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! INTRODUCTION

The radiofrequency (RF) range from HF to UHF, i.e., frequencies from 106 to
109 Hz, Is well Investigated today. Transistors and other semiconductor
devices can handle all but the highest power requirements In communication
and Industrial heating applications. In the highest power applications, vacuum
tube amplifiers are still used for services such as broadcast television and for
some ECM applications. There are probably few transmitters in this frequency
range today which operate at power levels above 106 W CW or 107 W pulsed
Note, however, that higher power levels are achieved at microwave frequencies
from pulsed magnetrons and other oscillators and at optical frequencies from
pulsed lasers.

There appear to be no fundamental limits to higher RF power levels.
Alternating currents are not much different from direct currents in any circuit
which is small compared to the operating wavelength. Very high power pulsed
DC sources are now available, such as large capacitor banks, homopolar
generators, and explosively driven magnetic compression generators (MCGs).
Pulse energies above I06 J and power levels above 1011 W are available at DC
and not at RF. On physical grounds there seem to be no real limitations. Such
very high power RF devices could have applications in radar, ECM, EMP, and
directed energy systems.

Practical implementation of megajoule pulsed RF sources will require new
types of hardware devices. The subsections below describe (1) the limitations
inherent In gridded vacuum tubes and (2) the magnetic deflection principle.
Section II describes the physical requirements for driving resonant oscillators
and the Implications for Magnetic Deflection Oscillators (MIOs). Section III
reports computer simulations of an MDO. Section IV discusses power and
frequency scaling laws. Section V reports experimental results of this project
and Section VI presents the conclusions of this work.

1. CONVENTIONAL DEVICE LIMITATIONSII An oscillator to transform a DC pulse to an RF pulse is required. To do

that, a nonlinear device is required such as a transistor or vacuum tube. A
device Is needed to Interrupt or reverse the flow of current at a well defined
frequency. No linear system of Inductors, capacitors, or resistors will do the
job. 1



Figure I shows a typical Colpitts oscillator circuit using in case (a) a
vacuum triode and in case (b) a field effect transistor. The oscillation fre-
quency is determined by the LC resonator while the active device, tube or tran-
sistor, performs a switching or current interrupting function. The DC energy is
converted to RF energy stored in the LC resonator. Useful output power may be
coupled out of the resonator inductively through the alternating magnetic
fields of the inductor, L, or capacitively from the alternating voltages present
across the capacitor, C. Most of the RF power circulates as electrical currents
and fields in the resonator in a manner no different from the currents and
fields of a DC pulse device. The power capabilities of these oscillators are
limited by the active switching device. Higher power levels will require only
higher powered switching devices. The technology for resonators and antennas
is already at hand.

Vacuum tubes represent one class of switching devices. Vacuum tubes are
electrostatic devices. Electric fields between the cathode and grid are used to
influence the plate current. Though quite successful, the electrostatic method
has its limitations. Specifically, it cannot be used to control really large
currents. Vacuum tubes are essentially space charge limited devices. Very
high radiated powers must come from large currents which require either
enormous tube sizes or high space charge and current densities. High space

-. charge densities effectively screen out electric fields making control grids no
longer effective; i.e., the electric fields from the control grids must compete

*.- with the electric fields from substantial amounts of space charge.

An alternate way to control large currents and large powers is magne-
tically. Consider that there are few electrostatic motors in use today. Large
currents, as in motors, can interact through magnetic fields without space
charge limitations. Magnetic control is largely responsible for the high powers

'Si achieved in microwave magnetrons as opposed to the more limited power capa-
bility of klystrons and traveling wave tubes, which are electrostatic devices.

There are several approaches one might take toward a high power VHF
device; e.g, one could construct a low frequency magnetron. The magnetron,
shown schematically in Fig. 2, is a proven device and can certainly be scaled to
longer wavelengths. Long wavelengths require low magnetic fields, which is an
engineering convenience. Long wavelengths also require large resonators which
is, again, an advantage for high power operation. The physical dimensions of a
magnetron scale directly with wavelength. Thus, a long wavelength magnetron
would have a large volume. It could handle large powers without exceeding the

.1 .
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ta) Circuit using vacuum triode.
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(b) Circuit using field effect transistor.

