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-ABSTRACT
. Very high dielectric constants can easily be achieved by means of an
ionized gas in a strbn-g -magr;étic field. ‘When an orthogonal electric field is
applied, the resultant particle drift stores electrical energy. In a coaxial
capacitor, which makes use of a rotating plasma disk; dielectric constants
in the rénge >106 to 108 have been measured. The potential usefulness of

hydromagnetic capacitors in fast-discharge work is considered.
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_ INTRODUCTION
For many research purposesl" 2 it has been found desirable to create
large and sudden concentrations of electromagnetic energy by means of fast
, capamtors In some experiments an energy density um of as much as
14000 Joules/cm is reached, corresponding to a magnetic field of B = 106‘
gauss: '
ok

B2 /gr=p o
qm.—B /81r-—pm. . (1)

- The associated maghetic pressure P, equals 5.,’6 X 105_ péi, , which is just
on the border line of the strength of materials. '

It is instructive to contrast the high feasible values of um’ \?;;ith'.t'}re
‘highest values of the electrostatic energy density ue‘ that can readily be
achieved over large volumes. - As is well known, electric field strengths
are severely limited by the danger of electrical breakdown' Taking a
marginal value of E = 5 X 105 volts/cm, one obtains an energy. den31ty
u, = K X lO'EZ Joules/cm3, where’

u, = K EZ/811' _ : ‘ (2)
and K is the dielectric constant. | » ¥ _

Suppose that K is comparable to unity. It follows that a capacitor-
poWered experiment conducted at the 1106—gauss level must be surrounded by
a capacitor volume several million times as large as the active experimental

volume. Such a bulky arrangement is often inconvenient, and imposes

inherent limitations on the discharge time, as is seen in a later section.

Work done under.the auspices of the U. S. Atomic-‘Energy.Commission,
/TUmversny of California. Radiation Laboratory, Barkeley, California
§Umversﬁ:y of California Radiation Laboratory, L1vermore, California.

Gaussian units are used throughout this paper.
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Suppose, however, that a dielectric qqnstant Qf_ a few million can be
achieved; then the_deﬁsity .of«éapacitafive energy storage can be made just
as high as the maximum energy density de'sir'ed in most experiments. It
follows that the physical dimensions of source.and of load can be made
comparable, with a corresponding 'édvantage in the attainable discharge
time. '
| Conventional capacitor rhaterials fall far short of satisfying the
condition K = 106, A popular choice of dielectric for fast-discharge work
is distilled water, for which K is about 100. Materials such as barium
titanate approach K = '104, but in this material the maximum permissible
~E is limited in practice'to about 5 X 104 volts/cm° There does exist, how-
ever, a conventional capacitive device that readily simﬁlates‘ dielectric
constants as high ,as..1015, and that is the homopolar generator.

It is well kpown that rotating equipment is far superior to ordinary
capacitor banks when it comes to storing high electrical energy densities.
_An expression for the effective dielectric constant of a rotating ring of .
conductive material can be derived as follows. In the state of rotational
equilibrium the rédial electric.fiel.d induced by motion at velocity Vg
through the axial magnetic field Bz’ just balances the _applied‘electric

ﬁgld‘Er. - Therefore we have the simple relationship
VéBZ/C =E_, ' S - (3)

-where c is the speed of light in vacuum. - The effective dielectric ckonrst'ant

K is now defined by the equation
‘K(Erz/ gr)=E_/8r+ 1p vg'/2 . (4)
It follows: |
| K=1+ 41-Tpcz/B2'zf, I - (5)
which ivsvbvound to be a very large number when p is taken as the mass
density of a.solid material. 7 o A 7
The usefulness of ordinary rotating machinery in fast-discharge
work is limited precisely by the fact that K cannot be kept to moderate
values, such as a few million. Since the velocity of electromagnetic waves

