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ABSTRACT

The problem of current continuity and viscous drag af the boundaries
in rotating-plasma experiments is discussed. We particularly emphasize a

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

vthatgthe discharge impedance derived from this model qOes not agree withg”

i

many obsefvations. The."Homopolar III" experiment is described in which'

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

shaped electrodes. In this way'frigtion 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 involvedvsecondary flows. It was also found

vthat the rotational speed could not be raised above a few cm/psec because

the insulators falled in spite of the special design of the experiment.
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L. INTRODUGTION
Experimei}ts with highly ionized, rapidly rotating plasmas have been |
in progress for some time, 1-4 The motivation for this work has been ex-
pounded by several authors and needs little further explanation. 5,6 As ca.xl';

be seen in a brief summary 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 presenée

cof a i)riniarily axial magnetic field, The principal advantage of this procedure

lies in the very effective energy transfer to ions achieved in a configuration

- -already suitable for ¢onfinement, 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, Eventually 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 mlght not be of partlcular concern, or it might be a necessary

requlrement as in'the work by Alfven8 and - colla.borators.9 If a fully 1onized

high-temperature pla.sma is to be generated, however, any exchange of

particles with the surroundings must be minimized.
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B In general, the boundary effects of prﬁnary concern to us fall into

three basic categories: (1) current éoﬁtinuity at the electrodes, (2) viscous

friétion_ é.t‘the'..ipsulatorg ((i. e., vgloc_ity gradient along thé magnetic-field

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

Voo  gradient across the magnetic-field lines), We discuss these in the order
listed and illustrate their cqnsequenéés in connection with some recent

e;{pe rimental results.

i
'
I
i
i
.
}
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IT. CURRENT CONTINUTTY AT THE ELECTRODES
| -ln the macroscopic description of continuum magnetohydrodynamics
no'etfention is paid to the nature_of the current carriers.. Such a simple
"model'becomee inadequate,<however, when (1) the transport properties are
g anlsotropic,_(2) the Hall effect enters into the proolem, and (3) electrodes

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

'"‘,-these reflnements is, of course, trivial. The Hall effect, on the other

hand. usually ‘leads to compllcations, particularly when electrodes are
o required to connect the plasma to an external circuit.
- If the current between the electrodes is carried by electrons only,

and 1f these electrons pass smoothly from the cathodes into the plasma

.. -and are subsequently collected by the anodes, then the simple continuum -

:',‘magnetohydrodynamic descrizmion.is perfectly adequate. In highlyéionized‘
| rotating plasmas with axlal symmetry the driving current tends to be

i'.fcarriedvby,igng, nowever, rather than by electrons. This follows from
‘.the generalized Ohm's.laﬁ for slowly varying currents: =0 |

Vb= N - (1)

c
cg +yXx B~ Jx §'+'Eﬁ A M,

L.
~ en &

We write all equations in tnis paper in fhe Gausslan (symmetric cgs)
systen of units with conventional meanings for symbols.lo. In partlcular,
"note that the symbol v here denotes the velocity'of the nmass flow of the
.materlal and terms of order m /m are neglected when compared to terms
~ of order unity. - o : | ' o
- It is,convenient.ﬁo‘introduce a right-hended.orthogonal set of cnrvi-

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

. symmetry. In this way we can discnss'in & general way various gecmetries
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‘such as mirror machines like the Ixion experiment,
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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, 1s the'only one treated .analytically in any detail in this

paper,

As indicated in Fig. 1, the wnit vector g, points in the direction

r .

of the outward normal of the axisymmetric magnetic-fluX»surfaces, while

e 1s the ordinary azimuthal direction. The wnit vector S is given by

("

e =¢ . x¢e; 1l.e., it 1is tangent to the flux suffaces and lies in a

RS (R o
" plane with the axis of symmetry.



as the currents, particularly j¢, are not completely stationary.,

“extensively.

)
|

5. UCRL-10399 Rev

Such a coordinate system is not very useful when the flux surfaces cannot

- be described analytically and when they vary in time, For our discussions,
B however, the coordinates can be considered as instantaneously stationary,

| a'.nd some of the resulting component equations take on very simple forms,

‘The_:vép; component of Eq. (1), for instance, ‘can be solved directly for A

cE " :
r S o M [ . -
o v_ = =2 - =y = _ (2) .
4 o B B, “9 ""en “n”’ | .

