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WWY AND USE OF ROTATING PL%MA

O. A, Anderson,® ¥. R, Baker; ¥ A, Bratenahl,* H. P Furth, T
J. In. Je. ., * W, B, Kunkel, snd J. M. Btone

g xmaonvcmn

“This paper is intende& as & prenmimx‘y repeﬂ on the Homopohr de-

- vice (axial magnetic Held with radial olectric field), which is the rotating plasma
* configuration most thoreughly investigated thue far. A stody of this co Tﬂguration
.. for Mrodynlmic purposes was reported in 1959 by B, C. Barly et al,,
_mhore complete report was tasued in 1952.% Some fon scurcés having the same

and &

basic gsometry were réported in 1955 by 4. Luce and L. P. Smith,? The hyéro-
magmmc Homopolar machine was conceived by William R, Baker and Oscar A.

- Andeérson in 1956, as a device for the contsinment and heating of a thermonuclear

" plasma. More racently, there have been significant centributions to this technique
by Go:rl and sWilcm. 4 ond by Boyer, H‘mmal. Longmiu. Nagel, Ribe, and

.. Riesanfeld. :

The analysis puuuted in thin ptper applies principauy to the “{deal”

' Homopolar, that {s, the configuration free from electrode-gheath drops and other

disturbing but remediable phenomena. The experiments described hsre have been

' - ¢arried out wostly under high-density (pinchetype) c¢onditions which favor the
creation of & totally rotating plasma. As models of the Homopolar grow larger,
-4t will become possidle to use the present pinch«type technique of plasma format on,

1
i

at mnc& iowsr density, just as in the cese of the hfge toroidal stabiliced pdnch
The Rmﬂml Equilibriom State | |

, Whenevesr currents flow in ptaamas Across faignaﬂc {ieid iincs. as for
example in most pinch«type configurations, the resultant Lorens force must be

 balanced by static or inertial plasma pressures. Where guch pressure is lacking

{6.g., in the low-p stabilized pinch), the current flows along field lines or coases
to flow, In the Homopoler,” Fig. 1, a transient ridial current is drawn while the
plasma {s accelerated to ite equﬂibﬂm Fotation. In equilibrium, the driving

- electric field vantehes in the plasma rest frame, and she vadial current ceuea. ‘
_The equilibriam vetecity of retation ie :

?&adlauon. Laboratory, University of Gauﬁarixia‘; Berkeloy, California.
fk.adhtion Laboratory, University of California, Livermore, California.
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mvoz' |
vg = H {Ee + . {1)

The second term, w centrifugal otfect. depends on ¢/m and, although emall,
results in different drift velocities for electrons and ions, As & result, an
‘asimuthal current flows and the associated Lorens force just balances the cen-
trifugal preesure of the plasma. If the plasma conductivity is finite, there is

. also an agimuthal elactric field uunlting in a_slow ovtward drift of plasma--a
diﬁuuu proecu lmpeuzd. so to speak, by centrifugal preasure,

o A sudden application of electric tield to ‘the Homopahr would produce
trocheiéa.l fon orbits as in Fig. 2b. In practice, the applied voltage drope
sharply at the instant ¢f ionization and then duilde up again as the plasma ro-
. tation develaps. The effactive slectric fisld in the plasma in general rises
_slowly compared with an lon Larmor pertod. The fon orbits therefore are likely
to be of the form shown in Fig. 2a. Although the direction of drift is the same
for particles of either sign, the moan radial displacements of jous and electrons
are in opposite directions. The effect is similar to the displocement phenomenon
in a dielectric. The associated dislactric constant may be evaluated by asgcriding
the drift«enorgy density of the plasma to the elsctric-field -energy dennity. '
Néglecting the leeond term of Eq. (1), we have

2

re® g A A

whoro p i. the mass Mﬂy of the plume . :

X the plasma in a rotational device may be tegnded as a dioicctsic.
,ﬂun the msachine itueli must resemblie s capacitof. . The Hornopolar experiment
i sesentially squivalent to connecting an uncharged capacitor, the Homopolar,
to & charged capacitor, the source condsnser bank, through an intermediate
resistance and inductance (Fig. 3). In general there results a damped oscilla«
- tion with the current and voltage approximately 90° out of phase, and equilib-
rium is reached with the charge so distributed that the voltages on the two
capacitors are equal (Fig. 4). The current céases st equilibrium except for
& trickle through the leakage risintancc. RL. rcprosontlng viscous drag and
heating.

