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Introduction

The primary purpose of this conference was to present and critically assess current research
on the generation and transmission of intense microwave pulses. The present volume
documents all research presented at the conference and is the sequel to Intense Microwave
Pulses Ill, Howard E. Brandt, Editor, Proc. SPIE 2557 (1995).

At this year’s meeting, the phenomenon of pulse shortening in high-power microwave
sources received special attention. Specifically, reports were made on investigations of
pulse shortening in the Reltron, the Pasotron, the magnetically insulated line oscillator
(MILO), and a long-pulse backward-wave oscillator. Possible causes and remedies were
addressed. Related investigations of breakdown phenomena at window interfaces,
multipactor discharge in microwave cavities, and explosive cathode emission
phenomenology were reported.

Ongoing research on high-power klystron oscillators and amplifiers was also presented.
This included: (1) a simple model of an injection-locked relativistic klystron oscillator, (2)
an analytical model of electron-beam bunching and gain in a relativistic klystron amplifier
(RKA), and (3) an explicit expression showing the dependence of RKA drift length on
buncher-cavity gap voltage.

In research on high-power magnetrons, the design, operation, and spectral characteristics
were reported for a relativistic magnetron with a grounded cathode. In other work, effects
were calculated for asymmetric loading of a magnetron cavity on the resonant frequency
and quality factor of various cavity modes. Numerical simulations of magnetron phase
locking were also presented.

Work reported on virtual-cathode sources included determination of spectral characteristics
of a vircator resonantly coupled to a surrounding cavity, and analysis and experiments on
microwave generation by a vircator utilizing inductive energy storage.

In gyrotron research, experiments on long-pulse microwave production by a high-power
gyrotron with rectangular cross section were reported. Also presented was work on
harmonic multiplication as a possible way to produce high frequency, large bandwidth, and
high power in gyrotron oscillators and amplifiers. Results on nonlinear time-dependent
multimode calculations of mode locking in quasi-optical gyrotron oscillators were reported.
Also presented were experimental results on a novel design for a cyclotron maser having
a periodic waveguide consisting of a two-dimensional linear array of metal posts. In
addition, research on unwanted-mode suppression in a gyrotron-backward wave oscillator
was presented.




A useful model of a Cerenkov maser was presented, together with calculations of
dispersion relations, growth rates, and field structure. Also presented was a study of possible
advantages of dielectric Cerenkov amplifiers over devices with periodic conducting slow-
wave structures for wide-bandwidth high-power microwave production. Theoretical and
experimental results on a beam-plasma inertial-feedback amplifier were reported, in which
the amplifier served as a stochastic microwave source. The interaction of the stochastic
radiation with plasma was also addressed.

Recent Pasotron research was presented, including an investigation of the performance
characteristics of the device using various rippled-wall and helical slow-wave structures,
and using a repetitive plasma-cathode electron gun. Also, on the basis of experimental
studies of the electron-beam dynamics, it was concluded that a new depressed collector-
configuration for the Pasotron tube may significantly improve the overall device efficiency.

In other work, nonlinear analysis was presented of the dispersion relation, growth rate, and
energy conversion efficiency of an electromagnetically pumped free-electron laser with a
tapered guide field. Also reported were analysis, together with model experiments, on
synchronous frequency stabilization in systems of strongly coupled microwave oscillators
utilizing high-Q resonators.

Experimental results were discussed on the formation of electromagnetic shock waves in
the magnetically insulated transmission line of an electron-beam generator with a dielectric
insert in the cathode. in other work, theory was presented on electromagnetic pulse
production by ionizing radiation incident on a photoemissive surface.

In the area of microwave diagnostics, the following research was reported: (1) the
measurement of high-power microwave fields by means of the rf Stark effect, and (2) the
operation of a standard rf probe with a fiber optic link and a Michelson modulator. Also,
very innovative and stimulating analytical and experimental work was presented on the use
of photonic bandgap technology in the development of ultrawideband antennas.

This conference evolved from earlier SPIE conferences reporting closely related research
which is documented in SPIE Volumes 1061, 1226, 1407, 1629, 1872, 2154, and 2557.

| wish to thank Ronald Gilgenbach of the University of Michigan for his outstanding
performance as cochair and session chair of this conference.

Howard E. Brandt
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Pulse-shortening in high-peak-power Reltron tubes
R. B. Miller

TITAN Advanced Innovative Technologies
Albuquerque, NM 87119-9254

ABSTRACT

Most high-peak-power (= 100 MW) microwave tubes are seemingly limited to an output RF energy per pulse of
about 100 J. While Titan's L-band Reliron tubes have achieved 250 J/pulse, we have also observed pulse-shortening
phenomena in both the modulating cavity and output cavity regions. We have examined the effects of construction
materials, fabrication techniques, vacuum pressure, and conditioning. We will present data from these experiments and
discuss a plausible pulse-shortening hypothesis involving electric-field-induced gas evolution and subsequent ionization.

We believe that our energy-per-pulse limitations are the result of our current tube construction approach which
uses explosive emission cathodes, plastic insulators, and grids to define cavity boundaries. While some simple extensions
of this approach offer some hope for increasing the energy per pulse to perhaps 500 joules in L-band, we believe that
achieving > 1 kJ/pulse will require the use of conventional microwave tube construction techniques, including thermionic
cathodes, ceramic insulators, and brazed joining with high-temperature bakeout. We will present the design of an L-band
Reltron tube having these features.

Keywords: pulse shortening, microwave tubes, Reltron
1. INTRODUCTION

Pulse-shortening has been observed in all high-power (= 100 MW) microwave tubes that have attempted to extend
the useful power pulse beyond about 100 ns.1-3 As a result, most experimental L-band tubes, for example, are limited to <
100 joules per pulse. Titan's Reltron tube is notable in that it has produced as much as 250 joules in L-band, but it too
suffers from pulse-shortening phenomena 4

Prior to describing our detailed experimental observations, we briefly discuss the tube construction, the pulser
circuit, and the various diagnostic signals. A schematic diagram of a Reltron tube is shown in Figure 1.5 For the purpose
of this paper we will limit our discussion to the present design and construction of our high-peak-power Reltron tubes. An
electron beam is drawn from a planar velvet cathode via an explosive emission process when voltage is applied to the gun
region. The beam becomes modulated through a self-excited oscillator mechanism as it passes through the modulation
cavity.6 This structure is a three-cavity section of a side-coupled, standing-wave 1f linac. The two cavities through which
the beam passes are defined by grids, made of either stainless steel wire mesh, or electro-etched molybdenum. The high-
voltage vacuum insulators are comprised of stacks of alternating plastic (polystyrene) insulator rings and aluminum grading
rings. An external magnetic field is not required; focusing is provided by shaping the electric field in the region of the
accelerating gap. The accelerating gap voltage also increases the beam power and reduces the relative kinetic energy spread
of the electrons in the bunched beam. Multiple output cavities are used to efficiently extract if power from the beam, while
limiting the peak electric field that appears in any one output cavity. The spent beam is deposited in a beam dump made of
either stainless steel or high-density graphite. The vacuum pressure is maintained in the 103 torr range with a turbo-
molecular pump, backed by an oil roughing pump. The linear geometry of this tube provides a convenient test-bed for
studying pulse-shortening phenomena. Unlike a magnetron or other cross-field devices, there is no externally applied
magnetic field, and the beam generation, bunching, and power conversion processes occur in different regions of the tube.
This configuration therefore allows progress to be made in each region, somewhat independently of the other regions.