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

j along the directions e 4 and e - The azimuthal component of the

2 2

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

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

¢ B

The first term on the right describes the centrifugal displacement of
the flux surfaces themselves. Its consequences have been studied ::: % iy
1,2,3,11 . ' :

' The other two terms represent transport of mass
across 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 when

'.'njd)'and’ E(b are sufficiently small, practically the entire current jnlmust

'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 fortm between the anode and

the plasma proper if the anode cannot serve as an ion source. 1,12 Such an

electron sheath would'constitute an E X B '"slipping stream, ' however,
with encrmous shear stress and as such is certainly expected to be un-

13-16

stable, .Consequently, their flow no longer being laminar, the electrons
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are able to cross the magnetic field and drain oif towards the ancde., This

entire process provides current continuity and creates a virtually evacuated

region between the anode and the plasma. A detailed analysis of this process
A is very complex. Itis, for instanée, likely that pressure gradlievnts can no
longer be neglleci.ted for such a sheath, Moreover, there is some doubt whether
the initial assumption of azimuthal symmetry will still be consistent with the
existence of an unstable anode sheafh. |

Alt'e.r'natively, we nla')} speculate that under such conaitions of evacuation
adjacent to the anode surface, gas is likely to be evolved at a substantial rate.
This gas may get rapidly ionized by the electrons of the incipienf sheath so
4 ' | .that the metal surface may act efféctively“ as an apparent ion source after all,
While such.a ‘process cannot be operative for extended times beéause it leads
‘to depletion, it seems possible that short pulses of reasonable durrent ci:ensity
may,‘_‘in fact, be emitted transiently 'by' the apodes in all crosseéd-field plasma-
acceleration processes, |

It is also interésting to speculate on the possibie advantages of having

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

cylindrical 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, and 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, DBecause of finite heat conduction, diffusion, and viscosity, the

i reéistivity 1 will be large and v, must necessarily be small in the immediate

neighborhood of the sui‘face. 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 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 the necessary ion current, The observations were

tnade on the device called Homopolar II, which was very similar in design to

- the Hydromagnetic Capacitor described before, ! The quartz discs used as

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

.a smaller diameter than the chamber itself, s0 that approx 1/2-in. -wide.
"annular rings of the top and bottom metal surfaces were exposed to the plésma.

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 most

of the current passed through probe A when the latter was a cathode and

»throu\gh. probe B when it was an anode, The inte rpretation we have given is

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

A than._‘electro'ns' are emitted by probe B, When the outside is the anode, how-

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

. that are left behind are constrained to drain off 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 synvchronous' with and proportional

to the total current through the plasma, 'indiCating that the current in this

' discharge was azimuthally symmetric,

t is concluded that a reservoir of ionized gas stored in a '"hollow"

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 for the
efficient acceleration'of plasma. The Moscow lon Magnetron experiment
! is an excellent example of such an arrangement.
i B A
1
":
i
i
L
' ‘,s
Y
P
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III, THE STEADY STATE WITH FINITE VISCOSITY »

Revolving-plasma flows produced by radial currents usually contain
radiél shéar. If the ciriving current is stooped and ifl no. friction exists be-
tween the plasma and the s’c‘a.’cionary‘ bouz;xdarie.s, any finite viscosity vithin
the plas‘rﬁa will damp out'th:is shear and eveﬁtually only rigid-body rotation
w.ill‘ persist, During this process the total angular momentum of the plasma
will stay constant, Com{ersely, if the plasma slows down and comes,to rest
in the abAsence of currents outside fhe plasma, it mu;ﬁt be concluded that the
anguiar momentum is somehow transferred tothe surroundings by an
essentially mechanical process; i. e;.,l by fric‘tioh at ‘c’r.xe' boundaries, Thg
energy, in this case, is usually dissipéted primarily in the fluid itself, al-
though possibly in a thin boundary layer. The plasma may; of course, lcse
all this energy agam‘very rapidly by radiation and by general heat transfer
to the surroundings.

