that the anomalous dissipation in our rotating
plasmas can probably be ascribed to a complex flow pattern rather than to a

small -scale turbulence which might enhance both resistivity and viscosity,
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FIGURE LEGENDS
¥Fie, 1, Homopolar Il experiment (schematic) showing collector probes at
the outer electrode,
Fig. 2. Bowmopolar III experiment,
Pig. 3. Oscilloscope traces frorm Homopolar III experiment,
{a) Current-button response, 1 Afcin; 50 usec/cm;
(L) Voltage, 3 kV/cm; 50 psec/cm;
(¢) Total current, 40 kA/cm; 50 psec/cm;
(d) and (e) Current-button responses af a speed of 10 psec/cm

starting at 60 psec after breakdown,



ooooo k\ V%&\\\\\\\\\NJ

electrode

oooooooooooo

ooooooooooooooooooooooooooo

eeeeeeeeeeeeee

22222222



UCRL-~10399

-30-

a

MUB-192



UCRL-10399

=31~

*

. Fig. 3



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

? A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
' or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of ‘the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.

1



I
I