The pulser used for most of our experiments has been described previously.# It is a conventional Marx generator
operated in run-down mode, i.e., a simple RC-decay voltage pulse. The voltages supplied to the accelerating gap and
electron gun region of the tube are adjusted with a simple resistive voltage divider. In typical high power operation
approximately 200 kV is applied to the gun region, and 800 kV is applied to the accelerating gap. Beam currents are
typically 1 kiloampere. A triggered crowbar switch is used to shunt the Marx energy to ground to prevent late-time damage
to the tbe. Firing of the crowbar switch is adjustable relative to the time of Marx erection; for the experiments reported
here, the voltage pulses had a typical duration of 0.5 - 1 microsecond.

SPIE Vol. 2843 e 0-8194-2231-2/96/$6.00
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Figure 1. Schematic diagram of a Reltron tube, indicating the electron gun region, the modulating cavity, the accelerating
gap, the multiple output cavities and the beam dump.
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Our minimal standard diagnostics include resistive voltage monitors for the total Marx voltage and for the voltage
applied to the accelerating gap, a B-dot probe situated inside the Marx tank to monitor the modulated beam current
propagating through the accelerating gap region, and a B-dot monitor in the anechoic chamber to monitor the radiated
microwave power. The beam modulation signal is split with a directional coupler. On one output of the coupler a crystal
detector is used to determine the envelope of the beam modulation pulse. The second output of the coupler is sent to a
mixer crystal in which the beam modulation signal is heterodyned with the signal from a fixed frequency local oscillator.
The resuiting intermediate frequency (IF) signal is a measure of the beam modulation frequency. A crystal detector is also
used to measure the microwave power from the anechoic chamber B-dot probe. This arrangement of diagnostic signals is
important because it allows us to independently monitor the performance of the modulating cavity and the output cavities.

2. EXPERIMENTAL OBSERVATIONS

In the following sections we briefly summarize our experimental observations having relevance for the pulse
shortening issue. We begin by discussing an example which illustrates pulse shortening in the output cavity. We then
present observations of pulse shortening in both the modulation cavity and output cavities under a variety of conditions.

2.1 Pulse Shortening Example

In Figure 2 we exhibit our best experimental results as of approximately three years ago, in terms of energy per
pulse.4 After a lengthy pump-down period (a few days), and considerable hot test conditioning (several hundreds of pulses)
we were able to obtain 1-GHz operation at a peak power of about 600 MW, with a peak energy per pulse of approximately
250 joules. Note that high-level beam modulation was maintained for the entire duration of the voltage pulse at a very
constant frequency; however, the output power pulse began to decay after a few hundred nanoseconds, dropping to
essentially zero by the end of the voltage pulse, even though the beam modulation was still quite good. Also note that A-K
gap "closure™ was not a factor, even for these very long pulses. For our velvet cathodes operating at stress levels of up to
several tens of kV/cm, significant impedance collapse was not observed, suggesting that plasma closure velocities must be
less than 0.5 cm/usec. In other words, for this particular set of tube conditions, pulse shortening was not observed in the
anode-cathode gap or in the modulating cavity, but did occur in the output cavities. If we could have obtained output cavity
performance equivalent to the performance of the modulating cavity, we would have been able to produce nearly 500 joules
per pulse from this Reltron tube at an operating voltage of about 1.2 MV.

2.2 Modulating Cavity Performance
2.2.1 Conditioning Effects

We have repeatedly observed the beneficial effects of "conditioning™ on the performance of both the modulating
cavity and the output cavities. As a general comment, we always see a beneficial effect of good vacuum (< 10-5 torr) and
improved results with prolonged tube operation under good vacuum conditions. However, the most dramatic conditioning
is that initially observed after a tube has been exposed to air for a few days.

We first discuss the effects of conditioning on the beam modulation pulse. The shot history shown in Figure 3 is
fairly typical of the expected performance using new 50 mesh stainless steel grids (S0 one-mil wires per inch) in the
modulating cavity of our 1.3 GHz Reltron tube. At low initial charge voltage the modulation pulse duration (FWHM) is
nearly full (800 ns), but as the voltage is subsequently raised, the pulse duration becomes erratic, and generally shorter for
several shots, until the modulating cavity becomes "conditioned” at that particular voltage and pulse duration.
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Figure 2. (a) The top trace is the voltage pulse applied to the accelerating gap region; the bottom trace is the intermediate
Jfrequency output of a mixer crystal obtained by heterodyning the modulated beam current signal with that of a local
oscillator. The beam modulation is essentially fully developed within 80 ns after the Marx voltage reaches its maximum
value. Note that there is no frequency chirp over almost 700 ns of beam modulation. The frequency is about 1 GHz.
Figure 2. (b} This trace is the output power pulse obtained on the same shot as the signals of 3(a). The power was radiated
into an anechoic chamber, sensed by a magnetic loop probe, attenuated, and detected with a crystal detector. The output
power pulse remains approximately constant over about 300 ns, but decays to zero by the end of the voltage pulse, even
though the beam modulation is still quite good. The peak power is nearly 600 MW and the total rf energy in the pulse is
about 250 joules.
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Figure 3. FWHM duration of the beam modulation pulse as a function of shot number, as the voltage is systematically
increased.

It is also instructive to examine the variation in modulation frequency when a short pulse results. The waveforms
shown in Figure 4 (a) and (b) typify a good beam modulation pulse. The detected signal from the B-dot probe is nearly
square, and terminates when the crowbar switch terminates the voltage pulse. The corresponding IF trace from the mixer
crystal indicates very little chirp, showing only a slight decrease in frequency as the voltage droops. (This slight decrease in
frequency with voltage results from the changing beam loading conditions in the modulating cavity.) On the other hand,
the waveforms shown in Figure 4 (c) and (d) typify a short beam modulation pulse, meaning that the beam modulation
ceases before the voltage pulse terminates. The corresponding IF trace clearly indicates an increase in the beam modulation
frequency prior to the cessation of beam modulation.

2.2.2 Re-Conditioning Effects

During our initial Reltron tube development efforts we did not use a crowbar swiich to terminate the voltage
pulse.6 The resulting late-time arcing of the accelerating gap insulators on almost every shot caused considerable tube
damage. Although progress was made, the output rf pulses during periods of arcing were observed to be erratic in both
duration and amplitude. After installation of the crowbar switch, progress was much faster, but until the switch was
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Figure 4 (a) and (b). Reltron waveforms obtained after conditioning of the modulating cavity. (a) The top trace is the
envelope of the detected beam modulation signal, while the bottom trace is the voltage applied to the accelerating gap. (b)
The top trace is the IF of the beam modulation signal; it is relatively constant over the 800 ns pulse width, displaying only
a slight chirp to lower frequency as the applied voltage droops. The bottom trace is the output power pulse; it displays
severe pulse shortening.

Figure 4 (c) and (d). Reltron waveforms obtained during conditioning of the modulating cavity. (c) The envelope of the
beam modulation signal decreases to zero by the end of the applied voltage pulse. (d) The IF signal indicates a significant
chirp to higher frequency. Note that the output power pulse is very similar to that in 5 (b) above, but simply terminates
when the beam modulation stops.

perfected we experienced occasional shots for which the switch did not fire, again resulting in arcing of the accelerating gap
insulator. Since the switch misfires were relatively infrequent, we did not experience significant tube damage; however, we
did note that after almost every insulator arc, the ensuing several shots would exhibit shortening of the beam modulation
pulse. It would sometimes take a few tens of shots for re-conditioning of the modulation cavity in this circumstance.