If the electrodes remain cvonnect‘ed to a’constan‘c-vo‘ltage power supply,
the electric field integrated from one electrode to the other is not permitted
to char;ge? This means the average rofca‘ci'o_n of the plasma is not allowed to
decrease in spite of any viscous drag. A steady State is eventually reached, ‘
akin to Poiseuille flow in hydrodynamics, where the viscous-shear stress

is just balanced by a suitable applied force, For a roté.ting plasma this force

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

hydrodynamics, butis 2 j X B body force where the current density j must

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

‘current jn which flows in these axisymmetric configurations requires the

presence of axial components of current in regions near the axis, thus

# 0 which varies with position. A

¢ .

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

causing an azimuthal component B

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

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

neglected, refore uring this se the features of most interst are
neglected, Therefore, d g this phase th atures of most st

.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 period of a nearly steady state,
which may last for many hundreds 6f microseconds, depending primarily
ocn the total energy available in the driving power supply. If one wishes

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

‘considerations of viscous effects are of primary importance, 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,

p(v ¢ V) v =i X B -vp+ Wuv)v, : (3)
where the last two terms together, so.far, stand only symbolically for the
divergence of the complete stress tensor, If there is an axisymmetric
steady state, the azimuthal component of Ohm's law is given by Eq. (2) with

EdS = 0. The longitudinal component is not of much interest in this develop-

v

ment, ‘but the normal component becomes

cE_ + ~v B, '+ —=(v +j, B -jB,)= o 4)
n Vd)Bs Vs b en( nPe Jcb-‘s s q>.) RPN ( )_,

Fortunately, quantitative estimates indicate that in the ‘rotating—p'lasma‘

exp"eriments that are actually being pefformed, all but the first two terms

v

- on'the left side can usually be neglected, Similarly, v as evaluated from
: o e . :

Eq. (2) for the steady state, as well as V5. js’ and (VP)h can be ignored in
g

Eq. (3). If we furthermore assume for simplicity that the viscosity is iso-

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

cosa=j, B, - ' (5)
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é.nd
V) (7)

‘where r.denotes the distance from the axis of ro»atlon and the angle a is

(/ee 1*1g 1).

This set must still be augmented with Maxwell’s

defined by sin-a

equation VX B = 41nwj as well as with a relation between p and p, and

boundary conditions on v, B, and E, OCbviously, 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

*‘nouon were written in this form primarily to summarize once more very

. brieﬂy the most impo'rtant features of idealized rotatma plasma.s.,
Eguation (5) relates the centrifugal force to the so-called "dza.maﬂnemc”
current j¢, kpowledge of which is needed in Eg. (2) for the. evaluationb of =
Equatibn (6) describes the macroscopic -“centrifugé.l confinement' of rotating

pla.smaé which is superimposed on the ordinary pinch effect jnB¢ whenever

the flux surfaces are convex’

. e . e S -

"Finally, Eq. (7) expresses the

obviou.s fact that steady rotatién in the presence of friction is possible only v
- if a steady driving .Curr.en’c‘ jn iz supplied, Furthermore, it is c]fear that
‘fo_r._a\'.given'shear stress this driving current is inversely proportional to
Athey magnetic field, In the reﬁaining diécus;ions Wé will be primarily con-
cer_rigd with the implications of Eq. (7).

Some inéig’ht into‘the naﬁuré of possible flow pat’cerns is readily obtained

if we make drastic simplifying assumptions about the flux distribution and

o ' hence also about the natural coordinate system introduced earliex., If, for
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Note that the new unknown, E ., which is introduced by Eq, (10), is independ
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instance, e _ is pawrallel to the axis of rotation everywhere, we have sims

cylindrical ‘coordinates with n= r and s = z; Eq¢. (7) becomes!