, The kinatic ¢ iurgy of t“hu roteting ‘pluma is the anslogue of stored energy
ina cnpmﬂtor 1/2 GV&,  Ancther conatant of the motion, the angular momentum .
Pg, is the annlogus of the charge, Q = CV. The torque impulse due to the current'
through the Homopolar must {x the ideal case equal the angular momentum {m-
parted to the plasmau disc.. It is easily ehown that, neglecting losses, we have

150 ]Hrdr ]m s z;‘,- ¢Q &)

where ¢ §s total magnetic flux,

wlw
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' ‘The capacitor .fa;na«log_y- may be carried to its logical extreme with the
eddition of & "crowbar® shorting switch to the circuit of Fig. 3.

¥ the cruwbar switch is closed at a time when there {s voltage across
the Homopola®, there must resuit a surge current through the Homopolar and
crowbar (Fig. 5). There can be little doubt that the charge represented by the
> outpouring of the curront gives a measure of the sngular momentum otered in
_ the Fotating plasma, since ths crowbar curront is opposite in direction to the
charging current. The voltage and curpent oscillations after crowbarring rep-
_ vesent hydromagnetic oscillations of the plesma similar to the motion of 2 tor-
 sion pendulum, : - o '

©. 77 In an ordinary mirror machine, only those iong are contained that have
a sufficiently large ratio of azimuthel to axial velocity, Other ions are lost
through an Yescape cone” in vélocity apace. Particles are continually diffusing
into this cona by collisions. At higher temperatures, diffusion.-and hence loss
vatas-decréases while thermonuclear yield incresses on account of the behavior
' of the apprapriate crods sectiond. Much higher opeérating temperatures are
therefore :e?mre& in a practical machine in ordes to control the loge rate. The
‘escape cone is a serious inconvenience, S :
' £ one applies a radial electric field to a mirror miachine, there are at
. fivst components of E parallel to H, but since in gencral we have
S E%/8w < < nKT, - | *)
. the plasma will readjust itself so that £ becomes orthogonal to H, Once this hae
happened, it turng out that all first-order effects in E, ténding either to contain
or to éxpel particles, cancel out. The second-order effect in E permits contain-
- ment of all particles up to a certain kinetic energy. In other words, for sufficiently
targe E the escape cone can be truncated arbitrarily far out in velocity space. "

: This f‘pr:roqitim is seen to be plausibie when one notes that the asimuthal
_ drift in the electric field produces a centrifugal forde tending to keep particles
from spprosching the axis of drift, BSince paseage through the mirror invelves
approach to the machine axis, there is thus an effoctive mirrér repulsion which
in inaipén%en; of particle sign and, Uke tho centrifugal force, increases with the
squnre of B, - . c S o

. The {dea of plasmea contaiament in 3 wirror machine by means of the
Heravitational” effect was firet proposed by Baker and Anderson in 1956, A
. rigovous mathematicel analysic was recently fmdgrtaken by Nagle, Ridbe, and !

. Bover leading to tha clegant theory of Loagmire.® An elementary derivation i
giving the same results ip the limit of weak mirror ratio R,, was. made by I
‘H. P. Furth. R is found® that the maximum axtal kinetic energy that can be con-
tained is ' : S

Ry !