2.2.3 Effects of Grid Construction

We have experimented with several different grid designs and grid construction techniques. Most of our low
frequency tubes have used standard stainless steel wire mesh composed of one mil wire woven into a rectangular grid with
50 wires per inch in both dimensions. In early experiments we found that 100 mesh one-mil grids gave even longer pulses,
but significally reduced the output power, presumably because of the reduced transparency. We have also experimented with
grid transparencies of nearly 99% using a circular grid with radial spokes made of one-mil molybdenum. After nearly 100
pulses, the beam modulation pulse was still of short duration (400 ns) and low amplitude. Replacing these grids with the
standard 50-mesh stainiess steel restored tube performance. A tungsten mesh woven with one-mil wire into a rectangular
grid with 40 wires per inch does improve performance in comparison with the stainless grids. They appear to condition
faster, to give faster turn-on of the beam modulation, and to give higher amplitude beam modulation signals.

2.2.4 Idler Cavity Construction

Most Reltron tubes have been tunable, and we have explored several mechanisms for mechanically varying the
cavity dimensions. Our most common approach uses co-moving plungers to vary the resonant frequency of the cavities
through which the beam passes, and a tuning screw to vary the gap separation in the re-entrant side-coupler cavity (the idler
cavity). For both actuators vacuum integrity is preserved using stainless steel bellows. In the case of the plungers, we
have always placed the bellows outside of the modulating cavity structure proper for ease of construction. The idler
movement is shown in Figure 5. In an early design the bellows itself formed the re-entrant post in one-half of the idler.



During experimentation we noted that quite good beam modulation pulses were achieved when the the frequency was held
constant, but that short beam modulation pulses often occurred for a few shots after the frequency was changed. We
subsequently determined that the cause of this behavior was flexing of the idler bellows during the mechanical tuning
procedure. Placing this bellows outside the interior of the idler cavity region eliminated this cause of pulse shortening.
idler
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Figure 5 Removing the idler cavity bellows from the cavity interior eliminated pulse shortening as the Reltron operating
Jrequency was varied.

2.2.5 Frequency Effects

Reltron tubes have been built with center frequencies in the range of 0.7-6 GHz. While theory suggests that the
peak power of a Reltron tube should be independent of frequency,8 it is easier to obtain high power at lower frequencies.
Even more dramatic is the reduction of the pulse duration. While the peak power scales no faster than f-1/2, the pulse
duration appears to scale at least as fast as f-1. Moreover, the pulse shortening observed at S-band and higher is almost
always caused by termination of beam modulation. Typical beam modulation and output power waveforms for a high-
power S-band Reltron tube are shown in Figure 6. We have been able to obtain pulse durations of greater than one
microsecond using our high-peak-power S-band tube design, but only by substantially decreasing the applied voltages.
With 60 kV applied to the gun and 90 kV applied to the accelerating gap we have produced an output power of >10 MW at
an efficiency of about 35 % (unoptimized). Typical waveforms for these tests are shown in Figure 7.
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Figure 6 (a) Beam modulation envelope and IF waveforms for an S-band Reltron tube. (b) Corresponding output power
pulses from two output sections containing two output cavities each. The peak power from each section is about 80 MW.
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2.3 Output Cavity Performance
2.3.1 Effects of Conditioning

Conditioning is also observed in the output cavities, although the results are less dramatic than for the modulating
cavity. The results shown in Figure 8 at 1.3 GHz are fairly typical for an output section that has been exposed to air for a
few days, then evacuated to a pressure of < 10- torr for a few hours. The Marx charge voltage was held at only 32 kV
(about 650 kV total voltage) for these data. For shot #7 there is a sharp power peak (about 120 MW), followed by a rapid
decrease in power. By shot #16 the peak power has increased to about 140 MW, and the pulse has lengthened somewhat.
From shot #16 to shot #35 the power pulse gradually broadens, without a significant increase in peak power. The total
energy in the pulse from this single output section (containing two cavities) is about 40 joules at this low voltage level.
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Figure 7 Repetitive pulse (25 Hz max.) waveforms obtained under low power conditions (10-20 MW) with our S-band
Reltron tube. (a) the applied voltage from a thyratron-switched PFN/transformer pulser; (b) the top trace is the detected
power pulse; the bottom trace is the IF signal. There is no pulse shortening, although the frequency chirp (to lower
Jrequencies) is quite apparent as the voltage droops.
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Figure 8. Output cavity conditioning during a series of pulses at 32 kV charge voltage with a well-conditioned modulation
cavity. (a) Shot #7 displays a sharp power peak. (b) By shot #16, the power peak has broadened. (c) By shot #35, some
additional pulse broadening has occurred, but there is no further increase in peak power. Additional pulsing at this voltage
level will produce no further improvement.

2.4 First Extractor Output vs Second Extractor Output

Our standard output cavity design uses rectangular output cavities with inductive irises opening into rectangular
waveguide.” The output cavity quality factor is usually of the order of 20, with the resistive shunt impedance chosen
according to the modulated beam current, the total beam voltage, and the number of output cavities. The output cavities
often have grids also, with the standard being one-mil stainless steel wire with 100 wires per inch. Our 1.3-GHz tube was
initially designed with two output extraction sections, with each section containing two cavities. Output pulses from the
first extraction section (containing two output cavities) were shown previously in Figure 4 under high power operating
conditions. These pulses rather dramatically exhibit the pulse shortening phenomenon. The two-extractor configuration
enabled us to examine how the pulse shortening in the first extractor might affect the power pulse from the second
extractor, In Figure 9 we present the results from an experiment in which the charge voltage was relatively low (30 kV, for
a total voltage of 600 kV), and the cavities of the first extraction section were tuned to extract most of the available rf
power. That is, the areas of the inductive iris openings were sufficiently decreased to develop a total stopping voltage
approximately equal to the beam voltage when the resonant frequency of the output cavities was adjusted to that of the beam
modulation frequency. Under these conditions the output power pulse from the first extractor clearly exhibited pulse
shortening. Also, as expected the output power pulse from the second extractor was initially small, but increased
dramatically later in the pulse when the power level from the first extractor decreased. Evidently, the pulse shortening
mechanism caused the rf electric fields to decrease in the cavities of the first extractor.
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Figure 9 (a) The top trace is the beam modulation envelope. The bottom trace is the output power pulse from the first
oulput extraction section.

Figure 9 (b) The top trace is the output power pulse from the second extraction section. The bottom trace is the voltage
applied to the post-acceleration gap.

2.5 Effects of Output Cavity Construction

We have also replaced the standard 100-mesh stainless grids in the output cavity with 50-mesh stainless grids, but
have found that they give even shorter pulse durations, with essentially no improvement in peak output power. (The beam
kinetic energy in the output section is sufficiently high that the electrons are not stopped by one mil of stainless steel; this
is not the case for the grids in the modulating cavity.)

In a recent set of experiments we simply removed the stainless mesh grids from their holders on the entrance and
exit sides of the first two-cavity extractor, leaving the center grid in place (to ensure no crosstalk between the two cavities).
The resulting output pulse is compared with that obtained with the 100-mesh stainless grids in tact in Figure 10 (a) and (b).
The peak amplitude without the grids decreased significantly, but the output pulse was much wider. We subsequently
increased the voltage until we obtained an output pulse which had nominally the same peak amplitude as that of Figure 10
(a). This pulse is shown in Figure 10 (c); it clearly has a longer duration than that of Figure 10 (a).