Yo oL %y 0T T 1B (2)
2 or 3

o
r . © Or

Because of the requirement V. j = 0 for stationary currents and becauze of

+

the earlier assumption that jZ = 0, we can further substitute

j A a) = (g8 vy /e NG
where T is any suitable radius such as that of the outer electrode, Further
j"(ro, z) can be eliminated by means of Ohm's law, Eq. (4), which now reads
I . ]

0)

fu—

— : _ . 7
cEl_ + vdez = Mj. - {

4

nt

o]

of z since VXE =0 and 8E /or may be considered negligible in this

&

avproximation, Equation (8), after the substitutions (9) and (10), can then be

sclved if B (r) is prescribed and the boundary conditions for v, are given.
_ Tz : o :

Actually, we must simultaneously solve for v and Bz(r) with the help of

¢

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

‘negligible if

B . : . .
Y z Lur . 4 2 .
_ Z = J.o= v,” << 1, , (11)
BZ o x Bz ¢ BZZ o) -

In .oth‘er words, when the rotational spee.d is much.’ smaller ;han.the'Alfvén
velocity, Bz can be considered as unafiected by the fléév.v While, in pr.inci‘le.,
solution is possi'ble for any axisymmetric geometry, only fﬁe stré.'ight cylin-
drical case has béen solved explicitly and will be presented in the next

two sections.
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IV VISCOUS FRICTION AT THE INSULATORS
I Lhc plasn a is allowed to be in contact with a rigid surface z = zy5
this surface must be an insulator because, as stated before, E must be

finite there, If, in addition, at this surface the boundary condition v=0

is 1mno.>ed (no ohp) the term 8 v /E)z2 in Eq. (8) must also be finite, There-

' fore, J is forceo to be a func..lon of z and it has 'beevl shown that, for umfoem

'B éLt least, and for typica.l conditions of rotating plasma eXperiments, the
current Would tend to concentrate in thin boundary layers close to the 1nsu1a—
| 18 19 |
tors, In any such numerlcal calculatlon it is assumed that the coeffi-
c"ien‘;s n and p which enter the problem can be estimated from kinetic |
theory, and that all Lermor radii are small enough so that the macroscopic
descrmtlon represents a good approx1matlon, Note that the "Ha.rtmann”-
'ty*oe boundary layers at the insulators are Dredlcteu to be otable for the Large

-1/2

Hartmann 'numbers M = BL(nw) encountered in the laboratory fvhen the.

20,21

conducting fluid is plasma rather than mercury), .But since the layers

- aré expected to be thin, they probably are very sensitive to surface roughness,

" and éince_' they tend to carry high current densities, they are likely to cause

surface erosion and insﬁlator failure,

-The'refor’e, it is most essential that the plasma not be subject to viscous
frictionvat the insulatofs. It should, for instance, be pos_sible to design ,a.n"
experifnental_ arrangement with a very long axial dimension such that 'th‘e

B’d) 'sinch effect'' of Eq. (6) forces p‘ to 'vanish at these surfaces even if
sin h. =0, It ie much more practi’cal‘ and a'.ftractive, ho;Never, 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 partially

accomplished in the Ixion experiment, where a ”magnetlc mirror' configu- .

3
ration was used, - Even more str ondly curved geometz ies have been 1nt¢o—

g — 18,22 .
duced in two other recent investlgatlons, ’~ 7 one of which is discussed in

R34 UCRL-10399 Rev -
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fetail in Secti VI of our saner
detail 1n dection VI o1 our paper,

Another promising attempt to avoid contact between the plasma and

4 .

the insulatore is being made in the Hornopclar V experiment in which the

o

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

(3]
peYi

4.

evacuated mirror machine,
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or = rl, then the stress there must be zero; i, e., av /8r = v
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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, If

- we assume as a siniphfication for illustrative purposes that the geometry is

'stilllcy‘lindr‘ical and Bz is uniform, Eq. (8) is still applicable and the term

8%y '/8zz'can now be neglected, This means_Eq. (8) is independent of z,

[ ¢

. and. Ohm s law [Eq. (10)] is not needed The solution then is found to be a’

Pmseuﬂle-—type ﬂow pattern

i(r)B r. S
_ "r 077z 0 2 2 :
V¢— ———m——— (C1+ CZI‘ r dn 1‘), (lZ)

- Where-fhe constants Cl and C’Z must be 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 (r ) =0, If the .inner boundary, “on the other hand, is free at’

/r at T ﬁ'r.. The

ol 1°
resultmg ﬂow is g1ven by
' 2 , o R :
| IfmgB e | 2, To < 2\
v r~ In -, l - — o (13) -
¢ 4ur . r2 Si - Z)J _

We can now dn’ectly obtain the electric-field distribution E_ (r) by using

Eqgs. (10) and (13), it is 1nterest1ng to note that the form obtained fits the

’ obaervatlons made on Ixion better than the undlstorted vacuum field .,hown by

Baker et al, 3 This may be fortuitous, however, because, as ' Baker et al.

