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- Abstract

By means of crossed electric and magnetic fields in a geometry having
cylindrical symmetry, a charged particle can be induced to rotate about the
axis of symmetry. The new degree of freedom associated with this rotation
may offer new possibilities for containing and heating plasmas. This paper
reviews four experimental approaches that are being actively investigated:
the Berkeley Homopolar device, the Los Alamos Ixion, and the Berkeley and

Moscow ion-magnetron experiments.
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The major experimental effort in the controlled thermonuclear reaction
program has been based upon three different methods of plasma confinement-
the pinch approach, the stellarator approach, and the magnetic-mirror
approach, ! Among the other approaches being investigated is the rotating-
plasma system. By means of crossed electric and magnetic fields in a geometry
having cylindrical symmetry, a charged particle can be inclluced to rotate about
the axis of symmetry. The new degree of freedom associated with this rotation
may offer new possibilities for containing and heating plasmas. Early work in
this field was done at Oak Ridge. 2 We discuss here four experimental approaches
that are being actively investigated: the Berkeley Homopolar device, 3 the Los

Alamos Ixion, = and the Berkeley5 and Mcscow ion-magnetron experiments.

Basic Concepts

We shall first discuss a few concepts which are important in these experi-
ments, and then describe the four experiments individually, We will examine
the electric drift velocity with the resulting diamagnetic current, the dielectric
constant of a rotating plasma, the magnetic-mirror enhancement with a rotating
plasma, and finally the possible formation of anode sheaths.

The well-known ''electric drift velocity"7 is imparted to a charged
particle in the presence of crossed electric and magnetic fields. For a singly
charged particle we have

AN

- ExE
Vo =e=2P (1)

or B
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where the electric drift velocity VE is in cm/sec, the electric field E is in
volts/cm, and the magnetic field B is in gauss. Thus, for example, in an
electric field of 3 kv/cm and a magnetic field of 10 kilogauss, a deuteron
will have a velocity of 3 X 107 cm/sec and thus an energy of 1 kv. We may
note that the electric drift velocity is perpendicular to both the electric and
magnetic fields, that it does not depend on the mass of the particle, and that
it is in the same direction for positive and negative particles. Thus in an
infinite plane geometry, ions and electrons have the same velocity and direction
and there is no net electric current flow. However, in these experiments the
presence of a radial electric field causes the particles to move with a radius
of curvature R, and a centrifugal force term must be considered, so that the

balance of forces on a particle is now

e(E + 2N ‘\TDX B) + mVDZ

c RZ

=0, (3)

where K is the radius vector of the particle position, m 1is the mass of the
particle in question, e is the algebraic value of its charge, and c¢ is the

velocity of light, This leads to a drift velocity

T =c Exg_ chD,Z Bx K

D
BZ e BZRZ

. (4)

Ions and electrons now move with different velocities; and an electric current
T@ flows. Since the .39 X B force of the magnetic field is opposing the
centrifugal force of the rotating particles, the plasma ''leans' on the magnetic
lines, and if the plasma rotational energy is sufficient the magnetic lines bow
outward, thus weakening the field near the axis, The diamagnetic drift current
density is

Tp= ) (T =T, (5)

where N is the particle density (electrostatic forceé will insure approximate
equality of ion and electron densities), Vi is obtained from Eq. (3) applied to

ions, and Ve is obtained from Eq. (3) applied to electrons. Since the centrifugal
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force on the electrons is small compared with the centrifugal force on the

ions, we have

- 2, BXR (6)
B R

where M is the mass of the ions. Since B X K is in the same direction as the
external solenoidal current that gives rise to B, we note that indeed —j>6 is a
diamagnetic current. For the case mentioned above with an outward electric
field of 3 kv/cm and a magnetic field of 10 klilogaussy and with a deuteron
density of 1014/cm3 and a radius of curvature of 10 cm, the drift-current
density is 34 amp/cmz.