in.a dielectric is given by

A c/'sﬂf . | (6)
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the short circuit d1scharge time of a 2-cm-long coax1a1 capac1tor (F1g 2b)
with K =10 5, for 1nstance, will amount to about 10 -3, sec. Most exper1—
ments at h1gh energy density that are of interest at present be1ng of |
moderate phys1ca1 size, require energy input times very much shorter than
10 -3 sec. Making the rotating system much smaller than a few centimeters --
which seems possible because of the tremendous attainable energy density--
is‘physically inconvenient and is not much help when such extremely short
t1mes as 10 -1 or 10‘?8 sec are desired. | Moreover, another and ofteo more
serious 11m1tat1on of r1g1d rotors lies in the fact that the maximum peripheral
speed of solid conducto_rs is only of the order of 1405_cm/sec. This means
that ordinary homopolar generators are limited to low voltagés. _
- We 'have therefore been interested in developing a homopolar

generator with an effective dielectric constant i’n the vicinity of 106 rather
“than 1015° In this:case the discharge time of a 2-cm-long unit could ideally
be brought down into the range of 10 7 10=8 sec. In other words, We

have been looklng for a conducting flywheel of very 1ow inertia. The mass
density of the material needed for the rotor of such a homopolar generator

is about 10 -9 times the density of copper. As will be seen below, a low-
density fully ionizea gas meets this requirement rather conveniently.
Moreover, in such a. medium the velocity can be made much larger than in

a spinning solid, so that electric fields of the order-of 103 volts/cm can

be slipported by magnetic fields =f enly a few kilogaus .

PLASMA AS A DIELECTRIC MATERIAL
" When orthogonal electric and magnetic fields are applied.to an

ionized gas, there results a drift motion of both ions and electrons in the
same direction {(Fig. 1). This neutral drift is analogous to the equilibriu';n
motion of the homopolar rotor. In the process of assuming their equilibrium
drift motion, the plasma particles undergo a finite mean displacement, in:
the direction of the electric field. . This displacement is opposite for
particles of opposite charge. The precise shape of each particl’e trajectory
- depends on whether the electric field rises slowly or rapidly compared with
the cyclotron period. In Fig. 1, as in most of this analysis, effects due to
the finite duration of the cyclotron period are neglected.  Furthermore, the
Larmor radius is always considered small compared with the radius of the
drift rotation. These two approximations are valid in most practical

situations.
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The finite oppos1te d1sp1acement of pos1t1ve and negat1ve plasma

' partlcles is reminiscent of the behavior of an ordinary dielectric medium
when an electr1c field is apphed The analogy 1s, however better seen in
a descr1pt1on of macroscoplc behavmr The equatmp of motion of a volume

__element of plasma is given by

4&¥ _TxB - |
plY o IXB oo ).

where ¥ is the plasma velocity, T the plasma current density, and g'\_r’
denotes viscous drag. The scalar function g varies in time and space in
"a manner determmed by the boundary conditions on the plasma Since the
Larmor motion is being neglected we have at all times the approx1mate .
relationship ' '
"  EXB
Vo= > , ' (8).

of which Eq. (3) is a particuﬂar case. {In Eq. (8), the quantit'y E is .
actually the applied electric field minus a correction term nJ + AE "where

n is the plasma resistivity and AE takes 1nto account any p0551b1e electrode
sheath effect.) The current density supported by the dlsplacement of

plasma particles is orthogonal to B and therefore can be written as

, _ . 2 :
T _ PC dv gc = >_pc dE  gc” =
J‘_zBth’f*—zB*V &tz B0

B B B B

Aside from the term in g, this is jdst the equation3 for a polarizable
medium having a dielectric constant. K. that -is,» as expected, identical with
“the K defined by Eq. (5). The effect of the viscosity term (ch/B.Z)f is
to provide for.a leakage current density through the dielectric medium. |
There are, of course important differences between a rotating plasma
.and an ordinary dielectric medium. For instance, in the plasma, just as
in a solid homopolar generator, the "'energy of povla}'izatio'n" resides in the
kinetic energy of particle drift rather than:in the potential energy of
stretched molecular bonds or oriented molecular dipoles. A second
difference, related to the first, is that in the plasma the charged particles
(in a solid homopolar generator, the electrons) undergo a macroscopic
displacement rather than one on only a molecular scale; therefore it is