- hax}e already pointed out, the vviscosity‘ s deduced in this way. appears'to be
unreasonably high., A veryvdirec‘t.quantitativ‘e evaluation is obtained if the

R resis-tanc‘e R, of a unit length of: such a steadily ,rot‘atin_g.di'scharge is caleu- -

1
lated from Eqsl. (10) and (13), ‘ :
N B T . . B2 2/ 2\3,
Rj= e f Edr= D2 4 - O 1-4 7 .y
' ' erro_] (r 27 i T " or /

O) ¢ JUE ' o 0
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ITh.e fii‘st term'.on the 'right.represents the ordinary ele;:tric resistance of

the plasrna‘ and can us{uallyvbe‘ assurﬂed neglggible. The second terin is due

to th‘evv.i.scvous dissipation, Since the ofdinary viscosity coéfﬁcient is expected
to decrease with ihcxlea.sing magnetic field, the total resisténce should,i'ncrease

'~ with ‘more than the second power of Bz' This behavior is clearly not observed,

We must th’erefor’é conclude that the drag is enhanced by an anomalous vis-

' c‘os.ity‘or, more probably, that the actual flow pattern cannot at all be approxi-
mated by the.'.laminar axisymmetric conditions underlying our analysis, Indeed,
the "pi'obe 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

l.... . . electrode is not' necessarily axially symmetric.
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VI. THE HOMOPOLAR Il EXPERIMENT

.

Since the most serious limitation in the work with rotating plasmas

invariably involved failure of the insulators, we have attempted a drastic

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

’Th'i:.s work was started in 1958 and discontinued early in 1960, A very brief

éescr.iption of the experiment has been given before, 1 The geometry was:

similar to one suggested By us earlier7 and resembled that used in recent

22 Its containment properties have been considered

’in‘so“nﬁe‘ detail by Bonnevier and Lehnert. 6 Th(e‘p‘rincipal features of our
‘arrangement Were as'foll‘ows: The ﬂux sﬁrfaces (4) were nearly toroidal
" because the magnetic field was gene.rated by a pulsed ring current flowing.
~in ,a.‘c,i‘rc,ula,zj coil (7). This "field coil' was embedded inside éhe inner elect-

-rode and conhected via welding cables (8) and ignitrons toa 5-kV 12,000-uF

e;ectrolytlc capac1tor bank. The inner electrode (3) was made of thin stain-

. less steel so that the magnetlc f1eld (3 to 10 KG) could easily pass into the

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

» was made of 0 5-1n, th1ck high- conduct1v1ty aluminum alloy which amounted

to about one skin depth at the frequency correspondlng to the half-cycle time -

of,the.magne’clc field (approx 100 cps). vThevamount of flux leaking through
- the outer shell during the first 2,5 msec was therefore insignificant, Except

for some leakage at the top and bottom edges of the electrodes, then, the

flux vs'urfac‘:es; were fairly parallel to the electrodes, Two auxiliary field -
coils,_:vnqt shdwn in the figure, were at time's 'plac'ed as "trimmers' on the

outﬁs‘ide'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 (of s{ubtv:nnract from) the pulsed field of the coil (7).

The insulators (2) Qere straight éylinders 12-in, diam and 6-in, high
made of Pyrex, cérami;, or initially even pf plexiglass, The Pyrex was too
.ffaéile and the p»lexiglas's‘ contaminated the plasma very ruch (although it
was notA too badly attacked by the discharge!) The cefamic insulators, which
o were described asvhigh.grade (98%) alurﬁina by the manufacturer, were most

' Eatiéfactory although they, too, discolore;i slightly after prolonged operation,

Rubber-gasket seals WQre' made between the insﬁlators and bo'thl electrodes
so that the space between the latter could be pumped out to pressures well