Figure 1. Colpitts Oscillator Circuits.
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Figure 2. A schematic section through a resonant cavity magnetron
showing a rotating space charge.
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critical insulator and air breakdown power densities of a smaller device. Note
that the magnetron uses a rotating electronic space charge, but the trajectory
of the moving electrons is predominantly controlled by DC magnetic fields. The
principle disadvantages to magnetrons are that they require hot thermionic
cathodes and nearly constant current DC pulse sources. Presently available
very high energy pulsed sources would require extensive and probably
inefficient pulse shaping to be useful with magnetrons.

2. REVIEW OF MO PRINCIPLES

The MIO is shown schematically in Fig. 3. The idea is to use magnetic
forces to switch large currents at VHF rates. Fig. 3(a) shows a vacuum dual
diode. The cathode emits a loosely collimated electron beam collected by one
or the other plate anodes. For low power applications, the device can be
constructed as a simple hot cathode vacuum tube. At high powers, the device
can operate at hundreds of kilovolts and tens of kiloamperes handling power

,-..: levels above 1010 W. The high powered version can make use of an unheated
field emission cathode.

Diode current is switched back and forth between the two plate anodes by
a magnetic field which passes through the plane of the page. This device could
be used as a one-shot switch for high currents, but the present investigation
deals primarily with repetitive switching at RF rates.

Figure 3(b) illustrates a parallel tuned LC resonator. When externally
driven at its resonant frequency, strong circulating currents can be made to
oscillate or ring in the resonator. Currents flowing in the inductor, L, produce
magnetic fields which oscillate sinusoidally at the same frequency. These
oscillating fields will be used to switch the diode currents.

This simple idea might have been thought of by Marconi, Tesla or
Helmholtz. However, to this author's knowledge, the MO has not previously
been described or demonstrated.

Fig. 4 illustrates a push-pull MO. Current switching is caused by coupling
the diode device to the naturally occurring magnetic fields of the inductor, L.
Oscillation should occur at the natural resonant frequency of the LC resonator.
Since electrostatic deflection is not used, space charge densities should not bea limitation to high power operation.,:.,,5



(a) A vacuum diode with dual collecting plates.

oscillating

(b) magneticT C

fiel

()Parallel tuned LC resonator.

Figure 3. MDO schematic.
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Figure 4. A proposed push-pull Magnetic Deflection Oscillacor
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Fig. 5(a) illustrates the UHF limit of the LC resonator. The inductor, L, has
become a one turn coil of width equal to the width of the capacitor plates. The
resonator can be made of a single piece of bent sheet metal.

Al ,.

Fig. 5(b) shows the vacuum diode installed inside the inductor, L, where it
will experience maximum magnetic fields. Note that, when current flows to
the lower plate, a magnetic field is generated of the correct polarity to deflect

'A, the current to the upper plate. The device should be a natural oscillator.
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(a) The UHF limit of an LC resonator.

+0-

(b) Vacuum diode placed inside the inductor

Figure 5. LC resonator with vacuum diode installed inside inductor
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I1. UNDERSTANDING OSCILLATORS

All electromagnetic radiation comes from accelerated charges. High pow-
er sources require large amounts of accelerated charge or, simply, large time
varying antenna currents.

RF oscillators typically use LC resonators for feedback and for energy
storage or flywheel operation. Since the MDO Is Intended to couple very large
powers into and out of LC resonators, it is Important to understand how LC
resonators may be driven at their resonant frequencies. This section contains a
brief review of resonant LC oscillators and a specific application to the
magnetically driven oscillator.

I. THE VACUUM TUBE RLC OSCILLATOR

The RLC oscillators are treated in detail in many electrical engineering
textbooks (see, for example, Introduction to Electricity and Optics,
Chapter 9, by N.H. Frank, McGraw-Hill Book Company, publisher). Only features
pertinent to the MO will be reviewed here.

Refer again to Fig. I(a) as an example of a vacuum tube RLC oscillator. The
resistance, R, is not shown explicitly. It consists of circuit losses in the
inductor, L, capacitors, C, and output coupling. To simplify the analysis assume
that:

a. the oscillation is steady state. The active device supplies energy at a
rate exactly equal to the circuit power losses;

b. the oscillation is sinusoidal and single frequency. Strictly, this as-
sumption is not true. Most oscillators produce nonsinusoidal periodic
waveforms which are rich in harmonics. A very underdamped or high-Q
LC resonator is a good filter against harmonics, but often several
stages of filters or tuned amplifiers may be needed to reduce harmon-
ics to communications grade levels;

c. the RLC resonator has low losses and high-O.

