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Techniques for High Power Microwave
Sources at High Average Power
James N. Benford, Senior Member, IEEE, Nicholas J. Cooksey, Jerrold S. Levine, and Richard R. Smith

Abstruct- Generation of microwaves at high power has progressed largely on single shot devices. Applications, however,
require high average power, implying operation at substantial
repetition rates. This is in a new domain for microwave devices.
The technical challenge is to achieve very high electric fields
in the source on a repetitive basis without breakdown. We
describe experiments on CLIA, a Compact Linear Induction
Accelerator, capable of generating 750 kV and 10 kA into a
matched load using magnetic switching to produce 60 ns long
pulses. As a first application we used CLIA to drive a watercooled L-band magnetron at repetition rates as high as 250
Hz with no breakdown or pulse shortening. This gave 6.3 kW
average power. A short burst at 1 k H z demonstrated operation
that would translate to an average power of ~ 2 kW.
5 In this
regime operation is not limited by gas build-up, electrode erosion
or microwhisker depletion. We are now operating on CLIA with a
high current relativistic klystron. Beams with modulated current
powers of %lGW have been generated at 100 Hz for bursts as
long as 5000 pulses. There are no apparent obstacles to much
higher average powers at higher peak powers.

I. INTRODUCTION

T

HE generation of microwaves at high power (> 100 MW)

has progressed largely on single shot devices. Yet many
applications will require repetitive operation at substantial
repetition rates [I], implying high average power. Only a few
repetitive high power experiments have been conducted. In
most the pulse duration is < 50 ns, with average powers less
than a kilowatt. Conventional microwave tubes have operated
at high average power, but peak power has been low (< 100
MW).
The technical challenge of achieving both high peak and
high average power is that repetitive operation may 1) evolve
material from surfaces which raise the pressure, causing breakdown in the high electric fields (n100 kVicm) of successive
pulses and 2 ) prevent emission of electron beams from cold
cathode surfaces by evaporating monolayers (of gas, oil,
water, etc.) and firing again before they can recondense. (It
has been suggested that monolayers are the seat of plasma
formation from cold cathodes, rather than plasma formation
from exploded metal micro projections.) The pressure buildup
issue may be addressed by better high vacuum techniques,
but only by actually operating at high peak power (> 100
MW) and high repetition rates (> 100 Hz) can the practical
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limitations be found. Our focus here is on engineering aspects
of repetitive HPM systems; a more complete discussion of the
CLIA pulser [2] and the experimental results [3], [4] can be
found elsewhere.

11. REPETITIVERELATIVISTIC
MAGNETRON
We modified our L-band magnetron [5]for repetitive operation for this experiment. It has six cavities, with cathode, vane
and resonator radii of 1.27, 3.18, and 8.26 cm, respectively,
and oscillated in the .rr-mode at 1.1 GHz. This magnetron had
produced 3.6 GW when connected to Marx banklwater line
drivers.
The modifications for repetitive operation consisted of cooling the anode vanes (via 0.64 cm diameter water channels
0.33 cm from the surface) and the downstream surface where
the axial current emitted from the cathode tip is collected.
[The maximum power density on the vanes due to the electron
beam is FZ 20 MW/cm2; for a burst at 250 Hz, the average
power density is 300 W/cm2.] We paid particular attention to
creating good electrical contact between parts, for both dc and
RF fields, by designing knife edge contacts where possible
and by using indium at flat surface contacts, while avoiding
virtual leaks. We also used a cryopump for our vacuum system
to eliminate possible contamination from backstreaming oil
from an oil diffusion pump. Base pressure was 4 x l o p 6 torr.
Previous single shot experiments have shown that peak power
is increased by lowering base pressure [6].
Our initial repetitive operation with the relativistic magnetron revealed some limitations in the operation of the device.
Fig. l(a) shows that as we increased the peak power and
repetition rate increasing numbers of the shots “dropped out,”
i.e., peak power decreased for some of the pulses in a burst.
The phenomena seemed random in time, i.e., the peak power
did not decrease steadily through a burst of 100 pulses. A
histogram of peak power [Fig. l(b)] shows a drop in the mean
of the peak powers as repetition rate increases. Comparing runs
at differing peak powers and repetition rates shows that the key
parameter is the average electron beam power in the burst.
The important variable is not merely the repetition rate, i.e.,
equivalent conditions seem to occur at roughly equal average
powers. It is important to note that these limitations were
clearly caused by the interactions within the magnetron; the
current pulses from CLIA showed no signs of dropouts.
The dropouts consist of shorter pulses at lower peak power.
Even the best pulses are short, and the pulse shape is more
triangular than rectangular. For all the pulses the FWHM pulse
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(a) Microwave pulse train and (b) histogram of peak powers for 100 shot bursts at various repetition rates with the relativistic magnetron
before modification. Power levels are in MW.
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( b)
Microwave pulse train on the magnetron after modification for (a) a 50 shot burst at 100 Hz and (b) a 100 shot burst at 200 Hz. Power levels are in MW.