We next replaced the grid holders with plates having a smaller aperture (1.75" dia). Output pulses are shown in
Figure 10 (d). Note that the peak power for the same voltage is comparable with the aperture plates replacing the grids, and
the pulse durations are significantly longer also. However, as the voltage was raised, the pulse shortening returned, as
shown in Figure 10 (). As the final test in this series, we replaced the grid between the two output cavities with a 1.75"
aperture plate, also. With this configuration we were able to increase the charge voltage to 38 kV (about 740 kV), and after
some conditioning, we obtained the traces shown in Figure 11. There is no apparent pulse shortening. Although the
interaction efficiency with the aperture plates was somewhat decreased, reducing the peak power to about 150 MW, the lack
of pulse shortening permitted an extracted energy per pulse of about 120 joules from the first extraction section alone. By
implementing this strategy on the second extraction section as well, we were able to obtain a maximum energy per pulse of
about 250 joules with a peak output power of about 350 MW at a charge voltage of 40 kV. This represented an
improvement in energy per pulse of about a factor of two above our previous best results using our 1.3 GHz tube.

2.7 Repetition Rate Effects

We have operated high-peak-power Reltron tubes in a repetitive mode using PFN-Marx and PFN-transformer
pulser configurations at lower voltages (200 kV), and therefore lower rf power (20 MW). At repetition rates up to a few
tens of Hz, with voltage pulse durations of < 2 psec, we observed rapid tube conditioning, including improved power and
pulse duration over the full voltage pulse, provided that the tube pressure did not exceed about 1x10-4 torr. If the pressure
reached this level, the microwave pulses virtually disappeared in a few tens of shots. In addition, we have operated a sealed
Reltron tube which had been baked at a low temperature (200 °C) for a few hours. Although the background pressure was
good (1x107 torr), at repetition rates of a few Hz, rf pulse durations over the full voltage pulse could not be obtained.
However, when the repetition rate was increased above about 10 Hz, the output pulses rapidly broadened until rf pulse
durations equal to the duration of the voltage pulse (about 2 usec.) were achieved. Decreasing the repetition rate again
resulted in pulse shortening. This behavior persisted for many days of operation.
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Figure 10 Effects of grid removal on the output power pulse. In (a) through (e) the top trace is the IF signal and the
bottom trace is the power pulse from the first of two extraction sections, each of which had two output cavities. (a)
Typical output power pulse using 100-mesh grids at a charge voltage of 32 kV. (b) Output power pulse obtained at 32 kV
with the entrance and exit grids removed. (c) Output power pulse obtained at 38 kV with the entrance and exit grids
removed. (d) Power pulse obtained at 32 kV, with 1.75" aperture plates replacing the entrance and exit grids. (e) Power
pulse obtained at 38kV, with 1.75" aperture plates replacing the entrance and exit grids.
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Figure 11. Waveforms from our 1.3-GHz tube at 38 kV charge voltage and 1.2-GHz operating frequency. (a) The top trace
is the envelope of the modulated beam current; the bottom trace is the voltage applied to the accelerating gap (about 740
kV). (b) The top trace is the IF signal; the bottom trace is the output power pulse from the first extraction section with all
grids replaced by 1.75" aperture plates. The pulse duration exceeds 900 ns, and pulse shortening is not apparent.




3. DISCUSSION

For the parameter ranges in which we have operated our high-peak-power Reltron tubes our experimental
observations related to pulse-shortening can be summarized as follows:

1. Anode-cathode gap closure is not a limiting factor. Rather, the pulse shortening that we observe is usually the result of
cessation of beam modulation (for our S-band tubes), or "breakdown" in the output cavities (our L-band tubes).

2. Conditioning occurs in both modulation and output cavities. Improved operation is observed with better vacuum, and
continuous pumping improves performance, even if there is little improvement in the pressure. Reliable operation ceases if
the pressure approaches 2x104 torr. In one experiment, operation at = 10 Hz dramatically improved the pulse duration.

3. Processes which liberate gas or particles in the vicinity of the modulating cavity, such as arcing, or flexing of the idler
bellows in an earlier tube design, often cause shorter pulses and erratic behavior until the surfaces are reconditioned.

4. During modulating cavity conditioning, chirping to higher frequency usually precedes cessation of beam modulation.

5. Grids with higher transparency generally worsen the pulse shortening problem, both in the modulating cavity and in the
output cavities. Grids with lower transparency in the modulating cavity decrease the output power.

6. Replacing the grids with apertures in the L-band output cavities eliminated pulse shortening for pulse durations of nearly
one microsecond. The interaction efficiency decreased but the energy per pulse improved by about a factor of two.

We believe these observations are the result of gas liberation and ionization in the strong rf electric fields of the
modulating and output cavities. Anode-cathode closure is not an issue, and electron interactions with the grids cannot be
the controlling mechanism, because lower transparency grids give longer modulation pulses. We first summarize the theory
of electrode breakdown for "dirty” electrodes. We then discuss our experimental observations in light of this theory.

3.1 Summary of Electrode Breakdown Theory

It is observed that electrodes formed from ultra-clean metal surfaces that are processed by heating and field
desorption in ultra-high vacuum (10-® torr) at temperatures above 1000°C can support electric fields of up to 10 MV/cm
without breakdown.® In contrast, bare metal electrodes which are handled in air, cleaned by modest means, and pumped to
moderate vacuum pressures ( 10-5 torr) for a short time (few hours) are observed to undergo electric field breakdown
processes at electric field intensities of 100 kV/cm.? In the latter case, the electrode surfaces are coated by the natural oxide
(>1nm), by adsorbate layers (>1 nm) and by dust (microparticles larger than 1 micron). For porous oxides of steel and
especially aluminum, the larger effective surface area permits large quantities of water and hydrocarbon adsorbates. Thus,
typical steel and aluminum electrodes are coated by oxides (5 nm), by adsorbates (10 nm), and by dust. The bonding of the
oxygen in the oxides is electronic in nature and so strong that at room temperature an improved vacuum has little effect.
Adsorbates are bonded more weakly by definition, so that baking at 300°C will significantly reduce their amount.

All field limitations are due to the transfer of electric field energy to the kinetic energy of electrons and ions. This
transfer is dominated by electrons because of their small mass. The generally accepted theory for the observed electric field

limitations for breakdown in the case of "dirty" surfaces contains the following elements:? (1) Local electric field
enhancement at dust particles or microscopic protrusions gives rise to electron field emission. (2) These electrons are
accelerated in the applied field and impact other surfaces, heating these surfaces and generating secondary electrons and
photons. (3) These processes result in gas desorption via electronic excitations. (4) The desorbed gas is collisionally
ionized. (5) The free electrons and ions are accelerated, absorbing more energy, and causing more gas desorption, more
plasma formation, etc., leading to breakdown. The conditioning that is observed using such electrodes is usually attributed
to the removal of contaminants (dust) and microscopic protrusions by explosive vaporization, the formation of unsaturated,
polymerized hydrocarbon layers, and the desorption of adsorbates. Vaporization of dust and microscopic protrusions reduces
the amount of primary electron sources; the conditioned, polymerized hydrocarbon layers have large inelastic electron
scattering cross sections which reduce the amount of field emission and secondary electron emission that can occur; and
desorption of adsorbates reduces the quantity of gas that can be liberated and ionized.

3.2 Interpretation of Reltron Experimental Observations
We believe that these processes also occur in the modulating cavity and the output cavities of our Reltron tubes,

with the primary difference being the alternating polarity of the electric fields. In our cavities cathodes and anodes do not
exist; all surfaces are subject to both electron and positive ion impact, although the possible energy gain of ions is limited.




We first calculate the approximate electric field strengths which characterize the modulating cavity and the output
cavities of Reltron tubes. The modulating cavity of a Reltron tube is designed to optimize the modulated electron beam
current. This condition occurs for a cavity grid spacing approximately given by® d = v/(3.2 ), and an electric field Em¢ =
V/d, with V = 0.8 times the voltage applied to the gun. The variation of Emc with gun voltage is shown in Figure 12 for f
—1 GHz and f = 3 GHz. At 1 GHz the average electric fields in the modulating cavity are quite low; however, since the
average field strength scales inversely with frequency, the average field stress approaches 100 kV/cm for high-power S-band
operation; it was about 36 kV/cm for our low-power S-band Reltron experiment.
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Figure 12. The average electric field in the modulating cavity vs the electron gun voltage for optimized Reltron modulating
cavity designs.