Given the above three assumptions, the voltages and currents in the LC
resonator are strictly sinusoidal and described by a simple linear second order
differential equation. It is the equation for a driven simple harmonic oscillator
with damping.

10
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It is well known from analytic solutions to the governing equation and may
also be seen in the computer simulations that the voltage and current
waveforms differ in phase by 90 deg. In particular, the circulating current is
zero at moments of maximum charge on the capacitor. The current increases as
the capacitor voltage decreases. Thus, the voltage waveform leads the current
waveform by one quarter cycle. The 90 deg. phase shift is true to high accuracy
for high-0 resonators which are either freely decaying or are being driven in
steady-state CW oscillation.

2. MAGNETIC FIELD QUADRATURE REQUIREMENTS

It is not so generally appreciated that a phase shift of injected current is
required to sustain CW oscillations. In particular, to overcome circuit losses,
an external current source must drive the resonator with a waveform that
leads the circulating current by 90 deg. This is a general property of all
forced harmonic oscillation. The driving force must lead the oscillating
response by 90 deg. It can be seen on a child's swing where the child extends
his legs downward at the maximum extent of the swing's motion. Figure 6
shows a computer simulation of a driven RLC resonator. The 90 deg. phase
relation is clearly seen.

Referring again to Fig. 1, the vacuum tube Colpitts oscillator auto-
matically provides for a 90 deg. phase shift. The vacuum tube may be thought
of as a voltage controlled current source. A potential difference between the
grid and cathode affects the current between cathode and plate. Here the grid
voltage samples the capacitor voltage while variations in the plate current (AC
coupled) are injected into the resonator. Since the capacitor voltage leads the
inductor current by 90 deg., the injected or driving current also leads the
circulating current by 90 deg. or quadrature.

The MO intends to use magnetic fields from the inductor of the RLC re-
sonator to perform the switching function. The instantaneous magnetic field is
directly proportional to the instantaneous inductor current. There is no phase
lag or lead, and there can be no oscillation. To allow oscillation, an additional
(passive) circuit must be added. This circuit will be discussed in the next
section.

11
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100 V Peak-To-Peak
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(a) Circuit schematic.
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(b) 2-... Driving Current
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(c)~ ~ ~~b Cic- otu...../.. ... icltn urn

Figure 6. A computer simulation of a driven RLC' resonator.
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III. COMPUTER SIMULATION OF A 1DO

A computer simulation of a voltage driven current source is shown in Fig.
7. The vacuum tube has been modeled by an operational amplifier (op-amp)
which senses the capacitor voltage for its inDut siqnal. Current is injected
into the RCL resonator through a 10 kohm. Circulating current is
monitored through the 1-0 resistor. Note that oscillations rapidly build up.

Fig. 8 shows a computer simulation of the MOO as a current driven cur-
rent source. A 1-0 resistor In the series RCL resonator samples the circulat-
Ing current for the op-amp Input. The amplifier output voltage saturates at
voltage swings greater than 30 V peak-to-peak. The output voltage is applied
to a 10 kO series resistance which largely isolates the amplifier output vol-
tage from the voltages in the RCL resonator. The computer simulation can mon-itor both the current through the 10 kO Isolating resistor, as the driving
current, and the current through the 1-0 resistor, as the circulating current.

The simulation in Fig 8 began with an initial charge on capacitor C to
produce an oscillation. Notice that the oscillation damped out. Fig. 9 is similar
to Fig. 8 except the amplifier polarity has been reversed. Again the oscillation
decayed to zero. Neither oscillation allowed for a 90 deg. phase shift of the
injected current.

By previous argument, *the injected current must lead the circulating
current by 90 deg. Since both the MOO and the op-amp simulations respond to
instantaneous currents in the RCL resonator, some trick is needed to produce a
phase lead. Fig. 10 shows the method.

:In steady-state oscillations, a phase lag of 270 deg. is equivalent to a
phase lead of 90 deg. for the next cycle. The circuit in Fig. 10 produces a phase

*: delay of 90 deg. with a lumped element delay line. An additional phase delay of
180 deg. comes from a polarity reversal of the op-amp Input connections. In an
MOO, polarity reversal is accomplished by reversing the magnetic field with
respect to the collecting plate connections.

The simulation in Fig. 10 began with a very small initial capacitor charge.
Oscillation continued to build up over several milliseconds before reaching
steady state. The circulating current is nearly sinusoldal which justifies the
previous assumptions. Note also that an injected current of just 4 mA has pro-
duced a circulating current of over 20 mA.