duration is E 30 ns, compared to the 60 ns FWHM of the
electrical pulse.
Another observation is that the interval over which dropouts
occur is 50-100 ms. Therefore, dropouts at 10 Hz tend to be
a single shot but at 100 Hz are typically 5 shots. All of this is
consistent with a plasma formation mechanism which, as we
will see below, comes from surface contaminants and which
prevents high electric fields from existing in the resonator for
a period of 50-100 ms. Consequently, our data indicates that
the surface contaminants are probably long chain molecules,
which could be from the fabrication process, and are not simple
absorbed gases such as nitrogen, oxygen, or water vapor.
We undertook a number of simultaneous modifications
of the equipment. We made great efforts to remove gassy
materials, clean all surfaces by scrubbing with alcohol, and
relieve all trapped volumes to eliminate virtual leaks. To
remove the worst offenders, we substituted ceramic insulators
for the original plastic insulators in CLIA and eliminated the
anodizing on the surface of the CLIA stages since both the
plastic insulators and anodizing outgas water vapor. We also
connected a second vacuum pump and introduced bakeout
of the components and limited bakeout of the assembled
system. These modifications produced an order-of-magnitude
torr
improvement in the base pressure, from the IO-' to
range.
After this general cleanup and change in technique we
achieved fundamentally more reliable operation. Steady operation at high peak power, with no dropouts, is showri in
Fig. 2. After the modifications were made, the FWHM pulse

I

duration increased to E 50 ns and the shapes became much
more rectangular.
A general observation is that base pressure was not the
important variable in achieving high average power provided
torr. (We intentionally spoiled the
it was less than
vacuum back to the lop5 torr range and observed no detrimental effects.) Bakeout, however, is useful and the continued
pulsing of a system gradually improves performance, as in
the conditioning process of conventional tubes. Based on the
observation that the deterioration of operation was determined
bv the average power, we now feel that the hierarchy of effects
is as follows:
1) The cause of the dropouts is surface contamination;
adsorbed materials are not as important. For example, stainless steel and titanium anodes gave equivalent
performance even though titanium absorbs water and
gases before installation much more strongly than does
stainless.
2, Virtual leaks, while they can produce catastrophic breakdown and should be eliminated, are not the cause of the
dropout phenomena shown in Fig. 1.
3, Finally, elimination of the ceramic and anodizing was
not important in improving performance.
As can seen from Fig. 2, the pulses in the burst are nearly
identical, with
1 GW peak and 4.4 kW average powers at
100 Hz. The microwave pulses last as long as the current pulse,
i.e., there is no indication of impedance collapse or shifting of
the operating point off resonance (effects conjectured to limit
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the pulse length in other relativistic magnetron experiments).
A significant feature of magnetron operation on CLIA is that
the pulse duration of the microwaves (50 ns) is only slightly
less than that of the electrical pulse (60 ns). In many previous
relativistic magnetron experiments, the ratio is typically 1/3
171.
The first few pulses are slightly more powerful because there
is slightly more current. This is due to the time it takes to
establish a steady state within the CLIA power conditioning
system. This effect becomes more obvious as the repetition
rate is increased, causing a decrease in the peak power even
though the average power is still increasing. At 200 Hz the
typical peak power dropped to 700 MW while the average
power rose to 6.0 kW. At 250 Hz, the trend continued to yield
600 MW peak power and 6.3 kW average power. We tested the
system with a 5 shot burst at 1000 Hz (far beyond the average
current specification for CLIA) to see if there was a minimum
recovery time between pulses. The magnetron operates at 1000
Hz even though CLIA is capable of only a few pulses. Based
on the third pulse, we estimate the average power would be
M 25 kW, with a peak power of 600 MW. Therefore, evolved
gas clearing time is less than 1 ms.

the transition from the drift tube to the collector, a taper was
designed that took account of the magnetic field profile and the
electron beam parameters. The taper angle was chosen to be
large enough to allow the beam to expand along the magnetic
field lines without hitting the walls, but not so large that the
beam exceeds the local space-charge limited flow condition
(by having a radius less than the critical radius), creating a
virtual cathode. (The critical radius is proportional to the drift
tube radius, with the constant of proportionality determined by
the beam energy and current (500 keV and 5 kA).)
Another element of the single-shot design that has proven
to be unsuitable for repetitive operation is the use of radial
wires in the input cavity for mode selection [XI. During the
rising and falling edges of the current pulse, these wires
carry the beam return current due to the 20 nH inductance of the remainder of the cavity (10 kV would be generated at the location of the wires at the d I / d t of 5 x
10l1 A / s typical of our experiment). The resultant heating causes outgassing, embrittlement, and eventual failure
of the wires. The broken wires can then become a source
of arcing and breakdown. The net result is that the input microwave signal, as measured in the first cavity, gets
progressively shorter during a burst. We have been able
to remove the wires without noticeable degradation to the
bunched beam.
Fig. 3(a) shows the modulated current on selected shots
in a 100 Hz, 100 shot burst at 4.5 kA total current. After
some transient behavior in the first M 20 shots, the output
becomes quite reproducible, with 3.0-3.5 kA modulation. We
have successfully increased the number of shots by a factor of
ten (to 1000) and the shot rate by a factor of two (to 200 Hz),
simultaneously, with highly reproducible results [Fig. 3(b)].
The modulated current was 2.0-2.5 kA, out of 3.5 kA total
current. The decrease in the modulated current, as compared
with 100 Hz operation, is due to the decrease in the cathode
voltage, and thus the total current, at the higher repetition rate
(since we chose not to increase the CLIA charge voltage for
this test) and to a decrease in the efficiency of modulation
because the position of the gaps was not optimized for these
beam parameters. The data do, however, clearly demonstrate
that there are no inherent limitations (at the beam modulation
stage, at least) to long bursts of high repetition rate pulses
with the RKA.