. below 10-.3-m1'n:Hg.' The majo.r'diameter‘of .the,en-‘cii'e devicekllwas 24 in, and
" the total vo}lbume enclosed was aBout 105 cm3. Thé opefating gas was bled
._vin'th‘roﬁghva. nevedle‘iva‘lve (10) and continuoﬁsly ;em'oved through the pump
liﬁe (1 l);' Cb\'riously,‘ the system was hot inténded for -high-purity plasr;;'a
wox;k._ | | | | |

| The primary puréose of the expériment wa's:tllue study of a highly

_ -ion;lz.e‘d»r.otating plasma ‘which has no contact whatscever with the insulator
s#rféqeé. The geometry deScribed‘abéve should be suitable, according to
_Eq‘. (6), if the gavs is fully ionized a.nd'vq'J iS'much_lar'gebr than the random.
spe‘ed of ’Ehe ions;' Such a supersonic flow can be esté,blished if the ioniza- .
" i .tién prqcessca‘?le/’?r;la‘de to take place in a low electric field which is allowed _
to rise .gx;adxilallly. “ Thé Ilcriterion for this condition of "réversibié" accelera-

.‘ tion is .‘that I:En/En << Wz '\.vhere W = eB/cm is'the ion gyi'ofrequer}cy;
) : Stated differ,ently,\ the 'driving c.urr'e’nt suppiied,by ‘the ‘:s”et of coaxial cables
/(9.)Vm.,uisf be l.ixhited s.o‘lltha,t-cjn << envd)"a.t a.lli.tifnes. In the upper sketch of
'Fig..j‘,. we s_ho‘v_v an extreme case for a cold pl};.sma compreésed by the
| ce'ntri‘fu'ga.l' force to form a flat ring-in the »elaciu.atorial plé.;ie (6). - The electric
'fiéld (5) is indi'éalt‘:éd as pointing in,wa_rd,;' i.e.) tfxe outer s_hell 1s t;'akén as the '

‘anode,
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‘In actual operation the above conditions were only partially realized,

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

:
{
i
i
|
!
i
i
i
.

cle’érly' _establishe'd.-— Usually hydrogen or aeuterium gas was used at initial
pr,essur‘evs between 5Land 100 I.L'Hg‘. The driving current was supplied by
a lvO—k--V 600-pF condenser bank which was conr;ected to the electrodes by a
sét ofvigr'iiti'ons at the moment thelmagnetic fiel'd: reached its peak v_a.l.ué.

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

similar to. that of earlier Homopolar experimentsl’ but was extended in time

, ' ‘ | scale to the point of being practically‘ indi‘stinguish.able from the Ixion ex-
per‘i;'r‘lénts reported more récently. 3 In parti;:ular, the ro‘catilo‘na.l state
(véltage '-holdi‘ng mode) usually lasted for more than 500 usec and the cuasi-
g ' stationary (holding) voltage could never. Ee raised above about 3 kV, This
meant that the ‘steady-sstva.te' rotational velocities or@ the avvera.g'e were énly' a
: f_ew. tirnes 1 O6 crn/s;'ec° Shdrt-circuiting experimem:sl showed that the
.amguﬁt .of ‘z"evolving nvuatlerial‘ and its momént vof inertia _remained'fairly ,

‘constant up to starting potentials of 5 kV and, indeed, no appreciable dis-

_fm"’ci'o'n of}'thle..;'magnetic field by the .centrifugai force was expected, Uﬁfor-
mlmétely, beyond 5 kath.'e ”hydromagneti‘c 'cap'acity_“ of the rotating plasma
increased rapioﬁy with the applied voltage reaching five times thev.'ihi_’cial

- L ' yalué at 7.5 kV, Af the same time the gas pressure increased mark_ed_ilyvaftveri
each discharge. ;i‘here could be no doubt that large quantities of. gas were

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

.

;o o diéplacement of the flux surfaces must have been appréciable. This

behavior at elevated voltages apparently was very different from that

b reported for the Ixion device. 3 Since no other very significant conclusions
I, . .