better to regard the current as a true current rather than as a mere
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displacement current. If the electrodes are not good sources and sinks of
ions and electrons, discontinuities tend to occur there. In partlcular the
lack of free ions at the anode may cause a sharp local voltage drop to appear
there that dominates the electrical behavior. 4 For reasons that are n_bt yéf
corﬂpletely understood, ‘electrode drops have not inteffered with the ekperi-
ments reported here. It seems poss1ble that collisions.are capable of
preventing the formation of excessive electrode sheaths when the gas density
is sufficiently high.

The basic resemblance of rotatihg and capacitor -type electrical
equipment was noted earlier. It is easy to see that a homOpolar generator
using a body of plasma as its rotor (Fig. 2a) will resemble a coaxial
capacitor (Fig. 2b} in considerable detail. The accele_ratlon v»of an element_'

of plasma may be written, by' Eq. (7), as
pldvg /at) =j B /o (10)

where the viscosity term has been neglected. The radial current density

jr is related to the total radial current I by the equation
I=2mw _rljrs | (11)

where 1 ‘is the /thickness of the plasma disk. If Bz is uniform,. then
dve/dt- will vary inversely as the distance r from the axis of rotation.
Therefore, Vg will also be distributed as 1/r. From Eq. (3) it then follows.
that Er varies as 1/r.  This means that the distribution of the electric field
inside the plasma disk is like that of the electric field inside a coaxial .
capacitor,: ‘and unlike that of thev electric. field inside a rigid homopolar rotor,
where vg varies as r. It is interesting to note, incidentally,v that the r and
' 1/r velocity distributions of a rotating fluid are unique in that they tend to
maintain themselves in the presence ef internal viscous drag.

From Eqs. (10) and (11} it follows that the total angular momentum
P6 1mparted to the plasma is given by .

Py =(B,/c) fldtfrdr | SEI

(1/2mc) B_AQ, N - (13)

where Q 1is the total charge passed during acceleration and A is the area
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of the rotating plasma disk. The relationship between rotational kinetic
energy and ' e1ectr1ca1” energy storage in a rotor has already been dis- .
cussed in connection with Eq. (5)._ It is not surpr1smg that the two quantities
liQ =CV and U = E.CVZ, wh1ch characterize a capacitor, correspond
closely to“angular momentum and kinetic enefgy, the two constants of the
motion for a sp1nn1ng plasma. |
EXPERIMENTAL RESULTS _ _

The baS1c theoretical features of the hydromagnetic capaC1tor have
been documented experimentally by means of a small flat discharge chamber,
shown in Fig. 2a. This device is placed between the poies of an 18,000-gauss
dc elect‘romagnet, % A radial electric field is then applied between the two
concentric electrodes, which are respectively 3 in. and 9-3/4 in. in |
diameter. The discharge chamber is insulated at its top and bottom by two
Vicor disks, spaced 5_/8 1n apart. The vacuum capaeity of the device,
seen as a coaxial capacitor, is therefore about 0.75 upf.

- A variety of gases from hydrogen to iodine vapor have been used to
carry the discharge, but most of the wor,k'v.vas done with argon in the 25- to
.500-micron pressure range. Satisfactory operation could be achieved with
a 48-pf source capacitor bank at 5 to 8 kv initial voltage.