The average electric fields in the output cavities can be estimated by first dividing the total applied voltage by the
number of output cavities.” The grid spacing is approximately equal to one-fourth the maximum waveguide dimension
appropriate for the frequency range of the tube. For the frequency range of 1-1.5 GHz, using WR770 for example, this
dimension is 7.7 inches. Assuming four such output cavities and a total tube voltage of 1 MV, then the average field stress
in an output cavity is approximately 50 kV/cm, or about twice the field stress in the corresponding modulating cavity. Ina
similarly constructed S-band output section the average field stress is therefore about 150 kV/cm.

If grids are used we must also consider the field enhancement on the grid wires. An approximate estimate of the
field enhancement can be obtained by dividing a unit area by the total surface area of the grid wires onto which electric field
lines can terminate. A grid wire of radius r and unit length will have a surface area of 27r, and roughly half of this area is
exposed to the field. Since there are n wires per unit length in both the horizontal and vertical directions, the total grid wire

surface area is 2n(rr), and the field enhancement FE factor is estimated as FE = [2mtr]'1. For our 50-mesh grids FE = 6.4,
and for our 100-mesh grids, FE = 3.2. Therefore, for 100-mesh grids, the peak electric fields in the modulating cavity of
our L-band tube will never exceed 100 kV/cm, but will approach 150 kV/cm in the output cavity. On the other hand, 50-
mesh grids in L-band will give fields in the range of 150 kV/cm in the modulating cavity and 300 kV/cm in the output
cavity. Increasing the frequency by a factor of three increases these field stresses by three, also. For example, 50-mesh
grids in the modulating cavity of our S-band tube will result in 450 kV/cm fields under high-power conditions.

From the electric field estimates, it is apparent that the field levels in the cavities of our high-peak-power Reltron
tubes are comparable to those in "dirty" electrode breakdown experiments, and the operating vacuum pressure and Reltron
handling and construction techniques are also similar. We therefore expect the interior vacuum surfaces to be coated by
natural oxides, adsorbates, and dust. During initial pulsing at low voltage, dust particles and microprotrusions are removed
by explosive vaporization, and adsorbates are liberated through various surface heating processes, eliminating field emission
sites, and reducing the amount of loosely adsorbed gas on the cavity surfaces. Continued pumping and pulsing at
successively higher voltage levels further removes contaminants and adsorbed gas, and forms polymerized hydrocarbon
layers which further reduce the amount of field emission and secondary electron emission. After a few hours of pulsing at
repetition rates of no more than one per minute (limited by the Marx pulser), the modulating cavity surfaces become
sufficiently well conditioned that beam modulation pulses of up to one microsecond in duration can be sustained at enhanced
electric field strengths of about 150 kV/cm on the grid wires of the modulating cavities. However, such conditioning is not
fully observed in the output cavities at similar field levels, although improvements do occur. Apparently, the higher beam
current density (area convergence ratio of approximately 16) in the output region prevents conditioning from fully occurring
because of direct electron beam interaction with the grids. In our high power S-band tube, full conditioning of the
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modulating cavity does not occur. Apparently, the enhanced field strength (450 kV/cm) causes field emission from the grid
wires, even after dust and microprotrusions have been vaporized. Long pulses can be realized only for very much reduced
power output (10-20 MW), when the modulating cavity field stresses are reduced to the 150 kV/cm level. The observation
of severe pulse shortening following an arc is explained by the evolution of significant quantities of gas and particulates
during the arc, which loosely adhere to the cavity surfaces. With subsequent pulsing, this material is liberated from the
surfaces, resulting in reconditioning.

We speculate that the frequency chirp often observed during the conditioning procedure is the result of changing
beam loading conditions due to an expanding plasma in the modulating cavity. To a good approximation, the operating
frequency f of a Reltron tube is given by'0

f=fo[1+(2QL tan 6g)]] )

in which fy is the unloaded frequency of the unstable /2 mode of the modulating cavity, Q. is the loaded cavity quality
factor, and 8g = 2nfod/v is the modulating cavity transit angle. d is the spacing between grids, and v is the electron
velocity imparted by the gun voltage. For optimized operation, d = v/(3.2 f,), implying that 8g = const =2, and tan 6g =
-2.2. When the loaded quality factor parameter is evaluated, the result is a negative frequency shift from the unloaded cavity
frequency of typically 1.5%, e.g., from 1 GHz to 985 MHz.

Now suppose there is an expanding plasma on the cavity grids. Then the effective grid spacing d will decrease
with time. A 10% decrease in d will cause tan 0g to become more negative (-4.3), resulting in reduced beam loading and an
apparent increase in operating frequency, e.g., to 992 MHz for the above example. A 20% decrease in d would nearly
eliminate the beam loading effect, but would also quench the instability because of the detuning.

In the case of the repetitive pulse experiment, only a single output section was used. A rough estimate of the
electric fields at the 10 MW level again indicated a field strength of about 100 kV/cm. With some enhancement on the nose
cones of the apertures, the peak stress probably exceeded 150 kV/cm. Consequently, at low repetition rates field emission
led to gas evolution, and the subsequent ionization of this gas quenched the output pulse. As the repetition rate was
increased, the output pulses lengthened substantially, although the peak power remained unchanged. The only significant
effect of the increased repetition rate was that the temperature on the cavity surfaces became higher. Apparently, at low
repetition rate the cavity surfaces cooled rapidly enough that they effectively gettered gas liberated during previous pulses.
As the temperature increased, however, the gettering action was impeded, and there was much less loosely adsorbed gas on
the surfaces. The minimal field emission was not enough to sustain the avalanche process.

4. REDUCING PULSE-SHORTENING IN RELTRON TUBES

Although our present high-peak-power Reltron tubes suffer from pulse-shortening phenomena, they also have
several attractive features, including high power (several hundred MW), good efficiency (40-50%), and good pulse duration
and energy per pulse (> 250 joules/pulse in L-band). They also feature a good tuning bandwidth, and excellent frequency
stability during the pulse. Finally, they are affordable and nearly indestructable. Routine maintenance operations are
routine, relatively simple procedures. An external magnetic field is not necessary, and the vacuum system requirements are
modest. While some applications necessarily dictate the use of alternate design and construction techniques, for other
applications the affordability and robustness of the present designs are so important that it is useful to consider methods for
reducing the impact of pulse shortening. In this section we first examine this question, turning later to questions of
implementing more conventional microwave tube technologies into our Reltron tube designs.

Based on our present data base, grids must be eliminated from all output cavities, regardless of frequency. Also,
the enhanced electric field stress must be kept below 150 kV/cm. While this is relatively easy to accomplish in L-band
using grids at nominal operating parameter levels of 1 MV total voltage and 500 MW of output power, it can only be
achieved in S-band with a significant decrease in applied voltage (200 kV), and a corresponding decrease in output power (to
tens of MW). To improve performance at the higher frequencies it is necessary to decrease the enhanced electric field stress
by either reducing the grid transparency, or by eliminating the grids altogether. Since the first solution results in
unacceptable beam interception, we have examined configurations which use a spherical gun design to focus the beam into a
gridless modulating cavity. Focusing of the beam after bunching is provided by the accelerating gap fields and the self-
magnetic field of the beam as it passes through the focusing grid. The output cavities are also gridless. The field stresses
on the nose cones of the modulating cavity apertures are kept below 150 kV/cm. With this approach we believe it should



be possible to achieve 500 joules/pulse in L-band with pulse durations in the range of 1-2 microseconds, and over 100
joules per pulse in S-band with pulse durations of approximatety 500 ns.

