VoLUME 15, NUMBER 4

PHYSICAL REVIEW LETTERS

26 JuLy 1965

data on the quadrupole moment variation are
required to confirm such a conclusion.
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EXPERIMENTS ON MAGNETICALLY PRODUCED AND CONFINED ELECTRON CLOUDS
G. S. Janes

Avco-Everett Research Laboratory, Everett, Massachusetts
(Received 17 June 1965)

This Letter presents experimental evidence
indicating that a stable dense “cloud” of elec-
trons with an associated negative electrostatic
potential well can be produced inductively in
cylindrical geometries. In these experiments,
the electron “cloud” is produced by injecting
electrons near the outer cylindrical wall while
an axial magnetic field is rising. The electrons
remain attached to the field lines on which they
were injected and are therefore moved towards
the center as the magnetic-field lines converge.

We discuss here the equilibrium configura-
tion, some empirical evidence regarding stabil-
ity limits on the electron density, and the ex-
perimental verification of the basic inductive-
charging concept.

Figure 1 illustrates the basic equilibrium
configuration in a long cylinder with conduct-
ing walls, and a magnetic field parallel to its
axis. If this cylinder is filled with electrons
to a density n,, a potential well of depth ¢
~enya®/4€eq will be formed around the axis,
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FIG. 1. Schematic diagram of the basic cylindrical
equilibrium configuration described in the text.

and the inward radial electric-field strength
will increase from zero at the axis to £ zenea/
2€(y at the wall. In the presence of the crossed
fields, the electrons drift circumferentially
within the cylinder as shown at a velocity such
that E +vxB=0, providing two conditions are
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met. These conditions are that the E,./B, drift
velocity must be less than the velocity of light,
and that the characteristic electron gyro radius,
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FIG., 2. (a) Schematic diagram of the dc hot-cathode
inverted magnetron apparatus used for study of the
((.op/cuc)2 stability limit. (b) Typical experimental re-
sults from the above experiment. The limiting anode
current can be seen to scale inversely with residual
gas pressure.
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7., based on this drift velocity must be small-
er than the radius of the device, a.

The latter assumption is equivalent to neglect
of the electron inertial terms and may also be
expressed as a limitation on the ratio of both
the circulating frequency, w,, and the plasma
frequency, Wp> to the cyclotron frequency, w.
Since the electric field is due essentially to
the trapped charge,

2
v, _E/B @, _mne_ wp .
==\ ) \o «<1. (1)
c c c

Note that the assumption that 7,/a <1 is also
an assumption regarding both the limiting elec-
tron density and the adiabaticity of the electron
orbits.

The stability of this configuration is poorly
understood. It is well known, however, that
smooth bore magnetrons will oscillate and there-
by transport electrons across magnetic-field
lines at potentials considerably below the theo-
retical single-particle “cut-off” potential at
which », xa. On the other hand, cold-cathode
Phillips-type high-vacuum ionization gauges,
which operate much farther beyond this cutoff,
appear to be stable, suggesting that there may
be a value of (wl,/u.)c)2 sufficiently less than
unity corresponding to a stability limit. Fig-
ure 2(a) illustrates the basic geometry of a hot-
cathode inverted magnetron (or PIG) type ex-
periment designed to study this question. Typi-
cal experimental results are presented in
Fig. 2(b). Because of the heated filament, the
negative end of essentially every field line ends
on a free electron. Given the apparatus size
and the radial potential, it was therefore possi-
ble to estimate not only the mean electric field
but also the total number of charges in the sys-
tem and the average circumferential circulat-
ing current density. The measurements of the
anode current indicated the existence of an ef-
fective radial transit time for an electron of
about 1073 sec, a result which was apparent-
ly due to ionizing collisions with residual gas
molecules. At low magnetic fields the electron
cloud became unstable as evidenced by rf noise
and a field dependence of the current much steep-
er than 1/B2. The break in the curves in Fig. 2(b)
indicates that the stable region appears to be
limited to (wp/wc)2< 1/20-1/30. Similar results
were obtained by Knauer and Stack' in a mag-
netron geometry with a center cathode.

The experimental arrangement indicated sche-
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matically in Fig. 3(a) was set up to study the
inductive-charging concept and to investigate
its stability. This is a straight annular geom-
etry with insulating end plates (not shown),

an outer conducting cylindrical wall, an inner
conducting cylindrical wall, an electron gun
whose accelerating grid is grounded to the out-
side wall, and a rising axial magnetic field
produced by a surrounding solenoidal field coil.
The conducting silvered coatings on the inner
and outer cylinders were of a thickness such
that eddy currents in them did not effect the
magnetic-field distribution. The potential be-
tween the two cylinders was measured with a
multibeam oscilloscope and a suitable high-
impedance attenuator. The oscilloscope data
shown in Fig. 3(b) are typical of the preliminary
results obtained with this inductive-charging
experiment. In order to show the base lines,
the oscilloscope traces were deliberately initi-
ated 50 usec in advance of the experiment.