W s W (R -1+ §mv,’ (m ) ‘ 6)
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in which W, and W, are the energics of thermal motion parallet and perpendic-

- ular respactively to H, Note that the enhanced containment {second term of

Eq. {6)) depends on the magnitude of the rotational kinetic energy of a particle,
and algo on llm Unfortunately véry large values ¢f R,,, appear to be of little use
in achleving & high degres of enhanced containment. £ should be said, however,
that the analysfo leading to Bq. (6) is valid only in the limit where the mirror
fiald varies elowly over the particle trajectory (adiabatic limit). ‘

, R should also be Aoted that the containment effect is much smaller for
electrons than for tone, given a common velocity of rotation vg, but the conse-
gquences need not be serious. The 1oes of electrone through the escape cone
sets up an axial slectrostatic potential equal to the mean energy of escaping
electrons. This potantial will be weak if the clestron temperature {e kept wall
below the fon temperature, as it should be in o practicel machine, A very
serlous practical consideration is that, if the rotational kinetic energy of the
ione is merely made equal to the mean ion thermal énergy, then the more.en-
-ergetic ions sscape &t about the same rate as from an ordinary mirrer machine.
It {8 necesdcary tharefore to set the rotationsl energy equai to the energy of the
most energetic ions one desires to bave participate significantly in the fusion
- process, . For gnm?le.' for Ry, ~2; E « 4 kv/em, H = 4 kgauss, and ion den-
aity a few times 1013, one would have containment up to 10 kev. This is eatis-
factory for an experimental thermonuclear plasma dovice but not for an econom-
ical powersproducing machine. ¥or much higher energies, the over-all voitages
requirved fn large machines may present difficulties.

; ?hﬂ:ﬁ, Heating

H a thermonuclear kinetic energy density can be imparted to a rotating

- plasmes, one may hope in & genersal way that some of this will be converted into
disordered motion, Since the Homopolar, unlike the ordinary mirror machine,

has no simple Yescape cone' in velocity space, there is no objection in priaciple
to particle collisions. Various diffusive procasses of thermalisation are there-
. fore conceivable. The situation is similar to that in the stabilized pinch. 'In both
cases o long-lived equitibriam state can readily be created, and one looks next

for processes that will convert stored nonthermal energy density into thermal
energy density at a suitable rate. o -

- The plasma of the Homapolar; like the plasma of the stabilized pinch,
is heated in the process of cutward diffusion.  This s just the ordinary Joule
heating process. Since the velocity distribution in the rotating plasma tends to
go as 1/, there is also viscous drag betwaen plasma layers. The sescciated
heating effect is comparabls t6 Joule heating., Probably there can also be some
turbulent mixing of plesma layers, resulting in additional thermalisation.

While the charging current of the Homopolar is drawn, there results a
pinch<type compression in the axial direction. It can be shown that this effect is -
aslways sufficient to produce & moderate pinch away from the wall, but insufficient
to compress the plasma appreciably, provided the energy density of the plaswma
rotation is comparable to that of the axial magnetic field. ‘

Aside from thase built-in beating mechanisms, there sre also various
artificial means one can employ. For example, superimpoeing a rapidly oscillating
component on the radial electric field can set up & standing hydromagnetic half«wave
in the axial direction, The wave propagation velocity is the Alfvin speed,

e
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Vs & c/'JK N (7)

and amounts to only 3 X 107 cm/sec for a typical dielectric constant of K = 106,
The viscous drag brought into play by the associated velocity gradients along
field lines is large and should result in a rapid conversion of directed kinetic
energy into heat engrgy. 1Elxp’erter:t<:e with deuterium pinch devices has shown
that ngro2 = 2 X 1016 cm=1 for optimum performance, where rg is the tube
radius and ng the initial particle denasity. It is an interesting coincidence that
an Alfven half-wave length \/2 at the deuteron cyclotron frequency is just such
as to give n\2/4 = 2 X 1016 cm-1, '

As an alternative to impressing an oscillatory electric field, one can
simply perturb the cylindrical symmetry of the Homopolar. Once a certain
tevel of thermal and rotational energy has been established it can also be en-
hanced by radial compression as in a mirror machine.