To realize further improvements, we must incorporate conventional microwave tube technologies into our high-
peak-power designs. For example, our high-average-power designs!! already incorporate thermionic cathodes, ceramic
insulators, brazed construction, high-temperature (500°C) bakeout, and extensive high-voltage and rf conditioning at hard
vacuum (10'8 - 107 torr). The intent of these operations is to eliminate dust and contaminates, eliminate adsorbed gas,
form a polymerized hydrocarbon layers, and eliminate significant sources of additional outgassing. A high-peak-power L-
band Reltron tube designed in this fashion is shown in Figure 13. We believe this design has the potential for achieving up
to 5 kJ per pulse at pulse repetition rates in excess of 100 Hz for burst durations of several seconds.

5. CONCLUSIONS

Pulse-shortening has been observed in all high power microwave (>100 MW) tubes that have attempted to extend
the useful power pulse beyond 100 ns; the energy per pulse has been limited to typically 100 joules. While Titan's L-band
Reltron tubes have achieved 250 joules/pulse, they too suffer from pulse-shortening phenomena. Our data suggest that a
significant lengthening of the rf pulses can be achieved by holding the enhanced electric field stresses below 150 kV/em.
To obtain further improvements we believe that it is necessary to incorporate conventional microwave tube materials and
construction techniques into our high-power tube designs. We have developed preliminary designs for such Reltron tubes.
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Figure 13. Schematic diagram of a Reltron tube designed for high energy per pulse. All grids have been eliminated from
the regions of high rf fields. The tube is bakable, incorporating a thermionic cathode, ceramic insulators, and a ceramic
vacuum window.
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Abstract

By the use of a simple model, we explicitly incorporate the coupling between the driver
cavity and the booster cavity in a relativistic klystron amplifier (RKA). We show that this RKA
configuration may turn into an injection locked oscillator only when the beam current is sufficiently
high. Other features revealed by this model include: the downshifted frequency mode ("0" mode)
is unstable whereas the upshifted frequency mode ("7 mode) is stable; the growth rate of the "0"
mode is relatively mild so that the oscillation can start only in an injection locked mode; the
oscillation does not require the presence of reflected electrons; and the separation of the cavities
must be sufficiently short. These, and other features, are found to be in qualitative agreement with

the recent experiments on the injection locked relativistic klystron oscillator (RKO) that were

conducted at the Phillips Laboratory.
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1. Introduction

Current modulation of an intense relativistic electron beam (IREB) remains a challenging
and active research problem [1] with applications to high power microwave (HPM) production [2-
4), and to some accelerator schemes that use an IREB as a driver [5,6]. Recently, a series of
experiments were performed at Phillips Laboratory [7], where an IREB was placed in a relativistic
klystron amplifier (RKA) geometry [2-4], with the driver and booster cavities sufficiently close to
couple to one another. This cavity coupling caused the structure to oscillate at a frequency different
from the driver frequency. This oscillation persisted after the external drive was shut off, but its
appearance has always required an input drive and a sufficiently large DC current. Thus, the
device operated as an injection-locked relativistic klystron oscillator (RKO). It provided 40% to
60% of current modulation on the DC beam when the gap separation is on the order of only 10 cm,
as opposed to 30 cm in a typical RKA geometry with similar frequency (at 1.3 GHz), beam current
and drift tube diameter. Another interesting feature is that virtual cathodes did not seem to have
been formed for the operation of this RKO. The feedback, therefore, was due only to the

electromagnetic coupling among the two cavities, and not to the reflected electrons as in previous

works [8].

In this paper, we present a simple analytic model, explicitly including the effect of cavity
coupling. The results of this model demonstrate several features that were observed in the RKO

experiments mentioned above. They are summarized in the abstract and are discussed further

below.
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II._Model

Consider an annular intense relativistic electron beam (IREB) with radius ry, propagating in
a drift tube of radius ry, and passing by two cavities [Fig. 1]. The first cavity, with gap voltage
A(t), is driven by an external source. The second cavity, with gap voltage B(t) and located at a
distance d downstream, is driven by the beam. When d is sufficiently small, there would be
coupling between A and B even if the drift tube is cutoff to the frequency of operation. In the
absence of the beam, the steady state voltages A and B are either in phase ("0" mode) or 180° out
of phase (“pi" mode). That is, there is no phase delay between the two cavities, when the beam is
absent, because the drift tube is cutoff [9].

To study this effect, we start by writing down the circuit equations of the two cavities, each

having a natural frequency @,, and quality factor Q. The evolution of the gap voltages A and B is

governed by
(42 o, d 2— 2
o+ al (A0 =0(CBO | ®
(@ 0, d . 5] 20 2
Et7+_(—gga+w° B(t) = —jogZI + 0 CA(t) , 2

where C (<< 1) is the dimensionless, real constant measuring the degree of coupling between the
two gaps when the beam is absent [9], and Z is defined such that ZQ is the impedance (in Ohms) at
the second gap. Equation (1) expresses the excitation of the gap voltage A by the gap voltage B as
a result of cavity coupling C. Since we are concentrating on the RKO operation, we ignore the
external rf drive on the gap voltage A, and we envision the effect of this external drive to enter only

as the initial condition on A, at the instant when the external drive is shut off. Equation (2)



describes the excitation of the second gap by the rf current, I, and by the first gap voltage A

because of the cavity coupling.

As in the usual klystron theory, the rf current I at the second gap is due to the voltage at the

first gap. In the case of an IREB of DC current I, it is given by [1]

I= j(%)sin(kpd)e"je . | N

In Eq. (3), R is the rf beam impedance (in Ohms), 6 = @d/Bc is fhe phase delay of the beam mode,

and

K d=f9‘_(9£) RSV g e
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4
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o=—2 , L. =85kA/(r, /1) ,
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where B and v are the usual relativistic mass factors associated with the DC beam, and c is the
speed of light. Upon inserting Eq. (3) into Eq. (2), we obtain two equations (1), (2) in two
unknowns A, B. Assuming exp(jot) dependence for both A and B, we obtain the dispersion

relation for @ which may easily be solved to yield

®= mO[HLJ,E 1+-§Esin(kpd)e'5°J : )

2Q 2

Equation (5) gives the temporal growth rate of the coupled-cavity RKO in terms of the circuit

parameters (o, Q, C, d, Z) and the beam parameters (R, kp,le). In the next section, we present
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the numerical results using parameters similar to those in the experiments [7]. We shall also

describe the interesting features revealed by the dispersion relation (5).

III. Numerical Results

We shall first establish the numerical values of the parameters from the experiments [7]. In
the cold tests, it was observed that when the two cavities are coupled, there was a frequency shift
of +£7 MHz from the natural frequency of 1.27 GHz that was measured for an isolated cavity.
Thus, when the beam is absent, R — < from Eq. (4) and we obtain from Eq. (5) the cold tube

coupled-cavity natural frequencies

co=a)o[1+-2—j§_%] , (6)

with @, = 2% x 1.27 GHz and ®,C/2 = 2 x 7 MHz. This yields the coupling constant C =
0.0112. In Eq. (6), the (+) sign corresponds to the "n" mode and the (~) sign corresponds to the
"0" mode. Substitution of Eq. (6) into Eq. (1), in which d/dt is replaced by j, shows that the gap
voltages A and B are 180° out of phase for the "r" mode, and that they are in phase for the "0"
mode.