The upper pair of traces illustrates the time
history of B and B, respectively. The peak
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magnetic field of about 4 kG occurs after 110
usec. The lower set of traces, both with the
same base line, and both at a sensitivity of 2
kV/cm, illustrates the cathode voltage of the
electron injection gun and the integrated radial
potential, respectively. The 400-eV electron
injection energy is required to overcome space-
charge limitations on gun current; the electron
drift energies are only a few eV. Our results
are relatively independent of electron injection
energy. No significant radial potential was
produced unless electron injection, a rising
magnetic field, and a good vacuum were pres-
ent. Figure 3(b) shows potentials an order of
magnitude larger than the electron injection
energy. This would appear to verify the basic
inductive-charging concept. The potential starts
to decrease very slightly before the peak mag-
netic field; however, some leakage of about
this magnitude would be expected due to the
end plates, and due to the ionization of the re-
sidual background gas (10" mm Hg).

The theoretical points drawn near the trace

GLASS ENVELOPE
WITH SILVERED EXTERIOR

ELECTRON GUN
GROUNDED
TO THE
SILVERED
ENVELOPE

-}
dB/dt

ELECTRON
INJECTION
ENERGY

INTEGRATED
RADIAL
POTENTIAL

FIG. 3. (a) This schematic diagram shows the apparatus used to test the inductive-charging scheme described
in the text. (b) Oscilloscope photo showing typical data obtained with the above apparatus. “Theoretical points”

are based on a semiempirical model explained in the text.
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of integrated radial potential in Fig. 3(b) are
derived from a simple classical model which
assumes (a) that electrons are rigidly attached
to magnetic-field lines until such time as their
field line passes through one of the cylinders,
and (b) that an electron beam of 12 mA is trapped
for the first 10 usec. The mechanisms control-
ling the efficiency with which the electron beam
is trapped on leaving the gun are not well under-
stood. Assumption (b) may be regarded as de-
termining two parameters, such as the mini-
mum and final potential in Fig. 3(b). The agree-
ment of the shape of the curves indicates that
the electrons are tied to field lines.

By injecting the electron current in a narrow
pulse significantly delayed from onset of the
magnetic field, one can in principle create an
electron cloud which is not in contact with either
conducting wall. In linear geometries, such
electron distributions are known to be unstable
against long-wavelength diocotron instabilities
(otherwise known as slipping stream or Kelvin-
Helmholtz instabilities). In cylindrical geom-
etries Levy® has predicted that such distribu-
tions can sometimes be stabilized by close prox-

imity to conducting walls. In our experiments,
utilization of the foregoing delayed-injection
mode has sometimes led to observations of rf
noise near the characteristic diocotron frequen-
¢y (wo~E/Ba) accompanying a radial-potential
history whose interpretation would require elec-
trons to move away from the field line on which
they were injected. These results suggest that
both unstable and stable configurations exist
and can be produced by this technique. Possi-
ble applications of this concept are discussed

in the text of an adjoining paper.
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PRODUCTION OF BeV POTENTIAL WELLS*
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It may be possible to produce large electro-
static potential wells by a method which avoids
the usual breakdown limitations. The well would
be produced by a cloud of electrons suspended
in a magnetic field. Experimental and theoreti-
cal evidence bearing on the stability of such
clouds are discussed by Janes.! Estimates
to be presented below suggest that the BeV
range may be accessible with large equipment.
Ions introduced into the potential well would
be both accelerated and contained. If the num-
ber of ions which can be contained in this way
is limited by the accumulation of positive space
charge, it would be possible to produce an over-
all reaction rate of the order of 10" nuclear
reactions per second. While the concept of
achieving high-energy nuclear reactions at
such enormous rates is very appealing, it should
be borne in mind that the entire concept is still
in its infancy. Thus, although preliminary low-
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voltage experiments® and stability analyses?
are very promising, serious obstacles to achiev-
ing these conditions may yet be discovered.

The over-all configuration is sketched in
Fig. 1. An electron cloud is contained along
the circular axis of a torus by a magnetic field
parallel to this axis. This cloud produces a
potential minimum along the circular axis and
an electric field in the direction of the minor
radius. Individual electrons rotate in the ExB
direction around the circular axis at the E/B
velocity. The electron cloud can be introduced
into such a system by injecting the electrons
onto magnetic-field lines as the magnetic field
is built up.! The magnetic-field lines then car-
ry the electrons into the system replacing the
belt in a Van de Graaff.

The ordinary breakdown limitation of surface
discharges is obviated since there is no insula-
tor separating two electrodes. Furthermore,
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FIG. 3. (a) This schematic diagram shows the apparatus used to test the inductive-charging scheme described

in the text. (b) Oscilloscope photo showing typical data obtained with the above apparatus. “Theoretical points”
are based on a semiempirical model explained in the text.