A plasma that is rotating in equilibrium with an applied electric field
E can be compared with a condenser that is in equilibrium with an applied
electric field; however, in the rotating plasma the energy is stored in the
form of the kinetic energy of the moving particles. We can derive the dielectric
constant K of the plasma by equating this kinetic-energy density to the increased
energy density of the electric field:

2 2

2 2
KE_E L v i E gy —4“"; ), (7)
2

8% 8w E 8w B
where p is the density of the plasma, and where use has been made of Eq. (2),

so that the dielectric constant of the rotating plasma is

k =1+ dmpc’ (8)
BZ
This number can be very large in a practical situation; for the case mentioned
above the dielectric constant is 3.7 X 104., Note that the effect of the displacement
of the magnetic lines has not been included in this derivation.
Post has shown that under certain conditions a charged particle is
reflected if it moves into a region of increasing magnetic field, so that particles

. . - . . 8
can be contained if the magnetic field is made to increase at both ends.  Post

has shown that in order for a particle to pass through the mirror, we must have
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B. . '
Wyle)2 W) (c) [ mooa) (9)

B
c

Where W_L and W“ are the perpendicular and parallel kinetic energies, and
c refers to the center and m to the mirror. If the plasma is rotating, the
centrifugal force tends to keep the particles 'away from the axis, where they
must go to escape, and thus the mirror containment efficiency is enhanced.
An elegant theoretical treatment4 shows that for a rotating plasma the above
inequality is to be replaced by
B “ B
Wy te) 2 W (o) 2 -1+ L mv %) 'Ll - =1, (o

B 2 B
c m

where M is the mass of the deuteron and VE is given by Eq. (2). In this
case W_L is to be measured in the rotating frame of reference. Thus a rotating
plasma is more efficiently contained by the magnetic mirro¥.

Finally, we consider the posible formation of an anode sheath, for the
case in which the anode surface is parallel to the magnetic field lines. In a
conventional electron-discharge tube the sheath forms at the cathode, because
of the high mobility of-the electrons. However, for motion perpendicular to a
magnetic field the ions have a greater mobility, while the electrons are tightly
confined to their field lines. The ions acquire their electric drift energy by
moving ashort: distance in a direction parallel to the electric field. As they
move away from the surface of the anode a region with net negative space _
charge is left behind. In this narrow sheath a large voltage drop may be present.
In some of the experiments the presence of the anode sheath is considered

desirable, while in others it is avoided.

The Hompolar Experiment

In the Homopolar experiment the emphasis has been on the study of the
basic properties of rotating‘plasrna,s,therefore argon has been used for the most
part. In this experirnent3 the object is to create a spinning disc of plasma which
is somewhat similar to the flywheel of a conventional Homopolar generator.

The experimental geometry is shown in Fig, 1, The vacuum chamber is placed
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ZN-1857

Fig. 1. Diagram of Homopolar device,
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between the pole tips of a magnet so that there is an axial magnetic field of

up to 18,000 gauss. A radial electric field exists between the inner electrode
and the concentric cylindrical outer electrode. By operation at a comparatively
high as prebssure { 100 microns) the anode sheath effects are largely removed,
so that the electric field exists through the body of the plasma, and the entire

plasma is set spinning with the electric drift velocity v Initially a large

pulse of current is required to ionize the gas and supply]")the energy of rotation.
Once the plasma has been set in rotation a much smaller current will be drawn,
due only to the viscous drag of the plasma. In Fig. 2 the heavy trace shows the
behavior of the voltage, while the positive light trace, which extends from 0 to

6 microseconds, is the charging-current pulse. The negative current pulses are
discussed-below.