In' Fig. 3 are shown some typical oscilloscope traces of current \and
of voltage across the discharge. In the absence of any axial magnetic ,field;
(top trace) the discharge acts simply like a short circuit. . The current then
oscillates with a characteristic period determined by the source cé.pacity

Cs and the source and load inductances. Ls and Lh:

7.5 2wNC (L + L (14)

1)
There,vis no capacitative reaction, because the null-magnetic-field case
corresponds to having an infinite dielectric constant in the hydromagnetic
capacitor. In the remainder of Fig. 3, the axial magnetic field is set at

- 13,000 gauss and the gas.pressure is reduced in steps from 450 to 200 to
100 p of argon. This corresponds to a theoretical variation of the dielectric
constant from 7.3 X 107 to 3.2 X 107 to 1.6 X 107, or a variation in effective

capacity from 55 to 24 to 12 pf.

sk T
‘A similar configuration has been described by Early and Dow in connection

with aerodynamic experiments.
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As the theoretical capacity of the hydromagnetic device is made
smaller than the source capacity of 48 pf, a marked effect on the discharge

- pattern becomes noticeable. The effective capacity of the circuit,

. C = csch/,(cs-=+ C (15)

h)ﬂ
~begins to approximate Ch instead of CS, with a corresponding change in the
ringing frequency of the circuit. Some theoretical curves computed for a
two-capacitor circuit with series inductance L = LS-+ Lh and damping

resistor R = Rs- + R, are shown in Fig. 4.  When the full capacitor. CS‘ is

discharged into the :mpty one.’Chg the initial charge surges back and forth
between the two capacitors until resistive damping brings them to their
equilibrium voltage. If Ch/c.s is large, then the source capacitor will be
nearly drained at equilibrium, and the equilibrium voltage will be low.
~Conversely, if Ch/cs is small, the equilibrium voltage will be close to the
initial voltage. These features are readily discerned in the experimental
circuit responses of Fig. 3. In addition it is clear that after damping of the
initial‘:transient.; the system does not approach a constant equilibrium -
voltage, but rather one that decays with faif rapidity. In other 'WOI‘dS,. =
charge is being drained from both CS and Ch by what amounts to a leakage

resistance'R ‘A simple equivalent circuit for the whole system is given

L
in Fig. 5.

The observed circuit responses of Fig. 3 confirm in a general way
the expected capacitive behavior of the rotating plasma machine. A more
quantitative study of charge storage (which by Eq. (13) is the same as
angular momentum storage) can be made by applying a direct short circuit
to the device. This is done b.y the low-inductance ''crowbar' tircuit in-
dicated on Fig. 5.  As can be seen on the experimental traces of Fig. 6,
when the crowbar circuit is fired, a fast transient oscillation does in fact
occur. As expected, the short-circuit current out of the hydromagnetic
capaci‘tor starts in the opposite direction from the charging cutrent. Be-.

cause the short-circuit inductance Lh.+ L. is considerably smaller than

the charging inductance Ls + Lh’ the period of the short-circuit transient,

T

b= z««lch(;‘h-+ L) | o - (16)
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.is much shorter than the per1od of the cha.rgmg transwnt The magmtude of
the short-circuit current is correspondlngly greater than tha.t of the charg1ng
current. . Thus even the present rather crude hydromagnetm dev1ce 1s a
more powerfu]. fast- d1scharge capac1tor than its source capamtor bank, the
volume of which is larger by a factor of 10

By short-circuiting the hydromagnetlc capacitofat various.stages of
ite charging cycle, one can obtain an entire time-history of its effective . .-
capacity and its various dissipation mechanisms. The aggregate experimental
results of two meaéurement,series are given in Fig. .7a and b. Once the
charging current has stopped, the effective capacity of the hydromagnetic
device can be determined accurately from the voltage measured across-the
plasma at any.time and the charge drawn out during the first quarter cycle
of a subsequent crowbar transient. . The capacity computed in this way has
been found fairly constant for the first 5 to 10 usec, but sometimes diminishes
by a factor of two or more by the time the voltage has decayed to'l/e. Ex-
perimental values of effective dielectric constahts agree well With theoretical
vaiues computed by Eq. (5) on the basis of the initial gas density in the
discharge chamber. - When axial magnetic field, plasma density, and gas
type were. varied widely, so as to give theoretical dielectric constants: Kth

ranging from 106 to 108

K the ratio K‘ex/Kth was found to lie consistently
within the limits 1 and 2.

