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HIGH POWER

MICROWAVE GENERATION FROM A

VIRTUAL CATHODE OSCILLATOR (VIRCATOR)

Donald J. Sullivan
Mission Research Corporatijon

ATbuquerque,
Abstract

High power 'mcrowaves, up to Gigawatt levels in
the centimeter regime, have been observed in reflex
triode, foil and foilless diode systems. Generation
efficiencies range from 1% to 12%. The source of the
microwaves 1is an oscillating virtual cathode - the
nonlinear state which develops when the electron beam
injection current exceeds the space-charge limiting

current defined by the beam energy and wave guide geo-
netry. This stable oscillation results in severe
Yongitudinal charge bunching giving rise to large time
dependent current variations. The experimental fre-
quency dependence and broadband characteristics are
explained by the scaling of the oscillator frequency
with vVnp/y, where np is the beam density and vy its
relativistic factor, 1in conjunction with the Child-
Langmuir relation. The optimal design for a narrow-
band millimeter wave vircator is based on a foilless
diode with a strong axial magnetic
tunable over an order of magnitude
varying the magnetic field strength.
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Introduction

millimeter sources that are in
the virtual cathode

{vircator) has a combination of character-
istics which recommend it for high frequency use.
First, the frequency of the vircator is tunable by
changing the magnitude of an imposed axial magnetic
field, eliminating any requirement to change the phy-
sical structure of the device.

A single vircator will
be tunable over an order of magnitude in frequency

0f the several
various stages of development,
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(e.g., 10 GHz - 100 GHz). Second, the bandwidth of
the generator can be narrow or broad based on magnetic
field shaping and the use of beam limiters described
below. Third, because the vircator functions above

the space-charge Timiting current for the electron
beam, given efficient operation, it should be capable
of much higher power than other microwave sources.
Finally, the lack of passive resonating structures to
oroduce the transmitted wave reduces the prob1em of
field emission. This also increases the maximum nos -

sible generator power.

Experimentally, the virtual cathode has a‘iread‘g
proven itseif to be a copious microwave source, 1.
Table 1 Tists experiments which have been carried out
to date. With the exception of the Didenko experiment
at Tomsk,* the frequency spectra have all had a broad
bandwidth and relatively low efficiency. Neverthe-
less, even at low efficiency the experiment at Harry
Diamond Laboratories® using a foilless diode (1 MV, 30
kA} produced Gigawatts of power in the Ku band. It is
one of the most powerful centimeter wavelength micro-
wave sources available. It will be shown later that
the foilless diode in a shaped axial magnetic field
represents the best configuration for a high frequency
device.

Microwave Generation

,,,,,, only scaling relations are presently
available, quahtat!ve dependenc1es of virtual cathode
parameters on beam kinetic energy and injected current
are known.2»%® First, potential amplitude, position,
and osciHation frequency all have the same functional
dependence on injected beam current. These parameters
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TABLE )

HIGH POWER MICROWAVE GENERATION HAS BEEN WITNESSED IN VARIOUS
ELECTRON BEAM CONFIGURATIONS WHEN VIRTUAL CATHODES ARP FORMED.

-
r REFERENCE SYSTEM PEAK POWER

FREQUENCY | EFFICIENCY

I MAMAFFEY, eal | REFLEX TRIODE | 100mw | o M0k 16%
2. BRANDT, et al. REFLEX TRIODE . (7'0‘1'“15:'"(;“‘)' ---
3. BUZZI, st al. FOIL DIODE 1Gw (0.0 ‘—01‘4}:‘%:). 1.26%
4. DIDENKO, ot al. REFLEX TRIODE 14GW “ |3:35Guﬂq:mi' 12%
5. BROMBORSKY, et al. | FOILLESS DIODE aew , |, 15 BR oHn® 5%

6. CLARK, ot al. FOILLESS DIODE .- h‘f;‘f":ﬁa'g;d’ ---
7. EKDAHL, ot al. FOILLESS DIODE | >100 MW >10GH: | ---

DETECTOR BANDWIDTH IN PARANTHESES

asymptotically approach a limiting value for current
above the space-charge limit. Second, the fundamental

qscjl]ation frequency 1is approximately the relativ-
istic beam plasma frequency given by
1/2

rel /477(1 e \\

w — (1)