The equivalent circuit of the Homopolar experiment is shown in Fig. 3.
Thus the spinning plasma is represented by a capacitance CH, which arises
from the dielectric effect discussed above, with a parallel :resistance- RL"
which represents viscous effects. Indeed this geometry may have application as
a very-low-inductance capacitor for driving controlled-fusion experiments. 9

Plasma ertation has been demonstrated by three observations. If we
consider the rotating Homopolar as a charged capacitance, then it should be
possible to recover the initial charge that was fed in by the pulse of charging
current. For this puspose the terminals of the Homopolar are rapidly shorted
with the crowbar circuit shown in Fig. 3. The resulting current pulse is in the
opposite direction to the charging current, and resembles one of the negative
traces shown in Fig. 2. By application of the crowbar at various times,
the amount of energy still stored in the system after any interval can be measured.
The dissipation of stored energy is indicated by the decreased crowbar current
traces at longer times. The crowbar method has shown that under favorable
conditions more than half of the input energy can be recovered.

Plasma rotation can also be observed by the Doppler shift of the emitted
radiation, as shown in Fig. 4. A spectrometer views the rotating plasma thnough
a tangential port. If the direction of the magnetic field is reversed, then,
according to Eq. (1), the direction of rotation will be reversed. The rotational
velocities calculated from the 'I)oppier shift agree with the velocities calculated

from the crowbar current. Rotational energies of a few hundred electron volts

are measured during operation with argon.
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ZN-1858

Fig. 4. Doppler-shifted spectra from Homopolar device.
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A third observation of plasma rotatioh is the "spin loop' data. As shown
above, the centrifugal force from the plasma rotation gives rise to a diamagnetic
current in the 6 direction, and thus to a radial component of magnetic field.
‘We may think of thie rotating particles as ''leaning'' on the magnetic lines and
bending them outward. This effect is independent of the direction of rotation.
Thus the signal in a magnetic probe coil which is oriented to detect Hr should
be independent of the sense of rotation. The observed spin-loop signal is shown
in Fig. 5, and indeed has the same polarity for both directions of rotation.

A slight misalignment of the pickup coil is believed to account for the difference
in amplitude between the two signals,

Thus a considerable storage of rotating energy has been demonstrated in
the Homopolar experiment in a geometry which is stable for times of the order
of 100usec. For controlled-fusion applications some of this energy will have
to be converted to random or heat energy, which can presumably be accomplished
with suitable perturbations in the electric or magnetic fields.

The same basic ideas have been incorporated in the improved geometry
shown in Fig. 6. In this case the centrifugal force will be more effective in
pulling the plasma away from the insulators. Experiments are just beginning
with this geometry; however, a decay time of several hundred microseconds has

been observed.

Ixion

This experiment is named for the king in Greek mythology who aspired
to the love of a goddess and was. therefore sentenced to be forever bound to a
flaming rotating wheel. The Ixion4 geometry as shown in Fig. 7 is long (86 ¢m)
in comparion with the flat-disc geometry of the Homopolar. The pulsed magnetic
field increases from 9 kilogauss at the median plane to 20 kilogauss at the
mirror throat, and the pressure between pulses is 2 X 10“6 mm Hg. The first
experiments were done with metallic central electrodes, but the latest model
has a plasma ''center rod.'" A puff of deuterium gas corresponding to one
micron pressure in the apparatus is ionized and driven into the machine by a
magnetic shock coil. This plasma electrode makes electrical contact with a

pair of tungsten ring electrodes located at the mirror throats. After the plasma
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electrode has arrived the high voltage {10 kv) is pulsed on, For about 200 pysec
negligible current is drawn, and then a sudden impulse of current of about
20,000 amp is drawn for 25 psec, as shown in Figs. 8A and 8B, which have a
sweep speed of 200 psec/cm, The voltage falls to about one-half its original
value as the discharge occurs, and then decays to zero in about 500 psec. This
current spike and the voltage behavior are interpreted as being caused by the
development of a rotating plasma. The subsequent decay of the voltage is
attributed to the loss of plasma to the walls,

Plasma rotation has been demonstrated by the crowbar technique and by
Doppler-shift observations. When Ixion is short-circuited about one-fifth of the
original charge can be recovered. In the Homopolar experiment one-half the
original charge was recovered, but this was with operafion with argon, and
these machines are found experimentally to operate better with heavy gases
than with deuterium., The capacitance of Ixion can be calculated from the plasma
dielectric constant (given in Eq. (8) ) increased by a factor of the order of 1.5,
which corrects for the diamagnetic weakening of the applied magnetic field.
Using this capacitance and the observed amount of charge that can be recovered,
one can compute that the rotating deuterium plasma would have an equivalent
pressure of 5.6 microns. The pressure of the injected deuterium is 1.5
microns; the discrepancy may be accounted for. by the presence of impurities
or by an error in the geometrical correction.,