]

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

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

"The overall results were clearly disappointing., Localized measure-

ments were required to establish whether the plasma was in fact confined

R

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

plasma region proved to be rather unsatisfactory in this geometry, It was’

easy to isolate small regions (so-called current buttons), however, in the

duter electrode and connect them to the (grounded) shell via low-inductance

pa‘.'u;h.s of émail but finite. resistance (0.1 Q).. The lécal current density to the l.
gle_ctfode coul_& thﬁs easily be observed by means of oscilloscopes. A set

of four such current buftons was installed along the perimetér-of the machine,
anvd,along the ""meridian' line .of one of thése machines two more buttons’
were mounted at 30b»ahd 60° above. the "equatorial' plane., The results

were astonishing,

In ViéW of the_a.rgulments presented in Section II the outer electrode
Waé ﬁsuall'y chosen to be the anode, In that case it was noted that the local
current density_invaria‘bly fluctuated wildly and irregularly during the

acceleration phase and steadied down to rather regular short pulses (approx’

2-usec duration) during t ‘e_'nearly steady voltage-holding phase, The

amplitude of these pulses was about three orders of magnitude lower near

the insulators than in the‘ "‘equétoria.l"' region, Typical oscilloscope traces
are shown in Fig,‘lll- . Axialyses of the phases of these pulses at the various
l.oca’ci‘ons along thé:peri,naeter disclosed that the current pattern consisted of
10 to 13 spokes moving roughly with the éstimated me;';l speed of the re-

volving plasma, It was also established that the main current entered the

anode first in the equatorial regidn and spread within about 10 .Lxséc all the

~

.way'up to the region 60° above the equﬂaf.or. During the nearly steady

.

rotation the regularly spaced spokes also extended about 50 cm to either
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side of the eQuétor exactly along the magnetic-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 attempts

to suppress this banded structure of the anode .current by deflecting the
outer flux surfaces into the aluminum shell near the top and bottom end of

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

’

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

o energize the trimmer coils,

o t When the outer shell was used as the cathode, the banded structure

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

i appeared, presumably due to ion collection, and the regular pulses were
{ o . . .
‘ weak but occasional very sharp peaks were observed, These laiter were

)
i

undoubtedly caused by erratic cathode spots, o ‘ 5

C. Structure of the Discharge .

Evidently, it was very important to determine how far into the interior
of the discharge these 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 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 small double Langmuir probe, however,

when inserted very little beyond the anode surface through the port of-one

of the current buttons, gave a hint of 2 small E, component appearing
B Py p o

¢

simultaneously with each current spoke,
When a small quartz rod was thrust through a hole in a current bution
into the interior, the current collected by that button had a steady component

s'uperimposed on the regular pulses, We interpreted this as evidence for

e s R . PO . Ce e . . . BRI W



B . | /L_zz_ UCRL-10399 Rev

a nearly steady motion of a finite plasma that extends into regions between

the spokes, The magnitude of this current increased uniformly with the
Fy o Y

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

DT C current flow along the rqd to the anode., This effect was very pronounced
in the eguatorial plane and was very feeble at a position 50 ciu above this
plane. We concluded that the plasma was indeed confined to a region sub-

: : ' . ' '_o . . .
tended by an angle of approximately 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 those probe observations are accepted at face

value, it can be inferred that the spokes in the central 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

. ' ot
| | . . A . :

plane,
Since the plasma was clearly very tenuous near the insulators, mag-

I . 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,

-'fhe se fi'ndings were quéii‘catively very similar to those reported on the
Ixion e-:/;periment.,‘3 They were disappointing to us because the entire ex-
‘periment had been spécifically designed to avoid them. | Eviden‘cl&, 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-

. e

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

of gas noted in these cases could then readily be ascribed to the diszcharges

along the insulators,
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VII., DISCUSSION

e

. e o 3,4, 2k
It is clear from the findings reported here and elsewhere™ ™’ th

at
neithe:vth‘e flow nor the current distribution in rotating plasmas is Iusually
completely a.xisymmetr,iq, at least inthe:neighborhood of the outer bounding
surface if th'isl surface is an electrode in contact with the plasma, In the
case of tre Homopolar III experiment, the observed.phenomena did not
a“.pp‘ear to be turbulent, however, but rather suggested the existence of

well-behaved, fairly regular {lute-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 hydrormagnetic