13
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j) Circuit modeled on an Apple Ilie microcomputer by a circuit anal.
program.
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(a) Microcomputer circuit analysis for MOO.

-o 1. ........ ... .. ... - . ....

4A 2...- ................. ...............

~2 ....... ............................ DrvnCuet
-6 -2...................... ........... --.-.

... -.6..... .... ........ .......
~~;~ .- . . ..- ... . -... . .

:3 .. 5..... . . ............... .... ........ ......

is . . . ......

44.. ...............-

~ -18...S.....2- ~ Circulating Current
30.......... ... ....... ... -....

288 480 68 see* 1000
Time in microsec (uas)

(b) Driving current through the 10-k series resistance and circulating
current through the 1-0 resistance.

Figure 8. A current driven current source.
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(a) Microcomputer circuit analysis with amplifier polarity reversed.
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S.. -0..... ..................
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Nb Driving current through the 10-k resistance and circulating current
through the 1-0 resi stance.

Fiqure 9. Current driven current source with reversed amplifier polarity.
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(a) Microcomputer circuit analysis with very small initial capaciter
charge.

'AI I I F

S. 2

C -4

2- -100100a 46 6 " e

w U am *mTim m n em seeS (us) 6 5 e

(b) Resultant circulating and injected currents.

Figure 10. The MDO is asuccessful oscilIlator when injected current leads
the circulating current.
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In any regenerative oscillator, the oscillation amplitude will continue to
build up indefinitely until something saturates. In the simulation of Fig.10,
saturation occurs when the op-amp output voltage reaches its operating limits
(in this case, 30 V peak-to-peak). In saturated steady-state operation, the op-
amp voltage will swing from its plus to minus limits as a square wave exactly
in phase with the circulating RCL current. The lumped element delay line pro-
vides the quadrature requirements.

Similarly for an operating MDO, something must saturate. Gain saturation
for an MDO occurs when the beam current is completely deflected to one plate.
Once saturation occurs, there can be no further increase in oscillation ampli-
tude. Thus for very high power application, the MDO should be designed to
saturate at very high magnetic field strengths. High power operation is some-
what incompatible with small signal gain. A high power oscillator will tend to
have a fairly high threshold for oscillation startup.

.1
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IV. POWER AND FREQUENCY SCALING LAWS

The MO depends upon the magnetic field from an LC resonator to deflect
its beam current. Since the magnetic field arises from ampere-turns of
current flowing in the resonating inductor, It is easily seen qualitatively that
higher frequencies will require higher powers. The inductor will have fewer
turns as the operating frequency Increases. Higher circulating currents and,
probably, higher operating power levels will be required to deflect an electron
beam. This section contains simple analytic calculations. A practical device
operating at 300 MHz will require a power Input of approximately 45,000 W.

1. FIELD REQUIRED TO DEFLECT AN ELECTRON

Fig.I I Illustrates an electron beam magnetically deflected between two
collecting plates. If the electrons are first accelerated by a potential of 1,000
V, they will have a nonrelativistic velocity given by

O00eV - 1.6 x 10- 16 j (1)

2

m = 9. 1 x 10- 13 kgm (2)

V = 1.87 x 107 m/s (3)

Assume the magnetic field is of uniform strength In the region where the
electrons Interact, then the electrons will be deflected In a circular arc of
radius given by

R - mV/eB (4)

To deflect the beam between the two plates, R must be of the same order
of magnitude as the plate separation d. Assume R - I cm - 10-2 m then the
magnetic field strength required to deflect the beam is given by

B a mV 9.1 x 10 31 kgm x 1.87 x 107 m/s
B 1.6 x 109 C x 10"- m

19
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B - 1.06 x 10- 2 Wb/m 2  (5)

B - 106 Gauss

2. FIELDS WITHIN A TYPICAL RF RESONATOR

Fig. 12 shows a typical air core RF inductor of N turns. The inductance of
such a coil is given accurately by the empirical formula (from the Radio
Amateur's Handbook):

L(in H) - .155a 2 ;|2 (6)

L.54a + 3.94b1

where a - coil radius in centimers
bt - coil length in centimeters
N - number of turns

For a - 3.8 cm, bi - 10.2 cm, and N - 8 turns, the inductance is given by

L = .155(3.8)2 (8)2 = 2.7 pHi (7)
3.54 x 3.8 + 3.94 x 10.2

Such a coil might resonate with a capacitor c - 1000 pf at a resonant
frequency given by