The Doppler shift that occurs when the magnetic field is reversed is
shown in Fig. 8D, which is a profile of a carbon line. The drift velocity of
4 ><106 cm/sec calculated herefrom is consistent with the value calculated
from the applied electric and magnetic fields. The spectral analysis also shows
many otl}er impurity lines during the current pulse, and H and D lines lasting
for 100 psec after the current pulse,

The high-impedance delay for 200 usec after the voltage is pulsed on was
examined with an earlier model having a metallic central electrode. By electro-
static probing it was found that most of the volfage drop occurred just outside the
anode, corresponding to the presence of an electron sheath as discussed above.
Thus it is seen that the electric field does not penetrate the main body of the

plasma and bulk rotation does not occur.
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If the magnetic field is lowered, the voltage raised, or the pressure
raised excessively the discharge is oscillatory, as shown in Fig. 8C, . The
voltage falls to zero almost at once. Neutrons occur during the current spike
‘in this mode of operation, with abatit 105 neutrons per discharge at 40 kv and
a detectable yield at 10 kv, If the magnetic field is increased so as to obtain
the capacitive-type operation shown in Figs. 8A and 8B, the neutrons disappear.
The origin of these neutrons has not been satisfactorily explained.

In an Ixion with a metal center rod, large diamagnetic signals were ob-
served with a magnetic probe coil inside the center rod, during the oscillatory
discharge of Fig, 8C. These signals corresponded to almost complete removal
of the axial magnetic field from the center of the machine. The diamagnetic
effect decreased to zero as the probe was moved away from the center plane
to the mirror throat. Diamagnetic signals have also been observed on Ixion
with the plasma center rod. The diamagnetic decrease for voltage-holding
operation is of the order of 30% at the center, and decreases to zero at the

mirror throat,

Berkeley Ion Magnetron

This experi:maent5 utilizes a long solenoidal magnetic field with mirror
throats at both ends, together with a metal center electrode, as shown in Fig. 9.
However, the philosophy on which this is based is quite different from that in
the two preceding experiments. The tube is operated at the comparatively low
pressure of a fraction of a micron, and thus the anode sheath develops about the
central electrode. Since this sheath contains a considerable density of i-onizing
electrons circulating around the axis, a neutral deuterium molecule that enters
the sheath volume has a good chance of being ionized. The ion thus formed will
be rapidly accelerated out of the sheath by the electric field, and will circulate
around the axis in magnetronlike orbits with a kinetic energy equal to the potential
energy at the point in the sheath at which it was ionized. The magnetic field is
considerably stronger than the magnetron cutoff value, so that the circulating ions
cannot reach the outer wall. Each time the ion returns toward the axis it is
reflected by the sheath potential; the sheath protects the central electrode.

After several revolutions this fast ion undergoes a charge-exchange collision
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which sends a fast neutral into the outer wall and leaves behind a thermal ion,
This process limits the circulating current to a rather low value in the present
experiments. In contrast to the two pulsed experiments described abcve, the

ion magnetron operates under continuous conditions, with a magnetic field of 8
kilogauss at the center and 12 kilogauss at the mirror throats, and an applied
voltage of 10 kv, The ion magnetron operates in a high-impedance mode which
may be comparable to the 200-psec "'waiting period' encountered in the operation
of Ixion, v

The first indication of the presence of sizé.ble circulating ion currents
came with the observation of rather violent oscillations of the center electrode.
This electrode was mechanically supported at only one end, sb that it was
free to oscillate as a pendulum. This motion could be viewed through the quartz
port shown in Fig. 9. Several exploratory experiments supported the view that
the force responsible for these oscillations came from the recoil of ions
accelerated in the sheath, From the magnitude of the forces involved the
circulating current was estimated to be equivalent to about 100 amperes, when
the current drawn by the tube was about 1 amp,