‘Aside from the effective capacity of the hydromagnetic device, its
~ effective shunt resistance--that is to say, its "leakiness' as.a capacitor--
must be considered.  As has been noted in connection with Eq. (9), the
physical phenomenon that - underlies the process of charge leakage is, of -
course, the impairment of free plasma rotation by viscosity. If there is
viscous drag of the plasma against the surfaces of the discharge chamber, .
then a fraction of the acceleg-é.-ting current is wasted in Vbalé.-ncing the viscous
retarding torque. Viscosity is one of the many diffusion-type phenomena that
occur in a-plasma, and is connected, in particular, with ion velocity diffusion
due to ion-ion collisions. It can be shown that the viscosity coefficient of a
fully ionized gas is drastically reduced by the presence of a magnetic field
if the collision frequency between ions is smaller than their cyclotron

frequency. It is useful here to speak of a velocity-diffusion distance s,
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which g1ves the effectlve range of viscous damp1ng forces. | Like the ordinary
plasma particle diffusion d1stance 83’ the quantlty 5, 1ncreases in time as
Nt.- Whether a. system is seriously damped after a glven 1nterva1 of t1me '
depends on whether it is large or small compared with Sv’ Just as the |
question of actual plasma containment in a system depends on whether the
vsystem is large or small compared w1th sq° The quant1t1es s, and Sd are
generally of the same magn1tude, and both vary 1nverse1y as the 3/4 power
of the plasma temperature, 1f B = p/B is kept constant. At any rate it
should be p0531b1e to des1gn a hydromagnetlc capa01tor filled with a fully
ionized plasma of low atomic number that would for many pract1ca1 purposes
have negligible viscosity and plasma diffusion troubles. This is partlcularly
true, of course, if the plasma can be kept from makmg good contact with

the end plates, partly by means of the pinch force associated w1th the
charging current, and partly because of rotat1ona1 effects, some of wh1ch
are indicated in the next section, Thesve axial-containment properties of

the co'nfiguration.are discussed in detail elsewhere. 7 ‘Since ideal plasma
" conditions are not yet approached very closely in actua] exper1ments,_ (

. pronounced viscous drag against the walls of the discharge chamber is
usually observed.

An example of rather serious charge leakage from the hydromagnetic
capacitor.when filled with argon is shown in Fig. 8. .The total extractable
charge A is 'gr'aph'edbas a function of time for purpovses of comparison with
the total input current B and input charge C. Evidently, by the t1me of
maximum charge storage, about twice as much charge has leaked through
the system as has been stored in recoverable form. By differentiating the
charge storage curve A; one obtains the true charging current D. The
leakage current is then the difference between B.and D.  The voltages
across the hydromagnetic capacitor E and source capacitor F are also
shown. Note that the voltage curve E rises more rapidly than the charge -
curve A, thus demonstrating that the hydromagnetic capacitor has an
effective series resistance as well as a shunt resistance The ser1es
resistance,’ wh1ch represents the correct1on term omltted in Eq. (8),
relatively h1gh in the early stages, poss1b1y 1ndlcat1ng the temporary

existance of an anode sheath.
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In order to obtain direct confirmation of the rather high theoretical
veloc1t1es ascribed to the plasma homopolar rotor, a study was made of the
,Doppler shift of light from the rotatmg plasma The spectrum of light
coming tangentially from the outer rim of the rotor was photographed W1th
the ax1al magnetic field first in one direction and then in the opp051te ‘
d1rection. Figure 9 shows a typical result obtained with helium. The ob—
served Doppler shifts have been of the expected magnitude, indicating
peripheral velocities of the order of 5 X 106 cm/sec, |

| One of the most interesting experimental discoveries has been that
the r.otatin'g plasma is apparently stable, even for_ cond_itions under which
the energy de_hnsity of rotation is comparable to the energy density of.the
axial magnetic field. From an elementary theoretical point of view one
might have ant1c1pated the familiar Helmholtz 1nstab1l1ty The complete
theory of stability is being investigated.