1 = 3.06 MHz (8)2-ff =Tr

The magnetic field within such a coil is approximately given by

b UI Wb/m 2  (9)

21
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Figure 12. A typical RF inductor of N turns.
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where io =4 11x10 7

I is the current in amperes

b Is the length of the coil in meters

The current required to produce a magnetic field of 106 Gauss is given by

bB S_0. 1 m x 1.06 x 102 Wb/m 2f of  4 1 7 (10)

7H ~ 4n x 10 x 8

1 = 105.4 A

The above current may be 3 reasonable number for an operational RF tank
circuit It can be simply related to the peak voltage across the resonating
capacitor, Vo. Suppose the oscillating capacitor voltage is written as

Vi=Vasin t ( )

Then the current through the inductor is given by

I = Vo CMIE cos t (12)

The maximum capacitor voltage is then given by

Vo= I , M r-- (13)

Va V 105a (2.7 x 10-6 h/ 10-9 f)1/2

Vo- 5,456 V

This is a reasonable voltage and is typical of the voltages encountered in
existing high power broadcast transmitters. Remember, however, the above
voltage and current are the minimums required to deflect an electron beam
approximately I cm at a frequency of 3 MHz.

23



3. FREQUENCY SCALING LAWS

Higher frequency operation requires that both smaller Inductors and

smaller frequency be achieved by a linear decrease of both L and C. It

is possible, of course, to reduce only C. However, practical constraints

based upon maintaining a reasonable circuit Q usually require that the

ratio of L/C be nearly constant. We will assume that both L and C are

reduced proprotionally to any frequency increases.

We may then find the minimum inductor current required to achieve
magnetic deflection from the following relations:

B - IoNI/b in MKS units (14)

L - jloN 2 1a2/b in MKS units for a long solenoid (15)
where b> > a.

Eliminating N gives

L B2 b R a2  (16)
10 1

I 82 a2 H b (17)
LP~o

For a, b, and B constant with increasing frequency,

12a 1/L cf (18)

For a frequency increase from 3 to 300 MHz, L must decrease by a factor of
1% 100, C must decrease by a factor of 100, and I must Increase by a factor of 10.

At 300 MHz, the minimum current required to deflect an electron beam is of the
order of 1,000 A. The voltage across the capacitor, C, will be approximately
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55,000 V. The instantaneous energy stored in the LC resonator is given by the
maximum voltage on the capacitor of the maximum current through the
inductor.

E = I/2CV2 = 1/2L12

E -/2x 10- 11 f x(5.5 x 104 V)2  (19)

E - 0.015J

This minimum stored energy must be maintained by supplying power to the
resonator sufficient to overcome internal losses, which depend upon the
resonator 0. If a resonator 0 of 100 is assumed, the minimum power P which

Smust be supplied to sustain oscillation at 300 MHz may be calculated

P - 0.015J x 3 x 10a Hz/100 (20)

P = 45,000 W
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V. EXPERIMENTAL CONFIGURATION

1. CONTINUOUS WAVE EXPERIMENTS

Fig. 13 illustrates the experimental attempt to achieve oscillation
threshold in its final form. The Inductor L was wound with 470 turns of No. 22
gauge insulated copper wire on a ferrite toroidal transformer core. The
toroidal core had an Inside diameter of 3.8 cm, an outside diameter of 7.2 cm
and a rectangular cross-section or 1.25 cm thickness. The ferrite had a
permeability of approximately 1600.

A 7-mm slot was cut from the toroid to expose the magnetic field.
Electrons passed from the cathode to the collecting plates through the region
of the ferrite slot. The toroidal ferrite served to substantially concentrate the
magnetic fields over the case of a linear vacuum core inductor.

The cathode K was a commercial Indirectly heated tungsten dispenser
cathode from Spectra-Mat, Inc., Watsonville, California. The cathode was a
cylinder 3.5 mm dia. and 7.2 mm long with electron emission from the flat
cylinder end. According to the manufacturers ratings, It could deliver up to
800 mA or saturated DC emission. Prior to the use of this cathode, various hot
filament tungsten and tantalum wire cathodes were tried, but had lesser
emission capabilities.

By direct measurement, a I A DC current through the inductor L could
produce approximately 50 percent current deflection between the collector
plates. It is not necessary that the cathode produce this same 1 A, only that
there be I A of circulating current In the resonator and sufficient injected
current to sustain I A.