The value of Q to be used is uncertain. There is the cold tube value, in excess of 400
according to measurements [7], and there is the substantially reduced value of the beam-loaded Q,
which depends on the beam current. Let us arbitrarily set the beam-loaded Q to be 100, say. The
value of Z may be estimated from Eq. (2) which shows that, in the absence of cavity coupling
[i.e., C = 0], the magnitude of the gap voltage B equals to QZ times the magnitude of the rf current
I there. From this definition of Z, we estimate that Z = 1.6 Q when Q is assigned to be 100. The




beam parameters R, kp, and 6, are determined as follows. We set the beam voltage at 400 keV,

beam current I, = 12 kA, with mean beam radius r, = 6.85 cm in a drift tube of radius ry, = 7.65

cm. Using these parameters, we find y= 1.783, § = 0.828, I; = 77 kA, a = 0.033, k, = 0.0398
cm! and R =20.4 Q. If we set the gap separation at d = 11 cm, then kpd = 0.437 and 6 = 3.55.

Using these parameters in Eq. (5), we find

® = ®(1.0023 + 0.0127j) "rt" mode (7a)
® = ®y(0.9976 — 0.00266j) “0" mode (7b)

Equations (7a) and (7b) show the following.

A. The "n" mode is stable and the "0" mode is unstable.

B. For the "0" mode, there is a downshift in frequency from f, = ®,/2% = 1.27 GHz, by
the amount of 1.27 GHz x (1 - 0.9976) = 3.05 MHz. That is, the mode is upshifted from the

cold-tube "0" mode frequency by the amount of 7 MHz - 3.05 MHz = 3. 95 MHz, and this
upshift is beam induced.

C. The growth of the "0" mode, according to Eq. (7b), is relatively mild. The total number of
e-folds in a time T = 100 ns is @;t = 2.12. This mild growth implies that, for an IREB whose

pulselength is on the order of 100 ns, the manifestation of RKQ behavior may require an
external drive so that there is already a significant rf gap voltage by the time this external rf
drive is shut off.

D. The "0" mode is unstable only if the DC beam current is sufficiently high. This is obvious
since in the limit of zero current, the mode is damped [cf. Eq. (6)]. Using the parameters
given in the paragraph preceeding Eq. (7a), we find that the threshold DC beam current for the
onset of growth for the "0" mode is 7.2 kA. Similar levels of threshold current were observed

in the experiments.



20

E. Upon inserting Eq. (7b) into Eq. (1), in which d/dt is replaced by j, we find the ratio of the
gap voltage to be |B/ A| = 1.43 using the parameters in the paragraph preceeding Eq (7a).

This number is in reasonable agreement with experimental observations.

Points A - E are features revealed by the experiments [7]. We wish to add the following

points which also seem to corroborate the experimental results.

F. The instability does not require the formation of a virtual cathode. That is, there is no need to
invoke reflected electrons to provide the feedback that is usually required for oscillation [8].

G. The cavity separation must be sufficiently short to provide appreciable coupling between the
two cavities.

H. The operation of this injection-locked RKO is restricted only to a narrow range of gap
separation, d, once the other circuit parameters, beam parameters, and the level of tf drive are
fixed. There are three reasons for this: (i) The cavity coupling diininishes rapidly with
increasing d, as the drift tube is below cutoff. (ii) If d is too small, there is little buildup in the
current modulation from the driver cavity to the second one downstream. (iii) The ballistic
phase 6 that appears in Eq. (5) is proportional to d. Note that (i) is quantified in Eq. (5)

through the coupling constant C and (ii) is quantified in Eq. (5) through the factor sin(kpd).

IV. Concluding Remarks

While we are able to construct a relatively simple mode! which appears to be capable of
explaining many features observed in the recent injection-locked RKO experiments, it must be kept
in mind that there are many uncertainties in the model. Chief among them are the values of Q and

the coupling constant C. The beam-loaded Q depends on the current modulation, which depends



not only on the DC current, but also on the level of rf drive and the gap separation d. The value of
C is a sensitive function of gap separation, and the one we use in this paper is inferred from the
cold tube measurements. There is also uncertainty in the value of the gap impedence Z because the
"gap transit time factor", which is significantly affected by the DC space charge effects associated
with an IREB, will make the determination of Z far from a trivial matter {10]. Unfortunately, the
conceptually simple mechanism proposed in this paper may not be easy to verify in particle-in-cell
codes. The main reason is that the mild growth envisioned would require a long simulation time.
To shorten the simulation time by raising the beam current runs into the possibility of triggering
virtual cathode formation. In addition, there may be marked difference between the "numerical Q",
the cold-tube Q, and the hot-tube Q in the experiments. As explained above, our model shows that

the threshold current may depend sensitively both on Q and on the gap separation d.

In spite of the great uncertainties in several crucial parameters, we find it remarkable that a
reasonable choice of parameters does yield reasonable agreement with observations, based just on

the simple analytic model.
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ABSTRACT

The Air Force Phillips Laboratory Gyro-BWO experiment is utilizing the RAMBO
pulser, with electron beam parameters of: Vp, = 300-800 kV; I,=1-50 kA; pulselength =
1-3 us. An annular electron beam of ~1-3 kA is produced by an annular aluminum
cathode. The interaction cavity is designed to radiate in the frequency range of 4.2 - 5.5
GHz in a TE,; mode. The interaction cavity has a radius of 4.37 cm and a length of 15
cm. Diode and interaction magnetic fields are used together to provide a magnetic
compression of the electron beam. C-Band bevel-cut antennas located at the diode end of
the experiment are used to extract the backward wave. Experiments have shown evidence
of mode competition existing as two different frequency values appearing at the same
time. A helical slotted cavity has been designed, in an effort to suppress the TE ; modes,
n #0. Analysis and numerical simulations from the 3-D code HFSS will be presented, as
well as the latest experimental results.

Keywords: Gyrotron, Gyrotron Backward Wave Oscillator, High Power Microwave,
Frequency Tunable, Gyro-BWQ, Electron Cyclotron Resonance, HFSS, High Frequency
Structure Simulator :

1. INTRODUCTION

A variety of applications exist, notably high resolution radar, electronic warfare, atmospheric
sensors, as well as many others, where both high power and frequency tunabilty/agility are desirable. The
electron cyclotron resonance (ECR) device class answers the frequency tunability problem, in that one may
adjust either the applied external magnetic field or the electron voltage and the emitted RF frequency can be
shifted either up or down. The main drawback of ECR devices in general is their extreme sensitivity to
electron velocity spreadl, thus the necessity of thermal cathodes and the devices being configured as
amplifiers. ECR devices being investigated include the standard gyrotron, the peniotron, the cyclotron
autoresonance maser (CARM), and other mixed hybrid devices such as the gyro-klystron™ and gyro-TWTs.
An ECR device that is not as sensitive to electron velocity spread is the Gyrotron-Backward-Wave
Oscillator (Gyro-BWQO). Gyro-BWOs also tend to be less sensitive to o (the ratio of perpendicular to
parallel velocity) spreads, and, since the interaction is located on the negative side of the dispersion curve
(see section 2.), a small change in the voltage during any given pulse may not affect the dominant frequency
that already exists in the device. Based on this, 'cold-cathode' technology may be employed to produce a

SPIE Vol. 2843 e 0-8194-2231-2/96/$6.00



high power oscillator, taking advantage of the backward wave intersection. 'Cold-cathode’ technology is
necessary to provide the several gigawatt electron beam necessary to produce a high power rf oscillator.
Another advantage of the Gyro-BWO device is the fact that no slow-wave structure is needed (as is the case
for conventional BWOs), thus giving the device better power handling capabilities.