P Yol
where n° is the electron beam number density at injec-
tion yqy is the beam relativistic factor, e is the
electron charge and m is its mass. in particuiar,

the oscillation frequency from one-dimensional elec-
trostatic and two-dimensional electromagnetic numeri-
cal simulations varies such that

wre] < o < 2n u.\rEI (2)
p osc p
Th ~ N . Py A e mal  cmsmmar - oo~ e
The value of vZr is an empirical result which has not

yet been derived theoretically. The value of wggc
increases with current monotonically. If the injec-
tion current exceeds the space-charge limiting current
by a factor of three or greater, wggc 15'close to
the maximum value. Equation 11 in conjunction with
the Child-lLangmuir law describing space-charge limited
diode emission exp\ains the experimental linear depen-

AT AAA T o
aigae voilage

....... e

dence of frequency on the square root of
in foil diodes and reflex triodes.

The virtual cathode oscillates stably at a set
frequency in both time and space. This fluctuating
potential barrier acts as a gate to reflect some elec-
trons and transmit others. The motion of the gate
bunches charge. In two dimensions the charge bunch
and virtual cathode are separated spat

By analogy this configuration represents an LC
oscillator. The virtual cathode acts as a capacitor
to store the beam kinetic energy. During that portion
of the limit cycle in which the potential 1is greater
than the injected beam energy, charge is constrained
to remain near the anode. This starves the virtual

cathode so that dits amplitude decreases below l«,ro
-1) mc?2/e.  Once this occurs the charge bunch is
transmitted The electron motion represents a large
time varying current through an inductor. The pres-

ence of charge away from the anode reestablishes the
virtual cathode, and the cycle repeats. The effect on
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beam current can be examined using simulations. A net
current diagnostic is given in Fig. 1 where the probe
is positioned between the anode and virtual cathode,.
The injected current in units of mc3/e, vo, is 3.4
times the limiting current, vy, and vy, is 3.5,
Note that the virtual cathode can actually reverse the
direction of current. The average current value is
\)1.

The oscillating current generates  micro-
waves.l9s11  The wave frequency is the oscillation
frequency of the virtual cathode. The wave propagates
down the drift tube in a TM waveguide mode, which
determines the wavelength and phase velocity of the
wave in the guide. The field configuration is evi-
dent in simulations where there is no axial magnetic
field. If a cold beam is injected and azimuthal sym-
metry is assumed by the code, the only nonzero fields
are E,, Eq, and By in cylindrical geometry.
These three fields define a TM wave traveling in the z
direction.
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Figure 1. Net current amplitude and spectrum for a

probe placed between the anode and virtual cathode.
v0=3.5, vo=3.4vyp -

The largest impediment to constructing an effi-
cient vircator is the effect which heating has on the
microwave generation efficiency. As noted earlier!Z,
beam temperature significantly damps out the amplitude
of the potential oscillation, This can be understood
in the following way. For a monoenergetic beam all of
the charged particles bunch at the same location.
Mathematically this represents a singularity where the
charge density goes to infinity. In reality the
charge bunch is not infinitely dense, but it does
become several times greater than the initial beam
jnjection density. The severity of the charge bunch-
ing leads to efficient microwave generation. If, on
the other hand, the beam has a spread in axial momen-
tum, the electrons will stop at different locations in
the potential well. This tends to limit the charge
bunching and the amplitude of the oscillating electric
and magnetic fields. The effect of beam temperature
in reducing the RF efficiency of the vircator has been
witnessed in one-dimensional electromagnetic simula-
tions.! A beam spread of less than 3% in energy
reduces the microwave generation efficiency from 20%
to approximately 2%. Under these conditions the
vircator is nothing more than a Barkhausen oscil-
lator.l* Indeed, the low efficiency and broad band-
width observed in most of the experiments to date can
probably be attributed to the effects of electron re-
flexing in the diode region resulting in beam heating.
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Vircator Design

Based on our current theoretical knowledge of the
virtual cathode, numerical simulations, and experimen-
tal results, the following points must be considered
in the design of a coherent, high frequency vircator.
First, generation of high microwave frequencies re-
quires large beam densities. Extremely high beam
densities (n_ > 10!* cm-3) have been obtained from a
foilless diode. The beam plasma frequency scaltes lin-
early with the electron cyclotron frequency due to the
magnetic field.!> This is of significance, because it
implies that a single vircator can be tuned over an
order of magnitude in frequency (eg. 10-100 GHz) sim-
ply by changing the axial magnetic field strength
without changing the physical structure of the device.