When the tube voltage is turned on, the behavior of the gauge pressure
and tube current is as shown in Fig. 10, The size and duration of the initial
current pulse can be computed by considering that the neutral gas initially
present flows into the sheath with thermal velocity. -

With steady operation at a tube voltage of 10 kv and a tube current of
1 amp, neutrons are produced at a rate of a few times 104 per second. They
are probably produced by head-on collisions between ions entering the sheath
and ions leaving the sheath, When the geometry shown in Fig. 9 was modified
to include vacuum pumping at both ends of the tube, the neutron rate increased
by an order of magnitude, since the circulating current was able to reach a

higher value before being limited by charge exchange.

Moscow Ion Magnetron

This experiment6 also utilizes a solenoidal magnetic field with mirror
throats on both ends. However, a dc plasma beam serves as the central

electrode, which is positive at voltages up to 40 kilo‘s)olt»s, dc or pulsed.
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The vacuum chamber is 170 cm long and 50 cm in diameter, which makes it the
largest among-the experiments discussed here. The system geometry shown
1;1 Fig. 11 has been drawn from a sketch made by Dr. M.S. Yoffe. The central
magnetic field is 8 kilogauss, rising to 12 kilogauss at the mirror throats. Oil
diffusion pumps at the ends and evaporated-titanium pumps in the middle give a
large vacuum-pumping rate and a base pressure of 10-7 mm Hg. |

High=energy neutrals from the charge-exchange process previously
-mentioned are detected by secondary electron emission, as shown in Fig. 11,
Neutron production is observed with a plastic phosphor viewed by a phototube.
In one type of experiment the high voltage is pulsed on with a square wave for
from 10 psec to 2 msec. At the end of the square wave the voltage is returned
to ground in about 10_7 sec. The high-energy neutral-detector response decreases
approximately exponentially with a lifetime of 1 or 2 msec, and neutron pulses are
seen for a few msec after the voltage has gone to zero, Thus the decay time of
the system appears to be 1 or 2 msec, somewhat longer than has been observed
with the Homopolar or Ixion; however, the system dimensions are larger in
this experiment, and the mode of operation is considerably different,

This ion magnetron makes 107 to 108 neutrons per second at 40 kilovolts,
with a tube current of 1 or 2 amp. The curve for neutron yield vs, voltage
follows the geneAral shape of the D' croés section.

In an earlier smaller model, extensive measurements were made with
hot and cold probes of the radial distribution of potential. Three modes of operation
may be distinguished. If the applied voltage is very high, all the ions supplied
by the plasma source are accelerated radially as soon as they leave the mouth of
the plasma source, so that there is no central beam. As the applied voltage is
reduced, a second mode of operation is reached in which the central beam reaches
a considerable distance into the machine, but not all the way across. In this case
a stable radial potential distribution is observed, and most of the electric field is
concentrated in the vicinity of the axis, corresponding to the formation of the anode
sheath discussed above. Finally, if the applied voltage is decreased still more,
a mode of operation is attained in which the central plasma column reaches across

the entire length of the machine. In this regime the radial potential distribution

TN

oscillates at frequencies of 200 to 400 kilocycles between a steep distribution which
corresponds to the presence .of.an anode sheath 'and a glaping distribution which

corresponds to the absence of a sheath voltagedrop. It is not known at present
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whether these oscillations can be avoided. Since a plasma central electrode

offers many advantages, the question of its stability is an important one.

Summary

By emphasis of various aspects of the fundamental concepts of electric
drift velocity, diamagnetic azimuthal current, dielectric constant of rotating
plasma, magnetic mirror enhancement, and anode sheath formation the four
experimental approaches have been developed. It is clear that this work has
only begun to define the problems and possibilities of rotating plasmas. We
hope that this article has pointed out some of the challenging experimental and

theoretical problems that remain to be solved.
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