' CENTRIFUGAL EFFECTS

‘When the plasma particles are moving with very high ve1001t1es,

(8) and (3) must be modified to take centrifugal force into account. - The-

more general expression for azimuthal velocity is

vg = (¢/B_NE_ + m\)é'lzv/re) = cEr/Bz’ + Av (17)

9
The size of the correction term depends essentially on the relative
magnitude of the particle displacement in the electric field and the radius r
from the axisv of plasma rotation. 'For electrons the correction term is
quite negligible, but for.the ions the incremental velocity can actually be

observed " The result is a diamagnetic effect. The slight relative veloc1ty

of ions and electrons gives rise to an azimuthal current den31ty,

56 = nieAy6i =nmivg _‘c/BZr , (18)
which is of just the right magnitude to balance the plasma centrifugal pressure
by the Lorentz .force o
. _ 2 : ' '
JGBZ/C =Py /r , : (19)
At high operating levels of the hydromagnetic -capacitor, the azimuthal
current causes a-very noticeable bowing out of the lines of the axial

magnetic field. One can also think of this effect as due to the outward
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distention of the magn.eticAfield when the centrifugal pressure of the plasma
becomes comparable to the initial magnetic pressure. If this distortion is
strong a considerable reduction of viscous drag at the end plates is expected,
as mentioned in the preceding section. The resultant radial-field component
can be detected by means of a pickup loop located near one of the Vicor end
pvlatv_es of the discharge chamber. A time-integrated signal from such a
"spin loop'" is shown in Fig. 10 togethervwith other oscilloscope traces
photographed simultaneous ly. Sinpe the divstortioh of the magnetic'. field.
decays at about the same rate as the voltage signal, one can conclude that
.the rotating plasma is always contained by axial-magnetic-field pressure
rather than by cﬁrect pfessure against the outer electrode, as a neutral
rotating gas vwould be. When the radial driving current is reversed, the
" spin loop signal retains its original direction, as expected.
It is inferesting to consider what effect centrifugal distortion of the
~axial magnetic field has on the circuit response of the hydromagnetic
. cap;citor, The.capacity C0 for the case of uniform particle density anq
B0 is easily derived from the equations (neglecting the contribution from

, i
the vacuum field)

: ar | - |
icC "VZ:' = 74 v2 rdr - : (20)
2~0"0 Po Vgo 45 :
i rl . . ’
V0 = E.o r log rz/rl, ' _ (21)
\
Va0 __EO»/BO c. _ . (22)

‘ Substituting Eqs. (21) a,n_d-‘(Z.Z.,) into-Eq. (20) one obtains
C. = (4mp.c2/B%) [£/2 log (r,/r)]. (23)
0 Poc /®0 OB Arp /Ty

~ To study the capacity for the case of centrifugally displaced density
and B distributions, let us consider first the infinite—conductivity case,
Then B assumes the same radial variation as p. Let this distribution be

described by y(r), with the normalization condition
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- [ ,2‘--‘ Y(r) rdr = %-(rzz: - rlz).- e (24)
' The as_,,sun?ption of.infivr.lijte‘ cenductivitsr implies

| B/P'v =B0/p0'= consj:an't'. o h (25)
. It then _follewevffom Eq '(klO) that we ha‘ye R | .' | | o -

| = Bologl@/2md) (I/r)26)

that is, Vg ‘has a l/r variation just as in.the uniform- denS1ty case. The

total energy content can be written as

cv =0 /2C='n'1f 62'~rdr. : (27).
, )