An Initial oscillation can be excited by opening the normally closed switch
shown In Fig 13. With the switch open, capacitor C charges through the 500-k
resistor to a DC value equal to the high voltage supply. The resistor has no
significant effect on the circuit when the switch is closed Once C Is charged,
closing the switch discharges C through L pr~oducing damped oscillation. In this
case, a charge voltage of 200 V produced 20-A peak current In the LC resonator.

It is Interesting to calculate the average power dissipated by the coil
resistance and capacitor losses, since that power must be supplied by cathode
emission. The data In Fig. 14 were generated in an early attempt to achieve
oscillation at 2 MHz using a hot tungsten wire cathode.
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Figure 13. Experimental attempt to demonstrate MDO.
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0.5 lus/DIV

Figure 14 Damped oscillations in the LC resonator.
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At a peak oscillation amplitude of 200 V as shown in Fig. 14, the energy
stored in the 0.25 gIf resonating capacitor was

E- 1/2CV 2 - 1/2 (0.25 x 10-6)(200) 2 -0.005J (21)

The time to dissipate this energy is seen to be approximately 2.5 iZs which
also corresponds to an RC decay time with R - 10 0. The power dissipation P is
given by

P - E/T - 5 x 10- 3 J/25 x 10-6 s (22)

P - 2000 W (23)

In this experiment, the cathode delivered a maximum of 60 mA at 200 V
for a total power of 12 W. It was not adequate to sustain oscillation with such
high circuit losses.

Z RC PULSED EXPERIMENTS

The steep power versus frequency scaling laws and limited CW cathode
emission suggested an attempt at low frequency pulsed operation. The
resonator and delay line shown in Fig 13 were excited by a pulsed high voltage
source shown in Fig. 15.

Since the design oscillation frequency was 4.5 kHz, the pulse forming
network was required to deliver a pulse at least 100 ms long. A simple LC
pulse forming network would require inductors of approximately 100 H, which
are too large to be practical. The RC network in Fig. 15 is wasteful of energy. It
delivers about 1/4 of the total charging energy to the load, but it is
inexpensive and easily constructed.

Fig. 16 shows actual voltage and current waveforms applied to the MDO
configurations of Fig. 13. Cathode arcing is seen to occur at an accelerating
potential of 700 V and a cathode current of approximately 300 mA. Cathode
arcing threshold was consistently observed at an emission of 300 mA. This
beam power limitation of 210 W was insufficient to achieve the oscillatior
threshold.
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From DC magnetic field measurements, 50 percent beam deflection requires

1 A of inductor current. If we take an estimate that 50 percent deflection

is approximately the oscillation threshold, and if the entire 1 A must come

from the cathode, then a beam of power of 550 W is needed at 4.5 kHz for the

geometry attempted here.

I.q3
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(b) Voltage on a 1-kO load.

Figure 15. An RIC high voltage pulse forming network.
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500 V/DIV

0.5 A/DIV

20 ms/DIV

Figure 16. Typical voltage and current-waveforms for pulsed operation of
MOO.
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VI. CONCLUSIONS

Oscillation was not achieved In this geometry, probably because of cathode
emission limitations. The power required to sustain oscillation scales
approximatelyin proportion to frequency. The threshold power Is approximately
1,000 W at 5 kHz and 45,000 W at 30 MHz. The higher frequency calculations
assume deflection of a collimated electron beam. For poorly collimated beams,
higher fields and higher powers will be required.

Such a strong scaling law Is nearly ideal for a very high power device, but
It makes low power testing difficult. Since thermionic cathodes can deliver at
best 10 A/cm2 reliably, loosely collimated thermionic sources will be limited
to around 100 A. The MO~s with thermionic sources will be limited to
frequencies below 500 kHz and maximum power levels of the order of 100,000
W in CW operation. These are not particularly Impressive levels.

With cold cathodes and pulsed operation, MOOs may deliver prodigious
power levels. A 10,000-A beam at 200 kV lasting 0. 1 lS is typical of moderate
sized vacuum diode E-beam sources. The resulting beam power of 2 x I09 W
could drive a 500 MHz MOO for about 50 oscillation cycles. The total pulse
energy of 200 J could be converted to RF with approximately 50 percent
efficiency. Although megajoule pulsed sources are available, pulse durations
will be limited by plasma closure In the vacuum diodes. Typical closure speeds
are 10 cm/lis which will limit practical devices to pulse lengths of the order
of 1 IS.
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