KLYSTRON
AMPLIFIER
111. REPETITIVE
RELATIVISTIC
Another microwave source, capable of producing GW power
levels in the GHz range, that has seen substantial single-shot
development but little repetitive development, is the highcurrent relativistic klystron amplifier [SI. In our experiment,
a 5 kA, 500 kV annular electron beam, 1.8 cm mean radius by
0.2 cm thick, is emitted by a graphite cathode from a foilless
diode energized by CLIA. The beam propagates through a two
cavity RKA buncher, supplied by M. Friedman and V. Serlin
of the Naval Research Laboratory. The drift tube radius is 2.38
cm. A 500 kW L-band magnetron provides the input signal at
1.32 GHz. The input cavity is 3X/4 long. Radial wires, which
are placed at a null at the input frequency and therefore have
no effect on it, but load down the fundamental mode, were
used originally; they have been removed, as explained below.
An axial magnetic guide field, 6-10 kG, is required for beam
transport. The current modulation on the beam is measured
with a B-dot probe mounted in a section of the drift tube.
Since repetitive operation requires a vacuum system
that has a low base pressure before every shot in a
burst, one of the main considerations in the design
of the RKA is simply good vacuum technique. Copper
gaskets are used wherever practical; where the flexibility
provided by O-rings is required, viton O-rings are used
to allow moderate bake-out (M 120 C). Trapped spaces
are eliminated by pump-out holes. Good electrical contact
between pieces is also required to prevent arcing. As a
result, we are able to obtain a base pressure of 1.0 x IOp8
torr.
The electron beam collector used in the single-shot RKA
is a flat graphite disk in the drift tube just downstream of the
output cavity [XI. For repetitive operation, we instead collect
the beam on the inner surface of a 15 cm diameter stainless
steel tube, which can be cooled with liquid nitrogen. To make

1

IV. DISCUSSION
These results extend the envelope of high average and high
peak powers for microwave sources. In addition to the points
discussed above, what may be most notable about these results
are the things that do not limit repetitive operation:
There is no problem of gas build-up in the magnetron
and klystron that could produce impedance collapse or
interfere in other ways, though a vacuum system with
a base pressure in the low lop6 torr range seems to be
required for consistent repetitive operation in the klystron.
There is no diminution of cold cathode emission after
5000 shots, consistent with the result of Buttram [9] that
at least 100 000 shots are required to show diminished
emission.

BENFORD et al.: TECHNIQUES FOR HIGH POWER MICROWAVE SOURCES

391

Fig. 3. Amplitude of the modulated current for selected shou in (a) a 100 shot burst taken at 100 Hz and (b) a 1000 shot burst at 200 Hz. The total
currents were 4.5 kA and 3.5 kA, respectively.

The results of these experiments allow some general statements about the scaling of HPM sources to high average
power. In the L-band magnetron experiments the average
power loading is z 1 W/cm2 at 1 Hz. Note that this is
the electrical power deposited in the surface of the anode.
The thermal limitation of conventional microwave sources is
% 2 kW/cm2. Therefore, thermal limitations should occur at
about 2 kHz in the L-band magnetron. Since the efficiency
of relativistic magnetrons is roughly l0%1,and the resonator
area is about 400 cm2, the average RF power is limited to
z 80 kW. At higher frequencies the power limit will be
lower: since resonator length and circumference scale with
the wavelength, surface area, and therefore the power, will
scale as X2. Consequently, scaling from the 1.1 GHz L-band
magnetron to a 2.8 GHz S-band magnetron will reduce the
power limit to % 10 kW. For relativistic magnetron systems
to achieve higher average powers a number of sources could
be phase locked together [lo].
On the other hand, relativistic klystrons do not suffer
from this limitation because the beam propagates through
the bunching structure and is deposited in the collector. The
collector can be made arbitrarily large, therefore reducing the
average power input to the collector walls. An example of
this is a 1 MW average power L-band klystron commercially
available from Thomson-CSF [ 111.
CLIA can be upgraded to extend the pulse length beyond
the present capability. Since the microwave pulse lasts as long
as the current pulse, there is clearly no impedance collapse and
furthermore there must be relative insensitivity to the applied
voltage. Thus, there is cause for optimism that these sources
would generate longer microwave pulses.
One result of this experiment, that 250 Hz, 100 shot bursts
and 1000 Hz, 5 shot bursts can be achieved reproducibly, indicates that much higher average powers should be achievable in
the magnetron and other high peak power devices at repetition
rates in excess of a kilohertz.
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