- In accordance wifh.Eq, (24), the mass density is given by

, _ p =pohlr), | (28)
and with Eqs. (23) and (26) one obtains finally
r2
= [CO log ‘(rz/rl)]/f Y(dr/r) . - (29)
' 1‘1 .
In view of Eq. (24), this is conveniently written as
r
r, 2
2 log — [ Y rdr
1 1
C=Cy Z 2 T (30)
T2 T f y 4z
r
1

" The more Y is peaked outward, tﬁe' larger C must evidently become. In

the limity ~ O(r - rz) we obtain

o =Cy [2710g (ry/x]/IV - (xy/7,)°]. 31
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)

"In the experimental case at hand, rZ/ri is about 3, so that we have

C, =2.45Cg.

The compatibility of this number with the experimental result

1. Kex/Kth"s 2 -is interesting, but the experimental study of the correlation
of Kex/Kth with centrifugal distortion has not been carried out in sufficient
detail for further analysis at present.

When the plasma of the hydromagnetic capacitor undergoes centrifugal
displacement, its capacity is enlarged. Obviously there is now also some’
energy of defoi‘mation stored in the magnetic field.” One may ask in what
way this additional energy storage can be fitted into the circuit analysis.

. The answer is simply that, when the hydromagnetic capacitor is discharged,
its capacity must return'to normal, and the distended magnetic field expends

its stored energy in accomplishing this capacity reduction. Let the energy

stored be c ‘
u=q%/2c, | (32)
then one has . - |
| av _ 1 93 d_(_:__ + Q. 4 | (33)
dt . 2 CZ dt C dt ’ ,

When C is reduced, the magnetic field clearly feeds positive energy into’
the circuit. ‘ -

_ If one _depa'rts from the infinitemconductivity as sumption, the
caléulation of capacity becomes somewhat more compiiéated, because the
spatial distribution. of p now differs from that of B. C slowly increases in
time, thus dissipating capacitive energy, according to Eq. (33). (Mean-

- while additibnal energy is being dissipated by viscosity, which acts to
diminish.Q.) When the device is crowbarred, an enlarged capacity is
~observed, as in the infiniteaconduétivity case, but less energy is now
available . This' is partly because rotational energy has been dissipated,
partly because there is les.s_deformation energy in the magnetic fiel‘c'l,v and
partly because not all the vro"cavtional energy present can actually be drawn
out. This last effect is sirilar to that which occurs in a string of Capa.'?citors
if they carry unequé.l charges. After the resistive diffusion has pfoceeded

so long that an appreciable amount of plasma is actually being lost from
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the rotating system, the capacity decreases again. Since Q necessarily
decreases at least at the same rate as C capacity reduction now results
in an energy loss, not a gain as was the case earlier.

THE USEFULNESS OF A CAPACITOR HAVING
HIGH DIELECTRIC CONSTANT

The choice of electrical power source for an experiment is obviously
governed by many considerations, some of which are highly technical. By
- way of illustration, it may be useful to note that the potent‘iallyvcheapest and
most powerful method of electrical energy storage is not capacitive at all,-
but inductive. 8 If one opens a current-carrying inductive circuit across. a
load impedance, magnetic energy from the storage inductance is transferred
directly to the load. In this case, it is easy to make the electromagnetic
energy density in the source comparable to that in the load. The reason for
th'e: relative unpopularity of inductive sources is to be found in the purely
technical difficulty of interrupting a high-powered circuit,

The hydromagnetic capacitor permits energy storage at about the
same energy density as a storage inductance, end_is much easier to dis-
charge into a load. The unit itself is relatively inexpensive and can be |
m’a‘de‘ to occupy a small fraction of the space required for conventional
capac1tors however, auxiliary electrical equipment is needed to estabhsh
the magnetlc field and set the plasma into rotation. The experiments
performed to date do not furnish an adequate basis for technical ccmpérisons
between }iydrofnagnetic and. conventional capacitors. Reiat1ve1y 11tt1e is
known abo,.ut optimum geometries or plasma ccnditions or the max1mum -
electric vfield that can be supported across a rotating‘ plasma. ‘However,
it is easy to demonstrate on an abstract plane that the hydromagnetic
capacitor opens a new vrange of pcssibi]ities'in fast-discharge work