Expe_ri,menta.l,!legulte on Homopolar 1

: Homopolar I is illustrated in Fig. 1. The discharge space is bounded
by a central electrode 3 in, in diameter, an outer electrode 9-3/4 in. in diam-
eter, and a pair of Vicor glass plates 5/8 in. apart that liec against the pole
faces of an electromagnet. The glass serves to separate the plasma discharge
current from the return current that flows over the copper-plated pole faces.
The discharge current is supplied by a condenser bank, usually 48 pf, This
source is connected to the outer electrode through 48 coaxial cables like the -
one shown in the figure. Deuterfum, helium, neon, argon, and iodine vapor
have been employed in these hydromagnetic experiments.

At the time of breakdown, the plasma is pinched away from the glass.
The radial pinch current, typically of the order of 50 ka, produces a torque as
it flows across the axial rmagnetic field, and the torgue accelerates the plasma
into the rotational state. The pinch phase is accompanied by a rapid fall of
~ the applied voltage, which subsequently rises again during the acceleration
phase. The high voltage then decays slowly during the rotation state because
of losses and internal heating. The current shows a rise during the pinch and
early acceleration phase, but then falls again to a very low value as the equi-
librium rotation state i3 reached. :

: Under certain circumstances the voltage and current have an oscilla-
tory character but in most of the experiments the discharge {s approximately

" critically damped. The phase of the voltage and current are always such as

. to demonstrate the capacitorlike behavior of the Homopolar. Accordingly, the
Homopolar is represented in Fig. 3 as the capacitor Cy, and the 10ss mechan-
ism (which includes internal heating) by the shunt resistance Ry ..

Typical oscillatory behavior is shown in Fig. 4. The upper pair of
traces, with magnetic field switched off, show voltage and current {n phase.
in this case Cy in Fig. 3 should be replaced by short circuit and the period
of oscillation is T, = 2m(Lg ¥ LH) Cg . The lower traces with 13 kgauss mag-
netic field show the ~90° phase E‘Mt between voltage and current. As the gas
pressure is reduced the period, which is given by

5.
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TsH = 2w (L s + Eﬁ' ) C}.{cs” :}i I ce’ ' (8)

is also reduced, in quantitative agreement with the reduction of the dielectric
constant K, Eq. {3), of Cppr. It Wwill further be noticed that the equilibrium
voltage, which is proportional to Cg/{Cg + Cy), increases with decreasing gas
pressure, again in complete agreement with Eq. (3).

In order to demonstrate that the Homopolar ie in fact a device that
stores energy 8s a condenser does, it is useful to apply the low-inductance
short circuit or "crowbar" already mentioned. Fige. 5a and 5b show, in an
overlay of a number of traces, the general behavior of the crowbar signal as
a function of time after charging. The period of the oscillation is
T=2e Ly + :C;CH .

It is quite clear that the Homopelar presents interestinP possibilities
as a practical capacitor. Rates of change of current of ~5 X 10ll amperes/sec,
up to peak currents of 300 kiloamperes, are readily obtainable in Homopolar I.
The low inductance, < 0.001 ph, and high dielectric constant, >10°, result in

a very compact system of electrical energy storage. Further considerations

of the p;aema Homopolar as a hydromagnetic capacitor will be published else-
where.

Besides showing the comparatively long lifetime of the rotational state,
- the crowbar has provided a useful diagnostic technique to determine the dielec-
tric constant under variations of pressure and magnetic fleld. Since the vacuum
capacity of the Homopolar is 0.75 ppf, K is given by

c:o.vsxw“zxe-.},jldte%. (9)

where V is voltage at time of crowbar and the integral is taken over the first
quarter cycle of th@ crowbar current. It was possible to vary K between the
limite of 10° to 10%, and over this variation the ratio of the observed dielectric
constant to that calculated from Egqg. (3) falls in the limits

x<x°bs/xm<z . . (10)