stability calculations of Poiseuille-type flows in curved channels, Only a

~few general remarks can be made,

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

rdinary hydrodynamics and in perfectly straight channels, > 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 -
e e 26 . e . PR L .
stabilizirng effect. The crossed-field motion, of interest in the present
context, has apparently not yet been attacked. Here the stabilizing effect
ofthe magnetic field is expected to be much weaker if not totally absent

because the one-dimensional problem seems to become independent of the

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

for parallel crossed-field flow as a purely hydrodynamic one,
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~ For rotation the situation is not so simp]_.e. 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) ha#e been-studied'because in the

sbsence«of a magnetic field these are considered to be the most important =

 ones. .It is likely, on the othexr hand, that for the rotating plasmas

‘under discussion all 'h1= oY ﬁodes ‘are completely stabilized because the

Haxrtmann numbers based on the electrode spacing are always very large.
While this statement has not been proven rigorously it is inferred simp&y
from the stability of hydromagnetic circular flow without driving current.

The latter has been studied extensively in recent‘years by Chandrsasekhar

o : . . i
- and others27 and the stabilizing effect of the axial magnetic fileld has
- been clearly demonstrated,% Only exisymmetric perturbations have been

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

Poiseullle 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 that for Poiseuille motion in perfectly
smooth straight pipes25 the onset of turbulence is calculated to oceur

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 1is
*'1ndeed describing flutes in the sense of our present discussion. It is

« quite pos51ble that any curvature of the flow channel reduces the critical

Reynolds number for thils perturbation mode and we might expect such flutes

‘,tobgrow, forming a cellular pattern of a stationary secondary flow. The

"Reynolds number, Re = pv@r/p, for the rotating plasmas in question is

usually. rather low, however, certainly much less than 1000. On the other
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'hand; it is evident that the problem of flute instabilities in rotating

" plasmas cannot be»completely.reduced to a question in ofdinary inconm-

I
g

1

I
i
i
i

i

i

!

' pressible hydrodynamics. The reason for the difference is that:the
' centripetal force in such rétating plesmas must be derived from a body

force § x'B while in hydrodynemics it is alweys ascribedvto a pressure

" gradient.
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. In exp‘eriments with convex flux suriaces, in which the plasma is
compressed along the field lines by the centrifugal efiect, one's difficultie
are compounded because the secondary ﬂows in all likelihood are three-
dimensional. This is direc’cly‘séen on inspection of Eq. (6). Since the
velocity close to the surfaces is v?_:ry low, the centrifugal co.mpo'nent
there becomes negligible and the plasma can escape along the field lines,
It is quite possible that fhis'effect con’crilﬁutes to the insulator failure at
elevatéd' power-levels,

To all these arguments we have to add the considerations of the charge

H

transport discussed in Section II, If the motion is not completely axisym-

metric, azimuthal components of electric field can well exist in the interior

-~ & va s

of-the plasma; therefore, some of the charge flow may be due to electren

drift towards the anode, Obviously, such regions must be periodic along.

“concentric circles, just as cbserved, Only in the immediate neighborhood

of thé anode we have to invoke small-scale instabilities of an electron
sheath rather than azimuthal fields to permit-charge collection at that sur-

face, Ion emission would, in that case, not be needed., BRBecause of the

~

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

analysis of the possible modes of charge transport does not seem justified,

- ‘ 5 . - . ’ . . . . o it
" In summary we conclude that the anomalous dissipation in our rotatin
at least in part, ' _ 4
plasmas ,can'prob'ably;fée ascribed to a complex flow pattern rather than to a

o
o

small-scale turbulence which might enhance both resistivity and viscosity,

. ey
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FIGURE LEGENDS

Natural coordinates for‘axisymmetric flux surfaces.

_,Homopolar II experiment (schematic) showing collector probes

A at the outer electrode.

' Homopolar III experiment.
.Oscilloscope traces'from Homopolar IIT experiment.-ﬁ
- (a) Current-button response, 1 A/cm, 50 usec/cm; -

fe}(b) Voltage, 3 kV/cm, 50 wsec/cm;

o "(c) Total current, Lo kA/cm; 50 usec/cm;i‘

‘ (d) and (e) Currentébutton responses at a speed of 10 usec/cm

| _starting Et 60 usec after breakdown. v;'f'
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