2. DESIGN

A TE(;,4.2 - 6.0 GHz Gyro-BWO has been designed with the aid of analytical calculations and

the computer code MAGIC. The uncoupled dispersion relation4 for an electron beam interacting with a
waveguide can be obtained by simultaneously solving the waveguide vacuum modes

0’ -l —kic* =0 M
and the beam cyclotron modes,

w—ky,—sQ, =0 @

where @, is the cavity cutoff frequency, k, is the axial wavenumber, ¢ is the speed of light, v, is the
axial velocity of the beam, s is the harmonic number (s = 1 is the fundamental mode), and Q, is the
relativistic cyclotron resonance frequency, £2,=eB/ym where e is the electron charge, B is the magnetic field,

vis the relativistic factor, and m is the mass of the electron. A dispersion curve based on Equations 1 and
2 is shown in Figure 1. The curve is calculated using parameters appropriate for the desired TE(; mode,

using a voltage of 400 kV, a magnetic field of 4 kG, a current of 2 kA, a radius of 4.37 cm, and an a (the
ratio of perpendicular velocity to parallel velocity) of 0.7.
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Figure 1. Dispersion curve showing the backward wave intersections for the fundamental (line with
open circles) and second harmonics (line with solid circles) for (solid lines from bottom to
tOp) TEI 1> TEZI’ TEOI’ TE31, TE41 (TEIZ)’ TES]’ and TEoz. Note that the TE41 and
TE12 are indistinguishable, since the Bessel zeros are 5.3176 and 5.3314, respectfully.
Parameters: V=400kV,[=2kA,B=4kG, o =0.7.
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Figure 2 shows the experimental configuration. The electron beam is generated from the diode in a
field immersed cathode (the magnetic field is provided by the dc diode coils, variable from 200-2000 G),
propagates downstream where it is adiabatically compressed and focused into the interaction cavity by a pair
of pulsed Helmholtz configured magnets (variable, from 1-7 kG). By choosing the correct magnetic field
obtained from a dispersion curve diagram, an electromagnetic field grows from noise and propagates anti-
parallel to the electron beam, and is extracted using one or two C-Band bevel cut waveguide antennas located
upstream at the diode end of the experiment. The RF wave is then split using waveguide directional
couplers and stripline power dividers. The RF is sent through several different frequency filters with
passband of £100 MHz. The signal is converted to a voltage signal by using crystal diode detectors, and
sent to fast oscilloscopes. All waveguide pieces, cables, power dividers, attenuators and crystal diode
detectors are calibrated over a wide frequency range (3.0 - 6.0 GHz) to allow for an accurate extracted power
measurement. The electron beam continues down the drift tube and is directed into the sides of the drift tube
by a pair of permanent magnets. Rogowski coils are located at both the upstream and downstream end of
the interaction cavity to measure the entrance and exit electron beam current.. The pulse power machine
used was the RAMBO pulser, with maximum diode parameters of 800 kV, 10 Q, and a pulselength of 1 - 3
microseconds (the pulser is configured as a rundown Marx).

C-Band
Bevel-Cut
Antenna

— |

/Interaction Cavity
[y 4] Xm

I

Annular A f

luminum~Rogowski Coils

% Cathode & /& Dumping
. Magnets
Diode Magnetic ~ MASER Magnetic
Field Coils Field Coils

Figure 2. The experimental configuration of the Gyro-BWO device.

Frequency spectrum diagnostics (in particular, a series of narrow-band frequency filters that cover
the range of 4.0 - 6.5 GHz, with passband of center frequency +100 MHz) have been used to obtain a
detailed frequency spectrum measurement for a variety of magnetic fields. Many frequencies exist
throughout the voltage pulse, some simultaneously, indicating mode competition. Experimental data has
shown two frequencies existing simultaneously, at 4.0 and 5.0 GHz, as demonstrated in Figure 3. Based on
dispersion curve calculations, one can show that TE;1, TE31, and TEq; can exist simulatancously over 4.0
- 5.5 GHz for the given parameters, as well as many other higher order modes (see Figure 1).

One of the difficulties of interpreting this result is the possibility of the C-Band bevel cut extractor
being a better coupler to the TE,; mode than the TE,,, thus giving the appearance of higher power extracted
and a major mode competition problem. The computer code High Frequency Structure Simulator (HFSS)
was used to model the interaction region and bevel cut extractors, to check the coupling of the different
modes. A computer model of the area investigated is shown in Figure 4. During the simulation runs, it
was discovered that the drift tube area immediately surrounding the bevel cut extractor was a virtual cavity,



decreasing the extractor efficiency for not only the TE,; mode, but for all other modes as well. However,
there was not a significant difference in the extractor efficiencies in the TE,; and TE, modes, (both
between 1-6%, depending on the frequency of operation), and thus it is believed that mode competition is a
serious problem in the device. Also, other experimental evidence exists where similar parameters produce
long pulses of rf (up to 600 ns) in a single frequency band (4.4 GHz) without evidence of other lower
frequencies existing at the same time. This may be due to the interaction being closer to the TE,,; cutoff
and thus baving a higher growth rate than any of the other modes. This is still being investigated.

In an effort to suppress the mode competition demonstrated in Figure 3, slotted cavities have been
designed and are presently being modeled. A cavity of helical slotted design has been fabricated which
should decrease the available axial length for non-TE,, mode oscillation, and will be experimentally tested
in the future. HFSS is being used to model the cavity (an example of which is shown in Figure 5) at the
present time. Results from these calculations are pending..
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Figure 4. HFSS model of the interaction region and the bevel cut extractors. An rf wave is
launched from the downstream end back towards the extractors. S-parameters are measured
at the two waveguide exit openings and converted to a measure of the percentage of power
extracted.

7 i WA 3 "\ .....
A RO
s

Figure 5. HFSS model of the helical slotted interaction region.
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ABSTRACT

The cyclotron-resonance maser (CRM) interaction is demonstrated in a periodic-waveguide which consists of a two-
dimensional array of metal posts. The CRM employs a low-energy electron beam (~ 5 keV, 0.1 A) in an axial magnetic
field (~3 kG). Microwave output signals are observed in microwave frequencies around 7 GHz. The conversion efficiency

is ~10 %.
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1. INTRODUCTION

In previous experiments 12 we studied the cyclotron-resonance maser (CRM) interaction in the periodic-waveguide
shown in Fig. 1a. The waveguide consists of two columns of metal posts, where the electron-beam flows in between them.
This scheme is referred here as a one-dimensional (1D) array. Amplifier ! and oscillator  experiments were operated in this
scheme in the microwave X-band (8-12 GHz) with electron-beam energies of ~10 keV. Theoretical studies of the periodic-
waveguide CRM are presented in Refs. 34 . The electron-beam is rotated in the uniform axial magnetic field B, and

interacts with one of the spatial harmonics in the periodic waveguide. The cyclotron resonance satisfies the condition
O=0c+ By vz, )
where ® and B, are the angular frequency and axial-wavenumber of the em wave, and ©. and v, are the electron cyclotron

angular frequency and axial-velocity, respectively.

metal posts

e | /*— metaliic tube = e € ey

(@ b

Fig. 1. Schematics of periodic-waveguide CRM:s in 1D (a) and 2D (b) arrays.
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The 2D multi-beam CRM array, shown in Fig. 1b, was proposed ° as a mechanism for high-power microwave
generation in relatively low voltages. The proposed device may consist of tens, and even hundreds, electron beams in a 2D
or 3D array. Considering the parameters of the 1D oscillator experiment in Ref. %, the output RF power expected from a 3D
array with one thousand electron-beams, ~10keV/1A each, is above 1 Mega-W