Both the nature of the observed Himits on the variation of Koy, /Ky
and the behavior of Cyy with time provide diagnostic information. The lower
limit of the variation is taken to mean that essentially all the initial gas has
become a rotating plasma. The upper limit can be understood in a qualitative
way by comparison with an idealized case. It has already been mentioned that
when the centrifugal plasma pressure becomes comparable with the magnetic
field energy density, the plasma leans heavily on the magnetic field lines, bend-
ing them outward, increasing the mirror ratio. In the idealized case the con-
ductivity is taken to be infinite so that in the absence of diffusion across mag-
netic field lines, plasma and field distort together. It is easy to show that the
capacity is modified as follows: '
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Gy * Cyp =g 11
- | ¢ =
) .-
|

wherve H = {Hy is the distended magaetic field, 7y, rp are the inner and euter

radif of the Homopolar, and Cyq is the unmodified capacity. I sll the magnatic
fisld wers crowded against the outér electrods, then Gy » 2.45 Cyrey. This upper
Uit §a compitible with the experimental values of Ka, /Ko, 1;'5& finite plasma
conductivity §s taken into account, then the calculation becomes much more com-
plicated. Cue obvicus conclusion is that when plasma i actually lost by resistive
diffusion out of the aystemn, then Cy will be diminished. A reduction in Cy after
long times hae been shserved under conditions of large E/H, slthough usder most
conditions Oy reinains sssentially constant during the lifetimo of the rotational
state. Above 10 kv, Homopolar ! appoars to break down across the glass insulators.

-« Figure b shows an snalysis of the dats of Fig. Sa. Curve A gives the .
charge Q) of Eq. (4) ot the various crowbar tirmes., Curve D {s the true charging
© current obtained Irom A by differentiating the curve. It {s seen to be less than
_the observed tnput current, Curve B, and atarts somewhat {ater. BEvidently

excess current flows through the device without incresxsing angular meomentum of

- the plasma, stid thus represents current flowing in Ry of ¥iz. 3. Thie current
.- i ansociated with viscosity of the initially cpld gas snd with viecous drag on the

walle., From Eq. (1) one obtalns v5~3 X 10° cm/aec, with a maximurd of

6 X 100 cmo sec. The corresponding argen enevgies ars 180 ov and 660 ev.

- g = 5.7 uf remained constant {or the time of observation in this case
Kowa/Keh # 1.0, SEE

A distinction should be made batween long«lived rotational effects and
actual containment. The containment ¢f the plasma in the rotating state depends
on the notion of trapping by centrifugal force in a trough of magnetic field, but
actual containmoent rmust depend on whether the plasma is in fact leaning on the
field, or whether it is leaning on the walls. Evidence that the plasma is tndesd
leariing on the field is shown in & typical miagnetic probe or apin loop sigoal, the
third trace of Fig., 7. This signal wae obtsined by a probe coil located between
the glass plate and the pole piece. ‘

‘ The coll 4s oriented to detect the enhancement of the radisl co:n;:émnt :
L produced by the rotating plasma. The second term in Eq. (1) for the veloeity
vg results Ie an szimuthal current ~d¢nt£§vi : \

p PYe® gd |
e a T4 | (12)

This current is the source of H,, the centrifugally produced distortion of the
magnstic field, As proof that the component Hy is produced in the manner
stated, it te observed that H, changes sign with reversal of H dbut not with

“Te
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reversal of E, It is grétifying to see that H, has the same general lifetime as
- the rotating etate. One concludes that the plasma is leaning on the field lines
for the duration of the rotating state. :

For final proof that the plasma is in a rotating state, the Doppler shift
of spectral lines may be observed. Provision was made for spectrographic ob-
servations along a line of sight paseing within 1/2 in. of the inner surface of
the outer electrode. By photographing the Homopolar spectrum with the mag-
netic field firet in one direction, then in the other, one can ocbserve shifts in
the lines due to the Doppler effect. The shifte ar symmetrical about reference
lines with no field. Figure 8 shows shift of 3888 %-He and some impurity lines
under the conditions 8 kv, 17 kgauss, 600 microns He gas for normal and re-
verged direction of the magnetic field. The lower comparison spectrum is for
He and Hg. The shift corresponds to a velocity of *3 X 10° cm/sec. It is exe
pected that higher velocities would be found near the central electrode. .
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Fig. 3. Equivalent circuit of the Homopolar ex-

periment.

Fig. 4. Current and voltage response in Homo-
polar 1. . Upper traces, no magnetic field; lower
traces show effect of decreasing pronuu
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