-1t is often stated that the amount of capac1tor energy that can be
delivered to a load in a given time interval 1s limited by the attainable
dielectric constant of the capacitor. This is readily seen in the case of a
one - dimensional ffansmissio'n line of uniform K. Suppose that breakdown
problems 11m1t the tolerable electric field: to an. E max that is 1ndependent
of K. The maximum energy dens1ty and dlscharge Ve10c1ty in the
transmission line are

u_ S K /81T T 3
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and

vg=cNE N ()

The maximum energy that can be delivered in a time T to a load of cross

section A is then given by
U=NK(@AcTE_2 /8n). | (35)
max

It is plain from Eq. (35) that U can be raised arbitrarily with K, until
‘such cons1derat1ons as mechanical pressure become ‘significant. Even then
_no f1rm upper l1rn1t is encountered smce it has been shown that force-free
coils perm1t magnetlc energy dens1t1es far in excess of what is tolerable
from the point of v1ew of the strength of materlals o '

v The one- d1rnenS1onal transm1s31on line is a rather spec1al case of a
capacitor In general one must cons1der the p0551b111ty of two or even three -
d1mens1onal complexes of conductor and d1electr1c The que stion of the
opt1mum d1e1ectrlc constant in each case depends very much on topology and
on various technical considerations. One of the few abstractions that can
be made is that.all geometries must reduce to the case of the one -dimensional
transmission line in the limit of very short discharge times. The simple
example of Fig. 11 will make this clear. Consider a capacitor of two
infinite parallel plates separated by a medium of dielectric constant K.
Through this sandwich there is a cylindrical incision of radius a. A
cylindrical load is connected across the plates. During the discharge time
T, energy can come to the load only from within a distance X\ = vyt
Assuming unit spacing for the plates, one may write, for the upper limit

of discharge energy delivered in time 7,

U=(KE_Z /8) [n+a)® -a’]
= (c T'Emix/S) (c T+ 2aNK). - (36)

~As long as one has ¢ 7> 2aNK it matters little whether K equals one or .

a million. This will for instance be' true for 7 = 1 psec, a = 1 cm. On the
other hand, for 7= 0.1 psec, a = 10 cm, it is quite practical to have
Za'er_>>c",r_. Under these conditions Eq. (36) can be reduced to the ex-
pression for the one-dimensional case, and the choice K = 106 permyits almost

ten times as much discharge energy as K << 104. It is seen that very large
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dielectric constants are most advantageous in the limit vaT £ a, where the

size of the high-K capacitor becomes comparable to or smaller than that of

its load.
s . .
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_ - FIGURE CAPTIONS
Fig. 1. Ion and electron trajbe\'ct'vdri‘e-s in m.agnetic field crossed by electric
field which slowly approaches its final value.
Fig. 2a. Cutaway view of hydromagnetic capacitor.
Fig. 2b. Equivalent coaxial capacitor.
3. Observed current and voltage osc1llograms
4. Calculated current and voltage in case of neghg1b1e 1eakage
Fig. 5. Equivalent circuit of hydromagnetic capacitor experiment.
6. Oscillogram of current and voltage with ''crowbar' signal.
Figs. _7a and 7b. Superpos1t1on of observed crowbar S1gnals
Fig;‘s, Analysis of F1g Ta. '
Fig. 9. Spectrum in normal and reversed magnetié field showing Doppler
shift of the 3889 He line and of somé strong lines of impurity ions.
Fig. 10. Oscillograms inciuding spin loop and total Iightboutput signals.
Fig. 11. Capacitor as two-dimensional transmission line feeding into

concentrated load.
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