Second, both the oscillation frequency and net
current asymptotically approach a value as injected
current is increased above the space-charge limit.

Thus,. using a very large value of vg/vy does not
substantially increase frequency or RF efficiency
where efficiency is given by
P — (3)
(v,-1) mec

A foilless diode in a strong axial magnetic field pro-
duces a very thin annular beam. Since vy for an an-
nular beam is larger than for a solid beam of the same
area, the value of wvg/ug will be smaller for the
same beam current.

In order to assure narrow bandwidth, high
efficiency microwave generation at high or low fre-
quency from the vircator, the following character-
istics must be met. First, no reflexing of electrons
in the region between the real and virtual cathodes
must occur. Any axial magnetic field must be shaped
to divert the electrons, or flux excluders must be
employed to confine the magnetic field to the diode
region. The latter arrangement will allow the radial
space-charge electric field to perform the role of
expelling electrons to the waveguide wall. In addi -
tion, if the beam is annular, a collimator may be used
to help prevent reflexing of electrons back to the
cathode. Second, the electron beam must be cold.
Experimental and theoreticall® results indicate that
foilless diodes create low emittance beams. Laminar
flow, where the electron Larmor orbit is smaller than
the beam thickness, is obtained whenl®

ple < (4)
/T

where a is the orbit radius, & is the radial spacing
between the cathode and drift tube wall (which acts as
the anode) and wc is the electron cyclotron fre-
quency given by eB;/mc. Low beam scatter is also
assured, because of the lack of a foil. Finally, the
diode voltage and injected current must be constant,
More appropriately stated, the impedance must be con-
stant. Flat-top voltage pulses can be attained in a
variety of ways in several diode configurations. How-
ever, at high voltages the foilless diode operates as
a purely resistive load, therefore wgsce YI7V = 1/V1
is constant. Also, absence of diode closure in some
foilless diode experiments makes a long pulse device
possible.

We > (YO -

It is evident from this discussion that the
foilless diode in a strong axial magnetic field rep-
resents the optimal configuration for a high fre-
quency vircator. It optimizes microwave power and
efficiency while generating high frequency, coherent
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radiation. For low freguency operation a foil diode
or reflex triode utilizing a high transparency mesh
for the anode can be used. No axial magnetic field
should be employed in order to minimize electron
reflexing.

A schematic of the confiquration being used in
the vircator experiment!’ at Mission Research Corpor-
ation is presented in Fig. 2. The pulse power para-
meters are 50 kV, 66 @ matched impedance and a pulse
length of 1 ysec. The magnetic field coil is capable
of attaining 60 kG. We anticipate operating at fre-
quencies as high as 100 GHz. Even with a low effi-
ciency of 2.5% we will produce 1 MW of RF power. A
multi-channel microwave grating spectrometer in the
30-110 GHz region developed by MRC will be the chief
diagnostic on this exper1ment

In summary, the vircator has the potential for
producing very high power microwave pulses in the
centimeter and millimeter wavelength regimes. In a
foilless diode configuration it is tunable by adjust-
ing the imposed axial magnetic field. In a foil
diode or reflex triode tuning is accomplished by
changing the A-K gap spacing. The microwave genera-
tion will be coherent and efficient, if electron
reflexing into the diode region is prevented

For an injected current v > 3 v //"'
Because the oscillating beam fs equ%va]gn% to a de-
formable dipole, the preferred waveguide mode for an
axisymmetric beam in a straight-walled cylindrical
guide is TMy, where n = D/Ag, D is the waveguide
diameter and Ay s the free space wavelength.
Thus, D/xo should be <chosen to be close to an
integer value. Once n is known, the phase velocity,
group velocity, wavelength and impedance of the wave
in the guide are determined. Similar considerations
hold for a rectangular waveguide, Note that both
vy and the cutoff wavelength, A., depend on the
guide dimensions and geometry. Both must be consid-
ered in choosing an experimental configuration.
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Figure 2. Schematic of the AFOSR/MRC Vircator.
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